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Introduction

   Gas hydrates are non-stoichiometric solid compounds formed when “guest” molecules of suitable size and shape are incorporated in the well-defined cages in the “host” lattice made up of hydrogen-bonded water molecules. These compounds exist in three distinct structures termed as structure I, II, and H. It was found that CO2 and N2 form structure I and II hydrate, respectively[1]. 

   Predictions of global energy use in the next century suggest a continued increase in emissions and rising concentrations of CO2 in the atmosphere unless we manage fossil fuel energy use. One way to manage CO2 is to use energy resource more efficiently to reduce our energy demand. Another way is to increase the low-carbon and carbon-free fuels and technologies such as nuclear power, solar energy, wind power, and biomass fuels. The third and newest way is to manage carbon, capturing or separating and securely storing CO2 freely vented from the energy system. There are numerous methods for the separation and capture of CO2, and many of these are commercially available, for example cryogenic fractionation, selective adsorption, gas absorption, and the like. Although these processes have proved successful for the selective removal of CO2 from multi-component gaseous stream, they are energy intensive. Accordingly, there is continued interest in the development of less energy intensive process for the selective separation of CO2 from multi-component gaseous stream. Hydrate formation method is less energy intensive and has a huge potential capability of separating CO2. In the present work, the hydrate forming conditions in the ternary system containing CO2, N2 and H2O is examined. The flue gases are usually made up of CO2, N2, O2, H2O, and trace components, but mainly CO2 and N2. In addition, the stabilization effect of THF on CO2 and N2 hydrate equilibria is investigated. Some cyclic ethers are known to act the drastic equilibrium pressure decrease and called as stabilizer or promoter against hydrate inhibitor.

Experimental Section

   Details of the experimental equipment and procedure are similar to our previous paper [2] that dealt with the simple guest hydrates. In brief, the method to obtain pressures and temperatures of hydrate equilibria consisted of visual observation of the point where most of the hydrates were dissociated. Gas compositions were measured for each equilibrium point by gas chromatography.

   The synthetic binary gas mixture was prepared in temporary reservoir, and this mixture was injected into the equilibrium cell. ISCO microsyringe pump was used to pressurize the system up to 235 bar. The equilibrium cell was cylindrical in shape and made of SUS316 material. It had an internal volume of about 50cm3. A couple of sapphire sight glasses installed at the front and back of the cell made it possible to observe the phase transition occurred inside the cell. The cell contents were agitated by a magnetic stirrer. A digital indicator attached to a thermometer with ±0.1 K accuracy was used to measure the temperature inside the cell. The cell pressure was measured by a Heise pressure gauge (0-400 bar), accurate to within 0.1 %. 

   Gas and liquid sampling lines were placed at the upper and lower part respectively to allow withdrawal of each phase. Samples were then analyzed via a gas chromatograph with automatic integration interface. Linear calibration curves were obtained from the plot of the pure gas component pressure versus the area generated from the chromatogram that corresponds to the number of moles. 

   N2 and CO2 were obtained from World Gas Inc. and had a stated purity of 99.999 and 99.99 mol %. Doubly deionized water was used after degassing step. THF was purchased from Sigma-Aldrich Co..

Results and Discussion

   Three-phase equilibrium data of hydrate, water-rich liquid, and vapor (H-Lw-V) for the ternary CO2 + N2 + H2O system are presented in Figure 1. Measured equilibrium vapor compositions were much the same as initially introduced. However, the composition of mixed guests in hydrate and gas phase is different at equilibrium and both of them change during hydrate formation. According to various initially charged CO2 concentrations, equilibrium conditions were drastically changed between both the pure CO2 and N2 hydrate H-Lw-V phase boundaries. It was clear from the data shown in Figure 1 that the rate of change of equilibrium temperature with the mole fraction of CO2 was high at low concentrations of CO2, but decreased as the CO2 content of the gas mixture increased. The results also indicated that P-T curve of a mixed gas containing 96.59 mol % CO2 was placed under pure CO2 curve. This phenomenon was considered a stabilizing effect of N2 on mixed hydrates. CO2 molecules fill the small and large cavities of SI hydrate. When a small amount of N2 was included, N2 molecules occupy the vacant cavities that do not be filled by CO2 molecules. A similar phenomenon was observed and explained by Okui and Maeda (1997) during investigation of CH4+C2H6+H2O system [3]. At high CO2 concentrations of 96.59 and 77.80 mol % upper quadruple points were also measured, where additional CO2-rich liquid phase (Lc) coexisted with H, Lw, and V.

   From Figure 1, we selected 274, 277, and 280 K as isotherm lines and measured the equilibrium vapor and hydrate phase compositions. Results were illustrated in Figure 2. Whole of the experimental data Figure 2 was under two-phase (H-V) region, but experimental pressure was very close to three-phase condition. As seen in Figure 2, isothermal P-x diagram is similar to the VLE figure. Lines represent the calculated results. Our model calculation showed good agreement with the equilibrium vapor and hydrate phase composition data. The equilibrium hydrate composition of CO2 increased as its vapor phase composition increased. Temperature increase resulted in higher equilibrium pressure. At 15 mol % CO2 mixture, the corresponding equilibrium hydrate phase CO2 composition were about 56, 47, and 36 mol % at 274, 277, and 280 K respectively. This means that lower temperature has better CO2 selectivity. In addition, corresponding equilibrium pressure was lowered at lower temperature. At 274 K, if 17 mol % CO2 mixture were introduced, the expected hydrate would be 58 mol % CO2. If this hydrate were dissociated, the same composition gas mixture would be obtained. When this gas mixture was introduced again, the corresponding equilibrium hydrate phase would be over 95 mol % CO2. This is familiar to the distillation process. From this isothermal P-x diagram, selective gas separation method can be organized. 

   When this method is applied to CO2 gas separation, the operation temperature should be lowered as low as possible, because the corresponding pressure also decreased and expected hydrate phase would be richer than that at higher temperature. Therefore, we thought that if hydrate promoter were added, operating pressure would be decreased. Among some known hydrate promoters, THF was chosen. Figure 3 shows the promoter effect on N2 hydrate. We measured the equilibrium dissociation pressures of N2 hydrate when a hydrate promoter was added. 1,4-dioxane, acetone, propylene oxide, and THF were tried. All of these materials are cyclic ethers. It was known that cyclic ethers have promotion effect depending on their concentration to water. As seen in the figure, THF showed the best promotion effect than others. 

   To the next step, we obtained the promotion effect of THF on CO2 and N2 mixed hydrates. Figure 4 shows the effect of 1 and 3 mol % THF on 17 and 70 mol % CO2 gas mixtures, respectively. Lines also represent model calculation results. Our new model was well applied to experimental data. Data of binary 17 mol % CO2 and 73 mol % N2 gas mixture was rather underestimated than other systems. 1 mol % THF decreased the equilibrium pressure of 17 mol % CO2 mixture from 86.5 bar to 6.75 bar at 275 K. Addition of THF definitely expanded the stability region of N2 and CO2 mixed hydrates to higher temperature and lower pressure. From the view of separation method, THF can decrease the operation pressure and increase the operation temperature. It is expected that this fact can reduce the operation cost, and make the gas hydrate formation method more competitive. 

Conclusion
   Three-phase (H-Lw-V) equilibrium dissociation conditions for simple and mixed hydrates of carbon dioxide, nitrogen, and THF were measured. Depending on composition of gas mixture, equilibrium dissociation pressures were varied between two pure lines of carbon dioxide and nitrogen. Equilibrium dissociation pressures were also affected by concentration of added THF. THF acted as a hydrate promoter and increased the hydrate stability: that is, used hydrate promoter THF showed a outstanding decrease of the equilibrium pressure at a temperature. Equilibrium hydrate phase composition was measured by gas chromatography at two-phase (H-V) region, and according to the result, P-x diagrams were constructed for the binary and ternary guests system. Based on additional two assumptions, model calculation results were well agreed to experimental data. P-x diagram indicated that the hydrate formation method could be used for the selective gas separation.
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Figure 2. P-x diagram of the CO2+N2+H2O system at 274, 277, and 280K. (Lines are calculation results.





Figure 1. Hydrate Equilibrium conditions of CO2 and N2 mixtures [4].
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Figure 3. Promoter effect on N2 hydrate; 1,4-dioxane, acetone, propylene oxide, and THF.





Figure 4. Promotion effect of THF on CO2 and N2 mixed hydrate.
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