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Introduction
  Clathrate hydrate (or gas hydrate) is a kind of inclusion compounds which are formed by physically stable interactions between water and relatively small guest molecules entrapped in the cavities of a three dimensional lattice-like structure built by water molecules.  They are divided into three distinct structures, I, II, and H, which differ in cavity size and shape.  Especially, the H hydrate needs both large and small guest molecules to stabilize the structure.  

Some of the dissolved solutes in water such as alcohols, electrolytes and water-soluble polymers change the energy of intermolecular interaction in the liquid phase and then cause the inhibition of the hydrate formation.  The chemical potential of water molecules decreases because of hydrogen bond formations between water molecules and inhibitors and therefore added inhibitors depress the equilibrium hydrate formation conditions.  The inhibition of hydrate formation has been used to prevent the plugging problem during production and processing in the oil and gas industries.  Also the hydrate formation could be used for the development of seawater desalination, gas storage, and separation processes.

On the other hand, some cyclic compounds such as THF, 1,4-dixane and propylene oxide promote the hydrate formation.  They stabilize the hydrogen bonds so the bonds are broken at the lower pressure and higher temperature.  This promotion effect is useful for the storage of gas in the form of hydrate. But latter has not been studied as much as the former, and just a few promoting materials are known. 

In this work, three-phase (hydrate–lquid water–vapor) equilibrium conditions of carbon dioxide hydrate formation system in the presence of the cyclic ether compounds were obtained experimentally to show the promotions effect that the hydrate is formed at higher temperature and lower pressure.  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 right as changing the composition of the promoting materials.
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  The schematic diagram of the experimental apparatus used in this study was showed in Figure 1.  The apparatus was constructed to measure the clathrate dissociation pressures through the visual observation of phase transitions.  Two sight glasses equipped at the front and back of the cell allowed the visual observation of phase transitions occurred inside the equilibrium cell.  The temperature of the water bath was controlled by an externally circulating refrigerator/heater.  The experiment began by charging the equilibrium cell with about 20 cm3 of the aqueous solutions containing the cyclic ether compound.  After the cell was pressurized to a desired pressure with carbon dioxide, the system was then cooled to about 5 K below the anticipated clathrate-forming temperature. When the clathrate formed entirely and the system pressure reached a steady-state condition, the cell temperature was increased slowly until the clathrate phase was in coexistence with the liquid and vapor phases when the pressure was not changed. When a very small amount of crystals existed, by visual observation, without significantly increasing or decreasing its size and the system temperature was kept constant at least for 8 hours after stabilizing the system pressure, the pressure was considered as an equilibrium clathrate dissociation pressure at the specified temperature.
Results and Discussion

  The concentrations of the cyclic ethers were 1, 2, 3, 5 mol % for THF, 1, 3, 5, 10  mol % for propylene oxide and 3 mol % for 1,4-dioxane. 

   Figure 2 indicates the carbon dioxide hydrate equilibrium conditions with three kinds of promoting materials of which concentrations is the same as 3 mol %.  All of them cause the promotion effect to rasie the temperature of equilibrium and lower its pressure.  The THF shows the best promotion effect of them, which increases the equilibrium temperature about 10 oC, and in the case of others about 4 oC. They are the cyclic ethers that contain oxide atom, which is thought to play the important role of this promotion effect with their ring structure to stabilize the structure.

  Figure 3 shows the effect of THF on the equilibrium conditions of carbon dioxide hydrate with its various concentrations, which is also guest molecule that forms the structure Ⅱ. The quadruple points are at about 44bar.  At about 40 bar the envelopes were formed, that is, over certain temperature the effect was reduced near the quadruple point.  Figure 4 shows the effect of proplylene oxide.  At 1 mol % the promotions effect did not appear, at 3 mol % did and and at over than 5 mol % the similar results were shown.  The equilibrium lines shifted right as the concentration increased as expected.  Also as the pressure increased the difference of the temperatures were reduced.

  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 experimental apparatus used in this study
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1. equilibrium cell


2. magnet


3. pressure gauge


4. thermometer


5. rupture disc


6. check valve


7. high-pressure pump


8. cylinder


9. line filter


10. water bath
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Figure 2. Hydrate Equilibrium Conditions for 


  Carbon Dioxide and Water


  Containing Promoting Materials
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Figure 3. Hydrate Equilibrium Conditions 


  for Carbon Dioxide and Water


  Containing THF
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Figure 4. Hydrate Equilibrium Conditions for 


  Carbon Dioxide and Water


  Containing Propylene Oxide
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