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Introduction

  Gas hydrates are non-stoichiometric crystalline 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 CH4 form structure I and N2 forms II hydrate [1]. 

  Chlorinated hydrocarbons such as methylene chloride (CH2Cl2), carbon teterachloriede (CCl4), 1,2-dichloroethane (CH2ClCH2Cl), 1,1,1-trichloroethane (CH3CCl3) and 1,1-dichloroethylene (CH2=CCl2) are designated as VOC’s. They are the main contaminants in the groundwater stream. There are many kinds of methods for removing these chlorinated hydrocarbons such as thermal oxidation, catalytic oxidation and membrane separations. Recently a new recovery method which involves hydrate formation of chlorinated hydrocarbons with help gases such as H2S and Xe was proposed [2].

  In the presence of help gas, it is reported that hydrates of structure II are formed by chlorinated hydrocarbons [3]. Except methylene chloride, carbon tetrachloride and large molecules cannot form hydrates on their own since they can only occupy the large cavities of the hydrate lattice and require the help gas molecules to occupy the smaller cavity and stabilize the structure [4].

  Three help gases (CO2, N2 and CH4) were used to form hydrate in the chlorinated hydrocarbon containing system. Four phase equilibria (H-LW-LCH-V) for help gas + water + chlorinated hydrocarbon system were measured. These hydrate phase equilibrium data can be important factor in the basic research for a proof-of concept of recovery of chlorinated hydrocarbons using hydrate formation.

Experimental Section

Materials

  The carbon dioxide, nitrogen and methane with a minimum purity of 99.9 mol % were supplied by World Gas Co.. The water with ultra high purity was supplied from Merck Co.. Methylene chloride, carbon teterachloride, 1,2-dichloroethane, 1,1,1-trichloroethane and 1,1-dichloroethylene with a purity of 99.9 mol % were purchased from Aldrich Co.. All materials were used without further purification. 

Apparatus

  A schematic diagram of the experimental apparatus used in this work was shown in Figure 1. The apparatus was constructed to measure the hydrate dissociation pressures through the visual observation of phase transitions. The equilibrium cell was made of 316 stainless steel and had an internal volume of about 50 cm3. Two sapphire windows equipped at the front and back of the cell allowed the visual observation of phase transitions occurred inside the equilibrium cell. The cell content was vigorously agitated by a magnetic spin bar with an external magnet immersed in a water bath. The temperature of the water bath was controlled by an externally circulating refrigerator/heater. The temperature in the cell was measured by the K-type thermocouple with a digital thermometer (Cole-Parmer, 8535-26) with a resolution of (0.1 K. This thermometer was calibrated with the ASTM D900 mercury thermometer. A Heise pressure gauge (Dresser Instrument, CMM 44307, USA) ranged 0 to 400 bar with a maximum error of (0.1 bar in the full-scale range was used to measure the cell pressure in this system. The hand pump was used to pressurize the system up to the pressure region which could not be pressurized by the gas cylinder.

Procedure

  The experiment began by charging the equilibrium cell with about 20 cm3 of the aqueous solutions containing chlorinated hydrocarbons. The air that might have entered during the charging process was eliminated from the cell by flushing the help gas several times. After the cell was pressurized to a desired pressure with help gas, the system was cooled to about 5 K below the expected hydrate-forming temperature. Once the system temperature became constant, hydrate nucleation was induced by agitating the magnetic spin bar with the immersed magnet in the water bath. When hydrate formed and the system pressure reached a steady-state condition, the cell temperature was increased at a rate of about 1 K/hr until the hydrate phase was in coexistence with the liquid and vapor phases. The system temperature was then slowly raised at a rate of 0.2 K/hr. The nucleation and dissociation steps were repeated at least two times in order to reduce the hysteresis phenomenon.  

When a very small amount of crystals existed by visual observation without significantly increasing or decreasing its size, the system temperature was kept constant at least for 8 hours after stabilizing the system pressure. Then the pressure was considered as an equilibrium hydrate dissociation pressure at the specified temperature.

Results and Discussion

  Chlorinated hydrocarbon is immiscible with water due to its low solubility in water and therefore, it showed liquid-liquid phase separation with water. The fact that the amount of added chlorinated hydrocarbons above the solubility limit in the water phase does not affect the equilibrium was confirmed by the preliminary experiment.

  In this study four-phase equilibria (H-Lw-LCH-V) for CO2 + water + chlorinated hydrocarbon, N2 + water + chlorinated hydrocarbon and CH4 + water + chlorinated hydrocarbon systems were determined. Figure 2 shows hydrate phase equilibrium of CO2 + water + chlorinated hydrocarbons system. It can be seen from the figure that four materials showed a large stabilizing effect. 1,2-dichloroethylene did not form hydrate even in the presence of CO2 as help gas. In the presence of help gas, at any pressure, the hydrates were stable to a much higher temperature. As previously mentioned, hydrates of structure II are formed by chlorinated hydrocarbons in the presence of help gases. Chlorinated hydrocarbons need help gas to form hydrate. Help gas occupies small cavities and chlorinated hydrocarbons which have larger molecular size occupy large cavities and then the structure becomes stabilized.

  The end point of CO2 + water + chlorinated hydrocarbons system is quintuple point in which five phases (H-LW-LCH-LCO2-V) coexist. From this quintuple point, five quadruple lines emanate. To confirm the position of quintuple point, we performed additional measurement of another four-phase (LW-LCH-LCO2-V) equilibrium. The point of intersection of two equilibrium lines should be quintuple point. 

  It can be seen from Figure 3 that the stabilization effect by chlorinated hydrocarbons was dominant when N2 was used as help gas. The stabilization effect i.e. increase of equilibrium temperature at a given pressure has following order: 1,2-dichloroethane ( 1,1-dichloroethylene ( methylene chloride ( 1,1,1-trichloroethane ( carbon tetrachloride.

Similar experimental results were obtained for CH4+water+chlorinated system (Figure 4). The stabilization effect of CH4 + water + chlorinated hydrocarbons system was less than that of N2 + water + chlorinated hydrocarbons system, but the order of stabilization effect had the same trend. Equilibrium dissociation pressures of N2 + water + chlorinated hydrocarbons and CH4 + water + chlorinated hydrocarbon system showed monotonic increase according to temperature increase, but CO2 + water + chlorinated hydrocarbon system showed quadratic curvature increase. 

Conclusion
Four-phase (H-Lw-LCH-V) equilibria have been measured for CO2 + water + chlorinated hydrocarbons, N2+ water + chlorinated hydrocarbons and CH4 + water + chlorinated hydrocarbons system. Methylene chloride, carbon tetrachloride, 1,2-dichloroethane, 1,1,1-trichloroethane, 1,1-dichloroethylene were used for chlorinated hydrocarbons and the concentration was 3 mol % relative to water. They showed substantial stabilization effect on equilibrium conditions and had following order: 1,2-dichloroethane(1,1-dichloroethylene(methylene chloride(1,1,1-trichloroethane(carbon tetrachloride. This study suggested a proof-of-concept for recovery of chlorinated hydrocarbons from the groundwater stream using hydrate formation in the presence of help gases.
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Figure 2. CO2 + water + chlorinated hydrocarbons system





Figure 1. Apparatus for Hydrate Phase Equilibrium Measurement


1.Equilibrium Cell 2. Magnetic Stirrer 3. Heise Pressure Gauge 4. Thermometer 5. Rupture Disk 6. Check Valve 7. High Pressure Pump 8. Gas Cylinder 9. Line Filter 10. Bath 11. Cooler & Heater 12. Magnetic Spin Bar 13. Regulator








Figure 4. CH4 + water + chlorinated hydrocarbons system
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Figure 3. N2 + water + chlorinated hydrocarbons system system
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