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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]. 

The volatile organic compounds (VOCs) are among the most common pollutants emitted by the chemical process industries. Chlorinated hydrocarbons are the main contaminants in many aquifers and most of them are designated as VOCs. In this study, experimental works on the formation of solid hydrates by certain chlorinated hydrocarbon compounds and water were attempted with nontoxic and common help gases such CO2 and CH4 for recovering these contaminants from the aqueous solutions. To check the thermodynamic feasibility of this process the pressure and temperature ranges of hydrate stability region were carefully determined though measurement of four phase equilibria (hydrate (H)-liquid water (LW)-chlorinated hydrocarbon (LCHC)-vapor (V)) for help gases + water + chlorinated hydrocarbon systems. A proper estimate of the gas and chlorinated hydrocarbon content in the mixed gas hydrate requires the precise knowledge of the its structure and cage occupancies. NMR and Raman spectroscopy which are known as powerful spectroscopic methods can be used to obtain structural and compositional information about the solid hydrate phase. In the present study, from a macroscopic point of view thermodynamic phase equilibria of the mixed gas hydrates containing help gases and chlorinated hydrocarbons was determined and from a microscopic point of view the structure and cage occupancies of the mixed gas hydrate was investigated through NMR and Raman spectroscopy 

Experimental Section

Materials

  The carbon dioxide 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, and 1,1,1-trichloroethane with a purity of 99.9 mol % were purchased from Aldrich Co. All materials were used without further purification. 

Apparatus and procedure

A schematic diagram and detailed description of the experimental apparatus for hydrate phase equilibria is given in the previous paper (2). The hydrate sample for NMR analysis was prepared from the hydrate-forming reactor with an internal volume of about 140 cm3 which was made of a type 316 stainless steel. The magnetically-driven mechanical stirrer was used for uniform mixing during hydrate formation. The hydrate-forming reactor was kept in the water-ethanol mixture bath and its temperature was controlled by an externally circulating refrigerator/heater (JEIO TECH, RBC-20). The reactor was maintained at a constant pressure condition by using a micro-flow syringe pump (ISCO, Model 260D) operated by the mode of constant pressure. About 50 cm3 of the aqueous solution was initially charged into the reactor and the formed hydrate sample was finely powdered in the liquid nitrogen vessel for the NMR analysis.

A Bruker DSX-400 NMR spectrometer with a probe for solid samples was used for the measurements. Spectra were recorded at 243 K by placing powdered samples within 4 mm o.d. zirconia rotor that was loaded into variable temperature (VT) probe. All 13C NMR spectra were recorded with magic angle spinning (2-4 kHz). The number of acquisitions varied from 200-600, depending on the quality of the sample.

For Raman measurement high-pressure Raman cell whose internal volume of about 15 cm3 was newly designed. The cell content was agitated by a small magnetic spin bar with an external magnetic stirrer. The temperature of the cell was controlled by circulating coolant through two circular grooves around the cell. 
The Raman　spectrometer used in the present study is Jobin-Yvon Ramanor U-1000, 1 m double-dispersed monochromator equipped with 1800 grooves/mm holographic grating system. The spectra were recorded with a photomultiplier tube detector.　The excitation source was an Ar/Kr-ion laser emitting a 488.0　nm line. The scattered radiation was collected at the 180o geometry. Spectra were collected with 0.5 cm-1 scanning steps and 2.0 s integration time/step. 
Results and Discussion

In the present study, three different types of chlorinated hydrocarbons (CH2Cl2, CCl4, CH3CCl3) and two different types of help gases (CO2, CH4) were tested for confirmation of mixed gas hydrate formation.  Four-phase equilibria (H-LW-LCHC-V) for the CO2 + water + chlorinated hydrocarbons and CH4 + water + chlorinated hydrocarbons systems were measured to determine the stability region of the mixed gas hydrate at the fixed concentration of 3 mol % and the overall results were shown in Figures 1-2. At any given pressure, the stabilizing region of hydrates formed by chlorinated hydrocarbons was extended to higher temperature than the corresponding simple hydrate formed only by water and CO2. The upper end point of four phase (H-LW-LCHC-V) curve for the CO2 + water + chlorinated hydrocarbons systems becomes the quintuple point at which five phases (H-LW-LCHC-LCO2-V) coexist. To confirm the exact location of the upper quintuple point, we measured additionally another four-phase (LW-LCHC-LCO2-V) boundary. From the comparison of Figure 1 and 2, CH4 appeared to be stronger than CO2 for stabilizing chlorinated hydrocarbon hydrate even though the general trend for both help gases are the same. 

Chlorinated hydrocarbons used in this work are found to be relatively large to fit into the cavities of sI hydrate and in the presence of help gases (CO2, CH4), they are known to form sII hydrate while help gases such CH4 and CO2 form sI hydrate on their own. There were no publications to make clear the structure of mixed gas hydrates of help gases and chlorinated hydrocarbons. In this study, the formation of sII hydrate from mixtures of help gases and chlorinated hydrocarbons were demonstrated by NMR and Raman spectroscopic observations.

A cage-dependent 13C chemical shift for enclathrated methane can be used to determine the hydrate structure. Figure 3 shows a stacked plot of 13C MAS NMR spectra. Pure CH4 sI hydrate spectrum has peaks from CH4 in both the large 51262 and the small 512 cavities at -6.7013 and -4.3656 ppm, respectively. The ratio of the small to the large cavities in Figure 3 appeared to be very close to 1:3 that is known to the ideal ratio of small to large cavities in the unit cell of structure I. The 13C MAS NMR spectrum of CH4 + CCl4 hydrate was used to obtain chemical shift values of CH4 in both small 512 and large 51264 cavities of sII hydrate. In this spectrum, it can be seen that the intensity of the peak from CH4 in the small cavity (at –4.6355 ppm) is much larger compared to that from CH4 in the large cage (at –8.2006 ppm). This indicates that there is a relative abundance of small cavities in sII hydrate (1:2 large to small cavity ratio in sII unit cell) and that only a small fraction of the large cages are filled with CH4.

CCl4 which, due to its size, can only occupy the large 51264 cavities in sII hydrate appeared at 94.4064 ppm and restricts CH4 to predominantly the small cavities in sII. The CH4 chemical shifts of small cavity of sI and sII hydrate are almost identical since both small cages are pentagonal dodecahedra (512) of nearly the same dimensions. 51262 and 51264 cages of sI and sII hydrate, respectively, have different size and shape and show quite different chemical shifts for trapped CH4. Therefore, the CH4 chemical shift pattern can be a unique indicator of the structure type.

As seen in Figure 4, the Raman spectrum of CO2 gas is composed of two major bands called Fermi diad and two minor bands denoted as hot bands which are coupled through Fermi resonance. When CO2 is incorporated into the hydrate lattice (sI), the major bands are still very pronounced and however, the hot bands are merged into the Fermi diad bands, hence contributing to a tail of the bands. When CCl4 is added into the system (sII), the peaks become more complex. Two major bands of the mixed hydrate were shifted to higher wave number than those of pure CO2. Each major peak has weak shoulders in the region of the lower wave number.
Conclusion
Four-phase (H-Lw-LCH-V) equilibria have been measured for CO2 + water + chlorinated hydrocarbons and CH4 + water + chlorinated hydrocarbons system. Methylene chloride, carbon tetrachloride, and 1,1,1-trichloroethane 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: methylene chloride(1,1,1-trichloroethane(carbon tetrachloride. We confirmed the structure of the mixed gas hydrates of help gases and chlorinated hydrocarbons via NMR and Raman spectroscopy and calculated the cage occupancies of each cavity. 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 3. NMR spectra of CH4 + water + CHC system





Figure 2. P-T diagram of CH4 + water + CHC system
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Figure 1. P-T diagram of CO2 + water + CHC system
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Figure 4. Raman spectra of CO2 + water + CHC system
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