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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]. 

  In hydrate formation studies, macroscopic quantities such as pressure, temperature and fluid-phase compositions are measured while hydrate-phase properties such as structure type, cage occupancies and guest compositions are usually calculated through modeling based on the theory of van der Waals and Platteeuw. This modeling sometimes may give wrong results. Therefore, the microscopic measurement of the hydrate phase is needed. Raman and NMR are two powerful spectroscopic methods that can give us structural and compositional information about the solid hydrate phase. Raman spectroscopy is simpler and less resource intensive than NMR. It can also be used at in-situ temperature and pressure conditions [2]. 
  CH4 and CO2 can form structure I hydrate under low temperature and high pressure. When a larger guest molecule like THF-d8 which is miscible with water is added in the CH4 (or CO2) + water system, it is known from the modeling that sI is transformed into sII [3][4].
  In the present study, we obtained the Raman spectra of gases, pure hydrates and THF added hydrates of CH4 and CO2 in order to confirm their structures. The accurate understanding of structural and compositional information of gas hydrate phase enables us to apply the hydrate phenomenon to broader industrial fields.

Experimental Section

Materials

  The carbon dioxide gas used for the present study were supplied by World Gas Co. and had a stated purity of 99.9 mol %. The methane gas with a minimum purity of 99.95 mol % was supplied by Linde Gas UK Ltd.. Deuterated tetrahydrofuran (THF-d8) of 99 % atom deuterium was purchased from Aldrich Co.. The water with ultra high purity was supplied from Merck 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 observe the hydrate phase transition through the visual observation. The high pressure Raman cell was made of 316 stainless steel and had an internal volume of about 1 cm3 (Figure 2). Two sapphire windows equipped at the upper and lower part of the cell allowed the visual observation of phase transitions occurred inside the equilibrium cell. 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 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. 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 Raman　spectrometer is Jovin-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. An IBM-PC with PRISM software provided control and data aquisition for the system.　The scattered radiation was collected at the 180o geometry. Spectra were collected with 0.5 cm-1 scanning step and 1.0 s integration time/step. Typically four scans were averaged to obtain each spectra.

Procedure

  The experiment began by charging the high pressure cell with about 0.3 cm3 of the aqueous solutions. The air that might have entered during the charging process was eliminated from the cell by flushing the gas several times. After the cell was pressurized to a desired pressure with 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. The nucleation and dissociation steps were repeated at least two times in order to reduce the hysteresis phenomenon and obtain more uniform sample. It usually took 2 days to make a uniform sample for Raman measurement.

Results and Discussion

  The molecular size of THF is much larger that the size of the large cage of structure I. Moreover, THF itself forms sII hydrate. It is known that CH4 (or CO2)+THF system form sII hydrate. In the present study, deuterated THF-d8 was used to prevent overlap between its normal CH stretching bands and CH stretching band of CH4. The amount of added THF-d8 is 3 mol % relative to solution which is much lower than the stoichiometric ratio (5.56 mol %). 
  Figure 3 shows the various Raman spectra of CH4 of vapor, pure hydrate and THF-d8 added hydrate. The positions of each peak have good agreement with the previously published data [5]; CH4 in gas phase (at 2917.0 cm-1 at 3.4 MPa), CH4 in large 51262 and small 512 cages of sI hydrate at 2904.8 cm-1 and 2915.0 cm-1, respectively and CH4 in large 51264 and small 512 cages of sII hydrate at 2903.9 cm-1 and 2913.9 cm-1. 

The vibrational band for CH4 in the hydrate is distinct from that for free vapor CH4.  The splitting of the bands indicates that CH4 partitions between the small(512) and large(51262) cavities of sI. By considering the intensity of the bands, we assigned the smaller band at high frequency to CH4 in the small cavity and the larger band at lower frequency to CH4 in the large cavity of sI. The ratio of the small to the large bands in Figure 3 is very close to 1:3, which is the ratio of small to large cavities in the unit cell. In the case of CH4+THF-d8 sII hydrate, the peak due to CH4 in the large 51264 cavity (2913.9 cm-1) is well-defined. However, the peak for CH4 in the large 51264 cavity (2903.8cm-1) is very weak. The larger guest molecule THF-d8 almost exclusively occupies the large cavities and thus, restricted CH4 to only small cavities in the hydrate. This result is different from that of Sum et al [5], but almost the same as that of Subramanian and Sloan [6].
  As seen in Figure 4, the Raman spectrum of CO2 vapor 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, the major bands are still very pronounced. However, the hot bands convolute into the Fermi diad bands, hence contributing to a tail of the bands. When THF-d8 is added into the system, the peak becomes more complex. There are two major bands which are shifted to higher wave number than in the pure CO2 hydrate. Each major peak has weak shoulders in the region of the lower wave number.

Conclusion
Raman spectra for vapor, sI hydrate and sII hydrate of CH4 and CO2 were measured to determine the change in the wave number of the molecules when incorporated into the different structures of hydrate lattice. In the case of CH4+THF-d8 sII hydrate, THF-d8 which has large molecular size exclusively occupied the large cavity and therefore, very weak peak for large cavity was detected. CO2 gave more complex Raman spectra because of its molecular characteristics. Pure CO2 hydrate (sI) showed only two major bands while CO2+THF-d8 sII hydrate showed two major bands accompanying weak shoulders in the lower wave number. In the present study, we confirmed that the structure of the hydrate was changed (sI➝sII) due to the addition of THF-d8. The fact that Raman spectroscopy is simple and available in-situ temperature and pressure conditions suggests that this method can be used for monitoring the hydrate formation or dissociation in the various industrial applications.
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Figure 3. Raman Spectra of CH4





Figure 4. Raman Spectra of CO2
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Figure 2. Cross-sectional View of the High 


Pressure Raman Cell





Figure 1. Schematic Diagram of the Experimental Setup
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