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Introduction

Gas hydrates are non-stoichiometric solid inclusion compounds formed by a cavity of the “host” water molecules, strongly hydrogen bonded under certain conditions of pressure and temperature, which encage low molar mass “guest” species of suitable size and shape. Investigations of thermophysical properties of gas hydrates have almost concentrated on the determinations of P-T conditions of formation/dissociation or crystal structures. Most of these studies were undertaken because of their applications to natural gas industries and other related technologies. Only a few studies on time-independent properties have been reported. The experimental difficulties appearing in measuring thermal properties mainly lie in the delicate analysis procedure of hydrate composition. The enthalpy of dissociation may be determined via the univariant slopes of phase equilibrium lines (lnP vs 1/T) using the Clausius-Clapeyron equation. If the compressibility factor does not change rapidly, this equation will be useful to estimate the enthalpy of dissociation from commonly available (p,T) data. But, this equation is hard to apply to mixed guests more than two components. Sloan and Fleyfel constructed a number of the plots for some common pure hydrate formers and gas mixtures. Even though their results were challenged by Skovborg and Rasmussen, the relation showed good agreement with Handa’s experimental results. At this point, it must be recognized that the above approach can be only recommended as an alternative method, but actual calorimetric measurements must be done for the best. 

In this connection, we measured the enthalpies of dissociation of CO2, N2, (CO2 + N2) and (CO2 + N2 + THF) hydrates using an isothermal microcalorimeter. The calorimetric technique was verified by comparing the measured enthalpies of dissociation of methane hydrates with the reported literature values.

Experimental Section

In the current study, the isothermal operation method was used to measure the enthalpy of dissociation for hydrates of CO2, N2, (CO2 + N2), and (CO2 + N2 + THF). The isothermal microcalorimeter (Calorimetric Science Corporation, Utah, USA, model 4400 IMC) was modified to treat samples under high pressure. The overall design of the IMC and whole apparatus is shown as a schematic diagram in Figure 1. The measuring unit of the calorimeter was a large aluminum heat sink incorporated two test wells. The measurement principle is quite simple: heat that was produced or absorbed by any process occurring in a test well was completely exchanged with heat sink which was kept at a constant temperature. A reference cell was used to correct for any heat flux due to temperature fluctuations in the heat sink. The differential signal from the twin calorimeter test wells (sample and reference) corresponded to the rate of heat production from the sample itself. The differential heat conduction design made it possible to measure as low as ±0.1 (W. The accumulated data in the connected PC were analyzed with a accompanying software. Figure 2 illustrates the modified sample cell. Stirring motor was installed to agitate the contents in the sample cell and the heat-conducting liquid in the outer container. Inlet flow thermal equilibration part helped the gas phase to be minimized the temperature difference between outer room and calorimeter jacket temperature. All attachments outside a calorimeter outer jacket were at room temperature, which was measured by a thermometer. The reference cell was filled with N2 gas to a pressure of 0.1 MPa at room temperature and was permanently installed in the calorimeter. About 0.85 g of water was weighed and loaded into the sample cell. The sample cell was then installed in the calorimeter that had previously been cooled to 278.15 K. Blowing with the experimental gas was needed to exclude air from the system. After blowing at least three times, the system was pressurized with an experimental gas or its mixture. The system would be kept over the equilibrium dissociation pressure because gas hydrates can be stable only under the suitable pressure of a hydrate-forming gas. The calorimeter was then cooled to 248 K at the rate of 2.9(10-4 K∙s-1. The calorimeter was then heated to 273.65 K at the same rate of the cooling procedure. To initiate hydrate dissociation the valves 3 and 4 were opened to connect the gas reservoir to the sample cell. The cell pressure was measured with a Heise bourdon gauge (0-20 MPa). The temperature of the reservoir was measured with a thermometer. Large volume of the reservoir (380.7 cm3) made the pressure low enough to continue smooth dissociation of the sample. The pressure was usually between 0.1 and 0.3 Mpa after completing dissociation. Volumes of a few parts of the system were measured by expansions of high-purity (99.9995 mol per cent) N2 gas. Volume calibrations were performed by using the appropriate (p,V,T) relationship from the literature.(8) The volume V1 between valve 3 and 5 was 426.4 cm3 , while the volume V2 between valve 1 and 2 was 57.12 cm3. The volume V3 between valve 2 and top of the cell and volume V4 between valve 3 and top of the cell was 8.75 cm3 and 6.58 cm3 , respectively. The volume VS of sample cell was 10.17 cm3 obtained by weighing doubly distilled deionized water.

Results and Discussion

The amount of gas liberated from hydrates must be accurately measured in order to determine the enthalpy of dissociation. In this work, the total amount of gas released from simple hydrates of CO2 or N2 was calculated from the (p,V,T) results obtained at the end of run along with the related thermodynamic equations. A calculation procedure suggested by Handa was adopted and can be stated as follows:
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(2)

where pf and pi are the pressures at the end of run and beginning of hydrate dissociation, respectively and pw is the saturated vapor pressure of water at the cell temperature, Tc, at the end of run. Vt is the total volume of the system and Vw the volume of liquid water in sample cell measured by weighing at the end of run. B is the second virial coefficient of the gas and Tg the volume-fraction weighted temperature of the gas phase obtained from
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The solubility of gas in water was considered by calculating with Soave-Redlich-Kwong equation of state. The volume size of a gas reservoir must be large enough to minimize any possible temperature fluctuation. The second virial coefficients of pure gases were obtained from literature. The amount of water in gas phase (nw,g) was calculated from pw at the end of run and therefore the amount of water (nw) present in hydrate phase was obtained by subtracting nw,g from the amount of initially loaded water. The hydrate composition could be then described by G∙nH2O where n=nw/ng and G is the guest molecule. However, the possible existence of water in the form of ice must be seriously considered because the complete conversion of water into hydrate might not be accomplished. Consequently, if a small amount of ice is present, the enthalpy of fusion of ice needs to be taken into account. To avoid ice formation in the hydrate phase, the equilibrium cell was placed for a long time at sufficiently lower temperature condition than the corresponding three-phase equilibrium temperature of hydrate, water-rich liquid and vapor. To verify the experimental procedure of this study, the enthalpy of dissociation for methane was measured and compared with the literature data of Handa. In his report the composition of methane hydrate was determined to be CH4∙6.00H2O, while, in the current work, the hydration number was 6.38. The measured enthalpy of dissociation of methane hydrate was 56.84 kJ∙mol-1 at 274.15 K and compared with several reported data. All the data except de Roo et al.were in the allowable experimental error range. The enthalpy of dissociation of simple CO2 and N2 hydrates were measured and found to be 65.22 and 65.81 kJ∙mol-1 and their corresponding hydration numbers were 7.23 and 5.94, respectively.

Contrary to simple hydrates of pure guest molecules, it might be more delicate to determine the hydration numbers of mixed guest molecules because the number of molecules of each guest component encaged in small and large cavities of hydrate lattice can’t be quantitatively figured out. To overcome this difficulty, a indirect approach was adopted using the equilibrium model calculation. The resulting experimental enthalpies of dissociation for several simple and mixed hydrates of CO2, N2, and THF were listed in Table 1. As also discussed by Sloan and Fleyfel, the enthalpies of dissociation appeared to be relatively constant over a wide range of composition for (CO2 + N2). The guest composition of (0.17CO2 + 0.83N2) was especially chosen because of its significance for CO2 recovery process from power-plant flue gas. Mixed hydrates composed of (CO2 + N2) form either structure I or II depending on the composition of guest species. Above 15 mol per cent of CO2 structure I hydrates form, while below this concentration structure II hydrates form. It must be again noted that CO2 molecules occupy the large cavities of structure I, while N2 molecules fill both the small and large cavities of structure II. 
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Table 1. Measured values of the enthalpies of dissociation for simple and mixed hydrates (at 273.65 K)

	Guest(s)
	(H (kJ∙mol-1)

	CH4
CO2
N2
(0.17CO2 + 0.83N2)

(0.70CO2 + 0.30N2)

{(0.17CO2 + 0.83N2) + 0.01THF}

{(0.17CO2 + 0.83N2) + 0.03THF}

{(0.70CO2 + 0.30N2) + 0.01THF}

{(0.70CO2 + 0.30N2) + 0.03THF}
	56.84

65.22

65.81

64.59

63.41

109.01

118.94

107.18

113.66
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Figure 1. Schematic diagram of calorimetric apparatus for measuring the enthalpy of dissociation.





Figure 2. Cell accessories for an isothermal microcalorimeter.
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