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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 [1]. 

There are worldwide occurrences of natural gas hydrates, both on-shore buried under the permafrost and off-shore buried under the oceanic and deep lake sediments. Natural gas hydrates are usually found dispersed in pores of coarse-grained sediments. Since each volume of hydrate can contain as much as 170 volumes of gas at standard temperature and pressure conditions, naturally occurring gas hydrates in the earth containing mostly CH4 are regarded as future energy resources. Recent investigations consider the possibility of sequestering industrially produced carbon dioxide as crystalline gas hydrates in the deep ocean to prevent further release into the atmosphere as greenhouse gas. Inspite of the importance of the thermodynamics of hydrates in porous media, very little work has been done in this area. Handa and Stupin [2] first studied the effect of the porous media on equilibrium pressure of CH4 and C3H8 hydrates. Uchida et al. [3] measured the equilibrium pressures for CH4, C3H8 and CO2 hydrates in porous glasses of different sizes. Seshadri et al. [4] also obtained the equilibrium pressures for C3H8 hydrates in silica gels with different sizes. Some researchers also reported calculations based on earlier statistical thermodynamic models [5]. However, their calculations resulted in large discrepancies between the measured and predicted values. In this study, the equilibrium dissociation pressures for CH4 and CO2 hydrates confined in silica gel pores of nominal diameter 6, 15 and 30 nm were measured and compared with model calculations. 

Experimental Section

Materials   The carbon dioxide and methane with a minimum purity of 99.9 mol % were supplied by World Gas Co. (Korea). The water with ultra high purity was supplied from Merck Co. (Germany). Silica gels of nominal diameter 6 nm (6nm SG) and 15 nm (15nm SG) was purchased from Aldrich Co. (USA) and 30 nm silica gel (30nm SG) from Silicycle Co. (Canada). All materials were used without further treatment. 

Apparatus and procedure  A schematic diagram and detailed description of the experimental apparatus for hydrate phase equilibria is given in the previous paper [6]. The experiment for hydrate-phase equilibrium measurements began by charging the equilibrium cell with about 25 cm3 of silica gels containing pore water. After the equilibrium cell was pressurized to a desired pressure with CO2 or CH4, the whole main system was slowly cooled to 263 K. When pressure depression due to hydrate formation reached a steady-state condition, the cell temperature was increased at a rate of about 0.1 K/hr. The nucleation and dissociation steps were repeated at least two times in order to reduce hysteresis phenomenon. The equilibrium pressure and temperature was determined by tracing P-T profiles from hydrate formation to dissociation. Unlike the bulk hydrate, in case of hydrates in porous media there is a gradual change of slope around the final hydrate dissociation point due to the pore-size distribution. Therefore, it is very difficult to determine the unique equilibrium dissociation point in porous media. The accurate dissociation equilibrium point in porous media was determined as the cross point between the maximum inclination line and complete dissociation line as shown in Figure 1. As indicated by Uchida et al [3], the unique point corresponds to the dissociation in the pores of the mean diameter of used silica gels. 
Thermodynamic Model

The statistical thermodynamic model for hydrate phase was developed by van der Waals and Platteeuw [7], which related the chemical potential of water in the hydrate phase to that in hypothetical empty hydrate lattice. The fractional occupancy of guest molecules in hydrate cavity is given by classical adsorption theory represented by Langmuir’s isotherm. It contains the potential interaction between a host water molecules and a encaged guest gas molecule in each cage with the assumption that the lattice cavity is spherically symmetric. The Kihara core pair potential was used to calculate the guest-water interaction, and its complete computational formula was suggested by McKoy and Sinanglu to sum up all binary interactions to yield an overall cell potential.The Kihara core pair potential was used to calculate the guest-water interaction. The Kihara parameters for each guest species are obtained by fitting the expression in chemical potential differences of water.
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where vi is the number of type i cages per water molecule, and (ik is the fractional occupancy of type i cages with type k guest molecules. (hw and (vw are the enthalpy and volume differences between the hypothetical empty hydrate cage and pure ice or liquid water phases. The RKS-EOS incorporated with the MHV second order (MHV2) mixing rule was used to determine the corresponding fugacity. Any appropriate excess Gibbs energy model for the VLE calculations can be used for the Huron-Vidal mixing rules. In the present study, we used only the modified UNIFAC group-contribution model with the interaction parameters given elsewhere [8]. 

The activity of water in porous media is
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where VL is the molar volume of water in the pure water stat, ( is the wetting angle between the pure water phase and the hydrate, 
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 is the surface tension between the hydrate and water phases, and r is the radius of the pore.

Results and Discussion

Hydrate phase equilibria for CH4 and CO2 hydrate confined in silica gel pores of nominal diameter 6, 15 and 30 nm were measured across wide temperature and pressure ranges. The experimental results of CH4 + water system was shown in Figure 2. The hydrate equilibrium data of bulk phase were also presented to illustrate the inhibition effect in silica gel pores. As can be seen from Figure 2, each equilibrium line of pore hydrates shifted to lower temperature or higher pressure compared with that of bulk hydrate. The smaller the pore diameter, the larger the equilibrium line shift was observed. This result is consistent with the other literature values of pore hydrates and the depression of melting point in pore ice confined in small pores. Figure 2 also includes data obtained by Uchida et al. [3] for 6 nm and 30 nm pores and data by Handa and Stupin [2] for 15 nm pores. Our experimental results were in good agreement with those of Uchida et al [3], but largely deviated from those of Handa and Stupin [2], even though Uchida et al. [3] used Vycor porous glass as porous media instead of silica gels. Because of experimental difficulties, experimental ranges were not extended to H-I-V equilibrium ones. All the data obtained in this study was limited to H-LW-V equilibrium region.

Three-phase equilibria of CO2+water system in porous media were shown in Figure 3. Figure 3 also includes the hydrate equilibrium data of bulk phase and data obtained by Uchida et al [3] for 30 nm SG with model calculations. The general trend of the inhibition effect observed in CO2 + water system in porous media was almost the same as that in CH4+water system in porous media. Although the experimental determination of CO2+water system in porous media was restricted to H-LW-V equilibrium region due to the experimental difficulties, the model calculation was extended to H-I-V and H-LW-LCO2 equilibrium region. By the model calculation, it was found that the upper quadruple points where H-LW-V and H-LW-LCO2 equilibrium lines intersect and four phases (H, LW, LCO2 and V) coexist were located along the saturation vapor pressure curve of CO2. 

Inside porous media the thermodynamic potential of chemical components can change with respect to bulk conditions as a consequence of (1) Molecular interactions at the pore walls, usually attraction of the fluid molecules by hydrophilic mineral surfaces and (2) the energy required to maintain capillary equilibrium. In porous media partial ordering and bonding of water molecules with hydrophilic mineral surfaces depress water activity. As the activity decreases, hydrate form at increasingly lower pressure at a given temperature or at increasingly lower temperatures at a given pressure. This phenomenon is also observed in systems containing inhibitors such as salts and alcohols which cause a depression in the freezing point of water thereby reducing its activity. Therefore, the presence of geometrical constraints on the activity of water is equilvalent to a change in activity as caused by the inhibitors. As can be seen from Figure 2 and 3, the overall P-T behavior was almost the same as that observed in the systems containing inhibitors. 

A significant proportion of water in the wall of confined spaces is often found to be present as bound water and does not undergo the freezing transition. This water will not participate in hydrate formation under the same pressure-temperature conditions as the pore water. In the present study, the pores were completely saturated with water. The pores are completely filled with liquid water and hydrate. The contact angle of liquid water within the pores at the hydrate-liquid water interface can be assumed to be 0 o, that is, perfect wetting. The hydrate-liquid water is the operative interface in this work. There have been few experimental data of the interfacial energy between liquid water and hydrate. Thus, the previous researchers assumed the interfacial energy of the hydrate-water interface equal to that of the ice-water interface (
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= 0.027 J/m2). However, Uchida et al recently presented that interfacial energies between the hydrates and bound water are 0.017 J/m2 for CH4 hydrate and 0.014 J/m2 for CO2 hydrate. By using the values suggested by Uchida et al [3], the calculated values were in better agreement with the experimental ones although a noticeable deviation was found for both CH4 and CO2 hydrate in 6 nm SG. This result is due to the intrinsic limitation of the present model at smaller pores. The proportion of pore water in smaller pore, which cannot be converted to hydrate, is much higher than that in larger pores as shown by Handa and Stupin [2]. In addition, hydrate formation in smaller pores is more inhibited due to capillary effects. 

Conclusion
The hydrate phase equilibria for CH4 and CO2 hydrates confined in silica gel pores of nominal diameter 6, 15 and 30 nm were measured and compared with model calculations based on van der Waals and Platteeuw model. At a given temperature, H-LW-V equilibrium line shifted to higher pressure depending on the pore size when compared with that of bulk hydrate. It is because decrease in water activity caused hydrate to form at increasingly higher pressure at a given temperature as usually observed in systems containing inhibitors. The experimental results and model calculation obtained in this work could be very useful data in developing the natural gas hydrate in marine sediments and sequestering carbon dioxide into the deep ocean. 
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Figure 3. Hydrate phase equilibria of CO2 + water system in porous media.








Figure 2. Hydrate phase equilibria of CH4 + water system in porous media.





Figure 1. P-T trace of CH4 hydrate in 15 nm SG for determining the dissociation equilibrium point.
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