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Introduction

Clathrate hydrates are crystalline compounds formed from guest molecules and host water molecules under suitable conditions of temperature and pressure. The water molecules are linked together with hydrogen bonds and they form a three-dimensional structure containing cavities capable of entrapping guest molecules. 
Although many works for the kinetics of hydrate formation were reported, nearly all works were restricted to initial hydrate formation rate, thereby proposed models produced linear correlation between elapsed time and consumed amount of gas. With a view of long-time scale, the accumulated consumed amount of gas would be fixed at a constant value. The kinetic model was also needed to modify to describe this natural phenomenon.  

In the present study, experimental data on the formation kinetics of carbon dioxide hydrate were obtained with and without THF as a hydrate promoter. The equipment and experimental procedure used here were newly developed. Experiments were carried out under isothermal and isobaric conditions to observe the effect of temperature, pressure, and concentration of THF. The nucleation was initially identified by the visual observation of turbidity in aqueous solution. 

Experimental Section

The experimental apparatus of the hydrate formation kinetics was designed to measure the volumetric consumption rate of a hydrate-forming gas during the hydrate formation, which was the most important variable in the kinetic study. It consists of four parts. They were a semi-batch stirred tank reactor with a temperature controlled system, a micro-flow syringe pump to supply hydrate-forming gas into the reactor and control the reactor pressure constant, a mass flowmeter to measure the flowrate of gas and the accompanying data acquisition system.  

The cylindrical type reactor was made of 316 stainless steel with a sight glass equipped at the bottom of the reactor. This sight glass provided the visual observation of hydrate formation inside the reactor during nucleation and was perfectly sealed by polyethylene o-rings. The cylindrical type of reactor had an internal volume of about 250 cm3. The water charged in the reactor was vigorously agitated by a mechanically driven magnetic agitator. The magnetic agitator (Total Engineering Co.) had a built-in frequency generator, which provided a stable speed controlled for the range of 200 to 1400 rpm. The temperature of the reactor was controlled by an externally circulating refrigerator/heater. The actual temperature in the reactor could be measured by the K-type thermocouple with a digital thermometer (Cole-Parmer, 8535-26) of which the resolution was (0.1 K. This thermometer was calibrated with the ASTM D900 mercury thermometer.  

The pressure of the system was initially supplied from a gas cylinder, after which the pressure was controlled by a micro-flow syringe pump (ISCO, (LC-500, 1240-018) operated at constant pressure mode. The pressure range of a micro flow syringe pump was 0.10 to 70.00 MPa of which the resolution was (2 % of full-scale. The pressure in the reactor was kept constant by using the constant pressure mode of the micro-flow syringe pump, while the flowrate of hydrate-forming gas varied during the hydrate formation reaction. A Heise gauge (CMM 44307, 0 to 20.0 MPa range) having the maximum error of (0.01 MPa was used to measure the reactor’s pressure.  

The mass flowmeter (OMEGA, FMA-8500) was used to obtain the amount of gas consumed during the hydrate formation, which allowed accurate measurement of the mass flowrate of hydrate-forming gas. The mass flowmeter produced a 0-to-5 Vdc output signal linear to the mass flowrate that was equivalent to the range from 0 to 1000 ml/min with an accuracy of (1 % of full scale. 
The personal computer was used for direct data acquisition of the mass flowrate of the gas and the on-line calculation of the gas consumption throughout an experiment. 

Results and Discussion

Figure 1, 2, and 3 show the formation kinetics of carbon dioxide hydrates with THF at several isothermal, isobaric, and constant THF concentration conditions. The accumulated moles of mixed gas molecules consumed during the hydrate formation was based on 1 mole of water and plotted against a function of time. The experimental data was presented only after the turbidity point, which is defined as the zero time in each plot, has occurred. Generalized feature of plots was that the consumed amount of gas mixture consumed during the hydrate formation decreased, as time goes by, thereby accumulated figures were described like a exponential rise to a maximum point. Each figure was presented to show the effect of temperature, pressure, and THF concentration, respectively. As seen in Figures, hydrates of carbon dioxide formed very fast early in the reaction, and after the fast hydrate-forming period, the rate became slow so as to arrive at minute increase. This meant that most of gaseous mixture was consumed to form gas hydrate during the initial period. Compared to the pure carbon dioxide system this initial period was very short; it was about 1-5 min. So it was found that THF increases the hydrate formation rate to accomplish its equilibrium in short time interval.

Figure 1 represented the temperature effect of hydrate formation kinetics for 1 mol% THF at 30 bar. At this fixed pressure and THF concentration, the consumed amount of gas molecules decreased as the temperature increased. It seemed that this was very natural due to the difference of fugacities between equilibrium and experiment condition. As the temperature increased, corresponding equilibrium pressure also increased. Therefore, fugacity difference between equilibrium and experiment condition also decreased. Concentration effect in Figure 2 showed that the consumed amount of carbon dioxide increased as the concentration of THF increased. Similarly the fugacity difference between equilibrium and isobaric experiment (30 bar) condition increased as the concentration of THF increased. Pressure effect in Figure 3 showed that the consumed amount of gas increased as the temperature increased. This could be explained as the similar reason for the temperature effect. Greater deviations from the three-phase equilibrium point at a temperature caused higher consumption rates.

It was experimentally observed that at the turbidity point all the bulk of water was changed into hydrate particles at a high rate and after the point, the hydrate phase was dominant so that most of the liquid water phase were nearly disappeared. Therefore, strong agitation to stir hydrate particles effectively was needed. Stirring rate also had an influence on the hydrate formation rate. To investigate this effect, a variety of stirring rpm was tried and it was found that there was no effect over 600 rpm (Chun, 1999).

Experimental data for the consumed amount of carbon dioxide was relatively well described by the suggested hydrate formation kinetic model. The two hydrate formation rate constants made more accurate calculation than just one constant in the former systems. For whole experiment conditions, calculated ultimate amount of consumed gas mixture was underestimated than experimental data. It seemed that time limit of 330 minutes was insufficient for the complete hydrate formation reaction. In fact, consumed amount of gas mixture kept on increasing even at 330 minutes. This meant that additional gas molecules could occupy the remained empty cavities, but too a long time was not needed to know in the view of process. 

Conclusion

Hydrate formation kinetics of carbon dioxide hydrate was investigated. It was observed that hydrate formation occurred in the bulk liquid water if supersaturation existed as a result of the dissolution process and that the formation rate was very fast at the early stage of the whole period of hydrate formation. The kinetic model developed in the current work was based on the adsorption theory and had a few adjustable parameters which represented the hydrate particle growth. Fugacity difference between dissolved and equilibrium states was used as the driving force in this model. It was found that the proposed model well described the experimental data. Whole experimental data was also well explained the driving force difference.
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Figure 3. Hydrate formation kinetics of carbon dioxide at 3 mol% THF, 283.15 K and 20, 25, 30 bar.
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Figure 2. Hydrate formation kinetics of carbon dioxide at 30bar, 283.15 K and 1, 2, 3 mol% THF.
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Figure 1. Hydrate formation kinetics of carbon dioxide at 1 mol% THF, 30bar and 280.15, 281.15, 283,15 K.
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