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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. Although the thermodynamics of gas hydrates have been studied extensively for more than three decades, the kinetics of formation and decomposition have only recently been investigated.
In the present study, experimental data on the formation kinetics of carbon dioxide hydrate in aqueous solutions were obtained with and without NaCl electrolyte. The equipment and experimental procedure used here were newly developed. The experiments were carried out under isothermal and isobaric conditions to measure the consumption rate of carbon dioxide gas after the nucleation had commenced. 
Kinetic Model

The hydrate formation of carbon dioxide is simplified to

CO2 (gas) + 5.75H2O (liquid) ( CO2•5.75H2O (solid)
(1)

where it is assumed that the carbon dioxide hydrate forms a structure I hydrate and all cavities are occupied by carbon dioxide molecules. The formation kinetic model of carbon dioxide hydrate is postulated from the assumption that the growth process of the hydrate formation is an adsorption process describing the incorporation of the gas molecules into the water molecules and the subsequent stabilization of the framework of the structured water. Hence, the apparent rate of growth for carbon dioxide hydrate is determined by the following equation and the pressure effect is considered as the fugacity difference
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(2)

where 
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 is the mole of water remained in liquid phase, t is time in min., K is the apparent reaction rate constant, 
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 is the vapor-phase fugacity of carbon dioxide at the experimental temperature, and 
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 is the equilibrium vapor-phase fugacity of carbon dioxide at the experimental temperature. All amount of water molecules, 
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(3)

and since one mole of water in hydrate phase is equivalent to 5.75 moles of carbon dioxide and the amount of carbon dioxide used during the hydrate formation is equal to that of consumed gaseous carbon dioxide,
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where 
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 is the mole of carbon dioxide in hydrate phase. Therefore, inserting the Eq. (4) into Eq.(3), we can get the following expression.
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Finally, inserting Eq. (5) into (2), the growth rate of carbon dioxide hydrate is presented as follows
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(6)

where the initial condition is that 
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 at time t=0. Solving the differential equation, the number of moles of carbon dioxide consumed during the hydrate formation can be obtained as a function of time
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The experimental data were used to determine the only unknown parameter in the model, the apparent reaction rate constant, K, by minimizing the difference between the model predictions and the measurements of the moles of gas consumed during the hydrate formation.

Experimental

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. A schematic diagram of the experimental apparatus is shown in Figure 1. It consists of a semi-batch stirred tank reactor with a temperature control system, a micro-flow syringe pump to supply hydrate-forming gas into the reactor and to control the reactor pressure constant, a mass flowmeter to measure the flowrate of gas and the accompanying data acquisition system.
The kinetic experiment on the hydrate formation was first prepared by charging the reactor with double-distilled and deionized water. The reactor was then pressurized to a pressure of about 0.05 MPa below the hydrate dissociation pressure at the specified experimental temperature. No further pressure change indicated the saturation of the water sample with gas. When the saturation of the water solution was attained, the stirring of the water solution was stopped. After the valves V2 and V3 in Figure 1 were opened, the reactor was pressurized to the experimental pressure and allowed to reach the experimental temperature. The reactor was under automatic control and the data acquisition from the mass flowmeter was commenced. During the reaction, the amount of the gas consumed with the hydrate formation was automatically supplemented by the micro-flow syringe pump. The flowrate of the supplied gas equivalent to the consumption rate of the gas during the hydrate formation was directly measured by the mass flowmeter mounted between the reactor and the micro-flow syringe pump. The voltage signal generated by the mass flowmeter was linear to gas flowrate and converted to the volumetric flow rate of the gas at standard conditions of 293.2 K and 1 atm by the on-line data acquisition system. All the experiments were conducted at 600 rpm.
Results and Disscution

The experimental data of formation kinetics of carbon dioxide hydrates were obtained and the estimated results of consumed moles of carbon dioxide during the hydrate formation were calculated using the kinetic model developed in this work.
Figure 2 showed the formation kinetics of carbon dioxide hydrate at the pressure of 3.4 MPa and several temperature conditions. The moles of carbon dioxide consumed during the hydrate formation was based on 1 mol of water and plotted as a function of time. The experimental data are shown only after the turbidity point has occurred which is defined as the zero time in the plots. As the temperature of the system increased, the amount of arbon dioxide consumed during the hydrate formation decreased. The experimental data of consumption amount of carbon dioxide were described well by the formation kinetic model. As shown in Figure 2, the carbon dioxide hydrate formed very fast as early time and after that fast hydrate-forming period, the hydrate formation became very slow. That meant that most of the carbon dioxide hydrate formed during that early period. The formation kinetics of carbon dioxide hydrate at each 3.0 and 2.5 MPa and several temperature conditions were presented in Figures 3 and 4. 

In order to observe the effect of electrolytes on the formation kinetics of clathrate hydrates, formation kinetic experiments of carbon dioxide hydrate were conducted in aqueous NaCl solutions. Experimental data of consumption of carbon dioxide in 1 and 5 mass % NaCl solutions were obtained. In Figures 5 experimental data and estimated results of the formation kinetics of carbon dioxide hydrate were presented at various pressure conditions in 1 mass % aqueous NaCl solution. The amount of carbon dioxide consumed during the hydrate formation increased as the pressure increased. As seen in figures, the estimated data of consumption of carbon dioxide agreed well with the experimental data. Experimental data of the formation kinetics of carbon dioxide hydrate were obtained and shown in Figures 6 at several pressure conditions in 5 mass % aqueous NaCl solution. Estimated values were slightly deviated from the experimental data at early time of the hydrate formation. This was due to the very fast rate of formation of carbon dioxide hydrate at very early time of all growth period. This initial rate of hydrate formation was comparable to the initial formation rate of carbon dioxide hydrate without NaCl. The presence of electrolytes had a strong effect on the rate of hydrate formation since electrolytes increased the H–Lw–V three-phase equilibrium pressure, and thus the equilibrium fugacity, 
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, at a given temperature. Therefore, the pressure effect term, 
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, was different between carbon dioxide + water and carbon dioxide + water + electrolyte systems and the pressure effect for the aqueous electrolyte solution was lower than that for the pure water. This reduction in pressure effect caused the decrease of formation rate of carbon dioxide hydrate in electrolyte solution. In addition, electrolytes could destroy the clustering structure of water molecules which was the preliminary step before the hydrate formation. 
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Figure 2. Carbon dioxide hydrate formation kinetics at 3.4 MPa

and various temperatures.

273.15 K

274.15 K

275.15 K

276.15 K

277.15 K

P = 3.4 MPa

experimental data

calculated results

[image: image21.wmf]Time (min)

0

50

100

150

Consumed CO

2

 moles per mole of water

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Figure 3. Carbon dioxide hydrate formation kinetics at 3.0 MPa

and various temperatures.

P = 3.0 MPa

experimental data

calculated results

273.15 K

274.15 K

275.15 K

[image: image22.wmf]Time (min)

0

50

100

150

Consumed CO

2

 moles per mole of water

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

P = 2.5 MPa

Figure 4. Carbon dioxide hydrate formation kinetics at 2.5 MPa

and various temperatures.

experimental data

calculated results

273.15 K

274.15 K

275.15 K

[image: image23.wmf]Time (min)

0

50

100

150

Consumed CO

2

 moles per mole of water

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

P = 3.0 MPa

Figure 5. Carbon dioxide hydrate formation kinetics at 3.0 MPa

and various temperatures in 1 wt % NaCl solution.

experimental data

calculated results

273.15 K

274.15 K

275.15 K


� EMBED CDraw5  ���





� EMBED JandelGraphicObject.2  ���





� EMBED JandelGraphicObject.2  ���





� EMBED JandelGraphicObject.2  ���





� EMBED JandelGraphicObject.2  ���





� EMBED JandelGraphicObject.2  ���








[image: image24.wmf]Figure 6. Carbon dioxide hydrate formation kinetics at 3.0 MPa

and various temperatures in 5 wt % aqueous NaCl solution.
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