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Abstract — Gas hydrate is a special kind of inclusion compound that can be formed by capturing gas molecules to water lat-
tice in high pressure and low temperature conditions. The hydrate crystal structures were different depending on a kind of gues
molecules. Recently, gas hydrates have attracted the attention of many investigators from all areas of natural gas production
and environmental science from a fact that this compound could be formed from only host water and guest gas molecules. The
most attrative application of hydrates is to dispose of carbon dioxide in the form of solid hydrates in the ocean to peduce atm
spheric carbon dioxide concentration and mitigate global warming. Therefore, this paper summarized present research works
concerning the carbon dioxide hydrate and suggested the connection between these results and the strategies for carbon diox-
ide sequestration. In addition, general topics and research trends related to carbon dioxide hydrate are presentedgwith focusin
on carbon dioxide ocean sequestration to resolve the global warming problems.
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Fig. 1. Schematic diagram of carbon sequestration[2].
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Table 1. Storage capacity for storage options [4]

Storage capacity (GtC)

Storage options

Ocean 1,400-2x70
Aquifers 87-2,700
Depleted gas reservoir 140-310
Depleted oil reservoir 40-190
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Fig. 2. The cavities in gas clathrate hydrate[6, 8] (a) Pentagonal Dodece
dron(519), (b) Tetrakaidecahedron(3%?), (c) Hexakaidecahedrol
(5%%", (d) Iregular Dodecahedron(4'5%6°), (e) Icosahedron(65).
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Table 2. Hydrate crystal structures[6, 8, 10, 11, 13].
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Fig. 4. Crystalline lattice of gas hydrate, Structure-I[6].

Fig. 5. Crystalline lattice of gas hydrate, Structure-H[6, 13].
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Cavity small large small large small small large
Description 42 51262 512 514 512 435563 51%8
No. of cavities/unit cell 2 6 16 8 3 2 1
Average cavity radius(A) 3.95 4.33 3.91 473 3.91 4.06 57T
Variation in radiuy%) 3.4 14.4 5.5 1.73 not available
Coordination numbér 20 24 20 28 20 20 36

aVariation in distance of oxygen atoms from center of cage
bNumber of oxygens at the periphery of each cavity
Estimates of structure H cavities from geometric models
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Fig. 12. Raman spectra of CQ in gas(25.5 bar and 293.15 K), pure CO
hydrate(sl, 27.3 bar and 273.45 K) and CG+-CCl, hydrate(sl|,
26.0 bar and 280.25 K)[50].
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Fig. 15. (a) Schematic diagram of carbon dioxide ocean storage, (b) Comparison of hydrate formation condition according to thegerature-pres-
sure, (c) Schematic diagram of carbon dioxide injection into methane hydrate formation[3, 4].

0.5

Fha sto]=go]E A xdo] Wil - 7t H2 AgFo|vH64]. o
A7 Ae] 459 Fig. 162 €7 ¢EHdA v mfdol] FYsH=
g ol EfetAe] fdel WE Slo|=do]E FALLE HolF ik 4
e W02 el AN, 5 f40] 021 299 BALxo) B3]
1° fréo] F/184E YLt s A2 & 5 vk olHe By
S s . 2 7092 Ba) olisharst 799 A9, #52 WiHradial) 3o}
£ . £ =7 Hol FUH TANNE fol W23 FYFeIN Az}
5 . oldR o] B fho] BE FUR DANE Shol=
§ 10+ . #ol= Bgo] Leslehe Ag oeldn aeuR ol sees A
FUT A% FUFS 2] F9Y AN Sol=dolE 44
2 WX B AT 5 9 Ao HE
15— . olgoll ] Al nish o] @A o] daiE so| o]
7%, el sl 27 9 v ool 98 T8l AlzgolA
* o) BY A ws FaA Q] gk A FAHA 3 B o)
2.0 ; | ‘ £ 50 @ 5 gE /129 dTE SR ddoln, dore 4]
0 100 200 300 AAFE 9@ 71 AAS] A3 olAsteras AAR 8 o
Flowrate of CO; (SCCM/min) AN BHZe) FQE A0 ulsy ke §4 AL Role
Fig. 16. The effect of injection flowrate on the formation temperature e 9 Alaix] Bdzoae] 29 24 2 slo]=go]Ee] BA 7}
of CO, hydrate at constant pressure(25 bar)[64]. Uz kg a7, ol 8k 29o] AlelAo] mX= sl gk So)
ojet A7k A9E Row malrt
B8] st o 249 HYL AHE A HHF e PR
she v viEe) S 9 ollstaavEe) Aked, FUE 5 4.8 B
B H9F W2 4 olEEkag) 50 nhE F1 AlzHeAe)
stol=djol B4 27 S Ug 9T Fol Bash. ofF HH3 21712 ol EWA A 78l 918 ol 7157} A7E § B
22 FE olisiRkas) fEawe] e B4 AxdelNg ole AR FHT gk oleld AFedsE ol fEAsl sl



7in SlolHlel=E o8 dt olksrkie] AlsiAA 145

o5 ekeol, o] Aslekes) Fa NS AL S8 Wl 2 5o
A e 84 ﬁiﬂ A 7}&7}541 9. ol ol shasol
4

7 FEEE A

ZAN ol ey B3} 449 o ushth sl
AolEE ARATIEE, stol=dol =gl B He) AL FEFH:
Aoty AP A7 AN SEE FHEE AT, MAE 7

WS Soldol=g 18T U A% 7152 skl

Sfol=elo] =0 thet @77} ofeit

A 0510 o) 51 A 71 ol sy, 12 B

A Aol @7 ARS WPom, Wikl wskest 2o jEae,

20 ISEAE Felshe FY3 A0 o SELE 25

A7 o) A= Au Rk of WHES 885 e

4 2NN AR THE R oReh, o)k

B2 % 9 B4 G 2 WA ool Aor s, o]
2 98) FoEE AN A7 TA ey RoR nalh

2 e e

7 Al

o] =E-2 #er|e- A doR Fsle 2147] ZEE| O AR (el4t
Shax AR B Ay ZeriE) 385 Ao e T g
21 A o] dghew FEYFH

o

1. Houghton, J. T., Meira Fildo, L. G., Collander, B. A., Harris, N.,
Kattenberg, A. and Maskell, KClimate Change 1995: The Science
of Climate ChangeCambridge University Press, Cambridge, UK
(1996).

2.Kane, R. L. and Klein, D. LChem. Eng. Prog97, 44(2001).

3. U.S. Department of Energy, Office of Science, Office of Fossil

12. Udachin, K. A. and Lipkowski, J., “New Structures of Calthrates
hydrate’s Proceedings of 2nd International Conference on Natural
Gas Hydrates, 25-32(1996).

13. Mehta, A. P. and Sloan, D. E., “Structure H Hydrates: the State-of-
the-art,Proceedings of 2nd International Conference on Natural Gas
Hydrates, 1-8(1996).

14. Holder, G. D., Zetts, S. P. and Pradham, N., “Phase Behavior in Sys-
tems Containing Clathrate Hydrdtdé®ev. Chem. EngJ5, 1-12
(1988).

15. van der Waals, J. H. and Platteeuw, J. C., “Clathrate Solufions,
Chem. Phys2, 1-22(1959).

16. McKoy, V. and Sinanoglu, O., “Theory of Dissociation Pressures of
Some Gas Hydarated, Chem. Phys38 2946-2952(1963).

17. Parrish, W. R. and Prausnitz, J. M., “Dissociation Pressures of Gas
Hydrates Formed by Gas Mixturdsid. Eng. Chem. Process. Des.
Dev, 11, 26-35(1972).

18. Holder, G. D., Corbin, G. and Papadopoulos, K. D., “Thermody-
namic and Molecular Properties of Gas Hydrates from Mixtures
Containing Methane, Argon and Kryptoimd. Eng. Chem. Run-
dam, 19, 282-294(1980).

19. Soave, G., “Equilibrium Constants from a Modified Redlich-Kwong
Equation of StateChem. Eng. Scienc@7, 1197-1203(1972).

20. Huron, M. J. and Vidal, J., “New Mixing Rules in Simple Equations
of State for Representing Vapor-Liquid Equilibria of Strongly Non-
Ideal Mixture$,Fluid Phase Equilibria3, 255-271(1979).

21. Dahl, S. and Michelsen, M. L., “High-Pressure Vapor-Liquid Equi-
librium with a UNIFAC-Based Equation of Sta&|ChE J, 36,
1829-1839(1990).

22.Yoon, J. H., Chun, M. K. and Lee, H., “Generalized Model for Pre-
dicting Phase Behavior of Clathrate Hydra®ChE J, 48(6), 1317-
1330(2002).

23.Yang, S. O, Yang, I. M., Kim, Y. S. and Lee, C. S., “Measurement
and Prediction of Phase Equilibria for Water+G®Hydrate Form-
ing Condition’,Fluid Phase Equilibrial75, 75-89(2000).

Energy, Carbon Sequestration: State of the Science, A working paper24. Englezos, P., “Clathrate Hydrdtésd. Eng. Chem. Res32(7),

for roadmapping future carbon sequestration R&D(1999).

4. IEA GHG, Ocean Storage of GOEA Greenhouse Gas R&D Pro-
gramme(1999)

5. Herzog, H., “Ocean Sequestration of £@n Overview; 4th Inter-

1251-1274(1993).

25. Englezos, P. and Hall, S., “Phase Eequilibrium Data on Carbon
Dioxide Hydrate in the Presence of Electrolytes, Water Soluble Poly-
mers and MontmorilloniteCan. J. Chem. Eng72, 887-893(1994).

national Conference on Greenhouse Gas Control Technologies, 26. Dholabhai, P. D., Kalogerakis, N. and Bishnoi, P R., “Equilibrium

August 30-September 2, Interlaken, Switzerland (1998).

6. Sloan, E. D.Clathrate hydrate of natural gasegnd ed., Marcel
Dekker, New York(1998).

7. Jeffrey, G. A. and McMullan, R. KRrogress Inorganic Chemistry
8, 43(1967).

8. McMullan, R. K. and Jeffery, G. A., “Polyhedral Clathrate Hydrates.
IX. Structure of Ethylene Oxide Hydrat@, Chem. Phys 42(8),
2725-2732(1965).

9.Mak, T. C. W. and McMullan, R. K., “Polyhedral Clathrate
Hydrates. X. Structure of the Double Hydrate of Tetrahydrofuran
and Hydrogen Sulfide). Chem. Phys42(8), 2732-2737(1965).

10. Davison, D. W., El-Defrawy, M. K., Fuglem, M. O. and Judge, A. S.,
Proceedings of 3rd International Conference on Permafr@38-
943(1983).

11. Ripmeester, J. A., Tse, J. S., Ratcliffe, C. I. and Powell, B. M., “A

New Clathrate Hydrate Structlrilature 325 135-136(1987).

Conditions for Carbon Dioxide Hydrate Formation in Aqueous Elec-
trolyte Solutions,J. Chem. Eng. Dat&88(4), 650-654(1993).

27. Dholabhai, P. D., Parent, J. S. and Bishnoi, P. R., “Carbon Dioxide
Hydrate Equilibrium Conditions in Aqueous Solutions Containing
Electrolyte and Methanol Using a New Apparatingl. Eng. Chem.
Res, 35(3), 819-823(1996).

28.Kang, S. P, Chun, M. K. and Lee, H., “Phase Equilibria of Methane
and Carbon Dioxide Hydrates in the Aqueous MgGolu-
tion$, Fluid Phase Equilibr, 147, 229-238(1998).

29. Larson, S. D., Ph. D. Dissertation, Univ. of Michigan(1955).

30. Uchida, T., Ebinuma, T., Takeya, S., Nagao, J. and Narita, H.,
“Effects of Pore Sizes on Dissociation Temperatures and Pressures
of Methane, Carbon Dioxide, and Propane Hydrates in Porous
Medid, J. Phys. Chem. B106, 820-826(2002).

31. Seo, Y., Lee, H., and Uchida, T., “Methane and Carbon Dioxide
Hydrate Phase Behavior in Small Porous Silica Gels: Three-Phase

HWAHAK KONGHAK Vol. 41, No. 2, April, 2003



146 o]

rlot

Equilibrium Determination and Thermodynamic Modé€lihgng-
muir, 18(24), 9164-9170(2002).

32. Wsniauskas, A and Bishinoi, P. R., “A Kinetic Study of Mehthane
Hydrate FormatiochChem. Eng. Sgi38, 1061-1072(1983).

33. Glew, D. N. and Hagget, M. LGan. J. Chem46, 3857(1968).

34. Scanlon, W. J. and Fennema, Cryobiology 8, 249(1972).

35. Englezos, P., Kalogerakis, N. E., Dholabhai, P. D. and Bishnoi, P. R
“Kinetics of Gas Hydrate Formation from Mixtures of Methane and
Ethan&,Chem. Eng. Sgi42, 2659-2666(1987).

36. Skovborg, P. and Rasmussen, P., “A Mass Transport Limited Model

for the Growth of Methane and Ethane Gas HydraBem. Eng.
Sci., 49, 1131-1143(1994).

37. Shindo, Y., Lund, P. C., Fujioka, Y. and Komiyama, H., “Kinetics of
Formation of CQ Hydraté Energy Convers. Mamt34, 1073-
1079(1993).

38. Teng, H., Kinoshita, M. and Masutani, S. M., “Hydrate Formation on
the Surface of a CODroplet in High-pressure, Low-temperature
Watet, Chem. Eng. Sci50, 559-564(1995).

39. Chun, M. K. and Lee, H., “Kinetics of Formation of Carbon Diox-
ide Clathrate Hydratedorean J. Chem. Engl3, 620-626(1996).

40. Udachin, K. A., Ratcliffe, C. I. and Ripmeester, J. A., “Structure,
Composition, and Thermal Expansion of Ci@ydrate from Single
Crystal X-ray Diffraction Measuremeht3, Phys. Chem. .B105
4200-4204(2001).

41. Takeya, S., Hondoh, T. and Uchida, T., “In Situ Observation gf CO
Hydrate by X-ray Diffractich, Annals of the New York Academy of
Sciences912, 973-982 (2000).

42. Davidson, D. W. and Ripmeester, J. A, Iclusion Compounds
Atwood, J. L., Davies, J. E. D. and MacNichol, D. D., Eds., Aca-
demic Press, New York, vol 3(1983).

43. Ripmeester, J. A. and Ratcliffe, C. 1., Solid State NMR Studies of

- ol -

725

and!*C NMR Spectroscopy: Cas a Small-Cage Gueg&hergy &
Fuels 12, 197-200(1998).

49. Sum, A. K., Buruss, R. C. and Sloan, E. D., “Measurement of Clath-
rate Hydrates via Raman SpectrostahyPhys. Chem. B101,
7371-7377(1997).

50. Seo, Y. and Lee, H., “Phase Behavior and Structure Identification of
the Mixed Chlorinated Hydrocarbon Clathrate HydfagesPhys.
Chem. B 106, 9668-9673(2002).

51. Uchida, T., Takagi, A., Kawabata, J., Mae, S. and Hondoh, T.,
“Raman Spectroscopic Analysis on the Growth Process of CO
Hydrate’s,Energy Convers. Mgm36, 547-550(1995).

52. Kawamura, T., Komai, T., Yamamoto, Y., Nagashima, K., Ohga, K.
and Higuchi, K., “Growth Kinetics of C{Hydrate just below Melt-
ing Point of Ic&,J. Cryst. Growth234, 220-226(2002).

53. Parrish, W. R. and Prausnitz, J. M., “Dissociation Pressure of Gas
Hydrates Formed by Gas Mixtutdad. Eng. Chem. Process Des.
Develop, 11, 26-35(1972).

54. Aya, |., Yamane, K. and Nariai, H., “Solubility of ¢@nd Density
of CO, Hydrate at 30 MpaEnergy the International Journaf2,
263-271(1997).

55. Yoon, J.-H. and Lee, H., “Clathrate Phase Equilibria for the Water-
Phenol-Carbon Dioxide SysterAJChE J, 43, 1884-1893(1997).

56. Seo, Y. and Lee, H., “A New Hydrate-Based Recovery Process for
Removing Chlorinated Hydrocarbons from Aqueous Solutions,
Environ. Sci. Techngl35, 3386-3390(2001).

57.Kang, S. P. and Lee, H., “Recovery of G@m Flue Gas Using Gas
Hydrates: Thermodynamic Verification through Phase Equlibrium
MeasuremeritsEnviron. Sci. Techngl34, 4397-4400(2000).

58. Yamasaki, A., Teng, H., Wakatsuki, M., Yanagisawa, Y. and
Yamada, K., “CQ Hydrate Formation in Various Hydrodynamic
Conditions,Ann. NY Acad. S¢i912 235-245(2000).

Inclusion Compounds, Report C1181-895, National Research Coun-59. Teng, H., Yamasaki, A. and Shindo, Y., “The Fate of E¢drate

cil of Canada, (1989).

Released in the Océ&amt. J. Energy Res23 295-302(1999)

44. Ripmeester, J. A. and Ratcliffe, C. I., “Xenon-129 NMR Studies of 60. Koide, H., Takahashi, M. and Tsukamoto, H., “Self-trapping Mech-

Clathrate Hydrates: New Guests for Structure Il and Structuk H,
Phys. Chem 94, 8773-8776(1990).

anisms of Carbon Dioxide in the Aquifer Dispbdahergy Con-
vers. Mgmt.36, 505-508(1995).

45. Ripmeester, J. A. and Ratcliffe, C. I., “Low Temperature Cross 61. Koide, H., Takahashi, M., Shindo, Y., Tazaki, Y., lijima, M., Ito, K.,

Polarization/Magic Angle Spinning®C NMR of Solid Methane
Hydrates: Structure, Cage Occupancy, and Hydration NUndber,
Phys. Chem92, 337-339(1988).

46. Dharmawardhana, P. B., Parrish, W. R. and Sloan, E. D., “Experi-
mental Thermodynamics Parameters for the Prediction of Natural
Gas Hydrate Dissociation Conditiorisd. Eng. Chem. Fundam.

19, 410-414(1980).

47. Davidson, D. W., Handa, Y. P. and Ripmeester, J. A., “Xenon-129
NMR and the Thermodynamic Parameters of Xenon Hyddate,
Phys. Chem.90, 6549-6552(1986).

48. Ripmeester, J. A. and Raicliffe, C. I., “The Diverse Nature of
Dodecahedral Cages in Clathrate Hydrates As Revealdd®y

2558 M41A 25 20034 48

Kimura, N. and Omata, K., “Hydrate Formation in Sediments in the
Sub-seabed Disposal of GCEnergy 22, 279-283(1997).

62. Ohgaki, K., Nakano, S., Matsubara, T. and Yamanaka, S., “Decom-

position of CQ, CH, and CQ-CH, Mixed Gas Hydratés]. Chem.
Eng. JPN 30, 310-314(1997).

63. Komai, T., Yamamoto, Y. and Ohga, K., “Dynamics of Reformation

and Replacement of GGand CH Gas HydratésAnn. NY Acad.
Sci, 912 272-280(2000).

64. Lee, H., and Kang, J. M., “Development of the Fundamental Key

Technologies for Large Scale Ocean Sequestration of Carbon Diox-
ide; the Greenhouse Gas Research Center, Korea(2002).



	가스 하이드레이트를 이용한 이산화탄소의 심해저장
	이  흔*,†·이철수·강주명**
	고려대학교 화공생명공학과 136-701 서울시 성북구 안암동 5가 1 *한국과학기술원 생

	Carbon Dioxide Ocean Sequestration Using Gas Hydrate
	Huen Lee*,†, Chul Soo Lee† and Joo M. Kang**
	Department of Chemical and Biological Engineering, Korea University, 1, Anam-dong 5(o)-ga, Seongb...

	요  약
	1. 서  론
	2. 심해저 이산화탄소 하이드레이트 생성현상
	3. 이산화탄소의 심해저장
	4. 결  론
	감  사
	참고문헌



