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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 guest

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 reduce atmo-

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 presented with focusing

on carbon dioxide ocean sequestration to resolve the global warming problems. 
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� �� � ����� �� 
�� ���  !". ���	 #�� �

�, $%  ���� ������ �� &%�  '�� (�"), 1997

* +, 7.4 GtC(million tons of carbon)� -./ �����	 ��0

1 2100*�� 26 GtC/year� �2 34� ���  !"[1]. ����

�	 
�� �5� 67� 89: ;<�� => ?@A �B�  !

� (�C, D1 �EFG1 HI�4� JK LMN OP	 QR� S

T� UVW 3�X�Y �	2 -� (  !".

�2 Z[\� ]� ̂ _4� `a ���b
 �c+d2 ef gh

�4� ���"ij, klm, bFn o ����� ��� i	 p�

q�r ���b: st\ F \� un� �v6�  !". $wj,
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�\� ����� ��� �� �x >y�
 z{|1 }~ ��

� ��� ���� �����2 �%\  �}A �%�� �x\�

3(CO2 sequestration)�X  N O !". �c +d��� t#�� �

����� ���  �x����	 ��: ��`� s��2 Fig. 1

� ���4� j���". ���� �x �%\� ����� �%	

�a�1 "� ���" � �|� ��,� �� ���(carbon cycle)

	 ��:  ¡6 ¢ O !� £^� �¤�� ¥S�". F+	 ��

���1 x��4�� ���k� !�C, ���4�� JK £¦�

�". �§¨© �}��� �����2 ��\� F+ ª�(natural

process)� ���6�) $� «X �����2 �%, �x�¬ O !

� ª� ­� ���� ®¯°±� ��²4�³ �� �����	 �

�� �v6´ µ". $wj ¶·	 ����� 
�� 
]�
 Fb

	 st� �c +d	 �0 ��� 	z ¸�¹ 3�º�, F+ ª�

� 	� �� ���	 ��1 ��\� »¼ �k�". «X�, q�r

�% �x �½: st\ , �¾	 �% }_�½: ¨¿�4� t}

�À� 3� �� �	 �����2 Á��À)� ���� ��: ¢

O !� ÂÃ� ÄÅ�X N O !"[3].

ÂÆ G6 ;Ç, ^È, Éj" o ÄÊÇ: �L4� Ë�A �w �

���� �% �|G� �� +Ì� Ç�`�~T� JK ÍtA O

Î�  !". T��� �|G � zl �%(ocean sequestration)� �

x ¶@�� !"� Ï� \� ÐA D1 +ÌÑF� ���  !� @

��". IEA(international energy agency)	 Q@�Ò R&D Ó�$Ô

(Greenhouse Gas R&D Programme)��� �����2 ¤��4� �

xN O !� Õ·� J~�� Ö"× �OØ(aquifers), Ù�Ò}

(depleted gas well), Ù£}(depleted oil well): T�\Ú" [4]. �G M

J~� Û� ����� �x Ün: Table 1� j���  zl� �

x Ý"� 3: ?
N O !". zl1 Þ��� ���� �����

2 ßO\� �Ü� OÎ\  !à: "�á `âN ãa� !". ��

���2 ßO\� ä �� ®¯°±1 �����	 �z� 	� �

z åÓ(solubility pump)× Ö" #æ	 ����� ßO� 	� #æ

E� åÓ(biological pump)�ç, �w� ��� 	\� ������

zl4� ßO�� ��� è 2.0±0.8 GtC/*� ¹". � ����X)

1,000* 5�¸ ¶· ����� ��0	 90% �0� zl4� �}

W 34� �B¹". ����� zl4� ������ ßO�� ��

× éê��� Lz� ßO¹ ������ "� �� �4� ���

� �� ­� JK ë%". "� ìz, �)� ßO¹ ������ è

8* �� �R 5� "� ��� ����Y íz, Lz� ßO¹ ��

���� "� �� �4� ������� 1,000*�X� î �,�

aÌ¹"� 3�". �ïð zl� �����2 ßO\  1,000*�X

� î �,¦¤ �xz`� F+ ª�4��� zl �%	 s�� �

t\Ú". ñ, �����2 Lz� >y `ò(direct injection) zó4

�³, �� � ������ Lz� ßO�6�� F+ ª�	 ��2


��� `� 3� zl �%	 s�
 3�". �����	 >y `

ò|1 �ô¹ ����� õö(stream): ÷QØ ø ñ, OL 1,000 m

��	 Lz� `ò\� 3: �È �|4� \  !�C, =>�� �

��¹ �½1 st�6 !� (1 �k�"[5]. $ �£� �����

� z�� `ò�� ���� zO× íùz \�úû�üX�  ~�

k	 ý£�þæ(inclusion compound)2 #��"� F+t#�
 íù

¶�� j�ÿ� ¥S�". �w� \�úû�ü #�1 ������

Lz��� ¾·\ð W �K� ¤��: Ý�¢ � =°X zl�j

z� `÷	 #k��� 89: Â�� �¬ O !� O�4�� Í�

� W O !4º� ¶· $ �a�� �ð �M�  !". «X� È  

��� ������ æ� íù\� #��� \�úû�ü	 Ð�:

"l� B)�� ��� F �". ��� \�úû�ü	 #� � z

% 	
: T�\� `� ���� ��× &�¹ $ ¦¤	 +Ì2 �

c\  
4� z{\�¸ N ST�G: ��� F �". ��� ­

� ���� #� ��� � 89: ;�� \�úû�ü	 Ì	2 �

�|� ��|: ��z �©\� �|	 T��� �ù �¤� =�

w T�\ F �". é��4� �á�� +Ì¹ {�2 Ö�4� �

����2 t}�	 ���Ò��� �%z Ö"� `ò\� �� }

~� �� �½� ST�G: T�\ , �2 Z[\� ]� 
4�	

+Ì�9: T¤\ F�". 
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\�úû�ü�, �wÒû�ü \�úû�ü(clathrate hydrate)	 �

Ã�� Q�� �  �n� Ý1 �k�� ��F0	 �Òj �~�

æ� �E� {þ� =°X, Ì	� ��� £�� æ%� {þ� 	z

 ~ �k	 {�4� ¾·\� �þæ: ì�". �Ò \�úû�ü�

O�{þ4�  ~� �F(hydrogen-bonded solid lattice)2 �v� `

Fig. 1. Schematic diagram of carbon sequestration[2].

Fig. 2. The cavities in gas clathrate hydrate[6, 8] (a) Pentagonal Dodecahe
dron(512), (b) Tetrakaidecahedron(51262), (c) Hexakaidecahedron
(51264), (d) Irregular Dodecahedron(445663), (e) Icosahedron(51268).

Table 1. Storage capacity for storage options [4]

Storage options Storage capacity (GtC)

Ocean 1,400-2×107

Aquifers 87-2,700
Depleted gas reservoir 140-310
Depleted oil reservoir 40-190
���� �41� �2� 2003� 4�
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~�F(host molecule)
 æ� � ¤� ���6 G6�� �~�F

(guest molecule) ä ��4� Ì�¹"[6]. �w� �Ò \�úû�ü�

 �� !à� "#\ð ��j, {�Ì	�4� !à1 Þ�~�  �

Ò \�úû�ü� ò�~�". ÐA �Ò \�úû�ü	 {�Ì	

(crystal structure)� O� {þ�k� æ�F(hydrogen-bonded water

molecule)� 	\� ��¹ ")~(polyhedra)	 ¦H(cavity)4� Ì�

�6 !". ¦H1 Jeffrey[7]� 	z T¤¹ ©©|� 	z ni
mi� $�

�ç, ¶·�� %'Ê ¦H	 £��� 512, 51262, 51264, 51268, 435663

� !"(Fig. 2). �2 GF) 51262� 12s	 5M)(pentagonal face)�

2s	 6M)(hexagonal face)4� Ì�¹ 14)~	 ¦H: 	;�". \

�úû�ü {�Ì	� �ð Ì	-I, Ì	-II � Ì	-H� ����Y �

� �&�� �Ò ñ, �~�F	 ��� 	z {�¹". �F	 >�:

H¦	 >�4� j' ((R=molecular diameter/cavity diameter)� 1�

" � �K �~�F� )*(distortion)�� (� � ¦H� G6��

+\ç, � (� 0.76 �" ª1 �K�� �F	 ß
n(attractive force)

� ¦H	 ¤��(stability): TH\� +�".

\�úû�ü Ì	-I1 1965* McMullen� Jeffrey[8]� 	� X-Ä

���c(X-ray diffraction: XRD) +Ì� 	\� ,-.4ç, � +Ì

��� �� �/0(ethylene oxide)� ����". Ì	-I1 46s	 æ

�F� 2s	 512 ¦H� 6s	 51262 ¦H: Û� ò�~(cubic)	 {

��k2 Ì�\ç, �F(lattice)	 >�1 12Å�"(Fig. 3). ®�, ��,

�����(carbon dioxide) � 1�O�(hydrogen sulfide)� �2 \�

úû�ü(simple hydrate)� Ì	-I: ���". \�úû�ü Ì	-II�

1965* Mark× McMullen[9]� 	� XRD +Ì� 	\� ,-.4ç,

� +Ì2 ]z 3üX\�ú�4�(tetrahydrofuran)/1�O�� ���

�". Ì	-II� 136s	 æ�F� 16s	 512 ¦H� 8s	 51264 ¦H

: Û� {��k2 Ì��"(Table 2). �F� "�=5ú(diamond) �

k2 ��ç, ��� 17.3 Å�"(Fig. 4). 0.76�� 1��	 R (: Û�

=67(argon), �89(krypton), :�(hydrogen), ��(oxygen), :�

(nitrogen), Ó�Ï � ��-��(iso-butane) o	 �~�FG� �2 \

�úû�ü� Ì	-II2 ���". ü%®/0 ;��ú(trimethylene

oxide), ����Ó�Ï(cyclopropane) � 1� �/0(ethylene sulfide)

1 \�úû�ü� ���� Q�× �n 	
� «X Ì	-I	 51262

¦H� Ì	-II	 51264 ¦H � \j2 <Kð ¹"[6, 10]. f=�, �

G	 Ì	 ÷�� \�úû�ü� ��W ¥	 Q�× �n� 	z >

K²: £�\�¸�". ̂ í�4� u6ì-��(n-butane)�" � �F

G1 �Ò \�úû�ü2 #�\� +�"  %'´ µ". $wj 1987

* Ripmeester o[11]1 ?F� H© ��|(NMR spectroscopy)�j

X-Ä �� �ì�c(X-ray powder diffraction) o	 +Ì� 	\� Ì

	-H	 ¾·2 ,A� , 1996*�� Udachin� Lipkowski[12]� 	\

� �{�(single crystal)	 ���c Fd� &@��". 34s	 æ�

F� 3s	 512¦H, 2s	 435663 ¦H� 1s	 51268 ¦H: Û� {

��k2 Ì�\� Ì	-H� Þ�A(hexagonal)	 {��k2 �� 

!4ç, �È�
 ¦H
 5121 {þØ(connecting layer): ��\� ]

\� ): H£�"(Fig. 5). Ì	-H� ¤���� ]\��� ���

"� ä Ã�	 �~�F� aÌ¹"[6]. ñ, ®� � 1�O�× B1

ª1 �FG1 ª1 ¦H(512, 435663)� G6�ç, 7.4�" � CDE

�(neohexane)� B1 �FG1 � ¦H(51268)� ���6 }~�
 {

�Ì	� ¤��¹".

Fig. 3. Crystalline lattice of gas hydrate, Structure-I[6].
Fig. 4. Crystalline lattice of gas hydrate, Structure-II[6].

Fig. 5. Crystalline lattice of gas hydrate, Structure-H[6, 13].

Table 2. Hydrate crystal structures[6, 8, 10, 11, 13].

 Hydrate crystal structure  I  II  H

 Cavity  small  large  small  large  small  small  large
 Description  512  51262  512  51264  512 435663  51268

 No. of cavities/unit cell  2 6  16  8  3  2  1
 Average cavity radius(Å)  3.95  4.33  3.91  4.73  3.91c  4.06c  5.71c

 Variation in radiusa(%)  3.4  14.4  5.5  1.73  not available
 Coordination numberb  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
cEstimates of structure H cavities from geometric models
HWAHAK KONGHAK Vol. 41, No. 2, April, 2003
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Lz� `ò¹ ������ zO× {þ\� ��¹ ����� \

�úû�ü� ¤��ð ¾·N 8F1 �È�4� ���: �zý4

�³ GHW O !". $ ¦¤ \�úû�ü ���1 `�  �(\�

úû�ü)-��(�����)-��(æ)	 3�� H¾\� �� �z ��

�4� D1 &� +Ì� �v6´µ4ç �� �� �B �I� D1

+ÌFG� 	z OÎ�6µ"[6, 14]. $wj Lz�� ^6j� ��

�1 ��" JK [L\ç ­� 89: ;�� `a
F� zl� �

z�6 !� M�jüN: "O� �w Ã�	 }z:, z�	 "H�

�P, ����� ¾·� 
� zl	 pH ÷�o� !4ç ^Q�4�

�G MM 
FG:  '� JK LØ�
 +ÌFd� aÌ¹". ÐA,

Lz ���� �Ò�� ¾·\� (à4�  ~	 \�úû�ü��

ÖRæ� �v6Ê ��C� @T ��: >K\ð¹". LzX� 6'

r 	
�� j�j� ��� Fd2 &@\� ]\� £� _�: C

G6 >y @S�4� B�\ij mFE� �I: ��\� �|G�

ox\  !� @��".

2-2-1. mFE� �I

\�úû�ü�: �ý\� "l� ��� ���� M ��� ��

	 4s�Tj �EUVW� B=¸ �"� ^í� mFE� b%� �

�¹". \�úû�ü�  ��� ¤�\º� ��	 4s�T2 ��

\� ]z�� Í¦��O �I� �þ\� (  �k���: ��z

¸ \ç ­� \�úû�ü�	 4s�T2 ��\� �þ� �|� !

6¸ �". $ ¦¤ \�úû�ü�: �ý\� �	 ���: ��\

� ]� mFE� �I� D1 +ÌFG� 	z £��  sÄ��4

ç &�¹ D1 {�� SX� t$��". �G ���� \�úû�

ü�	 4s�T� ßY�Z� Æiz� I�mFE�4� £�¹ van

der Waals× Platteeuw[15] �I� ���  ! , � �I1 @S Y�

�� � ¹ ��� � [���	 \�úû�ü ��� ���� 6

ë �� C\NC� �|4� ?
��". �5 Mackoy× Sinanolglu

[16]1 Kihara potential� Lennard-Jones Potential �" ���n �B

� f ]1 {�2 ��P"  � \Ú". Parrish× Prausnitz[17]� "

�� \�úû�ü �Ò^	 ���: �B\� ^í�¹ ��|: t

$\Ú4ç _ \�úû�ü	 mFE� æ�	 q�r (G: ��\

Ú". Holder o[18]1 �¾ �|G	 `è�: sÄ� �I: T�\

Ú". �T�� st¹ �IG	 £����� HI�4� ��� 5�

�	 ��1 =V× B".

(1) � s	 ¦H1 � �F��: ��N O p".

(2) �~ �F× æ�F	 �aª�(interaction)1 pair potential

function4� j�b O !  M ¦H1 �} Ì�4� ���".

(3) �~ �F� ¦H ��� F£cð �}N O !".

(4) "� ¦H� ��¹ �~ �FG���� �� �aª�� ¾·

\� (�".

(5) �~ �F� \�úû�ü �F2 )*�À� (�".

\�úû�ü2 �ý\� ����� �� ­� ��	 4s�T

(fugacity)� �k���: ��\� ��¹".

��� yi, xi, φi� MM ��	�, ��	�, �� 4s�T �O�".

Sloan[6]1 4s�T �O	 ��: ]z� Soave-Redlich-Kowng

(SRK)[19] �k���: �2� dþ�e� ýf ��\Ú". SRK�

1 Huron-Vidal dþ�e[20] ­� Dahl� Michelsen[21]� 	z sÄ

¹ Huron-Vidal T2dþ�e(MHV2) o�� ýf ����"[22]. �

g, æ�F	 �þÐ�:  '� ���|� ����". Yang o[23]

1 �þ\� £~� �� �F�k���: ��z� \�úû�ü�

: �ý\� "l� ���: ��\Ú".

�G �|�� \�úû�ü� �� !� æ	 4s�T� "à� `

6Ê van der Waals-Platteeuw �I� 	z ��¹"[15].

]	 ��� fw
MT� ���
 _ \�úû�ü �F�� ¾·\� æ

� �� 4s�T2 	;\ç, Cmj� Langmuir �O, νm1 \�úû�

ü �F�� ¾·\� \j	 æ�Fh ¦H	 O, Nc� �~	 O, k�

\�úû�ü �F�	 �FÃ�	 O, fj � ��� ¾·\� �~�

�	 4s�T2 MM 	;�". ���
 �k
 _ \�úû�ü�

	 æ	 4s�T� æ	 i�� ����� "à� B� `6Ê".

��� �  × 1 MM _ \�úû�ü

�� ����	 æ	 �E �VW(chemical potential)�".

Langmuir �O� \�úû�ü ¦H��� `~�F
 æ� �~�

F ��	 �aª�:  '� 3�ç, Ì��I: ��� Kihara

potential: ýO�³ ���". � ýO� \�úû�ü	 z% �n:

��\�Y !6� Lennard-Jones potential �" f ]1 {�2 �


"  � ��". Langmuir �O� "à	 �4� `6Ê".

��� T� ��Q�, k� jkC�O, ω(r)1 Ì� �l�VW, $%

  r1 ¦H	 �L4���	 í�: 	;�".

Mckoy× Sinanoglu[16]� m��� �~�F× `~�F ��	

Kihara spherical core pair interaction: �%\Ú". ��� ω(r)1 "à

� B� $¶¹".

] ��� N1 4, 5, 10, 11 	 (: ��ç, z� coordination number,

R1 ¦H	 í��".

Kihara hard core parameter a� SX(4� `6�ç, í)� Kihara

energy parameter ε× Kihara size parameter σ� van der Waals×

Platteeuw	 �� ýf ��� @S {�2 Â��\� n6Ê".

2-2-2. 3� �� @S

����� \�úû�ü	 ���1 2O� �����+æ ��C

=°X Lz 	
:  '\� �w Ã�	 }z:� o�¹ �Ò^�

�z�� D1 +Ì� �v6.". Englezos[24]� NaCl O�����

	 ����� \�úû�ü	 �� �n: �B\Ú , $ {� @S

�×	 DQ� 7.2% ��X  t$\Ú". Englezos× Hall[25]1 2O

� æ�  �F�� $%  }z: �����	 ����� \�úû

�ü	 ��	
: B�\Ú". $ {� }z:� �� 	
� �zT

(inhibitor)� ª��"  � \Ú". Dholabhai o[26, 27]1 NaCl, KCl,

CaCl2× $ dþæ O����	 ����� \�úû�ü	 [���

: 259-281 K, 0.9-4.1 MPa�� B�\Ú  }z:� ®�p O���

�	 ����� \�úû�ü	 [���� &� +Ì{�2 t$\

Ú". Kang o[28]1 MgCl2� �ý¹ O����	 ����� \�ú

f i
V yiφ i

VP=

f i
L xiφi

LP=

fw
H fw

MT vm
m 1=

k

∑ 1 Cmjf j
j 1=

Nc

∑+
 
 
 

ln–exp=

fw
MT fw

L µw
MT L–∆

RT
------------------ 

 exp=

µw
MT L–∆ µw

MT µw
L–= µw

MT µw
L

Cmj
4π
kT
------ ω r( )

kT
-----------–exp

0

R a–

∫ r2dr=

ω r( ) 2zε σ12

R11r
---------- δ10 a

R
----δ11+ 

  σ6

R5r
-------- δ4 a

R
----δ5+ 

 –=

δN 1
N
---- 1 r

R
----– a

R
----– 

 
N–

1
r
R
---- a

R
----–+ 

 
N–

–=
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û�ü	 ��	
: @S�4� {�\Ú"(Fig. 6). MgCl2	 ���


�ý� «X �z g�� 
�ý: �Ú  mFE� �Iq {�×

r ^�ý: ��`�". ��	 {��� Lz� �z¹ }z:	 �

Q� \�úû�ü �F Ì	2 ��\�Y �h� �z g�� !à

: ?
N O !�". ÂÆ�� Lz� s�Ø	 89:  '\� "H

� J:���	 ����� \�úû�ü	 ¤�8F: GH\� ]

� +Ì� �v6�  !". Fig. 7�� j O !t� �H(pore)� ª

=:Ou �� �n1 Ý=�� �z ¶�: �Ú". �� }z: O�

���× £�� {��". "H� J:� }z: O��	 ¾·� æ

	 Í¦�2 �¡ð \� {��4� ä �K �ä Ð� Q��� ��

�n: Ýð \� �z ¶�: ��ð �� 3�".

�g, \�úû�ü #�: �z\� �zT×� �í�ð DA' #

�: �×`� vÊT(promoter)� !". vÊT�� propylene oxide,

ethtylene oxide, THF o	 cyclic ethersG� �� ��". �G: o�

ý� 	\� ��Q�2 �w�À  ���n1 �hA �\�¬ O !

� g�2 nð �6 H��
 B)� �T��� � ��2 N O !". 

2-3. ����� ������� �� ��

@T Lz� `ò¹ ������ zO× íù\� ����� \�

úû�ü2 #�\� ®É°± GH� !6 \�úû�ü #����

���" �a� ��X  N O !". \�úû�ü #���2 {�

\�Y� KÄ�4�  'z¸ N ä �� �a� a�� !". ���

Ð� Q�× �n 	
�� \�úû�ü	 {�	 ?� #�����

	 �,, ñ induction period� , ��� \�úû�ü {� F~	 �

x ���". \�úû�ü	 #� ��1 Q�2 ^�\ð £��x

�k�� �,� «X ���� �~	 l: Iz� j��ð ��Y,

� ¥	 ? ��(nucleation), �x �� o1 Fig. 8� ��\Ú".

2-3-1. \�úû�ü ? ��(hydrate nucleation)

\�úû�ü	 ? �� ��1 \�úû�ü ;�� {�� y�A

�xN O !: ��	 �,: ì\�Y, Oz�� O { s	 �F�

|�\� ;��
 ¶��º� @S�4� &B� 6}". «X� �

¶�: ~©\� ]\� � �� �~� T¤��". \�úû�ü �

��� ¶· �=G��  !� �~1 �ð ä ���". \j� !6

!� æ�F ñ !à4��� \�úû�ü2 ��\� �|� , "�

\j� æ� �z¹ �Ò��� ���� �|�". !6 !� æ�F

��� \�úû�ü2 ��\� �|�� ä �� �I� ¾·\�Y,

\j� ‘iceberg’ �I� , "� \j� ‘hydrogen-bonded network’ �

I� ¶· �x �% �=G��  !� �I�". � �I� 	\) \

�úû�ü� æ�F	 �� �k�� O�{þ: Iz �(gel)� B1

�:: �Ê". $%  ��� 	á t}¹ �I� 	\) æ�F� O

�{þ: Iz Cü�: ��\� 5M� ­� 6M� �k� ¾·�"

[6]. ­� Vysniauskas× Bishnoi[32]� \�úû�ü #� ��� �

�(supercooling) ��× �a� &�� !à: %=�". $%  ��

	 ��� \�úû�ü ?: ���À� £�n(driving force)� ª�

�". � ��	 ��� ∆T=Teq−Texp� �	��Y, Teq� `6Ê �n

�� \�úû�ü� #�N ¥	 ��Q�� , Texp� @SQ��".

2-3-2. \�úû�ü �x(hydrate growth)

Glew× Hagget[33]� Ethylene oxide(EO) \�úû�ü �� ���

�� +Ì2 \Ú". EO \�úû�ü	 �x1 \�úû�ü �w%

(slurry)	 m}- ¶�� &�� !". )�\) \�úû�ü �� �

�� \�úû�ü $)� yv� ��	 íù ��� 	z `� 	�

�� ¥S�". ñ, \�úû�ü �� æ:� æ �)��	 æ: }-

� ��2 {�\� �a� a�� ¹"� 3�".

Scanlon� Fennema[34]� EO \�úû�ü(Ì	-I)× THF \�úû

Fig. 7. Hydrate phase equilibria of CO2+water mixtures in silica gel
pores[31].

Fig. 8. Gas hydrate formation process.

Fig. 6. Hydrate phase equilibria of CO2+H2O+MgCl2 systems[28].
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140 � ���������
�ü(Ì	-II)� �z� +Ì2 .". �� �k�� ��	 \�úû�

ü {� ��1 2O æ���" ë%ð ��� , THF \�úû�ü

� EO \�úû�ü�" f ë%ð {�� ��¹". \�úû�ü �

� �6�� \�úû�ü2 ��\�Y ãa� æ�F� D: Ou Á

��". $wj � {�� æ� �z�� \�úû�ü �� æ:��

 �C, "� �k	 \�úû�ü �Ò^�  � (: O� !".

Englezos o[35]1 ®�, ��� $ dþæ� \�úû�ü �� �I

(Englezos-Bishnoi model): ^í�\Ú". $	 �I��� òF ��

��� «� ýO� ���6 �IqN ¥ òF	 �� � �Ò ���

	 ?�� ýf  '\Ú". {�� �Z� �U\� CG6Ê � ��

�I1 ����� \�úû�ü �� ��2 �B\�Y ��N O !

". �^ æ:	 �B�C =°X ä �� dþæ�� ��N O ! ,

"� GX;�2 ��\� ( � dþæ:  � }z:�� �ð �

�N O !� x�� !". Skovborg× Rasmussen[36]1 
	 Englezos-

Bishnoi �I: +Ì\� ef �2� ��". $G1 æ: }- ���

� �Ò-�~	 �): I�� �ÒC  '\Ú". $ïð z� � s

	 ;� ���� \j	 ���4� ¢6Gð ��". $%  � �I

��� �¼ æ:� �B1 æ: }- �O2 �Ê"  ��\Ú".

�5 Shindo o[37]1 ��	 �����× æ	 �)��	 \�ú

û�ü ��: ]� ^Qb �� �I: st\Ú , Teng o[38]1 Ý

1 �n� �1 Q�	 æ�� ����� �~ ��	 $)��	 \

�úû�ü	 �� �I: +Ì\Ú". $ �� �I� 	\) Ý1 �

n� �1 Q��� ������ �~ �� �k� ¾·\) �1 �

,� JK �1 \�úû�ü	 Ø� #�¹"  �". Chun� Lee[39]

� �� �k�� �~ ��0: ��\� ����� \�úû�ü #

� ��� &� @S�
 +Ì {�2 � \Ú". Fig. 9� j�R {

�� 	\) Ý1 �n�� ����� \�úû�ü	 #� �� �

ÂÃ �~ ��0� Ýð j��: % O !".

2-4. ����� ������� ���(microscopic) ��

����� \�úû�ü	 mFE� ���, #� �� o	 i��

(macroscopic) &�� f�6  ~ \�úû�ü�: >y �c\� ;

��(microscopic) �|G� ÂÆ� D� ���  !".  ~	 \�ú

û�ü �: �c\� �|4�� ��|� ��|� !". ��|4�

� XÄ��|� �$��ç ��|4�� NMR� XC(Raman)� `

� ��¹". �w� �c ��2 Iz� \�úû�ü	 Ì	 �©1

æZ M Ì	� M ¦H	 �£h $% , \�úû�ü	 �� � z

% ��: B�N O !".

2-4-1. XÄ ��|

2Q �� �}5 von Stackelberg� 	z� �à4� �ì XÄ ��

|(XRD): ��� \�úû�ü {� �c� ����". Jeffrey o

[7]� 	z $ {�� ?
�  ?x¹ 5 \�úû�ü	 Ì	(Ì	-I

� Ì	-II)� �à4� ,-�ð ��". $% , �| �� Ripmeester

o[11]� 	z� �}�� ,���/ T3	 Ì	(Ì	-H)� NMR:

Iz� t��  ��|� 	z �
��".

XÄ ��|1 {�	 �F�O o	 "l� ��2 n: O !� ¥

S� �?� {� Ì	 � M ¦H	 ��2 % O !". Fig. 101 �

���� \�úû�ü	 powder X-ray diffraction pattern: ��` 

!". MM	 peak� �z Miller index2 ��\ , M peak	 2 theta

(4��� Ì	-I	 diffraction pattern�: ?
N O !". ­� XÄ

��|� 	z� n6Ê Miller index× 2θ: ��\� ����� \

�úû�ü	 �F �O(lattice parameter)
 a=11.89 Å: n: O !"

[40]. � �F�O� Q�	 ýO� =V× B� j�b O !".

a(T)/Å=11.81945-9.08711×10−5T+4.59676×10−6T2-8.35548×10−9T3

�� Y����� ¦H �£h: ��N O ! , ¦H �£h1 "

� hydration number��� ��¹". Udachin o[40]1 ����� \

�úû�ü	 �{� XÄ ��|: Iz� ����� �F� � ¦H

� 100%, ª1 ¦H� 71%	 �£h: �Ê"� 3: ,-�  � {

�� 	� ����� \�úû�ü	 hydration number� 6.20�".

Takeya o[41]1 bI�	  � X-Ä� m: Tª\�  �, �Q �

k�� !à �ì� ����� \�úû�ü� ���6 �� ��	

�� Y��2 �,� «X +��4� n�". !à �� ��	 ��

� �,� «X �Q Á�\ð �  ����� \�úû�ü ��	

��� �Q 
�\� 3: j O !�". $G1 �� Y��2 Iz

� !à �ì� ����� \�úû�ü� }_�� íù��: 2�

� �I� T¤\Ú". � ��� !à òF× ����� �~	 ��

)�� ����� \�úû�ü	 ? ��� �ª�  !à òF	 $

)� O�,�� ����� \�úû�ü� 	z }~�4� �- �

ð � , ä �� ����� ����� �F	 ?�� 	z ����

� \�úû�üØ	 äf� ��A 
��"� 3�".

2-4-2. NMR

�Ò \�úû�ü	 NMR: ��� �c1 Canada, NRC(National

Fig. 10. X-ray powder diffraction pattern of pure CO2 hydrate(struc-
ture I).

Fig. 9. Hydrate formation kinetics of carbon dioxide and water mix-
ture at 274.15 K and 30 bar, 20 bar[39].
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Research Council)	 Ripmeester $�� 	z `��4� ��´ µ".

�Ò \�úû�ü	 Ì	-I, Ì	-II, Ì	-H� �ä ª1 ¦H� � ¦

H4� �v6��Y, ª1 ¦H1 512 cage� $ {�Ì	� B". $

wj, MM	 Ì	�� $ ��× symmetry� "6� ¥S� � ¦H

� <�Ê �FG	 ¦H� �F r¦� 89: �ð� , «X� ��

"� chemical shift� j�jð ¹". �Ò \�úû�ü	 NMR �c

: ]z�� Xe \�úû�ü� �� ����". Xe1 �F	 ��×

�l� ®�� £�z� Ì	 I	 � ¦H� ª1 ¦H: �ä <� O

!: � C =°X \�úû�ü	 ��	
� JK £%\� ¥S�

". ð"�, Xe1 ���" }F Ìö	 Z��(polarizability)� Ý=�

� chemical shift �]2 �
"[42, 43]. Ripmeester o1 129Xe chemical

shift� Xe� ��¹ ¦H� 	¾\� �@: ��z� 129Xe NMR:

��z� Xe� �ý¹ Ì	-I, Ì	-II, Ì	-H \�úû�ü2 Ì�\

Ú"[44].

®� \�úû�ü	 �K� M ¦H� ��¹ ®� �F	 13C NMR	

¦H 	¾�
 chemical shift2 ��z� M Ì	2 Ì�N O !"[45].

MAS(Magic Angle Spinning) �|: ��ý4�³ M NMR ��	 �

0�
 zc� �Üz .  M ��	 ��¹ )�: =V	 I� mF

E�� +8ý4�³ M ¦H� �£h: ��N O !  $ {��

hydration number2 ��N O !".

Ì	 I: 

Ì	 II: 

���� θs� θl1 MM ª1 ¦H� � ¦H	 �£h: j�� ,

� "6!� \�úû�ü �F× !à	 �E �VW Q2 j�

�". (1 Ì	-I, II	 �K� MM �w +ÌFG� 	z � �

  ?
��4ç, ̂ í�4� Ì	-I� �z�� 1,297 J/mol, Ì	-II�

�z�� 883.8 J/mol	 (: ���"[6, 46, 47].

����� \�úû�ü	 13C NMR spectrum �c1 ®� \�ú

û�ü	 $3�"� JK [L� l�: ��P". ����� �F	

chemical shift tensor� axially symmetry\� ¥S� �Ò \�úû�

ü ¦H� �F r¦1 $ ¦H	 symmetry� � 89: ��". «X

�, �F r¦� F£�r Ì	-I	 ª1 ¦H� Ì	-II	 � ¦H� <

�Ê ����� �F� NMR spectrum�� isotropic line4� j�j

�C, ¦H F~	 �l� axially symmetry� Ì	-I	 � ¦H� Ì	

-II	 ª1 ¦H��� ����� �F� broad powder pattern4� j

�jð ¹". ­� 12CO2	 �K NMR sepctrum�� JK �1 z��

2 ��º�, 13CO2	 ��: Iz� Ò ü¡	 z��2 Ý^ O !

 , ®� \�úû�ü× B1 MAS	 ��1 �����	 �F r¦

Ð�: �¢�Àº� CP(Cross Polarization): ��\� spectrum: �

czP".

������ �F ��� 
z Ì	 I	 ª1 ¦H: <K� + \

� 34� %'´ µ4j ÂÆ� Ripmeester× Ratcliffe[48]� 129Xe�
13C NMR: Iz� ����� �F� Ì	-I� Ì	-II	 ª1 ¦H:

<� O !à: ,£  Ì	-H	 �	�~� ��W O� !"  \Ú

". �G1 =1,297 J/mol	 (: ��\� ]	 I� mFE�� Ò

 ü¡	 )�4��� ¦H	 �£h", θs/θl=0.32, hydration number

=7.0 �X� (: T�\Ú".

È +Ì¤1 13CO22 ��z #��x �Ò \�úû�ü	 NMR

spectrum(Fig. 11): n6ó4�³ ����� �F� Ì	-I	 ª1 ¦

H � � ¦H� �ä <��� 3: ?
\Ú". � spectrum�� ª

1 ¦H� <�Ê ����� �F� 123.1 ppm	 chemical shift��

isotropic line4� j�ÿ4ç, � ¦H� <�Ê ����� �F�

δxx=100.2× δzz=182.7	 chemical shfit tensor2 ��� powder pattern

: ��  !". � chemical shift tensor��� � ¦H� <�Ê ��

��� �F	 isotropic chemical shift2 "à� B� ��N O !".

δ

­� chemical shift anisotropy� "à� B".

∆ = δiso−δzz= −55.3

]	 ä (: ��z �Ò \�úû�ü	 ¦H: <K  !� ���

��	 �F r¦ Ð�: % O !4ç, "� Ì		 ¦H: <K� �

K×	 Q�2 ��\� Ì	 �c: ]� £�� ��� Í�\� 3

� �Ü\". 

2-4-3. Raman ��|

Raman ��|1 "� �c|� "z x� �a� ª  ,g\ç z

c� ��� x�� !6� 1990*� G6×� \�úû�ü +Ì� "

l\ð ���  !". Sum o[49]1  �, �Q �k	 \�úû�ü

�� 	
: C\�¬ O !� ¥¦ m: qcð  ¤\� "l� \�

úû�ü� �� XC Ò ü¡: n�  �¾	 NMR�� n: O !

�/ �0�
 �c� �Üý: �Ú". ®�	 �K�� �~ �k(33.6

bar)��� 2917.6 cm−1� \j	 ��C: ��� í) Ì	-I	 \�

úû�ü2 ��� �K�� 2,905 cm−1��	 � ��× 2,915 cm−1�

�	 ª1 �� o �ä 2s	 ��2 ��ð ¹". �� ®� �F�

Ì	-I \�úû�ü	 � ¦H(2,905 cm−1)� ª1 ¦H(2,915 cm−1):

�ä <K� ¥S�". $% , Ò ü¡��	 � ä ¦H� zh\�

)�"� Ì	 I-\�úû�ü	 �] Ì	��	 � ¦H � ª1 ¦

H	 §O"(3:1)� Æy�".

������ ®�� -% �~ �k�� ä s	 � ��(1285.8 cm−1,

1388.8 cm−1)× $ ¨	 ª1 ä s	 ��(1265.7 cm−1, 1409.9 cm−1))

� �v6´ !"(Fig. 12). ������ \�úû�ü �F�4� �

��ð �) � ª1 ä s	 ��� � ä s	 ��(1275.7 cm−1,

1381.1 cm−1)� þ©�ð ¹". �����× �M���	 dþ�Ò \

�úû�ü	 �K� Ì	-II2 ��\� 34� %'´ !�Y XC Ò

 ü¡�� Ì	-II	 ª1 ��(1273.9 cm−1)� Ì	-I	 $3(1275.7

cm−1)�" �1 wavenumber� �¦� 3: j O !". XC Ò ü¡

��	 ��	 ]�2 Iz� \�úû�ü	 Ì	2 ?
N O !".

����� \�úû�ü� ®� \�úû�ü× -% XC Ò ü

¡�� MM � ¦H� ª1 ¦H� zh\� ��2 Ì�N O p".

«X�, XC Ò ü¡: Iz� ����� �F	 M ¦H� �£h�

�� ��2 n: O p". $wj, Uchida o[51]1 �����× æ	

XC ��× �����	 �z�2 ��\� ��	
� «X 7.24-7.68

µW
0∆ RT

23
------- 3ln 1 θ l CH4,–( ) ln 1 θs CH4,–( )+[ ]–=

µW
0∆ RT

17
------- ln 1 θl CH4,–( ) 2ln 1 θs CH4,–( )+[ ]–=

µw
0∆

µw
0∆

µw
0∆

1
3
--- 2δxx δzz+( ) 127.7=  ppm=

Fig. 11.13C NMR CP spectrum of pure CO2 hydrate at 243 K.
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142 � ���������
��	 ����� \�úû�ü	 hydration number2 n�".

®� \�úû�ü	 hydration number� 5.8-6.3 ��� B� �|�

&�p� i	 ̂ �� (: ��� í) ����� \�úû�ü	 �

K� B� �|� «X �h� gQ2 ��� 3: j O !�". Table

3� "l� �|� 	z B�¹ ����� \�úû�ü	 hydration

number2 �%\Ú".

ÂÆ�� XC ��2 @�,4� n� 3� �Üz´� ���� \

�úû�ü� ­� !à �ì�� \�úû�ü�	 �� ��: @�

, XC ��2 Iz� &�\� 3� �Üz.". Kawamura o[52]1

−8.7oC, 16 bar�� !à �ì: ����� �~× yv��� ���

�� \�úû�ü� }_�� ��: XC Ò ü¡: Iz &�\Ú

". �,� 
�ý� «X íù	 ÊÎ4� 
z ����� \�úû

�ü	 �� ��� �Q�4� 
�\� 3: j O !�". � {�

� B1 	
�� �Ò ��0: ��z� n1 {�× ¦^� �9:

�Ú".

3. �	
��� ����

3-1. �����  ! "#

�Ò \�úû�ü� 2O� æ� �v� �F Ì	�� "l� �F

G� �&�6�� Ð�4� 
z Ð� �F2 ÄÅ�4� �%\� J

s~��	 ù� �Ü�� D1 +ÌFG� 	z T¤�  !". `�

�ª� �  !� 31 �����j ®� o	 �Ì QR� �Ò× «

¬, M���O� o	 O: DM: ¸�\� æ:G�"[55-57].

Kang� Lee[57]� t}� ­1 T®��� jD� ���Ò�� �

����2 ÄÅ�4� �%\� H�: T¤\Ú". ���Ò� ^í

�4� 15-20 mol%	 �����× 5-9 mol%	 ��, j¯� ���

: Q�\� :� o4� �v6Ê". «X�, ,�� }�% ��: i

�ð �) � ���Ò� �����× :�	 ��� dþ �Ò� #

M�6 : O !4º�, \�úû�ü ��: Iz dþ�Ò�� ��

æ:
 �����2  ��� �ôN O !". Fig. 13	 {�� ��

���× :� dþ�Ò�� \�úû�ü #�: ��\� ����

�2  ��� �%N O !� q�r H�: T�zP". � H�1

THF O��: ��\� � �� ��× 2O æ: ��\� ä ��

Fig. 12. Raman spectra of CO2 in gas(25.5 bar and 293.15 K), pure CO2
hydrate(sI, 27.3 bar and 273.45 K) and CO2+CCl4 hydrate(sII,
26.0 bar and 280.25 K)[50].

Fig. 13. Pressure-composition diagram for hydrate-based gas separation from flue gas(two stages with promoter)[57].

Table 3.Hydration number of CO2 hydrate obtained from several methods

 Method  N  Reference

 Theoretical(L-J 6-12)  6.82  53
 Theoretical(Kihara)  7.26  53

 Pressure drop  6-7.8  54
 XRD  6.2  40
 NMR  7.0  48

 Raman spectroscopy  7.24-7.68  51
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1 �n� aÌ�6�� ¥S�, � �� ����� THF O��: �

�\� �1 �n�� \�úû�ü2 #��x". � ���� \�ú

û�ü� �&¹ dþ �Ò� 280 K, 16.5 bar�� 34.71 mol%	 ��

�����2 ��ð ¹". � dþ�Ò2 "� 274 K�� 2O æ�

íù�À) $ {�� 89.34 mol%	 ����� ��2 ��� dþ

�Ò2 n: O !4ç, "� �� f \�úû�ü #�/z%2 i�

� �K 99.67%	  �ô �����2 n: O !". Fig. 14� �°

s�: ��� ����� �%/�O H�	 s���".

\�úû�ü2 ��� ����� �% H�1 � H�� "z �

�� x�: ��  !". �� ª¦ Q�� 273-283 K �]� �hA

�4ç, +��4� r}: N O !4º� �0	 ���Ò2 ���

�%\� 3� �Ü\". ä ��� D> �0	 THFC: ãa� \�

¥S� LM� �� ST2 �N O ! , � THFO��1 "à íù

: ]z ·��W O !". ­� íù� `� ���� Js~� 2O

æ�� 67� _� DM� ^4À� (: 3�". \�úû�ü2 �

�� �Ò �%/�O H�(hydrate-based gas separation process)1 �w

� "l� x�: ��  !4º�, @T H�4� t}�À� ]� key

design data2 n� ]� +Ì� ���4� �v6�  !".

3-2. ����� ��
$ "#

��b4��� O�±�O¹ �����2 Lz� �% �x\�

�$�
 �|4�� Lz� >y ̀ ò\� H�� Lz� s�Ø� ¾

·\� ®� \�úû�ü Ø� `ò\� H�4� Ì�N O !". �

� Lz�� >y `ò\� H�1 ¶· �ð � �� ��� T¤�6

!". Þ��� OL 1,500 m ���� >y G�ÓX
: +{z `ò

: \� �|, ­1 Ä²: ��z �� �����2 �þ� ]�� �

³� 5 `ò\� �|, $%   � ¦´µ�� O> G�Ó2 I\�

OL 3,000 m ��	 Lz� `ò\� �|� $3�". Fig. 15(a)�

]	 � �� �|� �� s��� T��6 !"[3, 4].

�w� H�G	 �h�� �T�: �Pz �� ]z�� KÄ MM

	 T¤¹ H�	 Lz� _��� �����	 �i¦� �� +Ì

� ãa\". ������ 40 bar	 �n, ñ OL 400 m �����

�~ �k2 £�\ð ¹". $wj � �� ������ �I zO�

" ¶�� �� ¥S� �n� 	z 7pX �� �4� "� ��W

O !4ç, OL 3,000 m ��	 Lz��� zO�" ¶�� Ý=�ð

¹". ̀ â\�¸ N �1, 
	 ���� ��È Ö× B� OL 350 m

������ ����� \�úû�ü #�� �Ü\ç, �ïð #�

¹ \�úû�ü	 ¶�� zO�" Ý= f ·1 Lz� �X¸ð ¹

"� ��". Q�× �n 	
	 ÷�� «X \�úû�ü� ¤�\

ð ¾·N O !� 8F: $¹ Fig. 15(b)� OL� «� OQ ÷�×

ýf j���". � 	
�" �1 Q�× Ý1 �n 	
�� \�ú

û�ü� ¤�� �k� ¾·N O !4j, Ý1 Q� ­1 �1 �n

	
�� \�úû�ü� æ� �Ò� z%¹". �w� �È� �@:

Ö�4� T¤¹ ����� `ò H�G: ���), KÄ OL 1,500 m

	 Lz� `ò\� �K, �� �����	 ¶�� zO�" ª=�
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� \�úû�ü �

� 	
: y\�À� ¥S� �� $)�� \�úû�ü� #�ç Ö

" ø4� �X¸: 34� ���  !". �w� i¦: &�\� ]

\� Yamasaki o[58, 59]1 Lz 	
�� ������ \�úû�ü

2 ��N ¥ òF ��� «� ¶�× �n	 &�2 +Ì\Ú". ­

� Chun� Lee[39]� 	z� Lz 	
� `ò¹ ����� \�úû

�ü	 #� ��� &� +Ì� OÎ¹ Ö !". ä ���, OL 3,000 m

��	 z�)� `ò\� �K��, �� �����	 ¶�� zO�

" �� ¥S� O)]� 7D6� (  z�)�� ����� aO

2 ��N 34� #M¹". ­� �ïð #�¹ ����� \�úû

�ü� �� �����2 �� és(sealing-cap) FN: \� #k�

	 89: Â��N O !"[60, 61]. $wj, � ¥�� F� zO× �

� �����	 �)�� #��� \�úû�ü {�� zO×	 �

aª�� �� �z� ãa\".

"à4� ®� \�úû�ü Ø� �����2 �% �x\� H�

� +Ì�  !"[62, 63]. � H�1 Lz�) \�	 ®� \�úû�

üØ� �����2 `ò\� º� ���b
 ®�: #�\  Q@

�Ò
 �����2 \�úû�ü �k� �%�À� �|4� $¹

Fig. 15(c)� j�j !". � H�1 ®� \�úû�ü Ø	 »�2 I

� �¾ �� ?
� ãa\"� ��� >yLz `òH�� "z �

F� T��: �°�C, ®�	 st: I� �T� �¼� Oí� 

�¾	 ®� \�úû�üØ: ����� \�úû�ü� �_\º�

#k�	 89: Â��N O !"� � o�� >yLz `òH��

Fig. 14. Schematic diagram of the hydrate-based CO2 recovery process[57].
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Fig. 15. (a) Schematic diagram of carbon dioxide ocean storage, (b) Comparison of hydrate formation condition according to the temperature-pres-
sure, (c) Schematic diagram of carbon dioxide injection into methane hydrate formation[3, 4].

Fig. 16. The effect of injection flowrate on the formation temperature
of CO2 hydrate at constant pressure(25 bar)[64].
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