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 ;#/ <=�2� >0 ?@ �� �� !�"� ��A BCD +EF� GHI JKL/ MN�� 78 NMR/

��8 +O�23. 4
 ;# PQ� van der WaalsA Platteeuw RS� �TU V< PQA WX�23. �� ��+9+�


�
�� :� �� ��+9: �3 Y= Z[�� �� !�" #$ \]/ 
^_ `a� bc) d5e�f, �� �


�
��� Bg�� ?@ �� �� !�"� h� �� !�"� W8 ij k 1=
lm n3� b/ d5o3. �


�
��� �� !�" #$ p�) qU 1=
 rQ� h�� 3sQ tu3: 1,2-dichloroethane(CH2ClCH2Cl)<methylene

chloride(CH2Cl2)<1,1,1-trichloroethane(CH3CCl3)<carbon tetrachloride(CCl4). ��+9+�
�
�� :� 13C NMR PQ�

��v ?@ �� �� !�"� �� II� ��� w +E 9�q �
�
��� �� II� w GH(51264)�x BC� l

� yv, ��z �� II� w GH(51264)� {|x� BCl� }z GH(512)� ~�+� BC�/ M � n�3. � ���

�� 7� PQ� �~) �� !�" #$/ �U ��	
� �
�
�� +,� 7U ()* H=� �4$/ ���

� � +���q v�� 01�23.

Absract − In this study, The formation of solid hydrates by certain chlorinated hydrocarbons methylene chloride(CH2Cl2),

carbon tetrachloride(CCl4), 1,2-dichloroethane(CH2ClCH2Cl) and 1,1,1-trichloroethane(CH3CCl3) and water were attempted

experimentally with nontoxic and common help gases such as CO2, CH4 and N2 for recovering chlorinated hydrocarbons from

the aqueous solutions. To check the thermodynamic feasibility of this process the pressure and temperature ranges of hydrate

stability region were carefully determined through measurement of four-phase equilibria(H-LW-LCHC-V) for help gas+water+

chlorinated hydrocarbon systems. The help gas+water+chlorinated hydrocarbon systems greatly reduced the hydrate-forming

pressure, which confirmed the mixed gas hydrates with chlorinated hydrocarbons more stabilized than the simple hydrates con-

sisting of help gas and water. The degree of stabilization was found to follow the order of CH2ClCH2Cl<CH2Cl2<CH3CCl3<

CCl4. The structure of the mixed gas hydrates was identified as sII and cage occupancies of each cage were obtained through

NMR spectroscopy. From close examination of phase equilibrium measurements, a thermodynamic feasibility of this process

was confirmed. In particular, from the spectroscopic results, both the structure and cage occupancies were determined to esti-

mate the amount of the enclathrated help gas and chlorinated hydrocarbon molecules. From the above results we can suggest a
proof-of-concept for recovering chlorinated hydrocarbons from the aqueous solutions using hydrate formation in the presence

of help gases.
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1. � �

�� ������(gas hydrate)� 	
 ��
(inclusion compound)

� �����, ��� ��� �� ��� 
 ��� �� � !"

(cavity) #� $%, �&�%', (' ) � ��*� +, ��� 
-

.�� /��0 1��� 234 /3,5 �6�7. ��� ���

���� 8' /�9 �� :, ��(host molecule); 
 ��� �,

< =�(lattice) #� ������ ��� >� ?, ��(guest molecule)

; +, ��� @A � B�� CD 100E �<� +, ��� ���

���5 ���� B�� FGH I7. �� ������� JK<�

�� LM� NO�PQ, /3R�� STU 7V WX9 Y;7. ��

������� ?,� Z+[ W\� ]^ Z_ R� I, R� II, R�

H )� `�P �a� R�5 �b7. �&�%'[ $%c R� I9,

('� R� II5 ���� B�� FGH I7[1].

�� ������� dc +, �e f*�� ;g hT��� 8i

� �e� j,� :kl� I�m :��� $%; ng�� op4

hT�� ������� qr� s3 �tPu�� vwl� I7[2].

xy�� �&�%' ������5 ��z{ ng�� |R �e�

� }~� n�I_ TR � I7[3]. �-�, �+���o� �&�

%'Q9 ��.�� �8�+ �� �- +��� �� ������

� E�� �f� 8 IM� �2 �7[4].

��%�8'(chlorinated hydrocarbon)� �e"3�� `3"3 )

7\� &� "3�� �f � I�m, P�8 ��� �o�9 �P

�� I7. ��.�� 8f�<�� ��%�8'5 ���+ �g�

�&�~(thermal oxidation), ��-~(membrane separation), 1
��

~(biofiltration) )� �f � I7[5]. � TR��� �3 ��%�8

'5 �&�%', (', $% )� Y� +,5 �f�0 �,� ���

���5 ��z���� 8f���o� �-g #� ��� }~9

�2� 7. � "3� �¡¢.; �£�9 ¤bg Y+ �g� Y�

+,+
+��%�8' ¥� 4< ¦�[������ <(H)-
<(LW)-�

�%�8' <(LCHC)-+<(V)]9 §39 �0 �¡¢. 23 |¡9 ¨

©� 7. �-�, NMR9 �f�0 ��4 ª� �� ������� R

� « v !"¬ Y� +,[ ��%�8'� ­
®(cage occupancy)9

F¯Y°7. �� ± 3Y� 8f���o� ��%�8'5 �-�+

�� "3� E�9 S²��³ ´µ� ¡¶9 �7.

2. ���� 	
�

������ <¦�� �� ·¥ �¡¢ W ç van der Waals[ Platteeuw

[6]� �g E¹ �7. � W¸c ������< 
��� �¢ @º

»(chemical potential)9 �<.; ¼ ������ =�� �¢ @º»

� TK½� I7. ������ !"��� ?, ��� ­
®c

Langmuir’s isotherm� �g ¾C � �¿.; ÀÁ�Â� �g :Ã

P�, !"� R��� �Ä�� I7� �3� 7. R� ÅÃ �3(spherical

core assumption)9 �b Kihara @º»� ?,[ :,; 
� <ÆÇ

f9 ¥&�+ �g �f �7. Kihara jE È8´ a� Tee )[7]�

�g �24 É� �g ¥& �, ε� σ� É (1)� (2)5 �f�0 ÊË

³���o� x.� �7.

(1)

(2)

0+�� νi� Ì� 
 ��Í i !"� 8, θki� k ��� i !"�

� ­
®9 �¤#�, ∆hW[ ∆vW� vv ¼ ������ =�[ Î

8 �< 
 �� ��� ÏÐÑÒ, ÏoÒ� ��5 �q�7. É (2)� Ó

P� Ôc .Õ� <a }3É� �g ¥& � 
� Ö!�(activity)�

�g �,� 8 I7. +< « �<��� ×EzØ(fugacity)� modified

Huron-Vidal second-order(MHV2) mixing rule� 	Ù Redlich-Kwong-

Soave <a}3É(RKS-EOS)9 �f�0 ¥& �7. UNIFAC group con-

tribution W¸� MHV2 mixing rule� �Ú Û� �tP(excess Gibbs

energy) W¸� �f ��m, WÜ UNIFAC jEÈ8Ýc 7V Þß�

� ;f �7[8]. ÊË/��o� x.�4 ��%�8'� Kihara j

EÈ8� Table 1� :ÃH I7.

3. � 


3-1. ����

ª� �� ������� ��� ¦� �� ÊË9 ��0 �f4

++� Z_ ������5 ��zà� g-zà� ��f �á+[ :

È ++� R� Ã I7. ��f �á+� 316 �â;�� �ã(stainless

steel)� �Ç �� oÒ� 50 cm3�m, ��� �Õ � 8� #� ä

;7. ������� �� � g- � C<9 Kå¶ 8 I�æ �

á+� ç� è� �¨�Ã(sapphire)� 4 K§é9 êë� 7. +,

� @	4 8��� �
( )� ìÎ
9 ���+ ��0 í�5 ê

ë� � ¡î }Pf ïð� êë� 7. ������� ��9 ñb

zà+ �g�� 
� ��� òñó9 ô�z{ :Ãõ �m, '� �

ö �¿�(magnetic spin bar)5 �f�0 
� +,5 ª�� 7. �

á+5 u�� ��� 
Pzà+ �g�� ��, Ô� Î÷8�5 �

f� 7. �á+ 2� ��� �¿ø(thermocouple)9 �f�0 §3

� �m, ��� 0.01 K; 8c ��¥5 �f�0 Y3� 7. �ù

� §39 ��0 40 MPaúP §3 �£� Heise �ù¥5 �f� �

m, ��� 50 kPa �#�7.

NMRf ������ zû5 QÝ+ �� eë� ��� üý� ¦

� §3 eë[ 
��PQ �á+� #o oÒ� 140 cm3�� Y7 þ

�� zû5 ÿ+ �g +¥ ��+(mechanical stirrer)5 �f� 7.

�á !2� +, oÒ �'5 Y��+ �g� microflow syringe pump

(ISCO, Model 260D)� 3� W�5 �f�0 �3� �ù9 
P� 

7. � ÊË� �f4 ¦� eë[ ������ zûf eë� ���

ê�c 7V �Þ� �`U �z Ã I7[4, 9].

3-2.����

������ <¦� §3 ÊËc ¦�� #o� 20 cm3 3�� �

�%�8'5 @	� 8f�9 :�	��� zÇ� 7. ¦��� Y

� +,� ���� u�� �ù� �	�_  ó, 
< � ¦� ��

Y7 � 5 K 3� �c ��� 
P�7. ��[ �ù� �3�_ 
P

 ó Jo ��+� �g � 
� �ö �¿�(magnetic spin bar)� �

¿� �g� ������� ���� 
¹47. ������� ��

U �� � ¥� �ù� 3< <a� �	�_  ó �� ��5 ��

U ô�zà7� 
<� �¤�+ zÇ�ó z�Í 0.1 K� �� ô��

� #o� < È�5 Kå�7. � ��� g- �3c �ùC<(hysteresis

µW
H∆ µW

MT µW
H–=( ) RT ν i

i
∑ ln 1 θki

k
∑– 

 –=

µW
H∆

RT
----------

µW
0∆

RT
----------

hW∆

RT2
----------

T0

T

∫ dT
vW∆

RT2
----------

0

P

∫ dT lnγWxW–+–=

Table 1. Optimized Kihara potential parameters for help gas+water+
chlorinated hydrocarbon systems

a(Å) σ(Å) ε/k(K)

CH2Cl2 0.8059 3.3034 221.28
CCl4 0.9132 3.3242 224.70
CH2ClCH2Cl 0.9933 2.6134 339.69
CH3CCl3 0.9672 3.3434 226.04
���� �40� �1� 2002� 2�
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phenomenon)9 ��+ �g� 2� 3� ���7. � #o� ����

�� /3� ¯: q*Q �¯ I� <a�� �ù È��� 8z� �

< P
 � � <a�� 0.1 K <�z ������ /3� �¿U �

^H �� � �^P+ �¿� ��5 �3 �ù��� ¦� ��� 3

� 7.

� TR��� ª��� ������� R�[ !" ­
®� S;9

�g� Bruker 400 MHz �, NMR9 �f� 7. 50 cm3 3�� 8

f�9 �+� �á+� :��� �á� �� �, ��4 �����

�� �, ('5 �c f+
�� �� �a� QÝÃ 7. WÜ �!

�"c 243K�� �� �a� ������ zû5 �c Zr-rotor5 È�

probe� #�� <a�� §3 �7. 13C NMR �!�"c � 2-4 kHz�

magic angle spinning(MAS)�� 100.6 MHz� frequency�� ÿÃ 7.

300 K�� 38.3ppm� chemical shift5 �P� Admantane� Jo chemical

shift +$�� �f �7. §3%8� ������ zû� <a� ]

^ 300-600� 3� §3 �7.

4. �� � ��

4-1. ��	

� TR��� 6 �î� ��%�8'5 3 �î� Y�+,5 �f

g� ª��� ������ �� 0o5 zËg Y°� � /�� Table

2� �¤#�7. Trichloroethylene(CHCl=CCl2)[ tetrachloroethylene

(CCl2=CCl2)c WÜ &'� ª��� ������ ��� (0�P )

� B9 * 8 I7. ]^�, � ÊË��� methylene chloride(CH2Cl2),

carbon tetrachloride(CCl4), 1,2-dichloroethane(CH2ClCH2Cl), 1,1,1-trichlo-

roethane(CH3CCl3)9 �f� 7. 0+ �î� ��%�8'� ª� �

� ������ �� 0o[ 23 |¡9 ¨©�+ �g� �&�%

'+
+��%�8', ('+
+��%�8', $%+
+��%�8'

¥� �g� 4< ¦�(H-LW-LCHC-V)9 §3� 7. ÊË� �f4 �

�%�8'� ,�� 3 mol%�� ¿, ÊË/�� Fig. 1-3� �¡¢.

W¸9 ·g 
§� /�(solid line)[ 	Ù �z ��m, ÊË9 ·g

ÿc -� j' . �ë�� B9 * 8 I7. ���_� CH2ClCH2Cl�

�&�%'5 Y� +,� �f� &'�� ª��� ������ �

�� (0�P )� B�� /0 7. P1úP 0+ Þß��� 
�

Ö!�5 ¥&�+ �g� 2- <8(Henry constant)5 �f� 7. �

+�, � TR�� �f4 W¸c +<� ×EzØ[ 
� Ö!�5 ¥

&��³ <a}3É9 �fg 3��� 45 6<4 /�5 ÿ9 8

I�7. Fig. 1-39 ·g� * � :Ãb �ù�� ��%�8'� (0

g� ��4 ª� �� ������� 23 |¡c Î8 �����

�Y7 <ÍU dc ��� Se4 B9 * 8 I7. CH2Cl25 �J�

7V ��%�8'� �,.�� ������5 ��¶ 8 �� Y�

+,� pD ���Q ª��� ������5 ���7� FGH I

7[10]. ��.�� ��%�8'� ��� Z+� R� I� 7 !"

(51262)Ó�� 89 8 �9 Q: Z+ �Þ� ��%�8'� ����

�� ��� (0�� &'�� R� II� 7 !"(51264)9 8'� Ç

Table 2. Hydrate formation of chlorinated hydrocarbons

CO2 N2 CH4

*CH2Cl2 O O O
CCl4 O O O
CH2ClCH2Cl X O O
CH3CCl3 O O O
CHCl=CCl2 X X X
CCl2=CCl2 X X X

*: hydrate formation without help gas
O: hydrate formation with help gas
X: no hydrate formation with help gas

Fig. 1. Hydrate phase equilibria for the CO2+H2O+chlorinated hydro-
carbon systems. �, CO2+H2O, HLWV;   , CO2+H2O, HLWLCO2V,
quadruple point; � , CO2+H2O+CH2Cl2, HLWLCHCV; , CO2+
H2O+CH2Cl2, HLWLCHCLCO2V, quintuple point; �, CO2+H2O
+CH2Cl2, LWLCHCL CO2V; � , CO2+H2O+CCl4, HL WL CHCV; ,
CO2+H2O+CCl4, HLWLCHCLCO2V, quintuple point; �, CO2+H2O+CCl4,
LWL CHCL CO2V; � , CO2+H2O+CH3CCl3, HLWL CHCV; , CO2+
H2O+CH3CCl3, HLWLCHCLCO2V, quintuple point; �, CO2+H2O+
CH3CCl3, LWLCHCLCO2V; __, prediction.

Fig. 2. Hydrate phase equilibria for the N2+H2O+chlorinated hydro-
carbon systems. �, N2+H2O, HLWV; �, N2+H2O+CH2ClCH2Cl,
HLWLCHCV; �, N2+H2O+CH2Cl2, HLWLCHCV; �, N2+H2O+CCl4,
HL WLCHCV; � , N2+H2O+CH3CCl3, HLWLCHCV; ��, prediction�
HWAHAK KONGHAK Vol. 40, No. 1, February, 2002
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�
c !"(512)c Y� +,� 8;H� ¿,.�� R� II ������

5 23�zà_ 47. �&�%'+
+��%�8' ¥� &'�� 4

< ¦��� �< �­c 5E� <(H-LW-LCHC-LCO2-V)� "p�� 5<

­ (quintuple point)� 47. � ­��� 5E� �� 7V 4< ¦��

� Q�_ 47. � 5<­� 3S� �ë5 ¨©�+ �g� =�.�

� > ��� 4< ¦��(LW-LCHC-LCO2-V)9 §3� 7. 2E� 4< ¦

��c 5<­�� ¬ �� �� Q�� B9 S;¶ 8 I�7. Fig. 1-

39 >?Yó Næ ¿,.; &6c NO�PQ, ('� Y� +,� �

f �9 &' �3 ���� �ù @�� �e Z_ �¤� B9 *

8 I7. ('+
+CCl4 ¥� &'� ª��� ������� &'�

Î8 (' ������� Ng� 279.35 K�� � 96%3�� �ù@

�5 Y 7. v Y� +,� &'� ��%�8'� ������ ���

� (0� ;� 23� A�� 7M� Bc Î�5 Y;7: CH2ClCH2Cl

<CH2Cl2<CH3CCl3<CCl4. �&�%'+
+��%�8' ¥� &'��

¦� g- ��� �3� P­úP� �ùô�� ]^ ¥
 ô��7

� � �<� P­��� �ùô�� ]^ �UG �'�� &69 Y�

�³, �� ��.�� �� <¦��� �¤�� retrograde condensation

� 
�� ��� C<�7. �C ��� C<c 4< ¦��� �<�

5<­9 �PP )� ('+
+��%�8' ¥[ $%+
+��%�8

' ¥��� Kå P )°7.

�<� Y� +,+
+��%�8' ¥� <¦� /��o� ��%

�8'� Y� +,� pD ��� ª��� ������ ��� (

0	9 �ò. « 3�.�� S;¶ 8 I�� ��%�8'� (0

� ;� R�È�� �£�9 +�¶ 8 I�7.

4-2.
��
� ��

��%�8'[ Y� +,� �g ��4 ª��� �������

�� R,.; �w¢.; göc ¯� �DÃPP )� I7. � TR

��� NMR9 ·g� $%+
+��%�8' ¥� �g� ª� ��

������� R� II ��� S;� v !"¬ $% « ��%�8

'� ­
®9 ��g Y°7. NMRc �� ������� R� «

��, ?,[ :,��� !¡¢, �-� xy�� ������ ��

�39 ¨©¶ 8 I� �¾.; �ö++� FGH I7. � ´���

������� @A4 $%� 13C NMR chemical shift� �����

�� R�5 E���³ ´µ� +$� 47[11]. Fig. 4��� §34

WÜ 13C MAS NMR �!�"9 Y0$7. Î8 $% �������

2E� ÒZ� vv −6.7013 ppm� −4.3656 ppm�� �¤F7. R� I

������� Ì� ��� Çc !"(512)� 7 !"(51262)� N� 1 : 3

; B9 �G�7ó −4.3656 ppm��� ÒZ5 Çc !"(512)� @A

4 $% ���, −6.7013 ppm��� ÒZ5 7 !"(51262)� @A4 $

% ��^ ¶ 8 I7. $%+CH2Cl2 ������� &'�� Çc !

"(512)� @A4 $% ÒZ(−4.5094 ppm)� Î8 $% �������

�[ NO� �ë� �¤FPQ 7 !"(51264)� @A4 $% ÒZ

(−8.2655 ppm)� �V<�� �!� B9 F 8 I7. �-�, Çc !

"(512)� @A4 $%� ÒZ @�� 7 !"(51264)� @A4 $%�

�B� Ng <ÍU 7 B9 * 8 I7. �� CH2Cl2� ��Z+� ;

g Çc !"(512)� (0�P G�� 7 !"(51264)�Q (0�� Çc

!"(512)c $%� �g�Q 8;b /�^ ¶ 8 I7. �-�, CH2Cl2
��� 51.6917 ppm� �¤�9 * 8 I7. $%+CH3CCl3 ����

��� $% ��� gÍ�� ÒZ� $%+CH2Cl2 ������� &'

Fig. 3. Hydrate phase equilibria for the CH4+H2O+chlorinated hydro-
carbon systems. �, CH4+H2O, HLWV; �, CH4+H2O+CH2ClCH2Cl,
HLWLCHCV; �, CH4+H2O+CH2Cl2, HLWLCHCV; �, CH4+H2O+CCl4,
HLWLCHCV; �, CH4+H2O+CH3CCl3, HLWLCHCV; ��, prediction.

Fig. 4.13C NMR spectra of pure CH4 hydrate(sI), mixed CH4+CH2Cl2
hydrate(sII), mixed CH4+CH3CCl3 hydrate(sII). abbreviation: sI,
structure I; sII, structure II.
���� �40� �1� 2002� 2�
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[ 
��PQ CH3CCl3� ÒZ� CH3(46.3417ppm)� CCl3(93.0536 ppm)

� gÍ�� 2E� ÒZ5 �¤#�7. ¿,.�� * � ��%�8'

� R� II� 7 !"(51264)Q9 �P�m $%c HU q*Q� 7 !

"(51264)9 �P�� �o�c Çc !"(512)� 8;I9 F 8 I7.

R� I� R� II� Çc !"� gÍ�� ÒZ �ë� 7 ��� �P

)� B9 * 8 I�³, �� ± R� W± �� Bc Z+[ W\9 �P

� pentagonal dodecahedra(512)5 �P+ �Þ�7. �+�, R� I� 7

!"(51262)� R� II� 7 !"(51264)� gÍ�� ÒZ� 1.5 ppm3�

� ��5 Y��³, �� v !"� �� 7V Z+[ W\9 �P+
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0∆  RT

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

µW
0∆  RT

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

Table 3.13C NMR chemical shifts(in ppm) of CH4 in different structures

sI sII

small(512) large(51262) small(512) large(51264)

CH4 −4.3656 −6.7013
CH4+CH2Cl2 - - −4.5094 −8.2655
CH4+CH3CCl3 - - −4.7428 −8.2935

Table 4. Cage occupancies of CH4 hydrate and mixed gas hydrates

θs,CH4 θl,CH4 θl,CHC

CH4 0.7880 0.9870 -
CH4+CH2Cl2 0.7576 0.2262 0.7471
CH4+CH3CCl3 0.8025 0.0900 0.8704

Fig. 5. Schematic diagram of the hydrate-based chlorinated hydrocar-
bon recovery process.
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h : enthalpy [J/mol]

k : Boltzman constant [J/K]

R : universal gas constant [J/mol · K]

v : molar volume [m3/mol]

x : liquid phase mole fraction

���� ��

γ : activity coefficient

µ : chemical potential

ν : number of cavities

θ : cage occupancy

a, ε, σ : Kihara potential parameter

���

H : hydrate phase

MT : empty hydrate

0 : standard state

����

i : cavity type

k : component

l : large cavity

s : small cavity

0 : standard state

CHC : chlorinated hydrocarbon

����
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