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¦^ã�K�AkÛ�{ïÄ
 CH4 ©f3 MOR Ú MFI ©fç¥�ÔnáN1�, Ì�é'ïÄ
ùü«
©fçé CH4 ©f3ØÓ§ÝÚØre�ÔnáNþ!�þáN9!©fçÚ CH4 ±9 CH4 Ú CH4 ©f�m
��p�^U�Ônþ. ïÄ(JL²: 3¤k�§ÝÚØåe, MOR ©fçé CH4 ©f�áN5Uþ`u�A
� MFI ©fç, ùL²§´�«' MFI áN5U�`É�áNJá�. l CH4 3ùü«©fç¥��þáN9�
áNþ�Cz'X, ©fçÚ CH4 ±9 CH4 Ú CH4 �m��p�^U©Ù­���ÝÑu©Û
�ökØÓá
N1���Ï.

'�c: ã�K�AkÛ�{, ©fç, áN

PACS: 68.43.Mn, 82.75.Vx

1 Ú ó

�X­.²L�±Yp�uÐ, éU
�ã
�I¦���U
�ÅÅìwy. Cc5, U,
í���'�^U
�É<�­À, �´S�!
²L!p���;¯K��´{NÙ5�A^
�´¶. U,í�Ì�¤©´`� (NÈ©ê�
Ó 85%—95%), 8c;�`���ªÌ�kn«:

�zU,í (LNG)!Ø U,í (CNG) ÚáNU
,í (ANG)[1]. éu�1A^, LNG �ª�¢^5
k�; 
 CNG EâKI� 20 MPa ±þ�pØÚ
[B�õ?Ø ��âU¢y; ANG EâK�Ñ

 CNG Eâ�Øv, ÏL3 CNG í´¥\\AÏ
áNJ, �±¦U,í3�$Øåe�;��Ý�
� CNG pØe�;��Ý, ´�«äk2,A^
cµ��;�ª [2,3]. �
¦ ANG �;EâU

A^u�1XÚ, {IU
Ü (DOE) JÑ
 ANG

�û�8I: 3¿§ 298 K Ú 3.5 MPa e, CH4 �;
�Nþ�� 180 cm3/cm3, Ïdé`��;á�9
áNÅn?1
�þ�nØÚ¢�ó� [4−9]. ïÄ
L², %B�+ [4]!�$ [5] �õ�B�á�U

k�Jp`��;�þ, �Ñ�vk�� DOE �
8I, ¤±?�ÚïÄ#�`��;á�¿&¢Ù
áNÅnE,´�~k7��.

£�©fç´�«­��õ�¬Ná�, du
ÙAÏ���(��2�A^uáN!©l!x
z�+� [10]. ©fçá�äkáNUår!�(
�pÝkS!�»/G����N�A:, �D
Úõ�á�X%B�+!¹5(�', �wÍ�
`³3uÙ����a.!rÝ�©Ùþ�N�,

l
�±��O\éA½áN�áN�Úå�8
� [10−12]. �©¦^ã�K�AkÛ�{ (GCMC)

�[ïÄ
 CH4 3�7.©fç MFI Ú MOR ¥
�áN1�, ¼�
§�3ØÓ§Ýe�áN�§
�!�þáN9!`��©fçm��p�^U
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�Ônþ, ©Û
©fç�áNÅnÚK�Ù;�
`�þ�S3Ï�, ±ÏU
��O#�`��;
á�JønØ�â.

2 �.Ú�{

2.1 ��� ...

MFI Ú MOR .£�©fç��e(�9��
êâ�±lIS£�Æ¬�� (http: // www. iza-

structure. org/) ¼�. §�Ñáu��¬X(�, �

m+©O� Pnma Ú Cmcm, ¬�ëê©O� a =

20.07 Å, b = 19.92 Å, c = 13.42 Å, α = β = γ =

90◦, a = 18.094 Å, b = 20.516 Å, c = 7.524 Å,

α = β = γ = 90◦, Ù(�Xã 1 ¤«. MFI .
©fç¹kü«�pë����Ï�, �«´÷ Y

¶��*d²1����, ,�«´÷ X ¶���
­ò.��, ����� 0.53×0.56 nm, ­ò.Ï
��� 0.51×0.55 nm. MOR .©fç�¹k��
��Úl������, l�� u�����m,

�����I�¥ý�/, �»� 0.65×0.70 nm,

l��I��ý��»� 0.26×0.57 nm.� �
� � � � � �� � � � � �

ã 1 MFI (a) Ú MOR (b) ©fç�e(�«¿ã

2.2 ããã���KKK���AAAkkkÛÛÛ���{{{

�AkÛ�{ (MC) ®�2�^u©fç�á
NïÄ¥ [13], Ù¥ GCMC �´2�^5ïÄáN
�3õ�á�¥�áN¯K, §�±�[��¥á
N�©f3zÆ³Ú§Ý�±ð½��áN²ï.

ÏL GCMC �[, �±¼��§�Ø^�e©f
çSáN���
­�5�, XáNþ!áN�Ú
áNJ©fm��p�^U�Ônþ. 3 GCMC

�[¥, kn�ÕáCþ: §Ý!NÈÚzÆ³, �
�²ï�, ©fç�eS�áN�©f�§ÝÚz
Æ³�u�e	áN�©f�§ÝÚzÆ³, 
�
eS�áN�©fê8ØäCz.

3�[L§¥, ©fç�eÚ CH4 ©f���
Øu)Cz, Ïd��XÚ�Uþ�I�Ä©fç
Ú CH4 ©f±9 CH4 Ú CH4 ©f�m��p�
^U. �p�^U�)��u�p�^Ú·>�p
�^, Ù¥ Lennard-Jones (LJ) ³�2�^u£ãõ

�á�áNXÚ¥���u�p�^, ¿�y²´
�ZÀJ [14,15]. b½�éâf i Ú j �å� rij , K
ÙoUþ�

φij = 4εij [(σij/rij)12 − (σij/rij)6] +
qiqj

rij
, (1)

Ù¥, cü����u�p�^�, ëê εij Ú σij

©OL« LJ ³²��ÝÚâf��Ý; 1n��
·>�p�^�.

GCMC �[¥, Ð©�.�Ø�¹áN�©f
�©fç�e, d��z���.�âUþCz
$^ Metropolis $�5K�É½áý©f�)!
��!²ÄÚ=Ä, ±/¤#��.. ©f�[æ
^ COMPASS å|, Tå|´�«lÞO�å|,

§�±ýÿ�Ü©í�Ú��Ô��5�, ·Ü
uïÄáN�©f3©fç¥�áN1� [15]. �
[æ^n�±Ï5>.^�, 3O�©fçÚ CH4

©f�m���u�p�^�, du©fm��
p�^�©fmål�O�
×�P~, �©æ
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^ 1.85 nm � LJ �p�^��ä�»; 
·>�
p�^Kæ^ Ewald \Ú{. �
(�áN��²
ï, �[oÚê� 2×107 Ú, Ù¥c 1×107 Ú^u
XÚ��²ï, � 1×107 Ú^u9åÆÚOïÄ.

2.3 ���þþþáááNNN999

áN9´áN�©fáN�áNJþ¤º�
�Uþ, §´ïþáNá�áNUå���­�
�I��, �±�Ð/
)L¡L§!L¡(�!
L¡þ!5ÚµdáN��áNJ�m��^å
�� [16]. �þáN9�^ Clausius-Clapeyron �
§O�:

Qst =
RT1T2 ln(P2/P1)

T2 − T1
, (2)

Ù¥, Qst ��þáN9, R �Ê·íN~ê, T �
áN§Ý, P �áNØå. dT�§��, ÏLü�
ØÓ§Ýe�áN�§�3Ó�áNþéA�Ø
åÒ�±¦ÑTáNþe��þáN9. XJ�þ
áN9ÉL¡áNþ�K�'��, KL²á�L
¡�¹5áN �áNU´Øþ!�, ��K'�
þ!.

3 (J�?Ø

3.1 ååå|||ëëëêêê������yyy

� 
 � y · � ¤ ¦ ^ � COMPASS å | ë
ê � � 1 5, ¦ ^ GCMC � { ï Ä 
 CH4 ©
f 3 MOR © f ç ¥ � Ô n á N 1 �, ¼ � 

Ù3 298 K, 0—3 MPa ��ÔnáN�§�, ¿
� Macedonia � [17] �(J?1
'�, Xã 2 ¤

10-1 100 101 102 103
-1

0

2

4

6

8

N

P/kPa

 CH4(296.15 K) [17]

 CH4 (298 K) 

ã 2 MOR ©fçé CH4 áNþ��[��©z [17] �'�

«. lã¥�±wÑ, �©��[��©z [17] ¥
�(JÎÜ�éÐ, Ïd·�¤æ^��.Úå|
ëê´���.

3.2 MOR ÚÚÚ MFI ©©©fffçççééé CH4 ©©©fff���ááá
NNN999���AAA

áN9´ïþáNJé�áN©fáNUå
���Ônþ, éu��ÔnáNL§, áN9
������'uáN�©f�áNJL¡�(
ÜU [18]. �
'� MOR Ú MFI ùü«©fç
é CH4 ©f�áNUå��, �©�[O�
 CH4

©f3ùü«©fç¥ØÓáNþe��þáN
9, Xã 3 ¤«. lã¥�±wÑ, CH4 3 MOR

Ú MFI ©fç¥��þáN9¥yØ���Cz
5Æ, MOR ©fç¥��þáN9�áNþ�O
\
k¤ü$, 
 MFI ©fçK�áNþ�O\

O�. ��5`, áNJþ�r¹5 k� CH4

©fÓâ, �XáN�Øä?1, áN�m©Óâ
�f�¹5 , áN9¬�áNþ�O\
k¤
ü$, MOR ©fçÎÜT5Æ, 
 CH4 3 MFI ©
fç¥�áNØ÷vT5Æ, áN9�XáNþ
�O\
O\, ùÌ��©fç'L¡È!�Y
Ç9Ù�lf�«a! ��Ï�k', ��Ù
áNL§� MOR ©fç�E,. lã 3 ¥��
±wÑ, CH4 3 MOR ©fç��þáN9�Cz
��� 19.06—19.46 kJ/mol, 
 CH4 3 MFI ¥�
�þáN9�Cz��� 16.83—18.91 kJ/mol, Ï
d MOR ��þáN9�áNþ�O\Cz��Ø
�, 
 MFI ��þáN9K�XáNþ�O\Cz
����. du�þáN9£ã�´áNJ®áN

½þíN�2áN�þíN¤�Ñ�9þ, @o
d��Ñ�9þ�±�NáNJ�áN�©fm
(Üå���, Ï
�þáN9�L¡áNþ�'
X�±�NáNJL¡�þ!5§Ý. dd��,

�' MFI ©fç5`, MOR ©fçé CH4 ©f�
áNUå�r, Ù�Y(�'�5�, L¡áN�
Ugd©Ù'�þ!. ,	, 3·�¤ïÄ�áN
þ��S, áN9êâþ�u 20 kJ/mol, �uzÆ
áN9Ï~3 40—400 kJ/mol ��S, ¤± CH4 ©
f3 MOR Ú MFI ©fç¥�áNþáuÔná
NL§.
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ã 3 CH4 ©f3 MOR Ú MFI ©fçþ��þáN9 Qst �
áNþ N �Cz'X

3.3 CH4 ©©©fff333 MFI ÚÚÚ MOR ©©©fffççç¥¥¥
���áááNNN

�§Ý�½�, ÏLUCXÚ�Ør, ·��
±¼�©fçáN CH4 ©f�ÔnáNþ N �X
Ør�Cz'X, =áN�§�. �©¦^ GCMC

� { ¼ � 
 MOR Ú MFI © f ç 3 0—10 MPa

Ú 77—398 K ��SáN CH4 ©f��þÚN
ÈáN�§�, Xã 4 Úã 5 ¤«. ��
ùü«
©fç3ØÓ§ÝÚØÓØåe�ÔnáNþ, l

�±½þ/©Û§�é CH4 ©f�áNUå.

lã¥·��±wÑ, 3�½Øå��S, CH4 ©
f�áNþ�XØå�O\
O�, 3�éØå�
$�, ù«Czª³'�²w, �XØåÅìO�,

CzÅìªu�Ú, ���½Øå�ÑyáN²
�, Ïdùü«©fç�áN�§�þ�.., ù
`²·�¤�[�áNJé CH4 ©f�áN´õ
�5�N���áN [19]. lã¥��±¼� MOR

Ú MFI ü«©fçé CH4 ©f�ØÓáN1�.

�§Ý�Ó�, MOR 3¤kØå��Sé CH4 ©
f�áNþþ�u MFI é CH4 ©f�áNþ; �
´, ØÓ§ÝÚØå�, �ö�áN�¹Kk�
�. äNLy�: 1) �Øå�u 3 MPa �, MOR

3 398 K e�áNþ�u MFI 3¿§ 298 K e�
áNþ, �u 3 MPa �, MOR 3 398 K e�áNþ
K�u MFI 3¿§ 298 K e�áNþ; 2) �Øå�
u 1.27 MPa Ú 5.02 MPa �, MOR 3¿§ 298 K e
�áNþ©O�u MFI 3$§ 177 K Ú 77 K e�
áNþ; 3) �X§Ý�ü$, MOR Ú MFI ©fç
áNþ����5��. L 1 �Ñ
 MOR Ú MFI

©fç3§Ý©O� 398, 298, 177 Ú 77 K, Ør
� 3.5 MPa ��áNþ9Ù�öáNþ���. l
L¥�±wÑ, §Ý� 398 K �, �öáNþ��
� ∆N � 56.2 cm3/cm3, �X§Ý�ü$, ∆N K
©OO�� 113.2 cm3/cm3 (298 K), 237.9 cm3/cm3

(177 K) Ú 320.7 cm3/cm3 (77 K). lL 1 ¥��±
wÑ, 3¿§ 298 K Ú 3.5 MPa �, MOR ©fç�
áNþ� 210.3 cm3/cm3, ��
 DOE JÑ�û�
8I, 
 MFI �áNþK� 97.1 cm3/cm3, =¦�
� 10 MPa �, ÙáNþ�=� 120 cm3/cm3, E�
�� DOE �û�8I. dd�±wÑ, MOR ©f
ç´¥$ØáN;�U,íXÚ��«'�n�
�áNJá�.

� � � � � � ���� �� �� �� �� �� �
� � 	 
 � � 
 � � � � �� � 
 � � 
 � � � � �� � 
 � � 
 � � � � �� � 
 � � 
 � � � �� � 
 � � � � � � � �� � 
 � � � � � � � �� � 
 � � � � � � � �� � 
 � � � � � � �� !"# $ % & � � ' ( ) * � � 
 � � 
� � 
� � 
� 	 
� � 
� � 
 � � 


ã 4 MOR Ú MFI ©fç3ØÓ§ÝeáN CH4 ©f��þ
áN�§�

��� � �� � �� � � � � �� � � � 	 
 � � 
 � �� � � � 	 
 � � 
 � �� � � � 	 
 � � � � �� � � � 	 
 � � � �� � � � � � � � 
 � �� � � � � � � � 
 � �� � � � � � � � � � �� � � � � � � � � ��� ���  ��!�
" # $ % � & ' ( ) � � �� � � � � �� � �� � �� � � � � �� * � + * �

ã 5 MOR Ú MFI ©fç3ØÓ§ÝeáN CH4 ©f�NÈ
áN�§�

�
©Ûùü«©fçé CH4 ©fkØÓá
N1���Ï, ·�O�
3§Ý©O� 398, 298,

177 Ú 77 K, Ør� 10 MPa � MOR Ú MFI ©f
çÚ CH4 ©f�m�o�p�^U. ã 6 ��ö
3¿§ 298 K Ú 10 MPa ��o�p�^U©Ù
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­�. lã¥�±wÑ, MFI ©fç¥�Uþ¥²
w�ü¸/ª, Uþ��� –17.78 kJ/mol; 
 MOR

©fç�Uþ©Ùkü�ü¸/ª, Uþ��©O
� –21.97 kJ/mol Ú –15.27 kJ/mol, 
� MOR ©f
çÚ CH4 ©fm�����p�^U��u MFI

Ú CH4 ©fm��p�^U, ùü«©fç3Ù
¦§Ýe�Uþ©Ù�daq, ¤± MOR ©f
çé CH4 ©f�áNUå�r, T(Ø�l CH4

©f3ùü«©fç¥��þáN9�áNþ�
Cz'X¥�Ñ�(Ø´���. L 2 �Ñ
3
§Ý©O� 398, 298, 177 Ú 77 K, Ør� 10 MPa

� MOR Ú MFI ©fç� CH4 ©f�m�o�p
�^U9Ù�ö���, �±uy, �X§Ý�ü
$, MOR Ú MFI ©fçÚ CH4 ©f�o�p�^
UþÅìO�, Ù�©Ol 398 K �� –14.02 kJ,

–21.55 kJ (MOR) Ú –17.36 kJ (MFI) O�� 77 K �
� –25.73 kJ, –28.66 kJ (MOR) Ú –20.71 kJ (MFI),

ù�´áNþ�§Ý�ü$
ÅìO���Ï. l
L 2 ·���±wÑ, �X§Ý�ü$, ùü«©
fçÚ CH4 ©fm�o�p�^U�����5
��, l 398 K �� 3.34 kJ Ú –4.19 kJ O�� 77 K

�� –5.02 kJ Ú –7.95 kJ, � MOR ©fçÚ CH4

©fm (cö) �����p�^Uþ�u MFI

Ú CH4 ©f (�ö) ��p�^U; �§Ý� 298 K

Ú 398 K �, cö����p�^U (–15.27 kJ

Ú –14.02 kJ) �u�ö (–17.78 kJ Ú –17.36 kJ), 

�§Ýü$� 177 K Ú 77 K �, cö��p�^
U (–19.46 kJ Ú –25.73 kJ) K�u�ö (–19.87 kJ

Ú –20.71 kJ), Ïd�X§Ý�ü$, MOR ©fç
é CH4 ©f�áN�^�r, �áNþ��, ùB

� � � � � � � � � � � � � ��� � �� � �� � �� � �� � �	 
 � � 
 � � � � � �
� � �� � �

ã 6 MOR Ú MFI ©fçÚ CH4 ©fm�o�p�^U©Ù
­�

L 1 MOR Ú MFI ©fç3ØÓ§Ýe, Ør� 3.5 MPa ��Ô

náNþ N 9ÙáNþ��� ∆N

T /K NMOR/cm3·cm−3 NMFI/cm3·cm−3 ∆N /cm3·cm−3

398 107.0 50.8 56.2

298 210.3 97.1 113.2

177 413.9 176.0 237.9

77 543.9 223.2 320.7

L 2 ØÓ§Ýe, Ør� 10 MPa � MOR Ú MFI ©fçÚ CH4

©f�m�o�p�^U

T /K
EMOR EMFI ∆E

/kJ·mol−1 /kJ·mol−1 /kJ·mol−1

398 –14.02, –21.55 –17.36 3.34, –4.19

298 –15.27, –21.97 –17.78 2.51, –4.19

177 –19.46, –22.80 –19.87 –0.41, –2.93

77 –25.73, –28.66 –20.71 –5.02, –7.95

5:∆E = EMOR − EMFI

´ MOR Ú MFI ü«©fçáNþ����§Ý
�ü$
O���Ï.

4 o (

� © ¦ ^ GCMC � { ï Ä 
 CH4 © f 3
MOR Ú MFI ©fç�ÔnáN5U, ¿?1

é'ïÄ. Äk, �
�y·�¤¦^�å|ëê
��(5, ¦^ GCMC �{¼�
 MOR ©fç
3 298 K, 0—3 MPa �áN CH4 ©f�ÔnáN�
§�, ¿�©z [17] ¥�(J?1
é'. ,�, ¦
^ GCMC �{¼�
Ù3ØÓ§Ýe�áN�§
�!�þáN9�áNþ�Cz'X±9©fç
Ú CH4 ©fm��p�^U©Ù­��, l
�±
�Ð/n)ùü«©fç�áNÅn9Ùé CH4

©fkØÓáN1���Ï. ïÄ(JL²:

1) 3�Ó§Ýe, MOR é CH4 ©f�áNþ
þ�u�A� MFI, 
ØÓ§ÝÚØåe, �ö�
áN�¹k��, 3¿§ 298 K Ú 3.5 MPa �, MOR

�áNþ�� 210.3 cm3/cm3, ��
 DOE JÑ�
û�8I, 
 MFI 3 298 K Ú 10 MPa ��áNþ
�=� 120 cm3/cm3, ¤± MOR ©fç´¥$Øá
N;�U,íXÚ��«'�n��áNJá�;

2) lùü«©fçÚ CH4 ©fm��p�^
U©ÙÚ�þáN9�áNþ�Cz'XÑu, ·

146802-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 146802

�½þ©Û
�ökØÓáN1���Ï, (J
L², MOR ©fç� CH4 ©fm��p�^U�
ru MFI � CH4 ©fm��p�^U, ¿�X§
Ý�ü$ÅìOr; MOR ©fçL¡áNU©Ù

'�þ!, áNL§÷v��áNJ�áNÅn;


 MFI ©fçK¥yØ���áNÅn, ÙáNL
§�äE,5.
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Abstract

The physisorption properties of CH4 in MOR and MFI zeolites are studied using the grand canonical Monte Carlo method. Some

important physical quantities are obtained, such as adsorption amounts, isosteric heats, interaction energies of zeolite, CH4 molecules,

etc. The results show that the physisorption properties of MOR zeolite are superior to those of MFI zeolite in all conditions. The

reasons causing such different results between them are analyzed from the interaction energies between zeolites and CH4 molecules,

the relationships between isosteric heats and adsorption amounts, etc.
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