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o r g a n i c  f r a m e w o r k  b a s e d  m i x e d  m a t r i x  m e m b r a n e s :  A n  i n c r e a s i n g l y
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APPENDICES

Appendix A The Experimental Flow Rate of Methane (C H 4 ), Carbon Dioxide 
(CO 2), and Nitrogen (N2) of Dense M embrane and Mixed Matrix Membranes in 
Performance at 50 psi and 100 psi
Tab 1 e A 1 P u r e  U1 t e m  m e m b r a n e

Gas Pressure
(psi)

Flow rate 
(cm3/s)

Permeance
(GPU)

Average of 
Permeance (GPU)

STDEV of 
Permance

n 2
50

1.81E-05 0.00199
0.00199 2.88E-071.81E-05 0.00199

1.81E-05 0.00199
100

3.66E-05 0 .0 0 2 0 1
0 .0 0 2 0 1 3.40E-073.66E-05 0 .0 0 2 0 1

3.66E-05 0 .0 0 2 0 1

ch4
50

6.79E-06 -0.00074
0.00074 4.05E-086.79E-06 0.00074

6.79E-06 0.00075
100

1.36E-05 0.00075
0.00075 4.67E-081.36E-05 0.00074

1.36E-05 0.00075
n2 100

3.66E-05 0 .0 0 2 0 1
0 .0 0 2 0 1 1.22E-063.66E-05 0 .0 0 2 0 1

3.66E-05 0 .0 0 2 0 1

c o 2
50

1.88E-04 0.02067
0.02065 1.80E-051.88E-04 0.02064

1.88E-04 '0.02064
100

3.76E-04- - 0.02062
0.02063 1.79E-053.76E-04 0.02062

3.77E-04 0.02066
n2 100

3.66E-05 0 .0 0 2 0 1
0 .0 0 2 0 1 8.99E-073.66E-05 0 .0 0 2 0 1

3.66E-05 0 .0 0 2 0 1
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Table A2 10 wt% MOF-199 MMMs

Gas Pressure
(psi)

Flow rate
(cm3/s)

Permeance
(GPU)

Average of 
Permeance (GPU)

STDEV of 
Permance

n2
50

2.41E-05 0.00264
0.00264 5.87E-072.41E-05 0.00264

2.41E-05 0.00264
100

5.83E-05 0.00320
0.00266 4.65E-044.36E-05 0.00239

4.36E-05 0.00239

ch4
50

1.03E-05 0.00113
0 .0 0 1 1 2 9.23E-081.03E-05 0 .0 0 1 1 2

1.03E-05 0 .0 0 1 1 2

100
2.05E-05 0.00113

0.00113 2.82E-072.05E-05 0.00113
2.05E-05 0.00113

n2 100
5.84E-05 0.00320

0.00266 4.66E-044.36E-05 0.00239
4.36E-05 0.00239

c o 2
50

3.76E-04 0.04125
0.04125 6.20E-053.75E-04 0.04119

3.77E-04 0.04131
100

7.46E-04 0.04094
0.04082 2.10E-047.40E-04 0.04058

7.46E-04 0.04094

n2 100
5.82E-05 0.00319

0.00266 4.63E-044.36E-05 0.00239
4.36E-05 0.00239
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Table A3 20 wt% MOF-199 MMMs

G a s P r e s s u r e
(p s i)

F lo w  ra te
( c m 3/ s )

P e r m e a n c e
( G P U )

A v e r a g e  o f  
P e r m e a n c e  ( G P U )

S T D E V  o f  
P e r m a n c e

2 .5 3 E -0 5 0 .0 0 2 7 8
5 0  - 2 .4 4 E -0 5 0 .0 0 2 6 8 0 .0 0 2 7 1 5 .5 7 E -0 5

n 2 2 .4 4 E -0 5 0 .0 0 2 6 8
5 .1 3 E -0 5 0 .0 0 2 8 2 -

1 0 0 5 .1 3 E -0 5 0 .0 0 2 8 2 0 .0 0 2 7 3 1 .4 6 E -0 4
4 .6 7 E -0 5 0 .0 0 2 5 6
1 .1 4 E -0 5 0 .0 0 1 2 5

5 0 1 .1 3 E -0 5 0 .0 0 1 2 4 0 .0 0 1 2 4 3 .7 5 E -0 6

c h 4 1 .1 3 E -0 5 0 .0 0 1 2 4
2 .2 7 E -0 5 0 .0 0 1 2 5

1 0 0 2 .2 7 E -0 5 0 .0 0 1 2 5 0 .0 0 1 2 5 2 .6 2 E -0 7
2 .2 7 E -0 5 0 .0 0 1 2 5
5 .1 3 E -0 5 0 .0 0 2 8 1

n 2 1 0 0 5 .1 3 E -0 5 0 .0 0 2 8 1 0 .0 0 2 7 3 1 .4 7 E -0 4
4 .6 7 E -0 5 0 .0 0 2 5 6
4 .5 6 E -0 4 0 .0 5 0 0 6

5 0 4 .5 7 E -0 4 0 .0 5 0 1 5 0 .0 5 0 2 1 1 .9 2 E -0 4

c o 2 4 .6 0 E -0 4 0 .0 5 0 4 2
9 .0 9 E .-0 4 0 .0 4 9 8 7

1 0 0 9 .0 6 E -0 4 0 .0 4 9 6 9 0 .0 4 9 9 4 2 .7 8 E -0 4
9 .1 6 E -0 4 0 .0 5 0 2 4
5 .1 3 E -0 5 0 .0 0 2 8 2

n 2 1 0 0 5 .1 3 E -0 5 0 .0 0 2 8 1 0 .0 0 2 7 3 1 .4 6 E -0 4
4 .6 7 E -0 5 0 .0 0 2 5 6
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Table A4 30 wt% MOF-199 MMMs

G a s P r e s s u r e
(p s i)

F lo w  ra te  
( c m 3/ s )

P e rm e a n c e
( G P U )

A v e r a g e  o f  
P e rm e a n c e  (G P U )

S T D E V  o f  
P e rm a n c e

2 .7 9 E -0 5 0 .0 0 3 0 6
5 0 2 .7 9 E -0 5 0 .0 0 3 0 6 . 0 .0 0 3 0 6 6 .8 2 E -0 7

n 2 2 .7 9 E -0 5 0 .0 0 3 0 6
6 .2 9 E -0 5 0 .0 0 3 4 5

1 0 0 5 .3 3 E -0 5 0 .0 0 2 9 3 0 .0 0 3 0 8 3 .2 7 E -0 4
5 .2 0 E -0 5 0 .0 0 2 8 5
1 .2 4 E -0 5 0 .0 0 1 3 6

5 0 1 .2 4 E -0 5 0 .0 0 1 3 7 0 .0 0 1 3 6 2 .7 2 E -0 7

c h 4 1 .2 4 E -0 5 0 .0 0 1 3 6
2 .4 9 E -0 5 0 .0 0 1 3 6 ~

1 0 0 2 .4 9 E -0 5 0 .0 0 1 3 6 0 .0 0 1 3 7 4 .1 5 E -0 7
2 .4 9 E -0 5 0 .0 0 1 3 7
4 .9 5 E -0 5 0 .0 0 2 7 1

n 2 1 0 0 4 .9 5 E -0 5 0 .0 0 2 7 2 0 .0 0 2 7 2 2 .1 5 E -0 6
4 .9 6 E - 0 5 0 .0 0 2 7 2
5 .3 4 E -0 4 0 .0 5 8 6 1

5 0 5 .3 3 E -0 4 0 .0 5 8 4 9 0 .0 5 8 5 7 7 .2 2 E -0 5

c o 2 5 .3 4 E -0 4 0 .0 5 8 6 1
1-0 6 E -0 3 0 .0 5 8 1 2

1 0 0 1 .0 5 E -0 3 0 .0 5 7 3 9 0 .0 5 7 7 1 3 .7 2 E -0 4
1 .0 5 E -0 3 0 .0 5 7 6 3
4 .9 6 E -0 5 0 .0 0 2 7 2

n 2 1 0 0  ' 4 .9 5 E -0 5 0 .0 0 2 7 2 0 .0 0 2 7 2 1.6 4 E -0 6
4 .9 5 E -0 5 0 .0 0 2 7 2
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Table A5 10 wt% ZIF-8 MMMs

G a s P r e s s u re
(p s i)

F lo w  ra te  
( c m 3/ s )

P e rm e a n c e
(G P U )

A v e ra g e  o f  
P e r m e a n c e  ( G P U )

S T D E V  o f  
P e rm a n c e

2 .9 8 E -0 5 0 .0 0 3 2 7
50 2 .9 8 E -0 5 0 .0 0 3 2 7 0 .0 0 3 2 7 3 .2 5 E -0 6

n 2 2 .9 8 E -0 5 0 .0 0 3 2 7
6 .0 1 E -0 5 0 .0 0 3 3 0

1 00 6 .0 0 E -0 5 0 .0 0 3 2 9 0 .0 0 3 2 9 2 .7 4 E -0 6
6 .0 0 E -0 5 0 .0 0 3 2 9
1 .1 5 E -0 5 0 .0 0 1 2 7 -

50 1 .1 5 E -0 5 0 .0 0 1 2 6 0 .0 0 1 2 6 2 .9 4 E -0 7

CFU 1 .1 5 E -0 5 0 .0 0 1 2 7
2 .3 2 E -0 5 0 .0 0 1 2 7 '

1 00 2 .2 9 E -0 5 0 .0 0 1 2 6 0 .0 0 1 2 7 8 .0 8 E -0 6
2 .3 2 E -0 5 0 .0 0 1 2 7
6 .0 0 E -0 5 0 .0 0 3 2 9

n 2 1 0 0 6 .0 0 E -0 5 0 .0 0 3 2 9 0 .0 0 3 2 9 2 .4 1 E -0 6
6 .0 0 E -0 5 0 .0 0 3 2 9
3 .3 5 E -0 4 0 .0 3 6 7 7

50 3 .3 5 E -0 4 - 0 .0 3 6 7 2 0 .0 3 6 7 4 2 .8 4 E -0 5

c o 2 3 .3 5 E -0 4 0 .0 3 6 7 2
6 .5 6 E -0 4 0 .0 3 6 0 0

1 0 0 6 .5 3 E -0 4 0 .0 3 5 8 1 0 .0 3 5 8 1 1 .8 7 E -0 4
6 .4 9 E -0 4 0 .0 3 5 6 2
6 .0 0 E -0 5 0 .0 0 3 2 9

n 2 1 0 0 6 .0 0 E -0 5 0 .0 0 3 2 9 0 .0 0 3 2 9 3 .9 7 E -0 6
5 .9 9 E -0 5 0 .0 0 3 2 8
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Table A6 20 wt% ZIF-8 MMMs

G a s P r e s s u r e
( p s i )

F lo w  ra te
( c m 3/ s )

P e rm e a n c e
( G P U )

A v e r a g e  o f  
P e r m e a n c e  (G P U )

S T D E V  o f  
P e rm a n c e

3 .6 0 E -0 5 0 .0 0 3 9 5
5 0 3 .6 0 E -0 5 0 .0 0 3 9 5 0 .0 0 3 9 5 4 .7 3 E -0 6

n 2 3 .5 9 E -0 5 0 .0 0 3 9 4
7 .2 7 E -0 5 0 .0 0 3 9 9

1 0 0 7 .2 5 E -0 5 0 .0 0 3 9 8 0 .0 0 3 9 8 4 .8 1 E -0 6
7 .2 5 E -0 5 0 .0 0 3 9 8
1 .4 8 E -0 5 0 .0 0 1 6 3 -

5 0 1 .4 8 E -0 5 0 .0 0 1 6 2 0 .0 0 1 6 2 4 .8 4 E -0 7

c h 4 1 .4 8 E -0 5 0 .0 0 1 6 2
2 .9 5 E -0 5 . 0 .0 0 1 6 2

1 0 0 2 .9 4 E -0 5 0 .0 0 1 6 2 0 .0 0 1 6 2 1 .5 2 E -0 6
2 .9 4 E -0 5 0 .0 0 1 6 1
7 .2 4 E -0 5 0 .0 0 3 9 7

n 2 1 0 0 7 .2 5 E -0 5 0 .0 0 3 9 8 0 .0 0 3 9 8 8.1  IE -0 6
7 .2 7 E -0 5 0 .0 0 3 9 9
4 .5 8 E -0 4 0 .0 5 0 2 4

5 0 4 .5 7 E -0 4 0 .0 5 0 1 5 0 .0 5 0 1 8 5 .3 0 E -0 5

c o 2 4 .5 7 E -0 4 0 .0 5 0 1 5
8 .9 0 E -0 4 0 .0 4 8 8 1

1 0 0 8 .8 3 E -0 4 0 .0 4 8 4 6 0 .0 4 8 4 7 3 .4 3 E -0 4
8 .7 7 E -0 4 0 .0 4 8 1 2
7 .2 7 E -0 5 0 .0 0 3 9 9

n 2 1 0 0 7 .2 4 E -0 5 0 .0 0 3 9 7 0 .0 0 3 9 8 1 .0 6 E -0 5
7 .2 3 E -0 5 0 .0 0 3 9 7
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Appendix B The Experimental Gas Selectivity of Dense Membrane and Mixed 
Matrix Membranes in Performance at 50 psi and 100 psi

Table B1 G a s  s e l e c t i v i t y  d e t e r m i n e d  f r o m  g a s  p e r m e a n c e  o f  U l t e m  m e m b r a n e  a n d  
M O F - M M M s  a t  p r e s s u r e s  o f  5 0  p s i  a n d  1 0 0  p s i

M e m b r a n e M O F  L o a d in g  
( w t% )

C O 2/C H 4 S e le c t iv i ty C O 2/N 2 S e le c t iv i ty

5 0  p s i 1 0 0  p s i 5 0  p s i 1 0 0  p s i

P u re  U lte m 0 2 7 .7 1 9 2 7 .6 9 6 1 0 .3 9 6 1 0 .2 6 6

M O F -1 9 9
M M M s

10 3 6 .3 9 4 3 6 .1 0 4 1 5 .8 6 7 1 5 .6 1 4

2 0 4 0 .3 6 1 4 0 .0 2 5 1 8 .5 0 1 1 8 .2 8 0

3 0 4 2 .9 1 0 4 2 .2 7 6 1 9 .1 4 5 1 8 .7 5 8

Z I F - 8
M M M s

10 2 9 .0 4 2 2 8 .2 6 1 1 1 .2 3 2 1 0 .8 7 2

2 0 3 0 .8 8 7 3 0 .0 0 8 1 2 .7 0 7 1 2 .1 7 2
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Appendix c  The Gas Permeance Predicted by Maxwell Model for MOF- 
MMMs at Pressure of 50 psi

T a b l e  C l  C o m p a r i s o n  o f  g a s  p e r m e a n c e s  f o r  M O F - M M M s  a t  p r e s s u r e  o f  5 0  p s i  
b a s e d  o n  M e x w e l l  m o d e l  a n d  e x p e r i m e n t a l  d a t a .

M O F s G a s
L o a d in g

Pc (G PU ) Pd (G PU )
Peff

w t.
f r a c t io n

voL
fra c tio n

M a x w e l l 's
m o d e l E x p e r im e n t

10 0 .1 6 8 0 .0 2 0 6 5 4 4 0 .0 3 3 1 4 0 .0 4 2 4 0
C 0 2 2 0 0 .3 1 2 0 .0 2 0 6 5 4 4 0 .0 4 8 6 9 0 .0 5 0 2 1

3 0 0 .4 3 7 0 .0 2 0 6 5 4 4 0 .0 6 8 6 2 0 .0 5 8 5 7

M O F -
199

10 0 .1 6 8 0 .0 0 0 7 4 15 0 .0 0 1 1 9 0 .0 0 1 1 6
c h 4 2 0 0 .3 1 2 0 .0 0 0 7 4 15 0 .0 0 1 7 5 0 .0 5 8 0 2

3 0 0 .4 3 7 0 .0 0 0 7 4 15 0 .0 0 2 4 6 0 .0 6 5 8 3
10 0 .1 6 8 0 .0 0 1 9 9 19 0 .0 0 3 2 0 0 .0 0 2 6 7

n 2 2 0 0 .3 1 2 0 .0 0 1 9 9 19 0 .0 0 4 7 0 0 .0 0 2 7 1
3 0 0 .4 3 7 0 .0 0 1 9 9 19 0 .0 0 6 6 2 0 .0 7 3 6 4
10 0 .1 6 8 0 .0 2 0 6 5 4 4 0 .0 3 3 1 4 0 .0 8 1 4 5

c 0 2 2 0 0 .3 1 2 0 .0 2 0 6 5 4 4 0 .0 4 8 6 9 0 .0 5 0 1 8
3 0 0 .4 3 7 0 .0 2 0 6 5 4 4 - -

10 0 .1 6 8 0 .0 0 0 7 4 15 0 .0 0 1 1 9 0 .0 8 9 2 6
Z I F - 8 c h 4 2 0 0 .3 1 2 0 .0 0 0 7 4 15 0 .0 0 1 7 5 0 .0 9 7 0 7

3 0 0 .4 3 7 0 .0 0 0 7 4 15 - -

10 0 .1 6 8 0 .0 0 1 9 9 19 0 .0 0 3 2 0 0 .0 0 3 2 7
n 2 2 0 0 .3 1 2 0 .0 0 1 9 9 19 0 .0 0 4 7 0 0 .0 0 3 9 5

3 0 0 .4 3 7 0 .0 0 1 9 9 19 - -
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