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APPENDICES

Appendix A The Calculation of Gas Permeation Rate

The permeance or pressure normalized flux of component ‘i” is expressed as

a thickness normalized permeation rate, — . Permeances are expressed in gas
1

permeation units, GPU, where GPU = 1*10- cms(STP)/cm..sec.cmHg.

"P] _ Q x14.7x106
ys), = (A)x(ap)x76

Where

&g\]i permeance of gas T (GPU)

p permeability of gas ‘i’ (cms(STP).cm/cm..sec.cmHg)
6 thickness of membrane (cm)

0] volumetric flow rate of gas T (cma/sec)

A area of membrane (cm2)

Ap pressure different across membrane (psi)
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Appendix B The experimental flow rate of methane (CH.), carbon dioxide (CO.),
nitrogen (N-) and hydrogen (H) of dense membrane and mixed matrix membranes
in performance at pressure of oo psi.

Table B1 Pure Ultem membrane

p ol time
Gas (psia) (ml) ~ Min  (sec)
3863 23178
n2 10 025 38205 22923
361 23706
1620 97200
ch4 100 025 1600 96000
1500 95400
173 1038
h2 100 025 1625 975
1683 10098
585 3510
co2 100 025 602 3612
592 3552

Table B2 20% AC/MMMs

p ol time
Gas (psia) (ml)  Min  (sec)
1597 9582
n2 100 025 160 9600
16425 9855
1045 42270
chd 100 025 7112 42672
1231 43386
52 312
h2 100 025 5 300
49 2%
181 1086

co2 100 02 181 1086
182 1092

Flow rate
(ml/sec)

1.08E-05
1.09E-05
1.05E-05
2.57E-06
2.60E-06
2.62E-06
241E-04
2.56E-04
2.48E-04
1.12E-05
6.92E-05
1.04E-05

Flow rate
(ml/sec)

2.61E-05
2.60E-05
2.54E-05
591 E-06
5.86E-06
5.76E-06
8.01E-04
8.33E-04
8.50E-04
2.30E-04
2.30E-04
2.29E-04

Permeance
(GPU)

0.0004
0.0004
0.0004
0.0001
0.0001
0.0001
0.0087
0.0093
0.0090
0.0026
0.0025
0.0026

Permeance

(GPU)

0.0009
0.0009
0.0009
0.0002
0.0002
0.0002
0.0290
0.0302
0.0308
0.0083
0.0083
0.0083

Average of
Permeance
(GPU)
0.00039
0.00009

0.00900

0.00255

Average of
Permeance
(GPU)
0.00094
0.00021

0.03003

0.00833

STDEV of
Permeance

0.0000

0.0000

0.0003

0.0000

STDEV of
Permeance

0.0000

0.0000

0.0009

0.0000



Table B3 PEG/AC MMMs

P vol. time
o8 i) (ml)  Min
349.1
N2 100 025 351
3524
1514
chd 100 025 1509
1523
145
h2 100 025 151
152
312
0. 100 025 30
1283

Table B4 1,2-hutanediol/AC MMMSs

P vol. time
(psia)  (ml) Min
253
n2 100 025 2502
257.1
952
chd4 100  0.25 957
960
8.9
h2 100 0.25 8.7
8.8
20.4

100 0.25 20.3
20.2

]

(sec)
20946
21060
21144
90840
90540
91380

870

906

912

1872

1800

1698

(sec)

15180
15012
15426
57120
57420
57600
534
522
528
1224
1218
1212

Flow rate
(ml/sec)
1.19E-05
1.19E-05
1.18E-05
2.75E-06
2.76E-06
2.74E-06
2.87E-04
2.76E-04
2.714E-04
1.34E-04
1.39E-04
1.47E-04

Flow rate
(ml/sec)

1.65E-05
1.67E-05
1.62E-05
4.38E-06
4.35E-06
4.34E-06
4.68E-04
4.79E-04
4.713E-04
2.04E-04
2.05E-04
2.06E-04

Permeance

(GPU)
0.0004
0.0004
0.0004
0.0001
0.0001
0.0001
0.0204
0.0100
0.0099
0.0048
0.0050
0.0053

Permeance

(GPU)

0.0006
0.0006
0.0006
0.0002
0.0002
0.0002
0.0170
0.0174
0.0172
0.0074
0.0074
0.0075

Average of

Permeance (GPU)

0.00043

0.00010

0.01012

0.00507

Average of

Permeance
(GPU)

0.00060

0.00016

0.01717

0.00744

36

STDEV of

Permeance

0.0000

0.0000

0.0003

0.0003

STDEV of
Permeance

0.0000

0.0000

0.0002

0.0000



Table B5 1,3-butanediol/AC MMM:s

Gas (pspia)
n2 100
chd 100
h2 100
CO- 100

Table B¢ 14-butanediol/AC MMMs

Gas (pfia)
n2 100

chd 100
h2 100

co- 100

0.25

0.25

0.25

vol.

(ml)

0.25

0.25

0.25

0.25

Min
323
32
320
1182
1180
1176
122
121
11.9
28.2
21.3
28

Min
289.5
293
295
1050
1050
1050
9.1
9.5
10
24.2
24.4
23.4

time
(sec)
19380
19260
19200
70920
70800
70560
732
726
714
1692
1638
1680

time
(sec)
17370
17580
17700
63000
63000
63000
546
570
600
1452
1464
1404

Flow rate
(ml/sec)
1.29E-05
1.30E-05
1.30E-05
3.53E-06
3.53E-06
3.54E-06
3.42E-04
3.44E-04
3.50E-04
1.48E-04
1.53E-04
1.49E-04

Flow rate
(ml/sec)
1.44E-05
1.42E-05
1.41E-05
3.97E-06
3.97E-06
3.97E-06
4.58E-04
4.39E-04
4,17E-04
1.72E-04
1.71E-04
1.78E-04

Permeance
(GPU)
0.0005
0.0005
0.0005
0.0001
0.0001
0.0001
0.0124
0.0125
0.0127
0.0054
0.0055
0.0054

Permeance
(GPU)
0.0005
0.0005
0.0005
0.0001
0.0001
0.0001
0.0166
0.0159
0.0151
0.0062
0.0062
0.0065

Average of

Permeance (GPU)

0.00047

0.00013

0.01252

0.00543

Average of

Permeance (GPU)

0.00052

0.00014

0.01587

0.00630

31

STDEV of

Permeance

0.0000

0.0000

0.0002

0.0001

STDEV of

Permeance

0.0000

0.0000

0.0007

0.0001
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Table B7 2,3-butanediol/AC MMMs

p vl time Flow rate Permeance ~ Averageof  STDEV of
(psia) (M) Min (sec)  (mlfsec)  (GPU)  Permeance (GPU) Permeance
21 13260  1.89E-05  0.0007
n2 100 025 2273 13638  183E-05  0.0007 0.00068 0.0000
217 13020 1.92E-05  0.0007
8903 53418 4.68E-06  0.0002
chd 100 025 882 52920  4.72E-06  0.0002 0.00017 0.0000
900 54000 4.63E-06  0.0002
752 4512 5.54E-04  0.0201
h2 100 025 754 4524 5.53E-04  0.0200 0.02016 0.0002
7.42 4452 5.62E-04  0.0204
19.1 1146 2.18E-04  0.0079
C0> 100 025 187 1122~ 2.23E-04  0.0081 0.00796 0.0001
19.1 1146 2.18E-04  0.0079

Gas

Table Bs Selectivity at 100 psiaofMMMs

Selectivity for

Type of
membrane colchd nldchié h2n?2 coln?
Ultem 27.04 0.0005 23.10 6.54
AC 39.31 0.0011 32.06 8.89
PEG/AC 50.87 0.0005 23.50 11.78
1,2AC 47.11 0.0008 28.80 12.48
1,3AC 42.38 0.0006 26.63 11.55
14AC 43.76 0.0007 30.73 12.19

2,3AC 46.97 0.0009 29.59 11.69
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Appendix C The experimental flow rate of methane (CH.), carbon dioxide (CO.),
nitrogen (N=) and hydrogen (H.) of asymmetric membrane and mixed matrix
membranes in performance at pressure of 50 and 100 psi and 10% liquid loading
(only butanediol isomers).
Table Cl Pure Ultem membrane

pvol.  time Flow rate  Permeance  Average of ~ STDEV of

Gas | .
(psia) (m)  (ec)  (mlsec)  (GPU) Pe(r(r;anar)lce Permeance
4926 SO08E-04 00445
4932 S07E-04 00444
V0B g1 soom0s 00446 004 00001
. 4922 S08E-04  0.0445
01 124E-03  0.0451
2022 L24E03 00448
005 Lt s dos 0.045 0.000L
2015 124E03 00450
161 USSE02 13602
162 LS4E02 13518
0025 A T 1376 0.0270
» 59 15TE02 13774

6.4 3.91E-02 14161
6.6 3.79E-02 1.3732
100 0.25 6.45 3 88E-02 14051 1397 0.0183
6.5 3.85E-02 1.3943
683 3.66E-04 0.0321
682 3.67E-04 0.0321
5 025 501 3 67E-04 00322 0.032 0.0001
684 3.65E-04 0.0320
282 8.87E-04 0.0321
284 8.80E-04 0.0319
100 0.25 2815 8 89E-04 0.0322 0.032 0.0001
281 8.90E-04 0.0323
22.2 1.13E-02 0.9865
221 1.13E-02 0.9909
5 025 29 1 13E-02 0.9865 0.986 0.0036
22.3 1.12E-02 0.9821
9.6 2.60E-02 0.9441
9.2 2.72E-02 0.9851
100 0.25 05 2 63E-02 0.9540 0.959 0.0178

9.5 2.63E-02 0.9540



Table C2 20% AC/IMMMs

Gas

n?

H2

chs

€02

p

(psia)

50

100

50

' 100

50

100

50

100

vol.

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

150.5
150
149.5
149
60.3
61
59.8
65
12
13
6.7
6.9
2.85
2.84
2.9
2.76
312
3N
370.5
370
155
151
152
150.2
9.25
9.15
9.3
9.25
3.82
3.72
3.85
3.74

Flow rate
(ml/sec)

166E-03
1.67E-03
1.67E-03
1.68E-03
4.15E-03
4.10E-03
4.18E-03
3.85E-03
3.4TE-02
3.42E-02
3.73E-02
3.62E-02
8.77€-02
8.80E-02
8.62E-02
9.06E-02
6.72E-04
6.74E-04
6.75E-04
6.76E-04
1.61E-03
166E-03
1.64E-03
1.66E-03
2.70E-02
2.13E-02
2.69E-02
2.70E-02
6.54E-02
6.72E-02
6.49E-02
6.68E-02

Permeance

(GPU)

0.1455
0.1460
0.1465
0.1470
0.1503
0.1486
0.1516
0.1394
3.0416
3.0000
3.2686
3.1739
3.1800
3.1912
3.1251
3.2837
0.0589
0.0590
0.0591
0.0592
0.0585
0.0600
0.0596
0.0603
2.3676
2.3934
2.3548
2.3676
2.3125
2.4363
2.3540
2.4232

Average of

Permeance
(GPU)

0.146
0.147
3121
3.195
0.059
0.060
2311

2.396

STDEV of

Permeance

0.0006

0.0055

0.1232

0.0658

0.0001

0.0008

0.0162

0.0395
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Table C3 PEG/AC MMMs

Gas

n?

H2

chid

Co02

p

(psia)

50

100

50

100

50

100

50

100

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

293
292
296
282
113
112
111.6
1112
13.1
13.2
135
13.2
5.35
5.34
5.48
5.76
662
669
663
663
272
211
268
269
13.52
13.55
13.24
13.02
57
5.55
5.35
5.45

Flow rate
(ml/sec)

8.53E-04
8.56E-04
8.45E-04
8.87E-04
2.21E-03
2.23E-03
2.24E-03
2.25E-03
1.91E-02
1.89E-02
1.85E-02
1.89E-02
4,67E-02
4.68E-02
4.56E-02
4.34E-02
3.78E-04
3.74E-04
3.17E-04
3.17TE-04
9.19E-04
9.23E-04
9.33E-04
9.29E-04
1.85E-02
1.85E-02
1.89E-02
1.92E-02
4.39E-02
4.50E-02
4.67E-02
4.59E-02

Permeance

(GPU)

0.0747
0.0750
0.0740
0.0777
0.0802
0.0809
0.0812
0.0815
1.6717
1.6591
1.6222
1.6591
1.6940
1.6972
1.6538
15734
0.0331
0.0327
0.0330
0.0330
0.0333
0.0334
0.0338
0.0337
1.6198
1.6162
1.6541
1.6820
1.5900
1.6330
1.6940
1.6629

Average of

Permeance
(GPU)

0.075
0.081
1.653
1.655
0.033
0.034
1.643

1.645

STDEV of

Permeance

0.0016

0.0006

0.0214

0.0576

0.0002

0.0002

0.0311

0.0443

41



Table C4 1.2-butanediol/AC MMMs

Gas

n?

H2

chi

p

(psia)

50

100

50

100

50

100

50

100

vol.

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

161
163
158
157
66
67
64
65
74
1.5
74
1.3
31
31
3
3
400
415
450
420
172
173
167
168
9.3
9.6
9.9
9.7

3.9
3.9
3.8

Flow rate
(ml/sec)

1.55E-03
1.53E-03
1.58E-03
1.59E-03
3.79E-03
3.73E-03
3.91E-03
3.85E-03
3.38E-02
3.33E-02
3.38E-02
3.42E-02
8.06E-02
8.06E-02
8.33E-02
8.33E-02
6.25E-04
6.02E-04
5.56E-04
5.95E-04
1.45E-03
1.45E-03
150E-03
1.49E-03
2.69E-02
2.60E-02
2.53E-02
2.58E-02
6.25E-02
6.41E-02
6.41E-02
6.58E-02

Permeance
(GPU)

0.1360
0.1344
0.1386
0.1395
0.1373
0.1353
0.1416
0.13%
2.95%
2.9200
2.959%4
3.0000
2.9235
2.9235
3.0210
3.0210
0.0547
0.0528
0.0487
0.0521
Ry
0.0524
0.0543
0.0539
2.3548
2.2812
2.2121
2.2571
2.2657
2.3238
2.3238
2.3850

Average of
Permeance
(GPU)
0.137
0.138
2.960
2972
0.052
0.053

2.276

2.325

STDEV of

Permeance

0.0024

0.0027

0.0327

0.0563

0.0025

0.0009

0.0596

0.0487

42



Table C5 1,3-butanediol/AC MMM:s

Gas

H2

chid

Co2

p

(psia)

50

100

50

100

50

100

50

100

vol.

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

223
222
221
221
93
91
90
91
1
il
il
10
4.4
45
4.4
4.4
512
510
511
510
205
200
208
206
134
133
12.8
13
5.5
5.1
54
54

Flow rate

(ml/sec)

1.12E-03
1.13E-03
1.13E-03
1.13E-03
2.69E-03
2.75E-03
2.78E-03
2.75E-03
2.27TE-02
2.27E-02
2.21E-02
2.50E-02
5.68E-02
5.56E-02
5.68E-02
5.68E-02
4.88E-04
4.90E-04
4.89E-04
4.90E-04
1.22E-03
1.25E-03
1.20E-03
1.21E-03
1.87E-02
1.88E-02
1.95E-02
1.92E-02
4.55E-02
4.90E-02
4.63E-02
4.63E-02

Permeance

(GPU)

0.0982
0.0986
0.0991
0.0991
0.0975
0.0996
0.1007
0.0996
1.9909
1.9909
1.9909
2.1900
2.0598
2.0140
2.0598
2.0598
0.0428
0.0429
0.0429
0.0429
0.0442
0.0453
0.0436
0.0440
1.6343
1.6466
1.7109
1.6846
1.6478
1.7770
1.6783
1.6783

Average of

Permeance
(GPU)

0.099
0.099
2.041
2.048
0.043
0.044
1.669

1.695

STDEV of

Permeance

0.0004

0.0014

0.0995

0.0229

0.0001

0.0007

0.0351

0.0563

43



Table C6 14-butanediol/AC MMMSs

Gas

n?

H2

chd

€02

p

(psia)

50

100

50

100

50

100

50

100

vol.,

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

193
195
197
195
85
17
19
80
9.7
9.6
9.7
9.7
41
3.9

482
489
486
485
193
187
190
191
11.9
11.8
12.5
12.5
51

48

4.9

48

Flow rate
(ml/sec)

1.30E-03
1.28E-03
1.27E-03
1.28E-03
2.94E-03
3.25E-03
3.16E-03
3.13E-03
2.58E-02
2.60E-02
2.58E-02
2.58E-02
6.10E-02
6.41E-02
6.25E-02
6.25E-02
5.19E-04
5.11E-04
5.14E-04
5.15E-04
1.30E-03
1.34E-03
1.32E-03
1.31E-03
2.10E-02
2.12E-02
2.00E-02
2.00E-02
4.90E-02
5.21E-02
5.10E-02
5.21E-02

Permeance
(GPU)

0.1135
0.1123
0.1112
0.1123
0.1066
0.1177
0.1147
0.1133
2.2517
2.2812
2.2577
2.25117
2.2105
2.3238
2.2657
2.2657
0.0454
0.0448
0.0451
0.0452
0.0470
0.0485
0.0477
0.0474
1.8403
1.8559
1.7520
1.7520
17770
1.8881
1.8496
1.8881

Average of
Permeance
(GPU)
0.112
0.113
2.264
2.266
0.045
0.048

1.800

1.851

STDEV of

Permeance

0.0009

0.0047

0.0118

0.0463

0.0003

0.0006

0.0559

0.0524

44



Table C7 2,3-butanediol/AC MMMs

Gas

n?

H2

chid

Co02

p

(psia)

50

100

50

100

50

100

50

100

vol,

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

147
145
143
144
b1
59
63
57
15
15
1.6
15
3
2.8
2.9
2.9
430
435
435
435
170
180
185
180
10.2
10.3
104
10.5
4.2
4.2
4.4
43

Flow rate
(mlfsec)

1.70E-03
1.72E-03
1.75E-03
1.74E-03
4.10E-03
4.24E-03
3.97E-03
4.39E-03
3.33E-02
3.33E-02
3.29E-02
3.33E-02
8.33E-02
8.93E-02
8.62E-02
8.62E-02
5.81E-04
5.75E-04
5.75E-04
0.75E-04
1.47E-03
1.39E-03
1.35E-03
1.39E-03
2.45E-02
2.43E-02
2.40E-02
2.38E-02
5.95E-02
5.95E-02
5.68E-02
5.81E-02

Permeance
(GPU)

0.1490
0.1510
0.1531
0.1521
0.1486
0.1536
0.1439
0.1590
2.9200
2.9200
2.8816
2.9200
3.0210
3.2368
3.1251
3.1251
0.0509
0.0503
0.0503
0.0503
0.0533
0.0503
0.0490
0.0503
2.1470
2.1262
2.1058
2.0857
2.1578
2.1578
2.0598
2.1077

Average of
Permeance
(GPU)
0.151
0.151
2.910
3.127
0.050
0.051

2.116

2121

STDEV of

Permeance

0.0018

0.0065

0.0192

0.0881

0.0003

0.0018

0.0264

0.0471
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Table Cs Selectivity for asymmetric MMMs at 50 psi and 10% liquid loading

Type of Selectivity for
membrane  C02CH4  n2chd hn? codn?

Ultem 30.74 1.39 30.92 22.18
20 % AC 40.15 2.48 21.34 16.21
PEG + AC 49.83 2.29 21.94 21.81
12+ AC 43.71 2.63 21.59 16.60
13+ AC 38.93 2.30 20.66 16.90
14 + AC 39.90 2.49 20.15 16.03
23+ AC 4191 3.00 19.23 13.99

Table C9 Selectivity for asymmetric MMMs at 100 psi and 10% liquid loading

Type of Selectivity for
membrane coldchd ndchi h2n? co2n?

Ultem 29.86 1.40 3111 21.36
20 % AC 40.20 2.47 21.67 16.25
PEG + AC 49.00 241 20.44 20.32
12+ AC 4359 2.60 21.47 16.80
13+AC 38.29 2.24 20.62 17.07
14+ AC 38.85 2.37 20.04 16.37

23+AC 4179 2.98 20.67 14.02



47

Appendix D The experimental flow rate of methane (CH.), carbon dioxide (CO.),
nitrogen (N=) and hydrogen (Hz) of asymmetric membrane and mixed matrix
membranes in performance at pressure of 50 and 100 psi and 20% liquid loading
(only butanediol isomers).

Table D1 12-butanediol/AC MMMs

p vol.  time Flow rate  Permeance Average of STDEV of
(psia) (ml)  (sec) (ml/sec) (GPU) Permeance Permeance

(GPU)
71 146E-03  0.1281
172 145E-03  0.1273
V0B g usE0s 0.1266 o121 00006

172 1.45E-03 0.1273

n’ 1 3.52E-03 0.1276
12 3.4TE-03 0.1259
100 0.25 58 3 68E-03 01333 0.129 0.0032
10 3.5TE-03 0.1295
1.7 3.25E-02 2.8441
1.9 3.16E-02 2.7121
5 025 78 391640 ) 8077 2.799 0.0344
Ho 1.9 3.16E-02 27721
31 8.06E-02 ——
3.2 1.81E-02 2.8322
100 0.25 13 7 58E-0 27463 2.834 0.0724
3.2 1.81E-02 2.8322
445 5.62E-04 0.0492
435 5.75E-04 0.0503
50 025 138 5 71E-04 0.0500 0.050 0.0005
chi 441 5.67E-04 0.0497
184 1.36E-03 0.0493
185 1.35E-03 0.0490
100 0.25 189 L 37E-03 0.0498 0.050 0.0005
181 1.38E-03 0.0501
9.4 2.66E-02 2.3298
9.5 2.63E-02 2.3053
50 025 05 2 63E-02 2 3053 2.294 0.0410
02 9.8 2.55E-02 2.2347

4 6.25E-02 2.2657
41 6.10E-02 2.2105
100 0.25 ! 6.25E-07 22657 2.252 0.0276

6.25E-02 2.2657



Table D2 1,3-butanediol/AC MMM:s

Gas

n2

H2

CH,

o2

p

(psia)

50

100

50

100

50

100

50

100

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

242
248
240
241
99
100
96
98
115
124
12.2
12.3
4.7
5.2
51
4.7
541
544
535
540
225
223
221
222
126
13
129
13
55
55
5.25
5.2

Flow rate

(ml/sec)

1.03E-03
1.01E-03
1.04E-03
1.04E-03
2.53E-03
2.50E-03
2.60E-03
2.55E-03
2.17E-02
2.02E-02
2.05E-02
2.03E-02
5.32E-02
4.81E-02
4.90E-02
5.32E-02
4.62E-04
4.60E-04
4.67E-04
4.63E-04
1.11E-03
1.12E-03
1.13E-03
1.13E-03
1.98E-02
1.92E-02
1.94E-02
1.92E-02
4.55E-02
4.55E-02
4.76E-02
4.81E-02

Permeance

(GPU)

0.0905
0.0883
0.0912
0.0909
0.0915
0.0906
0.0944
0.0925
1.9043
1.7661
1.7951
1.7805
1.9283
1.7429
17770
1.9283
0.0405
0.0403
0.0409
0.0406
0.0403
0.0406
0.0410
0.0408
1.7381
1.6846
1.6977
1.6846
1.6478
1.6478
1.7263
1.7429

Average of

Permeance
(GPU)

0.090
0.092
1.812
1.844
0.041
0.041
1701

1.691

STDEV of

Permeance

0.0013

0.0016

0.0630

0.0982

0.0003

0.0003

0.0253

0.0506
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Table D3 14-butanediol/AC MMM:s

Gas

n?2

H2

chd

p ol
(psia) ~ (ml)
50 0.25
100 0.25
50 0.25
100 0.25
50 025
100 0.25
50 0.25
100 0.25

time
(sec)

212
209
211
207
85
86
84.5
86.5
101
9.8
10.2
10
4.22
4.2
413

485
489
495
490
203
198
201
202
12
121
12
12.2
48
51

Flow rate

(mlfsec)

1.18E-03
1.20E-03
1.18E-03
1.21E-03
2.94E-03
2.91E-03
2.96E-03
2.89E-03
2.48E-02
2.55E-02
2.45E-02
2.50E-02
5.92E-02
5.95E-02
6.05E-02
6.25E-02
5.15E-04
5.11E-04
5.05E-04
5.10E-04
1.23E-03
1.26E-03
1-24E-03
1.24E-03
2.08E-02
2.07E-02
2.08E-02
2.05E-02
5.21E-02
4.90E-02
5.00E-02
5.00E-02

Permeance

(GPU)

0.1033
0.1048
0.1038
0.1058
0.1066
0.1054
0.1073
0.1048
2.1683
2.2341
2.1470
2.1900
2.1476
2.1578
2.1944
2.2657
0.0452
0.0448
0.0442
0.0447
0.0446
0.0458
0.0451
0.0449
1.8250
1.8099
1.8250
17951
1.8881
17770
1.8126
1.8126

Average of

Permeance
(GPU)

0.104
0.106
2.185
2.191
0.045
0.045
1.814

1.823

STDEV of

Permeance

0.0011

0.0011

0.0375

0.0535

0.0004

0.0005

0.0143

0.0468

49



Table D4 2,3-butanediol/AC MMMs

Gas

n?

H2

chd

p

(psia)

50

100

50

100

50

100

50

100

vol.

(mi)

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

162
163
158
160
66
67
*65
65
1.75
1.6
1.65
1.7
31
3.2

421
420
418
422
171
165
168
176
9.5
9.7
9.8
9.9
41
3.9
3.95
3.85

Flow rate
(ml/sec)

1.54E-03
1.53E-03
1.58E-03
1.56E-03
3.79E-03
3.73E-03
3.85E-03
3.85E-03
3.23E-02
3.29E-02
3.27E-02
3.25E-02
8.06E-02
1.81E-02
8.33E-02
8.33E-02
5.94E-04
5.95E-04
5.98E-04
5.92E-04
1.46E-03
1.52E-03
1.49E-03
1.42E-03
2.63E-02
2.58E-02
2.55E-02
2.53E-02
6.10E-02
6.41E-02
6.33E-02
6.49E-02

Permeance
(GPU)

0.1352
0.1344
0.1386
0.1369
0.1373
0.1353
0.1394
0.1394
2.8258
2.8816
2.8627
2.8441
2.9235
2.8322
3.0210
3.0210
0.0520
0.0521
0.0524
0.0519
0.0530
0.0549
0.0539
0.0515
2.3053
2.2577
2.2347
2.2121
2.2105
2.3238
2.2944
2.3540

Average of
Permeance
(GPU)
0.136
0.138
2.854
2.949
0.052
0.053

2.252

2.296

STDEV of

Permeance

0.0019

0.0020

0.0240

0.0907

0.0002

0.0015

0.0398

0.0618

50



Table D5 Selectivity for asymmetric MMMs at 50 psi and 20% liquid loading

Type of Selectivity for
membrane coldchd nldchd h2n2 co2n?

Ultem 30.74 1.39 30.92 22.18
20 % AC 40.15 2.48 21.34 16.21
PEG + AC 49.83 2.29 21.94 21.81
12+AC 46.06 2.56 21.98 18.01
13 +AC 41.95 2.22 20.08 18.85
14+ AC 40.56 2.33 20.93 17.37
2,3+AC 43.22 261 20.94 16.53

Table Ds Selectivity for asymmetric MMMs at 100 psi and 20% liquid loading

Type of Selectivity for
membrane coldchd nldchid h2n?2 co2n?

Ultem 29.86 1.40 3111 21.36
20 % AC 40.20 2.47 21.67 16.25
PEG + AC 49.00 2.41 20.44 20.32
12+AC 45.47 2.61 21.95 17.45
13 +AC 41.56 2.27 19.99 18.33
14+ AC 40.42 2.35 20.67 17.19

2,3 +AC 43.04 2.58 21.39 16.65
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Appendix E The experimental flow rate of methane (CH4), carbon dioxide (CQv),
nitrogen (N2) and hydrogen (H.) of asymmetric membrane and mixed matrix
membranes in performance at pressure of 50 and 100 psi and 30% liquid loading
(only butanediol isomers).
Table EI 1,2-butanediol/AC MMMs

p vol. time Flowrate Permeance  Averageof  STDEV of

Gas .
(psia) (ml) (sec)  (mlsec)  (GPU) Pe(r(r}anﬁ?ce Permeance
1892 L3E-03  0.1157
1803 LRE03  0.1157
V0B g im0z 01163 0118 00006
N 1905 131603 0.1150
782 320E03  0.1159
795 3U4E-03  0.1140
W 025 S 0.116 0.0013
779 32103 0.1163
85  204E02 25765
83  30LE-02 26385
0025 L Sl e 2631 0.0544
» 81 3.09E-02 27037
32 TRLE-02 2832
37 6J6E-02 24494
o0 05 S el 2,636 0.1821
33 758E-02 27463
458 GA6E-04  0.0478
455  GA9E-04  0.048L
50 025 155 5 49E-04 0.0481 0.048 0.0002
» 455 SA9E-04  0.0481
185 135E-03 00490
185 135E-03  0.0490
I 0.049 0.0000
15 135E-03 00490
95  263E-02 23053
96  260E-02  2.2812
0025 0y ey 9908 2.305 0.0198
95  263E-02 23083
€02

3.9 6.41 E-02 2.3238
3.9 6.41 E-02 2.3238
100 0.25 19 6.41 E-02 23238 2.309 0.0290

4 6.25E-02 2.2657



Table E2 1,3-butanediol/AC MMMs

Gas

H2

chd

€02

p ol
(psia) - (ml)
5 025
100 0.25
50 0.25
100 0.25
5 025
100 0.25
5 025
100 025

time
(sec)

260.3
268.2
264.4
262.9
102.8
101.7
102.5
104.3
12.6
127
126
12.9
4.55
54
5.2
48
544
542
547
540
222
224
220.5
213
12.5
12.8
127
13
53
53
53
51

Flow rate
(ml/sec)

9.60E-04
9.32E-04
9.46E-04
9.51E-04
2.43E-03
2.46E-03
2.44E-03
2.40E-03
1.98E-02
1.97E-02
1.98E-02
1.94E-02
5.49E-02
4,63E-02
4.81E-02
5.21E-02
4.60E-04
4,61 E-04
4.57E-04
4.63E-04
1.13E-03
1.12E-03
1.13E-03
1.17E-03
2.00E-02
1.95E-02
1.97E-02
1.92E-02
4.72E-02
4.72E-02
4.72E-02
4.90E-02

Permeance
(GPU)

0.0841
0.0817
0.0828
0.0833
0.0882
0.0891
0.0884
0.0869
1.7381
1.7244
1.7381
1.6977
1.9918
1.6783
1.7429
1.8881
0.0403
0.0404
0.0400
0.0406
0.0408
0.0405
0.0411
0.0425
1.7520
1.7109
1.7244
1.6846
1.7100
1.7100
1.7100
17770

Average of
Permeance
(GPU)
0.083
0.088
1.725
1825
0.040
0.041

1.718

1727

STDEV of

Permeance

0.0010

0.0009

0.0191

0.1415

0.0002

0.0009

0.0281

0.0335
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Table E3 14-butanediol/AC MMM:s

Gas

n?2

H2

chd

€02

p ol
(psia) ~ (ml)
50 0.25
100 0.25
5 0.5
100 025
5 0.5
100 025
50 0.5
100 0.25

time
(sec)

222
224
228
208
89.5
88.4
89.6
87.2
105
10.2
108
10.5
4.37
4.48
4.35
4.15
532
525
528
527
211
212.5
210
222
121
117
12
12
4.7
4.8
5
51

Flow rate
(ml/sec)

1.13E-03
1.12E-03
1.10E-03
120€-03
2.19E-03
2.83E-03
2.19E-03
2.87E-03
2.38E-02
2.45E-02
2.31E-02
2.38E-02
5.712E-02
5.58E-02
5.75E-02
6.02E-02
4.70E-04
4.76E-04
4.73E-04
4.T4E-04
1.18E-03
1.18E-03
1.19E-03
1.13E-03
2.07E-02
2.14E-02
2.08E-02
2.08E-02
5.32E-02
5.21E-02
5.00E-02
4.90E-02

Permeance
(GPU)

0.0986
0.0978
0.0961
0.1053
0.1013
0.1025
0.1011
0.1039
2.0857
2.1470
2.0278
2.0857
2.0739
2.0230
2.0834
2.1838
0.0412
0.0417
0.0415
0.0416
0.0430
0.0426
0.0432
0.0408
1.8099
1.8718
1.8250
1.8250
1.9283
1.8881
1.8126
17770

Average of
Permeance
(GPU)
0.099
0.102
2.087
2,001
0.041
0.042

1.833

1.852

STDEV of

Permeance

0.0040

0.0013

0.0487

0.0673

0.0002

0.0011

0.0269

0.0690

o4



Table E4 2 3-butanediol/AC MMMs

Gas

n?2

H2

chd

Co02

p

(psia)

50

100

50

100

50

100

50

100

0.25

0.25

0.25

0.25

0.25

0.25

0.25

time
(sec)

180.5
176.5
179.2
178.3
113
12.4
13.6
11.2
8.32
8.15
8.35
8.3
3.22
3.25
3.35
3.25
451
450
457
448
180
182
185
181
9.4
9.8
9.8
9.7
3.9

Flow rate
(mlfsec)

1.39E-03
1.42E-03
1.40E-03
1.40E-03
3.51E-03
3.45E-03
3.40E-03
3.51E-03
3.00E-02
3.07E-02
2.99E-02
3.01E-02
1.16E-02
71.69E-02
1.46E-02
7.69E-02
5.54E-04
5.56E-04
5.4TE-04
5.58E-04
1.39E-03
1.37E-03
1.35E-03
1.38E-03
2.66E-02
2.55E-02
2.55E-02
2.58E-02
6.41E-02
6.25E-02
6.25E-02
6.25E-02

Permeance
(GPU)

0.1213
0.1241
0.1222
0.1228
0.1271
0.1252
0.1231
0.1273
2.6322
2.6871
2.6227
2.6385
2.8146
2.1886
2.1053
2.1886
0.0486
0.0487
0.0479
0.0489
0.0503
0.0498
0.0490
0.0501
2.3298
2.2347
2.2347
2.2571
2.3238
2.2657
2.2657
2.2657

Average of
Permeance
(GPU)
0.123
0.126
2.645
2.774
0.049
0.050

2.264

2.280

STDEV of

Permeance

0.0012

0.0019

0.0287

0.0476

0.0004

0.0006

0.0450

0.0290

55
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Table E5 Selectivity for asymmetric MMMs at 50 psi and 30% liquid loading

Type of Selectivity for

membrane codchd  nlchd h2n 2 codn?
1,2AC 47.98 241 22.75 19.93
13AC 42.62 2.06 20.78 20.70
1,4AC 4419 2.40 20.98 18.43
2,3AC 46.68 2.53 21.57 18.47

Table Es Selectivity for asymmetric MMMSs at 100 psi and 30% liquid loading

Type of Selectivity for

membrane codchd ndchd h2n 2 coln?
12AC 47.14 2.36 22.76 19.94
1,3AC 41.88 2:14 20.71 19.59
1,4AC 43.67 241 20.46 18.11

2,3AC 45.79 2.52 22.07 18.14



Appendix F Other Summary Tables.

Table F1 %liquid loading at 50 psia for MMMSs

C02Permeance (GPU) at 50 psi

% liquid loading 19AC 13AC LIAC 23AC

10 2.281 1,669 1.800 2.116
20 2.294 1701 1.814 2,052
30 2.305 1718 1,833 2.264
40 : : - :

Table F2 Energy between hydroxyl group in each type of glycol isomers.

Type of diol isomers Enthalpy (J*kg*mol-2)

1,2ED 370
1,2PD 590
138D 750
1,4BD 780
2,38D 820

1,2BD 900
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