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Abstract: Due to their outstanding heat resistance, chemical stability, membrane formation and mechanical pro-
perties as well as highly designable structures, polyimides (Pls) are a promising class of high-performance
membrane materials for advanced gas separation applications. However, traditional polyimides are often insolu-
ble and infusible, and show low permeability, physical aging and plasticization behavior, limiting their applica-
tions in membrane-based gas separation in industrial scale. Polyimides with intrinsic microporosity (PIM-Pls)
exhibited improved gas separation performance as compared with the traditional PIs, while maintaining excellent
heat resistance, good film formation and solution-processing ability. As a result, PIM-Pls have great potential in
membrane-based gas separation applications. In this review, combined with the author’s research work,
synthetic routes of various polyimides for gas separation membranes are reported, the influence of chemical
structure (e. g. , monomers), aggregated structure (e. g. , free volume fraction), and membrane preparation
methods on gas separation properties of the resulting Pls are clarified. Further, the modification methods inclu-

ding copolymerization, blending, and crosslinking of Pls in applications for membrane-based gas separation are
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discussed. Also, an outlook for the future direction of research and development of polyimides for membrane-

based gas separation and their advanced applications are also presented.

Keywords: Polyimide; Gas separation; Membrane; Intrinsic microporosity; Modification
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Figure 1
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Table 1 Single gas permeability (P) and ideal selectivity (a) for the traditional polyimides

T, %% R, P(Barrer) AR, o
PI FFV
“C) H, N, 0, CH, co, 0,/N, H,/CH, CO,/CH, CO,/N,
PMDA-ODAM / 0.108 / 0.0256 0.171 0.0183 0.858 6.68 / 46. 89 33.52
PMDA-MDAM / 0. 069 / 0.0327 0.205 0.0223  0.99 6. 27 / 44. 39 30. 28
PMDA-MDX! / 0.126 / 7.08 27. 4 8. 21 97. 6 3.87 / 11. 89 13.79
6FDA-ODAM 294 0.173 / 0.516  2.93  0.273  13.8 5. 68 / 50. 55 26. 74
6FDA-ODAM 304 0.164 / 0.835  4.34  0.380 23 5.2 / 60. 5 27. 54
6FDA-MDA" 296 0.155 / 0.563 3.15 0.321 15.1 5. 60 / 47.04 26. 82
6FDA-MDA' 304 0.160 / 0.807  4.60  0.429  19.3 5.7 / 44.9 23.92
6FDA-IPDA 310 0.168 / 1.345  7.53  0.699  30.0 5. 60 / 42.9 22.3
6FDA-6Fp DA™ 320 0.190 / 3.47  16.3  1.602  63.9 4.70 / 39.9 18. 4
6FDA-MDX " 306 0.164 / 2.13  10.3 1.45  43.9 4. 84 / 30. 28 20. 61
6FDA-p-BFO! 366 0.170 95 1.98 10 1.06 47 5.11 48 44 24
6FDA-m-BFO 306 0. 165 68 0.79 4.75 0.41 18 6. 02 86 44 23
6FDA-p-BOA! 357 0.153 69 0.98  5.61 0.54 25 5.71 70 46 25
6FDA-m-BOA 317 0.164 80 0. 89 5.59 0.43 19 6. 31 90 44 21
6FDA-¢ P1-? / 0.199 157 9.3 33 9.83 213 3.55 16.9 21.7 22.9
6FDA-TEA-¢SP1"*"” / 0.148  58.1 1.87  8.19 1.58  52.2 4.37 31 33 27.9
6FDA-TEA-p SPIH"] / 0.133  28.8  0.64  2.63  0.32 14 4.11 45 44 21.9
6FDA-TEA-m SPI-**1 / 0.119  21.8 0.47 2.3 0.37  13.06 4. 94 46. 89 35.4 28
6FDA-DATPA] 307 0.170 54 1.12 6 0. 68 23 4.8 80 34 20
BPDA-DATPA?] 330 0.132  14.7  0.201  1.19  0.165 4.7 6.1 89 28 23
BTDA-DATPAM 292 0.133  12.7  0.129  0.86  0.093 3.3 6 140 35 26
ODPA-DATPA™ 288  0.141  11.6 0.112  0.76  0.085  2.88 6.5 140 34 26
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Figure 2 Separation performance of the conventional polyimides (shown in Table 1) for (a) CO,/CH,, (b)
CO,/N,, (¢) H,/CH, and (d) O,/N, gas pairs (solid lines represent the 2008 Robeson upper bound)
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Figure 3 Monomer structures and synthetic routes of PIM-PIs and PI-TBs
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CO,), 6FDA %: 1 PI-TB-1 M VA BE 2505
BTDA %1% PI-TB-2 B3k % 8 L Fr & 9 8
AP B EHTIEET XY PETB-1 MX T PI-
TB-2 WAMAKRBE RN EZ AN F A bk
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Table 2 Single gas permeability (P) and ideal selectivity (a) for PI-TBs

B %R H . P(Barrer)

BN, o

PI - T, FFV

H, N, 0, CH, €O, 0,/N, H,/CH, CO0,/CH, CO,/N,
PI-TB-N''2)  NTCDA-DPD  >400 0.188 1156 39 185 38 731 1.7 31 19 19
PI-TB-1%" 6FDA-DPD 425 0.223 607 31 119 27 457 3.83 22 17 15
PI-TB-1"% 6FDA-DPD / 0.19 184 10 39 11 201 3.8 16 18 20
PI-TB-6'" BPDA-DPD 159 0.189 155.5 4.92 21.7 5.77 104.5 1.41 26. 96 18.12 21.25
PL-TB-9*) 3,4-BPDA-DPD  >>400 / 181.7 5.67 25.17 4.87 110.1 1. 44 37.3 22.6 19. 42
PI-TB-2°" BTDA-DPD 438 0.215 134 2.5 14 2.1 55 5.48 64 26 22
PI-TB-2"% BTDA-DPD / 0.164 77 1.8 9 1.6 37 5.1 48 23 21
PI-TB-7-'% ODPA-DPD =424 / 211.3 6.4 28.7 5.5 112 1.5 38.58 20. 4 17.5
PI-TB-8M"  3,4-ODPA-DPD 425 / 126 2.52  13.7 2.04 53.7 5.5 61.9 26. 4 21.3
PI-TB-3*% 6FDA-DAT 395 0.2 299 9.5 42 6.7 218 1.5 44. 8 32.7 22.9
PI-TB-12% 3.4'-BPDA / / 110.1 2.22 12.3 1.68 57.3 5.53 65.5 34.1 25. 8
PI-TB-51*% BTDA-DAT 419 0.17 53.8 1.9 4.9 1.7 19.6 2.6 31.6 11.5 10.5
PI-TB-4"" ODPA-DAT 402 0. 181 40 1.3 3.5 1 13.5 2.8 10 13.5 10. 8

H B BERELP (Barrer), 10" em’ (STP) /(emescemHg) ; FUAHESEN: ,a =P /Py

s U EAL R R AR B
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Figure 4 Separation performance of PI-TB membranes shown in Table 2 for (a) CO,/CH, ., (b) CO,/N,, (¢) H,/CH,

and (d) O, /N, gas pairs (solid lines represent the 2008 Robeson upper bound)
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Table 3 Single gas permeability (P) and ideal selectivity («) for the polyimides modified by copolymerization and blending

B &R, P(Barrer)

HAE LR, o

" H, N, 0, CH, Co, 0,/N, H,/CH, CO,/CH,  CO,/N,
e R i
R-OH-PIa"® 57 1 4.4 0. 27 19 4.4 202 65 19
B-OH-Pla"™® 53 0.7 4.6 0.34 18 6.4 154 53 26
R-OH-PIb"* 51 0.6 3.9 0.23 15 6.3 220 65 25
B-OH-PIb-* 60 0.8 4.9 0. 27 19 6.1 222 70 24
CoPI-TB-117] 249 7 34 7 158 4.8 36 23 23
CoPL-TB-2M" 403 10. 2 53 10.1 209 5.2 40 21 20
CoPI-TB-3™ 371 9.5 47 8.9 196 4.9 42 22 21
CoPI-TB-41" 667 19.9 96 17.9 241 4.8 37 14 12
CoPI-TB-57] 334 10. 4 48 11. 4 228 4.6 29 20 22
CoPI-TB-6"17) 472 16. 4 73 19 330 4.5 25 17 20
Ac-CoPI-TB-11% 1826 81 331 85 1366 4.1 22 16 17
Ac-CoPI1-TB-211% 1125 33 166 33 555 5 35 17 17
Ac-CoPI-TB-3M1% 579 23 92 22 377 4 27 17 16
Ac-CoPI-TB-411% 252 10 38 10 203 3.7 24 19 20
Matrimid® 52181 22.8 0.19 1. 63 0.17 8. 62 8. 54 134.1 50. 6 45.3
PIM-EA(H,)-TB" 1630 62.8 350 77.6 1380 5.57 21 17.7 21. 9
Blend membranes™"”! 328 6. 83 41 9.14 198 6 35.9 21. 6 29

T BB RELP (Barrer), 107 em®(STP) /(emes+emHg) 5 BARZESEE ,a =P /P,

LA E &R FFV X B FiE4 CO, 5 CH, 4
B AR E A 5 () B, 1
IR W e Tl T K e L AT B PT AR R, Bl AV
HERL A ] £ B A7 4B ¥ Ik 3 Wk W i (R-OH-Pla,
R-OH-PIb.B-OH-Pla.B-OH-PIb) , 7E 400 °C fi¥#4
FHER AL EL R, GE K 45490 1 A A R L ik 2 i
TP E A SR B REYY . % R-OH-Pla
(P (H,)=757 Barrer,a (CO,/CH,) = 65) # &
2 h J5 I BB R-TR-PBOIa-2h 19 P (H,) 2/ 191
Barrer,a (CO,/CH,) N 42, % R AL = 23T 4
L BT R 1/3.

WE 6 s, FIL A BPDA 5 DPD & Al &5 ik
Y T 1 I LA, B At = R -9, 9- XL (4-
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M6 4 YRR Z A RS TB 45 1 R 51 3
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BREMB AL FEEWEER 3 raa, IR 2 0T
B LA T BPDA PR PI-TB-6 i 10 <K 53 &

BN B BE A A 25 B e 0 R R A Y
CoPI-TBs 5% Z BN W34 . i, & 40%
FDA i CoPI-TB-2 () P (H,) & 403 Barrer, %] J&
PI-TB-6(P (H,) =155. 5 Barrer) i 2. 6 ff%. lbL &%
204 FDA 1y CoPI-TB-1(P (H,) =249 Barrer) &
T 154 Barrer, S53FRWI, Z5HEA 51 AME TA K
{14 (1) S 8D AT T S %) PN % L L 3% T P
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F5E b BROE rh s BR 68 HE — 20 BRI 4y 18k Y i
By o DT 5 B 00 AR o B PR RE . A2k
Jiz He B AR ] BE L 6 F CO, 3838 1 19 IF g SBE >
FDT>FDA., i it o] 0L 4 BT K 77 2 4 ity A% B o
5 118 DI 45 ) 4 S SEMORE T B g 1) 0B RO

TE & A% IR Bl L (Troger’s Base, TBY W) H A
Tl PL 2 W6 WV g 2 % I 3 o 3 3R 5 A W iR A B
(BTA J CBDA #4407 Fim) ., A 2k &
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I i B #2115 (8 (keale mol ™) FI (d) B & e /NI 9 T8 /777 (2016 The Royal Society of Chemistry JRAYVFT])
Figure 6 (a) Synthesis of TB-based copolyimides; (b) Energy-minimized chain conformations of the FDT-based co-

polyimide CoPI-TB-4; (¢) The calculated values of the energy barrier (kcalemol™") for the changes in the highlighted
bonds over the 360° range, and (d) the optimal dihedral angles (degrees) from their resulting optimized geometries

(Reprinted with permission from Ref. [47]; Copyright 2016 The Royal Society of Chemistry)
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7 TBREE ISR HEB B K (Ac-CoPI-TB-x: Ac-CoPI-TB-1, Ac-CoPI-TB-2, Ac-CoPI-TB-3, Ac-CoPI-TB-4) 1y &

812 (2020 Elsevier B. V. RAGFTT)

Figure 7 Synthesis of TB-based alicyclic and aromatic copolyimides (Ac-CoPI-TB-x: Ac-CoPI-TB-1, Ac-CoPI-TB-2,
Ac-CoPI-TB-3, Ac-CoPI-TB-4) (Reprinted with permission from Ref. [12]; Copyright 2020 Elsevier B. V.)
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(a) H,/CH,, (b) H,/N,, and (¢) H,/CO, separation performance for Ac-CoPI-TB-x.
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Solid lines indi-

cate the 2008 Robeson upper bound. (Reprinted with permission from Ref. [12]; Copyright 2020 Elsevier B. V.)
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Figure 9 High temperature mixed gas performances of
Ac-CoPI-TB-2 and PI-TB-N (Reprinted with permis-
sion from Ref. [12]; Copyright 2020 Elsevier B. V.)
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