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Synthesis and Gas Separation Properties of Isocyanate-based
Soluble Polyimide Membranes

SHI En, DONG Jie, ZHAO Xin, ZHANG Qing-hua"
(State Key Laboratory of Fiber Material Modification , Donghua University, Shanghai 201620, China)

Abstract : Series of soluble polyimides (PI) gas separation membranes were successfully synthetized by using 3,
3",4,4'-benzophenonetetracarboxylic dianhydride (BTDA), tolylene-2,4-diisocyanate ( TDD), diphenylmethane-
4,4 '-diisocyanate (MDD and 1,3-bis(2-isocyanato-2-propanyl) benzene (TMDXD. It is shown that the incorpo-
ration of TMDXI has a great effect on the solubility, fractional free volume (FFV), tensile strength, and
thermal resistance of resultant PI membranes. The fracture behavior of Pl membranes transforms {rom brittle
fracture to ductile fracture, and the permeabilities of PI membranes increases for various gases attributed to

introduced TMDXI moiety, and especially, the permeability for CO, of the PI membrane containing 30 mol%

TMDXI increases 144 % in relative to the sample without TMDXI.
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Figure 1 Synthetic route of polyimides containing TMDXI
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Table 1 Synthesized PF-BMTT-z membranes with different TMDXI contents and their molecular weights and PDI
Sample MDI : TDI : TMDXI M, (10", gemol™ ") M, (10", gemol ™ ") M, /M,
PI-BMTT-0 2:8:0 16. 21 11.03 1.47
PI-BMTT-10 2:7¢+1 11. 24 7.52 1.55
PI-BMTT-20 2:6%2 9.66 7.31 1. 32
PI-BMTT-30 2+5+3 8. 79 7.26 1.21
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Table 2 Size and properties of gas molecules (25 “C )

. Critical Effective diameter =~ Molar mass
G temperature (K) (¢/nm) (g/mol)
0, 155 0. 346 32

N, 126 0. 364 28
CH, 191 0. 380 16
co, 304 0. 330 44
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Table 3 Solubility of synthesized polyimide with different TMDXI contents
Solvent
Sample

DMAc NMP THF DMF DMSO m-cresol DCM
PI-BMTT-0 — + — + — + _
PLBMTT-10 ++ ++ - o Tt ot _
PLBMTT-20 ++ ++ — T+ T+ Tt _
PIBMTT-30 ++ ++ - b4 L T _

Legend: (+ ) soluble at room temperature. () partially soluble at room temperature, soluble at 80 ‘C. (—) insoluble, deter-

mined by dissolving 10 mg film in 1 mL of solvents.
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Figure 5 Stress-strain curves (a) and detailed mechanical properties (b) of polyimide membranes
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Figure 6 Water contact angle (a) and water absorption (b) of polyimide membranes with different TMDXI contents
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Table 4  Permeability (P), diffusion coefficient (D) and solubility coefficient (S) and ideal selectivity of polyimide
membranes
Selectivity
Code Variable 0, N, CH, CO,
0,/N, C0O,/CH,
P 0.98 0. 35 0.07 2. 89 2. 80 40. 20
PI-BMTT-0 D 1. 09 0.54 0.09 2.45 2.01 27.22
S 0. 90 0.65 0.78 1.18 1. 38 1.51
P 2.11 0.95 0.13 3.49 2.22 26. 85
PI-BMTT-10 D 3. 27 2.78 0.18 4.66 1. 18 25. 88
S 0.65 0. 34 0.72 0.75 1.91 1. 04
P 2.71 1.12 0. 25 4. 26 2.42 17. 04
PI-BMTT-20 D 17.4 13.4 10. 5 16. 3 1. 30 1.55
S 0. 16 0.08 0.02 0. 26 2. 00 13. 00
P 3. 84 1. 38 0.47 7.07 2.78 15. 04
PI-BMTT-30 D 44. 1 22.5 18.9 58.2 1. 96 3.08
S 0.09 0. 06 0.02 0.12 1. 50 6. 00




S UBAE T S URR TR A T VA R BE P A B AU ) B PR

+ 1189 -

9 H
@ 10°
2008 upper bound
(o]
10% - ® PI-BMTT-0
_ = PI-BMTT-10
= P A PI-BMTT-20
@) 5 o v PI-BMTT-30
S 107 F o 0o &
&) O~ 00
< §°8
N o 000
101_ o ©
O
0

Pc,/(Barrer)

0 1 1 1 1 1 1 1
107 107* 102 107! 10° 10' 10*> 10° 10*

(b) 107

10!

@ (0,/Ny)

2008 upper bound

® PI-BMTT-0

B PI-BMTT-10
A PI-BMTT-20
V PI-BMTT-30

."P'

100 ! I 1 1 1 1

1073 102 107! 10° 100 102 10° 10*
P /Barrer

B 7 2008 Robeson &} PI-BMTT-z X} CO,/CH, (2)Fl O, /N, (b) #4316

Figure 7
PI-BMTT-z membranes

3 it

AR SCAEAL Gt P84 25 K T Wk WV e 1) KL A 1+ 4L 2R
1A TMDXI 4K, Gl i« — B 375 T & 51 A)
Pk PL. i kB9 51 A PI 43 5 B 6 NMP,
DMF S5 57 v B A H €0 10 05 il e 5 TR] B il 40
HEE 1) DT 284 S fift 238 K e B 2 T o g i DT R A AR Ry
P W 20 D 2 B Y T A RS E M R R, Y
TMDXI %144 30 mol %0 I, 4389 B i) 5 bR # 43
R B T AT 30 °C L R, 43 S M 0 i K 1 4R
fm . TMDXI .50 1 3= & 1 CH, Ml 3% 45 28090 il
TR B HERR LA P Y #E A EE A E R R
o, T Ad 2 B B CO, .CH, O, &S K13
BYERE ., 4 TMDXI &N # A 30 mol % i, 43
BIEXT CO, MBE R T 144, H T BB
P 5 WM 2 A A “ trade-of {7 B v » TMDXI #
SIAMEY B X CO, /CH, B3 8 e PEFRAT .

S E 3k

C1] &—GF, MRS, T =S ALRRHAR & 2 i o Al
X 3 [ A Ok 28 0 K TR A RZ WAL oD 0 AR IR AR
2022, 35(1), 57-59.

[ 2] Merkel, T. C.; Lin, H. Q. ; Wei, X. T.; Baker,
R. Power plant post-combustion carbon dioxide
capture: an opportunity for membranes. J. Membr.
Sci. , 2010, 359(1-2), 126-139.

[3] Yuan. S. J.; Wang, Z. ; Qiao, Z. H.; Wang. M.

M. ; Wang, J. X.; Wang. S. C. Improvement of

CO, /N, separation characteristics of polyvinyl-

amine by modifying with ethylenediamine. J.

[4]

[6]

L7]

L9]

(10]

[11]

2008 Robeson upper bound curve and CO,/CH, (a), O,/N, (b) separation performance of prepared

Membr. Sci., 2011, 378(1-2), 425-437.

Behnia, N.; Pirouzfar, V. Effect of operating
pressure and pyrolysis conditions on the perform-
ance of carbon membranes for CO,/CH, and O,/
N, separation derived from polybenzimidazole/Mat-
rimid and UIP-S precursor blends. Polym. Bull. ,
2018, 75(10), 4341-4358.

Chung, T. Development of asymmetric 6FDA-2,
6DAT hollow fiber membranes for CO,/CH, sepa-
ration Part 2. Suppression of plasticization. J.
Membr. Sci., 2003, 214(1), 57-69.

Guo, Y. L.; Jusko, V. ; Xiao, G. K. ; Hanekom,
J. 3 Hu, G. P.; Webley, P. A.; May. E. F.; Li,
G. K. Separation of He/N,/CH, ternary mixtures
by a triple-reflux swing adsorption
process. Aiche J., 2022, 68(5), 17569.

Wiheeb, A. D.; Ahmad, M. A.; Murat, M. N. ;

pressure

Kim, J.; Othman, M. R. Predominant gas trans-
port in microporous hydrotalcite-silica membrane.
Transp. Porous Media, 2014, 102(1), 59-70.
Yousef, A. M. ; Eldrainy, Y. A.; El-Maghlany.
W. M.; Attia, A. Biogas upgrading process via
low-temperature CO, liquefaction and separation.
J. Nat. Gas Sci. Eng., 2017, 45, 812-824.
Rochelle, G. T. Amine scrubbing for CO, capture.
Science » 2009, 325(5948), 1652-1654.

Yousef, A. M. I.; Eldrainy, Y. A.; El-Maghla-
ny, W. M. ; Attia, A. Upgrading biogas by a low-
temperature CO, removal technique. Alex. Eng.
J. . 2016, 55(2), 1143-1150.

Masuelli, M. A. Ultrafiltration of oil/water emul-
sions using PVDF/PC blend membranes. Desali-



* 1190 - =

2 R 1 ¢

2023 4

(12]

[13]

[14]

[15]

(16]

[17]

[18]

(19]

nation Water Treat. , 2015, 53(3), 569-578.

Lv, R.; Zhou, J.; Du, Q. G.; Wang, H. T.;
Zhong, W. Effect of posttreatment on morphology
and properties of poly(ethylene-co-vinyl alcohol)
microporous hollow fiber wia thermally induced
phase separation. J. Appl. Polym. Sci., 2007,
104(6), 4106-4112.

Widiastuti, N. ;
Salleh, W. N. W.; Ismail, A. F.; Sazali, N.

P84/7CC hollow fiber mixed matrix membrane

Gunawan, T.; Fansuri, H.;

with PDMS coating to enhance air separation per-
formance. Membranes, 2020, 10(10), 267.

Ma. X. H.; Abdulhamid. M. A.; Pinnau, 1. De-
sign and synthesis of polyimides based on carbocy-
clic pseudo-tréger’ s base-derived dianhydrides for
membrane gas separation applications. Macromole-
cules s 2017, 50(15), 5850-5857.

Liu, X. Y.; Xu, W.; Ye. G. D.; Gu. Y. Novel
aromatic polyimide fiber with biphenyl side-groups:
dope synthesis and filament internal morphology
control. Polym. Eng. Sci., 2006, 46(2), 123-
128.

Liu. G. P.; Li, N. W.; Miller, S. J.; Kim. D. ;
Yi, S. L.; Labreche, Y.; Koros, W. J. Molecu-
larly designed stabilized asymmetric hollow fiber
membranes for aggressive natural gas separation.
Angew. Chem. Int. Ed., 2016, 55(44), 13754~
13758.

Chen, M. Y.; Yang., R.; Li, P. Preparation of
defect-free hollow fiber membranes derived from
PMDA-ODA polyimide for gas separation. Chem.
Eng. Res. Des., 2022, 179, 154-161.

Hu, X. F.; Lee, W. H.; Zhao, J. Y.; Bae, ].
Y. ; Kim, J. S.; Wang, Z.; Yan, J. L. ; Zhuang,
Y. B.; Lee, Y. M. Troger’s base (TB)-contai-
ning polyimide membranes derived from bio-based
dianhydrides for gas separations. J. Membr. Sci. ,
2020, 610, 118255.

Huo, G. L.; Xu, S.; Wu, L.; Kang, S. Y.;
Zhang, Z. G.; Fan, Y. F.; Li, N. W, Structural
engineering on copolyimide membranes for im-

proved gas separation performance. J. Membr.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

Sci. » 2022, 643, 119989.

Zhuang, Y. B.; Seong, J. G.; Do, Y. S.; Jo,
H. J.; Cui, Z. L.; Lee, J. 5 Lee, Y. M. ; Guiv-
er, M. D. Intrinsically microporous soluble poly-
imides incorporating Tréger' s base for membrane
gas separation. Macromolecules, 2014, 47 (10),
3254-3262.

Yen, H. J.; Wu, J. H.; Huang, Y. H.; Wang,
W. C.; Lee. K. R.; Liou, G. S. Novel thermally
stable and soluble triarylamine functionalized poly-
imides for gas separation. Polym. Chem. . 2014, 5
(14), 4219-4226.

Wu, H. Y.; Kruczek, B.; Thibault, J. A gener-
alized model for the prediction of the permeability
of mixed-matrix membranes using impermeable fill-
ers of diverse geometry. J. Membr. Sci., 2022,
641, 119951.

Basu, S.; Khan., A. L.; Cano-Odena, A.; Liu.
C. Q.; Vankelecom, I. F. J. Membrane-based
technologies for biogas separations. Chem. Soc.
Rev. , 2010, 39(2), 750-768.

Yan, X. Y.; Dai, F. N.; Ke, Z.; Yan, K. G.;
Chen, C. H.; Qian, G. T.; Li, H. Synthesis of
colorless polyimides with high T, from asymmetric
twisted benzimidazole diamines. Eur. Polym. J. ,
2022, 164, 110975,

BRI, REM. FRAME =0 LR PI0YE 6L
B HFRAE, AR B A T 5 R, 2020, 32(1), 24-
26.

Moon, J. D.; Borjigin, H. ; Liu, R. ; Joseph, R.
M. ; Riffle, J. S.; Freeman, B. D.; Paul, D. R.
Impact of humidity on gas transport in polybenzimi-
dazole membranes. J. Membr. Sci., 2021, 639,
119758.

Gu, S.; Gao, Y.; Ren, X. Y.; Yu, J. H.; Du-
an, L. J.; Gao, G. H. The effect of methyl group
on the mechanical properties of hydrophobic associ-
ation hydrogel. J. Polym. Sci. B Polym.
Phys., 2018, 56(22), 1505-1512.

Robeson, .. M. The upper bound revisited. J.

Membr. Sci., 2008, 320(1-2), 390-400.





