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Table 1  Asymmetric membranes prepared with different conditions
PN = e = e = TIE =
ws e e b asos WEESC VR
PI-1 15 79 6 0 25 300
PI-2 20 74 6 0 25 300
PI-3 25 69 6 0 25 300
PI-4 25 64 10 1 25 300
PI-5 25 61 10 4 25 300
PI-6 25 59 15 1 25 300
PI-7 25 56 15 4 25 300
PI-8 25 59 15 1 35 300
PI-9 25 59 15 1 45 300
PI-10 25 59 15 1 55 300
PI-11 25 59 15 1 45 200
PI-12 25 59 15 1 45 100
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Fig. 8 Cross-sectional SEM views (a) PI-1; (b) PI-2; (¢) PI-3 and enlarged

views of flat films prepared with different solid contents
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Fig. 9 Cross-sectional SEM images (a) PI-4; (b) PI-5; (¢) PI-6; (d) PI-7 and enlarged images
of flat films prepared with different additives
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Fig. 10  Cross-sectional SEM views of (a) PI-6; (b) PI-8; (¢) PI-9; (d) PI-10 and

enlarged views of flat film prepared at different coagulation bath temperatures
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Fig. 11  Cross-sectional SEM views (a) PI-9; (b) PI-11; (¢) PI-12 and

their enlarged views of flat films prepared with different scraper thicknesses
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Table 2 Intrinsic O, /N, separation performance
of 6FPDM membrane

N, O, a0, N,
P 55. 8 214 4.0
D 18. 4 50. 5 2.7
S 3. 26 4. 24 1.3

F: P & %, Barrer (1 Barrer=10"" cm® « cm
em 2 es e emHg V) DAY EIRE10 S em? « s ;S K
HIREZE0,1077 eom® » em?

2.6 PIEEMIRFESRNSESELRE
3 AN TR A S AT B B ARG 40
PERE.

» emHg ',

A3 RFEAF AR &0 BLaG o B
Table 3 Separation performance of membranes

with different solid contents

G O, i ft/GPU a0, N,
PI-1 97.1 1.2
PI-2 39, 2 2.8
PI-3 21.7 4.2

#F:1 GPU=10"°[cm® (STP)/(em® X s X ecmHg) .
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AR5 B, 28 K2 2 IR B s/ N A i F oL AR th &
ol 5 S R 0 1 DR AL A R PRI e R Dy
B SRR T £0d PDMS i3 B 18 4h 5 v
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Table 4 Separation performance of the membranes

with different additive loading

HE O,/GPU*  ao,n, 53 O,/GPU* IREBL ao,

PI-4 26.9 2.6 21.4 4.8
PI-5 31.2 1.8 25.6 3.9
PI-6 47.1 3.6 38.1 4.9
PI-7 32.4 3.6 24.3 4.8

a i, 7 1 GPU==10°[em’ (STP)/(em + s
emHg) .

5 AR BE [ T T BE T B ] o A R ) AR
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Table 5 Separation performance of membranes

at different coagulation bath temperatures

45 O,/GPU*

ao, N, W O, /GPU* % ao, v,

PI-6 47.1 3.6 38.1 4.9
PI-8 50.1 3.1 41.7 4.5
PI-9 39.6 3.6 33.0 5.0
PI-10 38.1 3.7 29.7 5.1

a. W, A 1 GPU==10 *[cm’ (STP)/(cm « s »
emHg) 1.

& 6 JEAN ] ) T JEE B T T o 4% 1 B A s
AE . AT LAt BT 0 JEE B8, il il S ) % A R 5
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HitE st K, PI-12 g9 O, k3] 17 113
GPU., B T R B ki . HL7E v Tk 356 [0 vh A
WAL R PR ) A A B L (B 2 IR B B AN S
VEPEMEPT AR E] 4. 3, FLIE AU 20 %6 LA AR 5K
A 96.9 GPU, X & T 72 SRS 5 1 12
5T RH 7 A8/ 0N s BT DAGE S K Xt AT R B[R X
PR RS () A% SO B 7 2 Fh S 4% )23 o 2o U )23 R B 23 A [ e
JEY. FE 100 pm &1 7], 45 °C 2644 Prifil A 5 B bf
)38 12 R AL B S B T ZE 200 e 1) 0 FI1E L
RS BRI BT ) 4 IS e A e R (HL G

i PI-12.
2.7 PIEHIRIREWIEEE
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Table 6 Separation performance of films with

different scraper thicknesses

%5 O./GPU*

QAO, /N, %wHE O, /GPU* W a0, /N,

PI-9 39.6 3.6 33.0 5.0
PI-11 96. 8 2.9 81.2 4.8
PI-12 113 2.6 96.9 4.3

a @, i 1 GPU==10 °[em’ (STP)/(cm + s *
emHg) .
k7 EALAS d A5 B R

Table 7 Performance of membranes aged for 45 days

s O, /GPU Ji ao, N, 34k O,/ GPU* &4k ao, v,

PI-9 33.0 5.0 19.9 5.1
PI-11 81.2 4.8 62.0 5.3
PI-12 96. 9 4.3 81.4 4.5

a il &, A7 1 GPU==10 ‘[cm’ (STP)/(cm * s
cmHg) .

e 8 JRARTCHI A 1Y PT RS FR AN A 5 5 3C
AR R IE 9 ER 73 PIM - PT AR X FR 48/ A0 8
PERERXT L. Z5 B, 6FPDM & — i A 25 ¢ 5 3
BN RAEWARR, Hrp PI-12 RSB REFH T
113 GPU, % #5114 90 GPU Lk, HA/ A/
WPV IR B T 4. 3, HHTAMRIE 1 TAEH L. 1%
B WA e A 4R b e I A% 5 SR Tt I
R B A R

& 8 PI-12 898/ R B Ak L UHR A1t

Table 8 Comparison of O, /N, separation

performance of PI-12 with some reported membranes

WEbEE Po, /GPU'  ann,  BEXHE
PI-12 96.9 4.3 NI
6FDA-PMDA/PDMS 39 3.5 [24]
6FDABAPAF/PDMS 4.8 3.9 [24]
6FDA-DAP/PDMS 6.5 4.9 [25]
6FDA-DABA/PDMS 4.8 5.2 [25]

a @i, i 1 GPU==10 °[cm’ (STP)/(cm + s *
emHg) .



.« 28 . R 5 H A A4
2.8 Pl fEEREHZFEERE 104 103195,
B 12 HAF AT B 2R B, o] IR, [4] Sharpe I D, Ismail A F, Shilton S J. A study of extru-

TEFE AR R & om A TCHLER J5 S R R
Tt R 5 8RR BT i) PI-1 (1% 10 MPa
FJFE PI-6 (4 25 MPa, B2 KRt iy 4% T+
Z 1%, S H 100 pm A E T il 5 B BEATS SR A
FRUE SR F1 24 PR SR B B 20 MPa.

PI-6

25+ j

PI-12

1 1 L I

2 4 6 8 10 12
W R R /%

K12 PI-1.P1-6 fl PI-12 § Jp2# ke
Fig. 12 Mechanical property of PI-1, PI-6 and PI-12

3 RERMEZE

A 6FDA . PMDA F1 DAM g 8fA , (& B
FR— RS T BARR B RE I ARG LT AN
HEIHIE T R A Y0450 K A Fe e . i
NIPS 3, il 1t 8 5 010 PI/NMP/THF/EtOH/
LiNO, = 25/47/12/15/1 g B A4 45 e 40 43, 6 [
TR EE A5 °C L JJJEFE 100 pm Ay S5 A4 ] B S 500

23k PDMS U 8 5 S8 T # i i 4803l & (96. 9
GPU) . 48/ Rk FNE (4. 3) FlEs Jif ok i 50—
TR s AP B A AR E R X

(=)

S 30k
[1] Micari M, Agrawal K V. Oxygen enrichment of air.
Performance guidelines for membranes based on techno-
economic assessment| ] . J Membr Sci, 2022, 641(1).
119883.
Seong ] G, Lewis ] C, Matteson ] A. Polybenzimid-

azole-derived carbon molecular sieve hollow fiber mem-

[2]

branes with tailored oxygen selective transport[ J]. Car-
bon, 2022, 192(13):71—83.
[3] Li G Q, Kujawskiet W, Valek R, et al. A review— The
development of hollow fiber membranes for gas separa-
2021,

tion processes[ ] ]. Inter ] Greenh Gas Control,

sion shear and forced convection residence time in the
spinning of polysulfone hollow fiber membranes for gas
separation[ ] |. Sep Purif Technol, 1999, 17(2):101—
109.

Ghosal K, Chern R T, Freeman B D, et al.
basic substituents on gas sorption and permeation in
polysulfone[ J]. Macromolecules, 1996, 29(12): 4360
—4369.

[6] Takeuchi K, CruzSilva R, Fujishige M, et al. Prepara-

tion of polysulfone support for higher-performance re-

[5] Effect of

verse osmosis membranes [ J ]. J Environ Chem Eng
2022, 10(3): 107860.
[7] Lu X, Elimelech M. Fabrication of desalination mem-
branes by interfacial polymerization: History, current
efforts, and future directions [ J]. Chem Soc Rev,
2021, 50, 6290—6307.
Mulder M. Basic Principles of Membrane Technology
[M]//Nethlands; Kluwer Academic Publishers, 1996
226.
(9] & . mbERERBE R
2014, 37 (3): 53—55.
[10] Wang D L., Teo W K, Li K. Preparation and charac-

terization of polyetherimide asymmetric hollow fiber

(8]

HRELT]. A Tl 2R 4

membranes for gas separation[ ] |. ] Membr Sci, 1998,
138(2):193—201.

[11] Clausi DT, Koros W J. Formation of defect-free poly-

imide hollow fiber membranes for gas separations[ ] ].

J Membr Sci, 2000, 167(1).:79—89.

[12] Holden W H, Benedetti F M, Ahn ] M, etal. Hydro-

carbon ladder polymers with ultrahigh permselectivity

for membrane gas separations. Science, 2022, 375
(6587):1390 —1392.

[13] Budd P M, Ghanem B S, Makhseed S, et al. Polymers
of intrinsic microporosity ( PIMs): Robust solution
processable, organic nanoporous materials[ J]. Chem
Commun, 2004, 2 (2): 230—231.

[14] Ye C, Luo C, Ji W H. Significantly enhanced gas sep-

aration properties of microporous membranes by pre-

cisely tailoring their ultra-microporosity through brom-

ination/debromination[ J ]. Chem Eng Technol, 2022,

451(1):138513.

Ogieglo W, Puspasari T, Alabdulaaly A, et al. Gas

separation performance and physical aging of tubular

[15]

thin-film composite carbon molecular sieve membranes

based on a polyimide of intrinsic microporosity precur-



55330 T WA e b SR SR I e S ) © 29 -

sor[ J]. J Membr Sci, 2022, 652 (15):120497. ical gelation of amorphous polymers in a mixture of
[16] Ye C, Luo C, Ji W H, ez al. Significantly enhanced solvent and nonsolvent[ J]. Macromolecules, 1996, 29
gas separation properties of microporous membranes (6): 2053—2059.

by precisely tailoring their ultra-microporosity through [22] Gumbi N N, Hu M, Mamba B B, et al. Macrovoid-

bromination/debromination[ J ]. ] Membr Sci, 2022, free PES/SPSf{/O-MWCNT ultrafiltration membranes

669(5):121310. with improved mechanical strength, antifouling and
[17] LiG, SiZ, Yang S, et al. Fast layer-by-layer assembly antibacterial properties[ J]. J Membr Sci, 2018, 566

of PDMS for boosting the gas separation of P84 mem- (9): 288—300.

branes[]J]. Chem Eng Sci, 2022, 253(5):117588. [23] Zhao S, Wang Z, Wang J, et al. The effect of pH of
(18] FiEH, Pk, # 2, % SHaERBRAS/ coagulationbath on tailoring the morphology and sepa-

REMBBEMEIT SR &) ERS S5, 2021, ration performance of polysulfone/polyaniline ultrafil-

41(6) :67—74. tration membrane[ J ]. J Membr Sci, 2014, 469(1).
[19] Chu]J, Liu Q, Ji W, etal. Novel microporous sulfon- 316—325.

ated polyimide membranes with high energy efficiency [24] Feng X, Shao P, Huang R, et al. A study of silicone

under low ion exchange capacity for all vanadium flow rubber/polysulfone composite membranes: Correlating

battery[ J]. Electrochim Acta, 2023, 446(1):142080. H,/N, and O,/N, permselectivities [J ]. Sep Purif
[20] Xu L R, Zhang C, Rungta M, et al. Formation of de- Technol, 2002, 27(3):211—223.

fect-free 6FDA-DAM asymmetric hollow fiber mem- [25] Kim K J, Park S H, So W W, et al. CO, separation

branes for gas separations[ ]J]. ] Membr Sci, 2014, performances of composite membranes of 6FDA-based

459(1) . 223—232. polyimides with a polar group[ J]. ] Membr Sci, 2003,
[21] Li SG, Boomgard T V D, Smolders C A, etal. Phys- 211(1) :41—49.

Preparation of high-flux polyimide of intrinsic microporosity
for oxygen enrichment membrane

XU Hao, LIU Lingyu, LIU Qingtan, CHU Jiachen,
LI Jianxin, MA Xiaohua

(State Key Laboratory of Membrane Separation and Membrane Process, School of Material
Science and Engineering, Tiangong University, Tianjin 300387,China)

Abstract: A ternary copolyimide 6FPDM was prepared using 2, 4, 6-trimethyl M-phenylenediamine
(DAM), 4, 4'-Chexafluoroisopropylidene ) diphthalic anhydride (6FDA) and pyromellitic anhydride
(PMDA) as monomers by one-step high temperature polymerization method. By using non solvent induced
phase separation method (NIPS), the completion time of phase separation is controlled by controlling the
casting solution composition, coagulation bath temperature, additives and membrane thickness. Then, a
PMDS layer is coated on the surface of the membrane to prepare the composite membrane. The oxygen/
nitrogen separation performance of the polyimide pristine membrane, asymmetric membrane and composite
membrane were tested. By regulating the dope solution and phase inversion conditions (15% absolute
ethanol, 1% LiNO,, coagulation bath at 45 “C, and casting knife thickness of 100 pm). the resulted
membrane displayed best gas permeability after coating. The oxygen flux reached 96. 9 GPU, and the O,/
N, selectivity of 4. 3, which has shown great potential in membrane-based oxygen enrichment field.

Key words: polyimide; asymmetric membrane; composite membrane; O, /N, separation



