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frameworks/polyimide mixed matrix membranes

WEI Bowen , WU Shanshan , SHI Yufei, WANG Chuanhao , LIU Chanjuan , HUANG Xiachua’
(Guangxi Colleges and Universities Key Laboratory of Natural and Biomedical Polymer Materials, School of Material
Science and Engineering, Guilin University of Technology, Guilin 541004, China)

Abstract: Mixed matrix membranes, which combine the flexibility of polymer membranes with the gas separation
properties of porous fillers, have attracted much attention in the field of gas separation in recent years. Covalent
organic framework materials (COFs) are distinguished by a high specific surface area, high porosity, and facile
functionalization. Their all-organic structure exhibits favorable compatibility with polymers, which is regarded as
an optimal filler for mixed matrix membranes. Accordingly, in this study, the fluorinated covalent organic frame-
work material (TpPa-CF;) was synthesized via a solvothermal method, and TpPa-CF;/6FDA-ODA mixed matrix
membranes were prepared through a blending method utilizing TpPa-CF; as a filler and polyimide (6FDA-ODA) as
a matrix. The structure and properties of TpPa-CF; and its mixed matrix membranes were investigated through a
series of analytical techniques, including FTIR, XRD, TGA, SEM, and gas permeability tests. The results show that
the homogeneous pores of TpPa-CF; provide fast channels for gas molecule transport, the microporous structure of
the framework enhances the interaction of gas molecules with functional groups on the pore walls, and the

dipole-quadrupole interactions of C—F bonds with CO, elevate the interactions of the framework with CO,. At a
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loading of 5wt% of TpPa-CFj3, the CO, and O, permeability exhibit an improvement of 149% and 138%, respectively,

in comparison to the 6FDA-ODA matrix membrane. Additionally, the CO,/N, and O,/N, separation factors are

elevated to 24.4 and 4.8, respectively.

Keywords: covalent organic framework; polyimide; mixed matrix membrane; gas separation performance; flu-

orine functionalization
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Bz X E, RGRAR B E LR A YR
F, R TR E W & BEE A kAN &
PE B I 24 5 & (Trade-off &0 ), {8 FL 1k A AR M 75
T, BRI RN Z LA RS R A ARk 2
TR TR A5 6 ML, 3 o 45 5 PR R R A
B ] B 42 T ) MR8 i PR B, T R
1 A WM Y Trade-off 2 9, Hit, Hl&IRA
B8 R A R SR o B PR BRI — oA 2T ¥

X TR A FE R, ORI R A W) SR A R Y
VRN EEL . Rt T LA i SRR e T
RAF IR RE DL R R T, © &8
RS GIIR  JR Z2 4, SR IR A B T I R B i B R i ik
MR Z =t IR R R e, NG HLAE
HRE AL (COFs) J2& — it th A AL B0 38 2 kB 4 il
HZfLp R, BT HAEARSRENE, 56
b AR 7S BRUR DL K B R R A 0, Rk
53 R B R A 1 v 0, B T COFs & F
HLEPESR, (L BEAE Y 5 M e A W3,
U/ IR A TR TR F T A IR R A Y S
PEAL B SR, K 4> COFs 19 FL 72 1R ¥ fi
F2nm LT, X TR Fh S22 HAE (N,
0.36nm; O,: 0.35nm; CO,: 0.33nm) if 2%k,
SE LSO SR A B, DT AR T AR 3
PR R, T X COFs Ay FLAR K/ 2 1
Gl — L Ty e R B A R AT . R R,
I AR F RE 5 A &5 COFs 1y L2 K/ H fig
i B2 (4t 5 SR A BRI B A7 5 . Alahakoon
5 0703 g ot R0 B AR ) A% 1 P R UL COFss,
¥4 7k COFs 5 A FALM AL, & B Ak COFs 2
AERREA ., B/ANHEWHPLE. Gao
SE08 4 T 3 FH A —H. —CH, I —F By
A =43 A HLE 2L, X EOR & # COFs, 31
fk. COFs H A7 ¥ {5 9 CO, 2B FI T3, X COy/N, fi 5
O Y FEAE U B W B i (Ideal adsorbed solution
theory, IAST) ¥4 . Yang 251" il % T — Fh 4
ety =R HEZE (CTF) , i 95 it 1 19 5 i F A
UL K C—F # 5 CO, MR - Ui AEHT, (i H

B CO, W I fE

BT ERTE, ACH B —F B AT ML
7 e b T AU AR S A A HLAE 22 44 8L (TpPa-
CF;). Ffif5, LA TpPa-CF; MRl I (6FDA-
ODA) &y 3 4, il £ K [ £ 2% & (1) TpPa-CFs/
6FDA-ODA i 5 FE T 5 . R AE 1 H 45 0 F1 3R 1
BOH M ROWIE S, PR T HAAMRE . Jise kg L
KK RS, BJaitie TIRA H BN S IRBE
PE DL K AR HRE S0 B (CO,/N,) FIZS 43 B (0,/N,)
N AT

1 XEHBRAE
1.1 E##E

4,4- " % K T 2K ¥ (ODA, 98%). 4,4-(7N %5+
RHE) —BKIR BT (6FDA, 98%+). 2,4,6-= I it [a] 2%
— W (Tp, 98%). 2-— % H-1,4-%% i (Pa-CF,,
97%). 1,3,5- = HIK (99%+). 1,4- _5F /T (99%)
Brig A b Bk R A IR A R s 4 (AR).
N,N- - H £/ 5t iz (DM, AR) 240 [ 75 Bl Bl 27 Ji
A R "] A B (m-Cresol, 99%). 57 M Mk
(97%) ¥ W {3 B 4 TR A A R |l 7
(Acetone, AR), WARTHRFEL2EM AR AR ; T
AR (95%), A RSEE A AR
1.2 TpPa-CF; HI& X

¥ Tp (63.0mg, 0.30 mmol), Pa-CF;(79.0 mg,
0.45mmol), 1,3,5-=H 37 (1.5mL). 1,4- %~
A (1.5 mL) K A #| Pyrex & (25 mL) H', Al
RAYYISI 0, AL 0.5h, FEATA 3 mol/L
LR (0.5mL). B, FH A Pyrex 4 IR 7k
WA, BESRTME, ERERAE 3K,
A EE, K Pyrex 45 7F 120°C NiHIA 3 Ko RN
THERMERER, ™Y, S DMF %
W FEVE U 3 Uk, Pl I R [CHR Ok AT H 4t (12
i FIR IR, B, WY, fEEzS A
(DZF-6030, ¥k % S50 56 5 45 A FRA ) o 120°C
THE12h 5, BRI @8 A FE f TpPa-CFy.
1.3 BB % (6FDA-ODA) B & X

N, AT, e AL B R . R BE Il
Ui ) 150 mL — B8 3 P9 #K K i A ODA (2.00 g,
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9.99 mmol). [A] (28 mL), 15 ODA 52 &R R )G
MK ¥ in A 6FDA (4.44g, 9.99 mmol). [&] H [}
(28 mlL), Fifi J5 5 I B T+ 3] 50°C 15 S N ) 58 4V i
J& . %N 5~6 7% 5 ik E TR 2 80°C L i 3h,
120°C Jz Jii 3h, 180°C JZ Jii 3h, & J5 200°C JZ )i
12h, RV HRAHEERG, F RWEW I H R
GEAB B K& TS P22 DivE, iRl 4R
Y, 1A MR 150°C T 8h, B, fHHE
it DMF 5087 i 35 - AT R DUTE AR 25 58 BV i
gk R 2R,

1.4 TpPa-CF,/6FDA-ODA B & & IR # &

B — %E 1 () TpPa-CF; ¥} K 43 #{ 7€ DMF (3 mL)
o, fdE 4 i RS B HL (SCIENTZ-IID, T i HT 2 4
Yy BBy A PR A R, 7E 300W B R T A
0.5h J5 FHEHE 6 h, {R3iF TpPa-CF; ¥ K 7& DMF &
W Ay S . [EEE, FREX 0.2 g 6FDA-ODA ¥ fift
1€ DMF (2mL) H#, M4 X JE kL (0.45pum, JE k)
HUERR LA, FJS, H% TpPa-CFy 1Y 43 MO iR fin
#] 6FDA-ODA ¥ H fit £ 12 h, i {# TpPa-CF, Al
6FDA-ODA 74 iR & . &, HiIRA IS8 i
HIE F) 6 W V-2 1) 3535 M (5 cmx5 em) b, 7F 80°C
TEK 12hBREFN, R ESREARK
iR, 5 AE 150°C By H 25 HEAR b TR 12 h DUBR
EREBIER T U BB R &SRS
0wt% . 1wt%. 3wt%. 5wt%. 7wt% f) TpPa-CF,/
6FDA-ODA i & S i, HARILER 1,

x1 HEmENRES

Table1 Sample name abbreviation

Sample TpPa-CF;/wt%  6FDA-ODA/g
6FDA-ODA 0 0.2
1%TpPa-CF,/6FDA-ODA 1 0.2
3%TpPa-CF;/6FDA-ODA 3 0.2
5%TpPa-CF;/6FDA-ODA 5 0.2
7%TpPa-CF3;/6FDA-ODA 7 0.2

Notes: TpPa-CF;—Fluorinated covalent organicframe-work
material; 6FDA-ODA—Polyimide.

1.5 FAEMK

X 26 AT F (XRD): R FH far 22 A 40 B} 28 &) 1)
X'Pert Pro %Y X 5} £k fi7 4 43 X} 1] £ 49 TpPa-CF, ¥
K5 AT R R g R AR, H S A
3°~40°, FI4 3 & A 2°/min,

B A 4 21 40O (FTIR): SR L E e &
734\ ] i) Nicolette 6700-NXR 7 { B i 25 #6217 48l
AL 53 HT TpPa-CFy FITH IR 1Y fh 2 Fl 4 Al 2 B RE A .
X}y AR i 38 3 YR AR AR R R O e, X

THE RS RE 0 e T A JEE 4 S 20 pom B T L L 42 T
i, 56 Y 400~4 000 cm !, 9 #5641
1 i

[P 25 4% g AL PR (ssNMR): 38 i 1l [ A & 7 28
] i) Avance Neo 400 WB 7 [ 44 4 0 F 4% 318 1354 3]
X TpPa-CF; ) *CNMR, 4347 H Ak ~4 5 i 3 5K
JI 5 B i R S5 S AR R £ T 0.5 em?,

X SFEOL T RENE (XPS): 2R 5E [ Rt 24w
i Escalab 250 Xi %Y X £ H F-RE 1% {53 #T7 TpPa-
CF; b0 & S22 8 0 R AR R 7 i 7 =X
il

Al T 2 (SEM): JE 5T B A H 7 4 A
1Y SU 4800 %Y 4 i ¥ + I 7l $% R 1 TpPa-CF, Fl {8
JEEFTET . B Y OB B . X TR R AR, AR
R DR AR TE R IR s X TR A
IS 5 ThT LR A6 S E B L, MBS DT I R e R S e
T HF- 4R T TR o A T it 2 DU A e
Ab B P A L

N, W% B - J5d B0 3 2o 58 [ R 3 A R Y
Autosorb 1Q #Y bt 1A S £L B B 43 (X #5% FR1E TpPa-
CF, 19 b 18 AR ) L4270 7 o R A BET (Brunauer-
Emmett-Teller) 75 115 b & 1w #L, %5 532 ok B
(DFT) 5 L4250 i

P S AT (TGA): 38 2o 72 =] i 5 23 W] (%) STA
449C R ZEG A3 AT AU TpPa-CFy 1R 1) FA R
AEVE S TE Ny S T, JHE 34 10°C/min,
W38 {5 50~800°C

28 F BB (DSC): 38 o 18 FE i B 2y
A () DSC 214 R 22 755 47 i 1 PS03 v A %) B 3%
fRiE AR R B, 7FE N, 40 T LA 10°C /min Y 3 2% T
W, WK T BB 7E 30~350°C, FITAT 45 S 44 5% FH I BR
PO A A R TR R

JieEfe s 58 [ 58 R T 0 | B CMT2103
BT R i B0 MLk R AE MRS 1Y) ) A fig o T FBEAE b
JSF A 50 mmx 10 mm,  $i 4 f Ay 5 kN, 7 fi
oM 2mm/min, HREEN 20 mm.

AKH ik £ DA 3 A b AR PR R A AR A BR
7 H) TY-PHD B4 fish £ 43 B A0 e 9 6 14 56 i 7K
BE ., WAL ST R 20 mmx20 mm, PR R E

ARBEMEDEL . i E R 226 F Y
VAC-V1 B S A5 5175 300 32 9 15 1 SR 38 B 1 RE
AR Ty v o TR AR AR AR TR, Il AR o 1 4l =R
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(CO,. 0,0 Ny), Mk %14 0.4MPa, 35C, i
T FRAN T, R JEE R X 50 118 1 ) B e AR s
M AR & SR 2 20Pa LU, Bl T B
KM, b EE AR AR iR 25 . TR 2 )
SR E L (REM) MR (RN 3%, Ead
ARG AR BB RB B REP,

2 ZBER5WR
2.1 TpPa-CF; HIR1E

iRy AR X S AT 4 (PXRD) X & il i) TpPa-
CF; WY @RS /#1720 07, 18] 1(a) t 20=4.79°4b i}
PR 11 5% e X6 1Y F COF [ (100) it 17, HAth g b
IAE 20=7.81°, 26.14°4k, 43 5% N T (200). (001)
fm I, oA (001) A TR H: o MEZ 0, GE AL AR
PIA% 7 R SAS I HHEZ R A B 0.33 nm, KU
TR A 5 RO AR B Y T S AT R L,
S W AR A A 0 ) A R S 5 R DG R AF
TpPa-CF; 7F Pawley A5 1% J& 15 2| (9 /i i 2400 a=
2.290351 nm, b=2.236760 nm, ¢=0.423813 nm, a=
89.56415°, B=89.73479°, y=120.51471°, I 45 R
5HRiE 5 1 PXRD Z [H] (4 5% 22 (E 5/, RG] T
¥ Ryp=1.24%, #liii A5 R,=0.91%. LI 12528
WL VL L) G B T AR db R it , HEAR
LSRR o

b ik — Ui B TpPa-CF, 304 /%, i FTIR
X} TpPa-CF; LA S HAG S s e, M 1(b) o]
DLFE R, WK EIC 2,4,6-= H Bt ] 2K = B (Tp) 1F
2894 cm™ 4b W X 1Y CH=O0 %} fiF ¥ F1 #4 50 24 o0
2-= L H 3 1,478 — % (Pa-CF3) 7F 3318 cm™ il
3210 cm™ 4b % —NH, $F fif W6 7 = ¥ TpPa-CF; |1
A, RUIEE M 46 & OV 58 4. £ 1282cm™ Ak

) C—N 1 457 A0 I WA e 3 T s e - ) S ) 10 8 A
PR A HE 22 2 LU 8 XA A, 45 M b A SRy 3
A B E T, BT LAFE 1592 cm™ b C=C
FFRAEIEE R 1610 cm™ b C=0 FEfEE G IF 2 JH
ARET, FE 1128 e AB VIR T C—F I RFAE I .

BC [& & NMR 4387 an & 1(c) Br s, B EoR
b 24057 B 7E 184.2x107° F1 108.1x107° &b A5 19 4~ 45 B
RAE5 0, S 0L A T - B S A s L O
B C=0 # fl C—N# I () C & ¥, 123.6x10° &b
HJE T C—F L # CJEF . H A&7 119.0x10°,
134.1x10°° F1 146.5x10°° &b (A {55 5 1 ) 15 & F 5 &
It LR CIRF

FTIR 1 [ 4 4% i 73 Bt 25 FAIF 5 TpPa-CFy 1 A%
G R EL LA E 1 B i B AP e

i 3 XPS | £ TpPa-CF; Y 4 i Fl1 45 4~ o0 &
HOGE , B & 2(a) 1% 4 3% 7] %1 TpPa-CF; S H C.
N. O. F4FonZEAM M. K 2(b) j& Cls i & 5
e XPS OGIE , HABW s U 4 i, 43 5%t
N T TpPa-CF,; 1 ) C=C/C—C(284.8eV). C—N
(286.2eV). C=0(288.9eV) fll C—F(292.9 eV) 4 ,
N1s [ =5 43 R XPS U & 2(c) frs , Hgk &
24N, Ay 8 T N—C(400.2 eV) Al N—H
(403.9 eV) 5, Fls =53 HF4 XPS WKl 2(d) iR,
HEAE - NERIEH)E T C—F(688.3eV), Fif Lk
&5 R UL TpPa-CF, £ i H Ar 45t , th Cls #l
N1s UE B2 250 KA T W et T S 44

18 o F 3 HL B (SEM) WL 4% TpPa-CF; Y i W 2
S & 3(a) ron, TpPa-CFs HAG 5] RO IE
M, BIEH CCORRL” B U HE B B B,
— M KRBT B RSEAE (100£30) nm.

T fi# TpPa-CFy [ Z fL M, X H it 17 N, i)

(@) —— Refined (b)

- - - Experimental Tp
Simulated
[ ] Bragg position
—— Difference 8
2z & |Pa-CF; (CH=0)
5 £ X
= g v 3318,3210
= ~N
& |TpPa-CF, (—NH,)

ononn IIIIlIII---q
AA
/ | | | ]

1610 95— 1282
€O R ED

Intensity

1128
SC—F

10 20 30 40

40003 5003 0002 5002 0001 5001 000 500 250 200 150 100 50 0
20/(°) Wavenumber/cm™

Chemical shift/10°¢

"*" is the rotating sideband peaks
1 TpPa-CF, ) PXRD K513 [&l (a). FTIR % (b). “C EAAZREER (c)

Fig.1 PXRD refined spectra (a), FTIR spectra (b), and *°C solid-state NMR spectrum (c) of TpPa-CF;
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(a) Cls
z Fls Ols
g
£
Nls
|WINGOY I RS,
1 1 1 1 1 1
1200 1 000 800 600 400 200 0
Binding energy/eV
© 4002 eV AR
N—C
2
g
E
1 1 1 1
408 404 400 396

Binding energy/eV
2 TpPa-CF; /Y XPS &3 .

(a) 4=

(b) 284.8 eV Cls
C=C/C—C

2
‘D
5
= 286.2 eV
C—N
2629 6V 288.9 eV
e Cc=0
C—F ’
e L L N\
1 1 1 1 1 1
297 294 291 288 285 282
Binding energy/eV
(d) Fls
688.3 eV
C—F
2
g
E
1 1 1 1
696 692 688 684 680
Binding energy/eV
(b) C1s; (c)Nl1s; (d)Fls

Fig.2 XPS spectra of TpPa-CF3: (a) Survey spectrum; (b) Cls; (c) N1s; (d) F1s

BF -3t BEE 3. 1 3(b) rf N, W A ik = B T
A Hh 28 FE1E , TpPa-CF; 7 A X & 7 541K 19 [X 35k
(p/po< 0.1), N, [ BF 2 PR 38 o, 158 BH 4 Ak v
FEFEFE ML o 8 15553 BT 45 1 TpPa-
CFy HA B R Mt £ mH (791.83m*g™), K 3(c)
7~ TpPa-CFy HA B/NMAFLAE (1.18 nm). X HH
F TpPa-CFy H Ui+ 1 e L f P 3 o T HE 22 v 5
TAZMMMEEAER T, XMHEEERTABT
COF JE 4 K 1 b 22 i AR LA S A /N i FL AR 1

it i FAH 73 B TpPa-CFy AUFAMERE . BV 2k
WE 3(d) B, MIE A B3 R 5 R 7 B B
KZJHLE 400°C Z Hi (9451 2% AT RE A % B2 76 FLE H Y
15 B 5V R (DMF) 194 & . 400°C J& 30 B 4 1)
B ik, M DTG £k b 7T LLF 2 7E 416°C i i
P 1) TR e, X E B T TpPa-CFs fESL 1Y)

I3ffte LA LZ5 5T LA Y TpPa-CFy H AT 47 1) #4
FaE .
2.2 TpPa-CF;/6FDA-ODA B & E RIEHIRIE

i XRD X BEE5 A RAE, PP T BURL X R A
WHEEHES O o DN IET 4(a) o] LAFE 21 A Al 26
P 20=157c 47 ¥ 4 B0 B AR () SR 5 W e e .l A A
s R, A5 BB 4> T #E (I BE . 4l 6FDA-
ODA [/ T 85I #E 8 0.574 nm, Fifi %5 0K} TpPa-
CF; T3t 3G i, B 7] B 52 B e 36 K5 T RE 1Y
i #, 7%TpPa-CF,/6FDA-ODA fi (1) 5 [6] # % /)N
(0.566 nm)., 43 FHE A I e K R E R B T/
HIB AR T o0 F4E R, B 20 i 1
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Fig.7 Contact angle (a) and stress-strain curves (b) of TpPa-CF;/6FDA-ODA mixed matrix membranes at different loadings

%2 AEHREHEBT TpPa-CF;/6FDA-ODA R A EREH H sk
Table2 Mechanical properties of TpPa-CF;/6FDA-ODA mixed matrix membranes at different loadings

TpPa-CF; loadings/wt% Tensile strength/MPa Elongation at break/% Young's modulus/GPa 0./(°)
0 74.1 10.1 1.59 79.9
1 79.6 9.7 1.63 81.4
3 82.9 8.6 1.70 83.1
5 93.0 7.8 1.82 84.1
7 84.5 7.3 1.76 89.1

Note: 6,—Water contact angle.

% 3 6FDA-ODA ¥ TpPa-CF;/6FDA-ODA ;R & EREMNSFSEREY P NIEERFY
Table 3 Gas permeability coefficient P and ideal selectivity of 6FDA-ODA and TpPa-CF;/6FDA-ODA mixed matrix membranes

Permeability/Barrer Ideal selectivity @
Membrane

CO, 0, N, @(CO,/N,) @(0,/N,)
6FDA-ODA 12.47 2.55 0.64 19.5 4.0
1%TpPa-CF;3/6FDA-ODA 16.91 3.76 0.98 17.2 3.8
3%TpPa-CF;/6FDA-ODA 22.77 4.43 1.03 22.0 4.3
5%TpPa-CF;/6FDA-ODA 31.08 6.08 1.27 24.4 4.8
7%TpPa-CF;/6FDA-ODA 18.62 4.16 1.11 16.8 3.8

Notes: 1 Barrer=10""" cm*(STP)-cm-cm™s™.cmHg

40 6
(a) =0, (b)
5 DCO2 5t ]
£ 30 =N, | 2 e —
: i N
2 3
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E ¢ // \
51 Z 2t
0t s
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0 0 : : - -
0 1 3 5 7 0 2 4 6 8
TpPa-CF, loading/wt% TpPa-CF, loading/wt%

~'; Ideal selectivity a=P(A)/P(B), A and B are two different pure gases.
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Fig.8 Gas permeability (a), gas selectivity (b), and 72 h continuous permeability performance test (c) of TpPa-CF3;/6FDA-ODA

mixed matrix membranes at different loadings
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Table4 Comparison of gas separation performance of mixed matrix membranes reported in the literature
with the present work
Membrane type P(CO,)/Barrer P(0O,)/Barrer @(CO,/N,) a(0,/N,) Ref.
TpPa-1-nc/Pebax 21 — 72 — [26]
COFp-PVAm 270 — 86 — [27]
TpBD@PBI-Bul 14.8 — 23 —_ [28]
ZIF-7-1/(BPDA/6FDA-ODA) — 2.9 — 0.19 [29]
PBI-PI-based carbon 293.5 93.1 8.3 2.6 [30]
5%TpPa-CF3;/6FDA-ODA 31.08 6.08 244 4.8 This work

Notes: TpPa-1-nc—Trihydroxybenzene-1,3,5-tricarbaldehyde compound with benzene-1,4-diamine (1:1) nanosheet; COFp—COF-LZU1
powder treated with PVAm; TpBD—1,3,5-benzenetricarboxaldehyde, 2,4,6-trihydroxy-, polymer with [1,1'-biphenyl]-4,4'-diamine;
BPDA—3,3',4,4'-biphenyltetracarboxylic dianhydride; Pebax—Poly(ether-block-amide); PVAm—Polyvinylamine; PBI-Bul—Tert-butyl-
polybenzimidazole; ZIF-7-I—Wide-pore ZIF-7; PBI—Polybenzimidazoles; PI—Polyimide.
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BPERE R LT, HE CO, Il O, B35 5 1P fE 4 B 42 5
T 149% F1 138%, CO,/N, Fl O,/N, i 43 55 P fig 7
5ill /& 6FDA-ODA JE AR5 11 125% 1 119%.
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