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A 3T (Mixed matrix membrane, MMM) 256 T R G WM ZFLECE LS, BILSCHESR RGN A
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Research development of IL/MOF ternary mixed matrix membrane for CO, separation

MU Xiaoxuan , ZHANG Zhiheng , LI Shen'ao , GUO Weihao , WANG Fu’
(College of Maritime and Transportation, Ningbo University, Ningbo 315832, China)

Abstract: Gas separation membrane technology, as a key gas separation method to achieve carbon neutrality, has
made significant progress in the field of carbon dioxide capture, mixed matrix membrane (MMM) combines the
advantages of polymer membranes and porous fillers, making it an effective alternative to conventional polymer
membranes. However, interface incompatibility issues limit MMM's gas separation performance. In membrane
separation technology, MMM prepared by introducing a third component (usually a functional additive) can
effectively overcome the structural problems of binary phase MMM and have a positive impact on the separation
performance of the membrane. This review focuses on the preparation process of ternary phase MMM using ionic
liquid (IL) and metal-organic framework (MOF) as high efficiency fillers, and further analyzes the synergistic effect
of integrating IL and MOF into MMM. In particular, they contribute significantly to improving the mechanical
stability and gas adsorption properties of membrane materials. In this paper, the transport mechanism of gas
separation in MMM is introduced in detail, the structure and preparation process of IL/MOF composites are
summarized, and the CO, separation performance of ternary phase MMM is reviewed and analyzed in detail. Based
on these separation performance data, the challenges faced by ternary phase MMM are further discussed, which

provides new ideas and directions for the development of membrane separation technology in the future.
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FhOCHESAR B L, EE k& ZIBH . CO, B
3 B R R G ok R TS 08 3 T AR R, # CO,
MIRG S @A s 2 ok, idiis . [k
FAHAEME T2 HE . ITAESR, CO, itk /515
FAREAS T Rkl SR, LS RA Y
T35 385 1 R R B PE Z (R 26 AN 7T 380 8 1 18 0
BpBfa IR, M2 R, FZ2 L, F5 5
JE W 2 ALEDRHG B LR, SR AR T 2
RS ASE R, HREMH &SRR
B, Gyle, W HRAMREY, 8T v iRk ek
N DL IR 6 1 — Ot iR A 3 i (Mixed matrix
membrane, MMM), X P 2K 5 & W1 by % 2
B, ZALMRHME N A BOEE, MMM 254 T %
AW R TP IR Y O S 4 S 1 e T
TEFS HE MMM B, ZALEUR S & Fhgi ok pr gL, n
WA, —EAEE. £RAVAELRLS Y (Metal-
organic framework, MOF)® 4t fy A Hl B %
(Covalent organic framework, COF)“ . % fk A1
J#% (Graphene oxide, GO)'. f% 44 >k % (Carbon
nanotube, CNT)" . JZ Ik WA & L ¥ (Layered
double hydroxide, LDH)" %%, H: ¥, MOF (1) A]
WAL AR R R Al L 8 005 B % Ao a2 AR 43 B AT 55 iE
frtiAeicit, DT e, ok, i sE
A 1R BRI A E AL BRAERR AT DL 45 MOF ()
FE T, 3 8 X AR SR Y R B L B
L6 MOF i& A BRIV /NLEEH , RRUE 3 T4r 1
K/NEIE AR By 22 5 52 B AUIRIR G W0 00 A R0 5
4 MOF i ARG W5 B ol R & FE R, 25
AT MOF 1 Sk £ R & Wi B 2= 6e
B B UL o B RE B B A R . X LR
PE(EFS MOF 75 AR 53 B R b R 3 ) [ 14 i
H R,

SR, 76N FH - JC MMM #F 17 4R 43 B i
HT ARG S VIR R Z B A2, L
KB Z B RS B PE 22 S, SC BB AR Y DR 3
IR/ R G W A7 o8 B PR S T e R
X R, BESE N B IR ER & 10 58 MMM |
A=Al etk . X B8 =4l 4 AT DU AME

BHSREWHZ B2 B, JF s S0 43 1
MR/ REW RS A, T4k, MOF 5
B WA (Tonic liquid, TL) 78 AR W2 B 43 85 Ay
RO A A5 MMM 78 R B8 43 85 sl f 1 il —
A1 B IL 5 R4 Y M AL R S5 5 T8 %
IL/HURH/ B AW R =8 MMM® ", [ MOF i
IL Jf Rl AR A WS, R ART 42 T R AL i 4L
BRI B, Al B A X R S AR A I e RE e, A
FAIL UEAT IR fL AL, ] LR Y HORL G FLAE 4548
AL 2= R, 23E = I8 MMM X CO, B9 4fi 3% Bk
0O AR AT =00 MMM 1 JE AR J R
SRS, SR)5 256 B85 T IL/MOF 1E 31
B =70 MMM il % J5 15 K HAE CO, 43 25 411
I PR Kt &, d5cJi X MMM £ CO, 43 55
G AR R JRIEAT T R,

1 MMM SR EERN

TESARIE S B b, SRSy 716 B 19 4% BT B
Ttk g TSRSy T AE MMM H K5 A0 1] 9 325
PP HRCE, SIS r R R R IE B T, AR
P53 F ALY A% DT R KR T i it
PR BUBHWZS MR IE D E T MMM H ) fLIE & 1
AR 4l EORL ) PE$F 5 S5 FRIE , MMM H 4778 TG fL
(BUw) MZ AL E5H . FES0% M MMM, Sk
3 = EEREAF P RPBLE] . VAR - B O A A%
AL (EFR R R ALHNDY . 2T, FEZAL
) MMM P77 22 FU) FLE 22 i FLIE 454, AL
FHLE A SO (55 Knudsen ¥ 8L . 4 F Ui
gy, RMEY M EHERERE). B 1RRT 35
WL SRS T s Y RIE b L s . WR-P
5 Knudsen 3 HHLHI
1.1 B8-3 8L H

VoS ik -4 WL B ) 2 X R A R ok i,
SR ARG 1 B TCALIEAL AT N R BEIS HE SR
HEREAFEAEAT A LSS T T, A
B AR 0 K A0 B LA JEE A Rk o 1 0 e B DA A
FEE P B B A LA Ar B 00, BRI, R VA -
Prgd b, B AUR (8 2(2) HES LT EE
AR Rk, FEBESE 7R # (] 2(b))o
e, SRSy 70 e B B o OB, T AE R Y
TR T & A W 4 (K 2(c)). 7 BERE 48 1Y
B, X B, SRS TF YT HOE R R T A
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(@)  Upstream feed side

(®) Upstream feed side

(¢) Upstream feed side

Downstream permeate side

Downstream permeate side

Downstream permeate side

B SRAARPUEIT: (a) (B IR fEdEfL b (b) CBURE) Wi -4 oLl s (o) (Z2ALIR) Knudsen 4 HhL

Fig.1 Gas transport mechanism!™®: (a) Facilitated transport mechanism (Dense film); (b) Solution-diffusion mechanism (Dense film);

(c) Knudsen diffusion mechanism (Porous film)

(@) Upstream feed side (b) Upstream feed side

Downstream permeate side

P2 -G BRI (a) SRR A AR SIER A (b) i TUREEAS

Downstream permeate side

(¢)  Upstream feed side

Downstream permeate side

BESAR o TET

(c) KMoy M LA S e SRR Lk B T4

Fig.2 Dissolved-diffusion process diagram: (a) Contact with the membrane of upstream gas dissolves in the membrane surface;

(b) Diffusion of gas molecules through membranes due to concentration gradients; (c) Diffusion equilibrium of gas molecules

through the membrane achieved in a linear concentration gradient

1o Bl B[R] MRS, 1% 3R VA 1 B0 B e 48
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MIHRFEE . R L . A MOF JE i MMM Ji ,
KA TE MMM R G W AE 2], Brlhiz it
WARLIE A E MMM 195355 .
1.2 {RHEfE YL HI

g 3E A% 33 B F8 1 2l 2 5| AR5 Co, r= A
R S PERE B FH B3 M R RV R 1 R R AT 5
JT, FIHZEARS CO, Z ] iy AT 33 b 2 f i 5% 9
R ) CO, 1538, B5E L UM 335 i 1Y) CO, 51

PR S A AN ERE B A, 38 3 T T AR
1% 2 5 CO, 78 AR 1] Y Bk BRAIC K B T Ui, A
L AR il B CO,o HAM AR F (W1 CH,.
N, 55) A5 AR & AR S5 v RO, DTGB T B A
BHEY CO, BB R BN, LB o {2 A%
AL BB W AL, 3 AR AL R 5 co, 4 ¥
FERE N R sh R R Bk, S S 4 v R B
fil P00 TR A B T 583 ok A IS PN R N Ak 2 BN ) i

%[ﬂ%iﬁ?ﬁ CO, 38 of I 1) 1% 366 SR IR B, ok
5 A 3 388 5 53 ¥ I ik A7 7 1Y Trade-off 200 1Y FR
il B, T HsF S B B Y R B 3 R R R
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7 AR T P A I P B4 RS Bl 1 0 S A Bl B
IS 0 ] AR IR T A MR e AR ] S T I
W, BIEARG WK B @R B RS S Co, ik
WS AL Y (I L) SR 78 2800 0 7 SRR, 3
PRATTERE N A d A2 3l o (H 2T 5 9 1 8% 2l 1 45
SR, ADEBIRR , AF T 2 B R

Facilitating delivery mechanism

(a) Mixed feed gas (b) Mixed feed gas
@iﬁ oo ﬁﬁg
eoe i, T eey 0% (Ko aaq, %%
- ‘? » ? ﬁ‘ 3‘
00t Tty age *** T gee 4,

3 AUARTERSBIARAANE () FOISE BRAKIEE (b) &R
Fig.3 Gas transfer process in moving carrier film (a) and

fixed carrier film (b)
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(b)
WA g
R

F e ZfL N P JOUL I £ 2240 §5 Knudsen §7 #Y .
PO REY BMEMERERE, LT T
7 43 ALY R (P 4(a)), 38 3 K5 B 152 3 A 3 A
F WA AR T2 RS2 LA, mT LS sl
AR . AT 28 MOF 1] LA 78 244 T OB,
HALER/ NG BFRURRSHICES, 1 IL HA 5 CO,
FHTD), REEAEE A MBI EER, Ak
P, Knudsen ¥ #5L (& 4(b)) J& —Fh7E £ 1L
Fih R AEWMY BOE R, s 2L e, R
B B FAESAHBOR A TP 8, B2 &
NP2 FRmYMHEER. E2f MY
b, RGBT 2L R s T A AL
RN, T B W e T35 0 SR 3 ) B AR
H5EEALAEZ B ESCR, Hlan, MOF # ok ik
A DK s T HE 22 (ZIFs) 1Y 7 1 RS AT 7E 0.3~0.44 nm
W AR, BT 2 RN TR R AT
BN, Flan, ZIF-8 H& & A P i fLIE S5,
& b fig %38 1 4 1 ROSE HE R PR 58 1% i CO,
F, HEk2E 0 RS8N 034nm, S5 HT
CO,/N, Fl CO,/CH, Wi 73535 . #ATHI, thT ZIF-8
MERBEA — ML, HaE R ks
0.4nm 7247, FECRT i 04 S . X CO, 41
BARAR . Hur, KZ% MOF X Co, 5 H
b AR Y e R H AT 10 £ % 5,

P

©
09 CO,
L2 ] .. oy
3 f

K4 ZAEEBHARY HHUE: (2) 227 (b) Knudsen §7H; (c) BHEER

Fig. 4 Different diffusion mechanisms of porous composite membranes: (a) Molecular sieve; (b) Knudsen diffusion; (c) Capillary condensation
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B8k 00 o A /NFLAR 9 MOF A o BR 38 £% 5
W FRIT, A BT RBORALEE Ak 2E R
HET S R R R . AR R A

5538 3 5 LA PR AR K A TR AR (a2 ke s 221 i iz
5 T b e 1210) 5 43 % AR, ZIF-8 r (1) 2- T L bk s i
& (2-MIM), =%t ZIF-8 I 47 i s A B, DA
iR 0 RSE, AT = P B 43 g o

T 22T 5% 6 RO % 51 3 ok w72 SRR I8 AR
e B AL S AL, SCBLR [ B e B P fE . B2
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BEREWMICE R . ZERRE, DK
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ZALEB SR AR RIERES, Kb, MMM
B AL TR 56 B 1Y) 43 8 M e AT 2 OCEH Z 52
H T MMM i 3 5 HL 2 YT #OF Knudsen
PEREE AP, B R, 7E MMM H5] A IL i@
HREHE B CO, M i B LR & ) A 1 5 B0k Z 1)
AT, HARESE T Y T Re vk B A g 3k CO, 1%
162 T B AW CO, 2B A, IL T ARk 7E
CO, S BB AR 3 17 Tz g g P, TL AT LAaE
Py B A A A W i A O Ui CO,, JF HoH
T HIH R ST s B B AR O 228 HAE = oo
MMM ) DR s 3 . R0, B 2%y 1L/
MOF & # M BHER G W AR b iy 1t o8, LA
N IL 7 ST JA B & 4 i R i A L DN O
MOF 1y f¢ 11, #fEi L MOF 5 R & ¥ 2 8] 1Y+
HAEHP,

2 IL/MOF =Jjt MMM B #l & 7 i%

— kUL, MOF, IL 1R G ) 56 5 14 FE V25 T
ATLLA A A, R HISR P &S T ERR S
SA LN EHUER R G, QB HIE & B
Ji, B 78 JCHLEURE B MOF i A MMM 2 Rij fif
L 48 A Hop i 47 9 2k M 1 % IL/MOF & & #4
R MMM B A i & 5 vk 0 3 B R LA A
#, 5 MOF W2/ | REW A, TiagfbIL.
Py AL 2 Pk T LA R W B 22 Tl A EAE . E iR
£ =0 MMM 1% 3 7 A7 R . ILXF =t
MMM J5 b2 | IL etk R G Y Ik o AR
R A T RN R S IR T T N N T
AR e R % B A, I 2 L R 1 FL B R
FLAR 4 A 1R RERE B A5 R, DT 52 il S 1 43
BIPERE . TR X R Y P B 25 S W2 05 R AR 43 S
P FA — s s ol
2.1 IL/MOF E &##8 %l &

IL/MOF & & #F () Bk il £ 5 B Ae i il £ =2
AT MOF AR HEA T4 1 f 2 el i, Blan s A BT
BB 16 A1 a2 8 B Rt ) 45 g LA 1 i PR R R
FH IL X 3E 5 1) MOF A4 8} 328 17 2 1 ol M s D g
A4 e LA il R R b B A O E R A, A
M7 BR35 MMM 1 326 £5 1 FB B 1

IL/MOF & & #f () B il & 15 2 4 s b
B, B, M4 MOF Mtk R e K, EHE
T B A B A A IL. Bildn, BF Xt AT 24
TSR I B E B MOF, R LA gk JH b 5% 1 AR
LB RS L, Hk, 7EXt MOF it 7 ekcbkny, i@

WO B AT WAL B, RS AL, DL DR
HALBE S B & R piEtE. RE, %
MOF 2 A& IL s, i IL 724318 3% %) MOF
FIFLBR . IR T R] | ELRE A B TL v B A
W LAk . IR BUS B MOF 3 % 75 2 E 7 #uik
FELUAEHE IL 5 MOF Z (B A B AE R, K L [#
FETE MOF ZE 100, b B f ik 88 11 (7] a0 207 7 46 458
il DLk S i SR MOF f 2544

SE R M SR, R T A Y U R T Tk
MOF, VIERRAR RN IL B Y, 55 47 T4
LEER, BRAF R IL/MOF & 4 4HE, | T MOF
W FLEE S IL Z A7 3 A BAE R, IL BBAE AR
Ui % % ) MOF H, M ZE AR IL % & F &
F L E MOF WS R IRRE Y, 4, ILEER
TORWA, HHZERSEWMN, B A2 &0
T, WARMEM MOF fLBRH %t . BHEr, A%
B IL/MOF & A B4 Bk il 5 3 T AR W Bt 5 53
B LR . BT SRRk Z LR A RS 2
N P, TL/MOF & A5 A R 25 W R 46 3
T A B (R ARE IS ) A BUE BB R
()G A AR).

211 BTFIA

BT G iR ) 4% IL/MOF & 4 41 R ) — Fh
W T, AEIZJTET, MOF MR- A2 N [ 25
Y, T T UL 473 5 A 5 1 700 R 700 1 U A
733 B ¥ oK MOF R 3R (R 1 it 46 TL P, Bl 5 RS
HE AR VUG 2 (PTFE) 18 2 09 A 45 30 1 TR g
Z, IIMRRAGWAERCIRE T IEH, K5
FEEM T VAN, JF O 2L 7 3 IR 0 Al A
H 7 ¥ W i 0 7E T B AR T A B/ i Y L/
MOF®8,

Liu 488 JF & 7 — Fh B 80 00 88 1 3G o %
17 1538 o AE ZIF-8 H S ES T 3G ROR i e IL
Bt A, A T & B IL/MOF-5, 1-T %&-3-H 3%
Ik 1 75 £k 4 ([BMIM]Br) fil 1,4-4 — ¥ fi{ (H,BDC)
A3 BIE A B AN AT HLBC AR, Ban %5 B0 3 4 5
N7 V5 7R I BOHE 56 T DK I 1 1- T 3 - 3 HT L IR s XL
=9 PR P I JYe 1 ([BMIMI[TE,N]) BR i 75 ZIF-8 £
PR A LA (SOD) ZEH, Ffd R (Polysulfon,
PSf) 15 AW 3L Tl 4 T IL/ZIE-8 ) MMM, 4%
REH, Hy,. CO, MO, BEEREWN, 1N,
il CH, 193 B LT %A 221k .

2.1.2 GG R 5
B R 2B e — B A TR D R S R
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BN DL R A B AR v TL 28 5 3 2 S5 n) B T
1) — b S g B X ROy ¥k J& 7 A i MOF 2 )5
IL R 8 L ZFLE5 M b, Do oR g o i/r 38 o 8 4 4
43 K AR AR LA KN [R5 PR A BE () IL/MOF & & #4
B, ARURRBIT LAGE S 2ROy RSB, Ho
B AR R BUA S B M L AR
S (SIB) 367,

(1) = i k)

MR B G UG R BT TR I — R 5 ik
T, B IL AR AE R RIS PR (R L T
il 5, <, ) o DL 4 AR i . SRS, % MOF
MARMMABNZEE W T, IF7E PR B R B T hiE k20
Bf, HERSRD . &G, 8 ERER,
73 F k3 A9 IL/MOF & & A1 8L, X Fhifl 45 55 2
B A . 4 2 R B Y TL/MOF 2249 .

Mohamedali %5 ™% 3@ 3 {832 35 6 P Fh 2 R 6
JEIL (1- T 2 -3-F LR 2,18 ([BMIM][Ac]) 1 1-2,
JE-3-H1 LKk 2 R ([EMIM][Ac))) 8 A ZIF-8 H1,
SR T CO, MM FfERE . 7E 303.15 K il 10 kPa
T, [BMIM][Ac]/ZIF-8 ] CO, W Fff & 34 hn 17 7 %
Pl I, 35 %] 0.8mmol/g, 1fii [EMIM][Ac]/ZIF-8 7£
323.15K fl 10kPa T 1y % £ ¥ J& ZIF-8 [ 18 1% .
WP, IL 5 ZIF-8 N 3% M Z M £7 76 fb 24 41 B
YER, XA B T4 1L BRIl 7E ZIF-8 1 N LB b
MAS RN R . 55— TP, Kinik 529 % 81
fifi FH I W0 156 1-T 3 -3-F 3k ik s Y g A R 4
([BMIM][BF,]) 5 4 (I1) #-1,3,5-= H iR 5 (CuBTC)
M A AT LSS B BB CO, W B &, Al ik 3
4.92 mmol/g. Hussain % B I FI| F P Fl T 55 45 5
P IL (TSIL) 325 7 ZIF-8 Hiifil % IL/MOF & & 1k} .
Hor, FH Y H LK ([TMGHIMY) i 351 B &2 5 #1
BRI L5 1) CO, W B PEBE, X CO, By 1%
B3k 110, TG ZIF-8 A BRI 12,

(2) 405 1E

B 40 18 A AL R IL A MOF 1 A JE0RE
6, LB MOFSLENMETA R fes 9, I
X MOF FIL #E47 T Ab B . SR 5, i F i ek 0
K 7 o 1 8 5 1 28 O3 4 e KRR LLIR 5, R
PHEUNE, DR IL 3535 3] MOF B9 FLER .

Chen 5P HI B 419 19 )5 75 H /5 T SA-EIMS@
MIL-101, MSA-EIMS@MIL-101#IPTSA-EIMS@MIL-
101 (MIL-101 & $ BU 85 BF 5 Bt #4 % 1015 SA by i
2 ; MSA h B R ; PTSA Jyxf HU AR ; EIMS

A 1-(1-2 F-3-BK k) TR - 3-fifi iR ) %5 IL/MOF & &
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Fig.5 Schematic diagram of different post-synthetic impregnation methods used in ionic liquid (IL)/metal-organic framework (MOF) composites

synthesis®®: (a) Wet impregnation method®; (b) Capillary action method®?; (c) Ship in a bottle method®”; (d) Wet impregnation method for amino-
functionalized basic ionic liquid (ABIL-OH) immobilized on HKUST-1 (ABIL-OH@HKUST-1)"?; (e) Structure of 1-ethyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide (EMI-TFSA) prepared by capillary action!’; (f) Schematic diagram of synthesized
Brensted acidic ionic liquid (BAIL) confined to chromium-based MIL-101 (Cr-MIL-101) nanocages'
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Table 1 Studies on the synthesis of IL/MOF composites by different synthesis methods
IL MOF IL/MOF method of preparation Ref.
[HMIM]Br ZIF-8 Solvothermal synthesis [32]
[BMIM]Br MOEF-5 Solvothermal synthesis [33]
[rmi]X Mn-MOF Solvothermal synthesis [43]
[EMIM][HBDC], [EMIM],[BDC] Ui0-66 Solvothermal synthesis [44]
[AMI]Br Co-MOF Solvothermal synthesis [45]
[BMI]CI Zn-MOF Solvothermal synthesis [46]
[BMIM]Otf ZIF-8 Solvothermal synthesis [35]
[EMIM][T,N] HKUST-1 Wet dipping method [47]
[HEMIM][DCA] ZIF-8 Wet dipping method [48]
CgH,5CIN, MIL-101(Cr) Wet dipping method [49]
[SO3H-(CH,);-HIM][HSO,] MIL-100(Fe) Wet dipping method [50]
[BMIM]C1 MIL-101 Wet dipping method [51]
[mim(CH,);COOH]Cl Ui0-66 Wet dipping method [52]
[OMIM]Br MIL-100(Fe) Wet dipping method [53]
[BMIM][T£,N], [Emim][Tf,N], [BMIM][BF,] ZIF-67 Wet dipping method [54]
[DPP-NC(5)bim][PMO] MIL-101(Al) Ship in a bottle method [37]
MBIAIL MIL-101(Cr) Ship in a bottle method [55]
BMIMOACc MIL-101-NH, Ship in a bottle method [40]
BAIL MIL-101 Ship in a bottle method [42]
N(n-Bu);Br, P(n-Bu);Br MIL-101 Ship in a bottle method [56]
AmPyl ZIF-90 Ship in a bottle method [57]
EMIMCI Ui0-67(Zr) Capillary action method [36]
EIMS MIL-101 Capillary action method [58]
EMI-TFESI ZIF-8 Capillary action method [41]
EIMS-HTFESI MIL-101(Cr) Capillary action method [58]
EMI-TFSI ZIF-8 Capillary action method [26]
[EMIM][DCN], [EMIM][TCB] MIL-100(Al) Capillary action method [59]

Notes: [HMIM]Br—1-hexyl-3-methylimidazolium bromide; [BMIM]|Br—1-butyl-3-methylimidazolium bromide; [rmi]X—rmi=1-alkyl-3-
methylimidazolium, r=ethyl or propyl, X=Cl, Br, or I (As a template agent); [EMIM][HBDC]—1-ethyl-3-methylimidazolium hydrogen bis(2-
ethylhexyl) phosphate; [EMIM],[BDC]—1-ethyl-3-methylimidazolium bis(2-ethylhexyl) phosphate; [AMI]Br—1-allyl-3-methylimidazo-
lium chloride; [BMI]Cl—1-butyl-3-methylimidazolium chloride; [BMIM]Otf—1-butyl-3-methylimidazolium trifluoromethansulfonate;
[HEMIM][DCA]—1-hexyl-3-methylimidazolium dicyanamide; CgH,5CIN,—1-butyl-3-methylimidazolium chloride; [SO;H-(CH,)s-
HIM][HSO,]—3-sulfonic  acid propylimidazolium hydrogen sulfate; [BMIM]Cl—1-butyl-3-methylimidazolium chloride;
[mim(CH,);COOH]Cl—1-methyl-3-(3-carboxypropyl)imidazolium  chloride; [OMIM]Br—1-octyl-3-methylimidazolium bromide;
[BMIM][Tf,N]—1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [EMIM][Tf,N]—1-ethylimidazolium bis(trifluoromethyl-
sulfonyl)imide; [BMIM][BF,]—1-butyl-3-methylimidazolium tetrafluoroborate; [DPP-NC(3)bim][PMO]—Di(3,3'-dipyridyl)methane di(3-
cyanomethyl)imidazolium phosphate; MBIAIL—Methylbenzimidazolium ionic liquid; BMIMOAc—1-butyl-3-methylimidazolium
acetate; BAIL—Amine-based ionic liquid; N(n-Bu);Br—Tributylamine bromide; P(n-Bu);Br—Tributylphosphine bromide; AmPyl—1-
aminopyridinium iodide; EMIMCl—1-ethyl-3-methylimidazolium chloride; EIMS—1-ethyl-3-methylimidazolium ethyl sulfate; EMI-
TFSI—1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; EIMS-HTFSI—1-ethyl-3-methylimidazolium bis(heptafluoro-
butylsulfonyl)imide; ~ [EMIM][DCN]—1-ethyl-3-methylimidazolium  dicyanamide; = [EMIM][TCB]—1-ethyl-3-methylimidazolium
trichlorobenzene.

Ay 12 TR BE SRR L, BB ENE . R
BB SR B2 25 55 I A9 FLAS HG B AT O, e ol 4 4%
17155 SR DT 52 0 [ 14 A 7 B PR BE o A TE R vk
HF AL R, AR AL B, AT DU Y
I8 LA RN B oy A, DT 2 Wi JE %) 0 15 4 E
T MMM ) 335 12 1l 28 36 A5 3 2078 T AR 28 1R |
ORI A3 249 2] P RS AE P (R . B % ol 5 A o
OB w8 00 1 2R 0 2 (8] o] BEAF A6 S AR A 3R
AR £ TAT 2R R o) Bt e P B TR, 3X 25 i I ) AR

FEPERIMERE . HAET, FFXF R R ST IE N B R
FH: Q) RAH& T2, s &S5, m
WA . BfElL RK A EESE, RALfE IL/MOF
FURH S5 A FNPERE LA R /D R N BEORE A 3R 1 1
Ol (2) ik IL/MOF & & M kLS 55 W) 34k i A
HAEFHRFR, 2 5 o0 WOt R 5 TR 2 v )
(3) i 5| AT Rt S A 8/ 24T D Re AL B 4
A DA MOF B DR, A b B4 o5 sl 2 =
G AH A



AUNEF A HT CO, 43 BBy IL/MOF = JGTR 4 3 [ I BF 52 1 Jie

3621 -

Dip coating \‘
4

Drip casting 3

\ Polymer 1ILs

O
= oy

Scraping é:\ (o

IL/MOF filler
Spin coating

Blending method for preparing ILs/MOF MMM
—p—

Fe Rkl & =i IR (MMM) 71 EIE
Fig.6 Schematic diagram of preparation of ternary mixed matrix

membrane (MMM) by blending method
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Table2 Preparation methods of different IL/MOF composites and comparison of CO, capture capacity of MOF nanofiller-
supported polymer based MMM permeability, CO,/CH, and CO,/N, selectivity of the membranes

CO,
P ti CO,/CH CO,/N.
MOF IL Polymer reparation Filler content/% permeability/ o/ - o/ 2 Ref.
method selectivity  selectivity
barrer
16.8%-18.3% IL in ZIF-
ZIF-8 [BMIM][TE,N]  Pebax1657 Blending method o-19.97 LN 2 04.9 34 83.9 [27]
8; 0%-25% composite
ZIF-8 [BMIM][T£,N] PSf Blending method 6 307 26 53 [27]
ZIF-8 [BMIM][Tf,N]  Pebax Blending method 5 80 21 58 [27]
Pre-modified by
ZIF-8 [BMIM][Tf,N]  PSf ship in bottle Wide range 310 45.7 130 [30]
method
Pre-modified by
ZIF-8 [BMIM]Otf PVIM/PI ship in bottle 570 37.5 39 [30]
method
ZIF-8 [EMIM][DCA] PSf 10%/30% 8.3 35.51 36.83 [65]
ZIF-8 [EMIM][TCM]  PSf Blending method (Composite— 10.05 56.29 60.43 [65]
ZIF-8 [EMIM][T£,N] PSf 3%-30% IL) 7.36 85.3 64.25 [65]
X 40% IL in Pebax—
ZIF-8 DnBMCl Pebax 1657  Blending method . 260 37 70 [63]
0%-32% filler
ZIF-8 [EMIM][BE,] . 340 16.59 29.06 [66]
PIL Wet 33% IL in PIL—
ZIF-8 (EMIM][TE,N] P[vbim][Tf,N] impregnation 0%-25% filler 693.6 12.1 19.65 (6]
7IF-8 [EMIM][B(CN),] 2 mpreg 077 1062.4 12.34 24.2 [66]
ZIF-67 [BMIM][BF,] 1300 17 27 [54]
- PIM-1 W
ZIF-67 TSIL et . 10% ZIF-67/PIM-1 0 9713 6 (67]
ZIF-67 [EMIM][Tf,N]  6FDA- impregnation . . 1200 25 25 [54]
durene Wet 5% IL in composite
ZIF-67 [BMIM][T£,N] X . 20% in MMM 900 28 27.5 [54]
impregnation
Pre-modified by
ZIF-67 [BMIM][BF,] PI ship in bottle 20 1250 24 25 [54]
method
HKUST-1/ Matrimid
EMIM][BF i . . R
Cu,(BTC), [ ]1[BF,] 5218 Blending method 10 32,5 46.7 18.69 [68]
HKUST-1/ Matrimid .
Cuy(BTC), [EMIM]Otf 5218 Blending method 10 37.78 97 24.4 [68]
Pre-modified by
HKUST-1 [EMIM][T£,N] PI ship in bottle 10 1101.6 29.3 27.1 [47]
method
NH,-MIL- . Solvoth 1
2 [NH,bim][TE,N] PIM-1 ovothermal g 2979 — 37 [69]
101(Cr) synthesis
Solvoth 1
Ui0-66 IL-ClO, PU ovothermat - 4 — 15.3 24.4 [70]
synthesis
Solvoth 1
Ui0-66  IL-ClO, PU olvothermal 4, — 323 18.3 [70]
synthesis

Notes: Pebax 1657—Poly (ether-block-amide) resin-1657; PSf—Polysulfone; PVIM —Poly(N-vinylimidazole); [EMIM][TCB]—1-ethyl-3-
methylimidazolium 4-chlorobenzoate; PI—Polyimide; PIL—Poly(N-isopropylacrylamide); P[vbim][Tf,N]—Poly(vinylimidazole)
bis(trifluoromethanesulfonyl)imide; PIM-1—Prolyl isomerase of mammalian-1; 6FDA-durene—Hexafluoroisophthalic dianhydride-
durene; Matrimid 5218—Polyamide-imide; PU—Polyurethane; 1 barrer=7.5x10"* m/(s-Pa) at STP (Standard temperature and pressure).
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Fig.7 Schematic diagram of common MOF crystal structures
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ik 18.3),

I AN, 7E Ho Al 59 MOF J7 i, Lee %5 1 i
i BT IA LA A LAY 1T 3 -3-F 3 ks Y R
MIAR £ ((BMIM][BE,])CrO, ki i A 2 5 &4k 2 %
(Polyethylene oxide, PEO) "', CrO ik 3% i 1T
CO/%%%?E’J?*%’%BZO BMIM- BF4 A T 5 DK e

AE % 2 JF CO, M iz o AN & CrOg kL 1Y
PEO ﬂ% i CO, B 55 R 1k ££ ﬁﬁjﬂ]j{l 11.0 barrer
(1 barrer=7.5x10" m/(s-Pa) at STP (5 #E Ik I )) Fl
6.5, 1 7% CrO; M H 1) & A B e K CO, B85 R
> 144 barrer, &£ N 30,
3.2 ILHUiEE

FEIL W BB 7w, T LU i o 5 5 19 0 X
SJeVC it IL 5 MOF iy #H 25 PE F A2 e 1 . fil 4o,
Rogers % ™ fff 58 T JL#0H WL IL i 2% 3] IRMOF-1
F1 IRMOF-10 1 i 2 PEIE O o X 48 IL 46 1-T
FE-3-F SR e 7S U R 25 ([BMIM][PFg]). 1- 1 k-
3-H1 BBk Ak 9 ([BMIM][Br]). [BMIM][TE,N]. 1
TR -3-H ke — R ([(BMIM][DCA]) #1 N-T %
M BE DU S B R £ ((BuPy][TEND). i g 43 3l Jg 2
(MD) £ 481 & B, Fr A5 31X 26 TL A9 35 358 #1002 ol 55 0
R4 8 A PLE 2R (Isoreticular metal-organic frame-
work, IRMOF) SN TRE , I B RS
M)A JE W4 o dE— 20 1% B Tz R LG (DFT) 35
WESE, ILFA P&HC 5 IRMOF H' () Zn J7 T 2 8] i 41
EYEFFJ%E'@ME LRI IR R, AT A5 Y IRMOF

& AR IL B EARA R 2518
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WK s S TL 78 F I H T B AT R Ik Co,, FLIK
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FREME R, B0k T 7ERIL CO, iR 5 43 i
SR BRILZAN, PR IL HoAS @ B ] it
PE, GBI TR T A S, Ui E T
DI BAR TS SR st i B e PERE Y IL. Bl 4n,
3 51 S [R] /Y Ty BE 3 A 3 P B KR
AT AR B F AR X CO, A IR AL i ke 6 4 1

Yao 55 VB oY B, g R R e I T A& M
1) Ui0-66 44 >k i ki 5 5 55 AR I =t o 1Y 2R 24 IR
(Polyurethane) & 2R ¥ 76 I A 45 A4 F #E 4T )5 & LR
B AT DUR g — B R RE A R [ A Ak 2 28 B Y
MOF 3 = JC MMM, IL ) 7% Jin 75 2 3% MOF-% &
Yy S IS5 . 4R T MOF 94 K 00k 7 5 () 24
SMERA SR F R, B T CO, BB .

Kation
~NZ NN =R O "emR
=/
Tmidazole type Pyridine type
Negion F F
F! F
|D ® le)/
F e B s 2 /P.\
| P
F F
BF, BF,

Ac [N(CN),]

% 4h, Casado-Coterillo 2 2% 7, /@ £ 3t 10 B
[EMIM][Ac](5wt%) s /il ] 5% 2 ¥ (CS)/ZIF-8 MMM
. 7E 50°C fil 200kPa ', 4 10wt% ZIF-8 Fl
5wt% IL@7F ¥k B K 2% — 5 & J& A DLHE 22 kL
(HKUST-1)/CS &) MMM %15 17 BRAE i) CO,/N, 1k
PS5 B CO, BB (415128 (5 413+191) barrer
F111.5 LA J% (4 754+1 388) barrer 11 19.3), fE ZIF-8
AR R 35wt% B IEOL T , A AU & ZIF-
8@Pebax ) MMM 1 K 7] 3& ] 1 300 barrer i CO,
BB, FHAE 25°C Fl 260 kPa B} ) CO,/N,, % £
A 32.30 X AE A B BGINE BT BRI B A R
B, g R R B S R R T IL #E MMM i E
RIEFA, e T REY S IEB AN

TEA AL MMM D4R T CO, 77 B R #5 M Fi
BT, P18 F 0 2 R R A B OCHEE .
filan, vaEPYEFSE T A R E B IL
W, HE T AI[E IL@ZIF-67 ([BMIM][BF,)@ZIF-67
Al [BMIM][Tf,N|@ZIF-67) 5 A B & W) 4,4'-ON T 5+
K ) ZBK R T - Y FF 2 28 (6FDA-durene) H ) 5%
R ZEREW, B T0 Co mibERERm T
MMM ] CO, B#&EM:, B IL Bkl ZIF-67 B MMM

R, R,

! :
RZ_TI\V_R“ R, = P" =R,
R, R,
Quaternary Quaternary

ammonium form phosphonium
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Fig.8 Molecular formulas of common ionic liquids
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(9 SR 53 25 Pk BE A R AR HTSA [BF,]>[TEN] ., 26
ol H1, Hao % 4L Xf [k T [EMIM][BF,]@ZIF-8.
[EMIM][Tf,N]@ZIF-8. [EMIM][B(CN),]@ZIF-8 [t &
HAMERIRB SN, ZIXT CO, BB kAL
{35 [BE,]>[Tf,N]>[B(CN),]". Ortiz-Albo %*"!
W 2 48 1 it e 7 A [ B B X IL/ZIF-8 MMM 43
BN RN, W5 T [EMIM][DCA]@ZIF-8, 1-
O HE-3-HI L BRI X E R 193 £ ([EMIM][TCM]) @ZIF-8
Il [EMIM][T,N]@ZIF-8 7£ PSf th 0y % . &5 1 fif
MMM 7E 303.15K 4% T ] CO, #l CH, 2 < 4K &

(a)

10 m PSf

B 10wt% ZIF-8 (PSf)

® 10wt% [EMIM][DCA]@ZIF-8-Low (PSf)
@ 10wt% [EMIM][DCA]@ZIF-8-High (PSf)

a(CO,/CH,) ()

1 10
P(CO,)/barrer

FHIRE, ZE5RANE 9 PR . X F CH, B M A
fb#a# N [DCA] < [TCM] < [TE,N]™, 5 CO, 1751k
AL, B AR . Her, [EMIM][TE,N]/ZIF-8
) MMM %t CO,/CH, Y 3% #% ¥4 & 85.30, & H Hi
EL A Y IL/MOF MMM HF B i 19 6 BE Pk o e o1,
[EMIM][TCM]@ZIE-8 ) MMM [ CO,/N, i £ P ik
#]60.43, 54l ZIF-8 MMM #{It, IL/MOF ) MMM
1) CO, B i HA Frd i . XA IR BE R H TR
AW 3 50 1 LS T Y IL-MOF-3R & 9 1) Py
A VR 5 1R Y o

(b)
100 |
: ES .
z
g gl
¥ 10 10wt% [EMIM][TCM]@ZIF-8-Low (PSf)
@ 10wt% [EMIM][TCM]@ZIF-8-High (PSf)
® 10wt% [EMIM][TE,N]@ZIF-8-Low (PSf)
@ 10wt% [EMIM][TE,N]@ZIF-8-High (PSf)
1 1

1 10
P(CO,)/barrer

K19 CO, Y Robeson -FR (2008 4F) AL, ANFIE A PSEAULFIE R 10wt% ST MMM 78 303.15 K BG4I ABELE R (KUABBER P(CO,)):
CO0,/CH, (a) & CO,/N, (b) FIAE el o)

Fig.9 CO,vs. Robeson upper limit (2008) pure gas permeation results at 303.15 K for PSf with different contents and MMM of several fixed 10wt% fillers
(Gas permeation raterate P(CO,)): Ideal selectivity a of CO,/CH, (a) and CO,/N, (b)"*
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75 7005 5 0 AR ON A

JUAE B — SR A 3 R P R 2 v AR Y S B
SrESTERE, (X SR R T4l By By HoA
S ZMAE ., HIUN, Yasmeen %57 1E F 5% rp fi
IL 2 35t 9 ZIF-67 F 2 PSE B (9 HORE, I8 il £ 19
MMM # # T 1 000 kPa & 7] & ) — JC CO,/CH,IR
&S M (50v0l% CO,/50vol% CH,) WP, 25 R FE 0,
R SRMBEFEMEEA L, BEXHE AR PR
PEWS A TR (D 7%), A AT] & 3 B T AR 5 1 T
1) B 4 R FRF RSN, BB TR A5 AR ) 3 50 1Pk 3 ¢
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MMM 3B ATy 3 52 B 5 4 W B 2500 18 52 1)
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I H PSEVE MR AW, K& BLAE IL@ZIF-8 [
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FEARRFEARAS o Feiil &, COL/N, 1) AH % £ M
(B — SRR E R ) BER N ZE 53, i T
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