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Abstract: lonic liquids, organic molten salts composed of both anions and cations, have been widely used
in many fields in recent years due to their low volatility, good thermal and chemica stability, wide
electrochemical window, and adjustable structure. However, the development of ionic liquids has been
limited owing to their high synthetic cost, high viscosity, inconvenient transport and operation, and low
recyclability. Metal-organic frameworks (MOFs) are organic-inorganic hybrid materials with intra
molecular pore structures formed by the self-assembly of metal ions or clusters and organic ligands through
coordination bonds. Composites formed by immobilization of ionic liquids on MOFs carriers can overcome
the disadvantages of ionic liquids and endow the ionic liquids with many new properties as well. Herein, on
the basis of computational research and experimental application progress of MOFs immoabilized ionic
liquids, the origin and immobilization methods were summarized, and the compatibility, immobilization
forms and interactions between MOFs and ionic liquids were analyzed. Finally, the bottlenecks and the
future development directions of MOFs immobilized ionic liquids were discussed.

Key words: ionic liquids, metal-organic frameworks; immobilization; catalysis, supported catalysts

BT — Ml BT TR R TR AR A R, XMENEEA L, HATR . AR BAR
PUERLEL , SR T RS, WHRVSEREFREY. iR g e ﬁWZﬁ“%@"%
B — R B VAR, LR 2805 R, BRI L g m 5 R A d i P

s BHA: 2023-02-08; EFAHHA: 2023-04-10; DOI: 10.13550/j.jxhg.20230079

E€WH: UTHHAFETHEFIH (LKQZ20222266 ); 1L T4 HRFHFELTIH (2021-NLTS12-01); 1L T4 & 52 ATH A A L
iR 5 (3T 2L pE[2020]389 5 ); 3T T4 24T HEA TR H ( XLY C1907029 ); 1 FH T i 4E BHE A AA 3 H1R51 5 ( RC210365 )
YEEBN : ZRWF (1997—), Zr, Bi1-4E, E-mail: 1534920063@qq.com. BEE& A : FlEHEi (1989—), %, I, E-mail: chongsiying@
syuct.edu.cn; kAR (1979—), &, #BZ, E-mail: zhangyaing@syuct.edu.cn; FHEZE (1979—), ¥, ##%, E-mail . wangkj_dut@syuct.edu.cn,



5510 1

LU, % IR OB T RS A bR E iR

- 2181 -

A, BT RAREA B R RIEYE, Al i s HEA
PH B 7 114 21 A 52 BOGT H: 1) i RN 4 B A 2 42 I 1 9
A, W FREE AR . HAT, BEPmAkEz
B FAKALBEE A Bt AR Rk
4 AN R V= e 1 0 T A X 1B O (E e S o
TWARFEE R . P ECREUL, A T4k e,
HABBA S, ORI ARG, Tk KRR .
BIIL,  anAm] 78 0 & $5 35 H0 B T AR 1Y) 22 D) Rk A v
T, TR A S B A3 B R B P R R A A R 1) 56
)

BT R i BB ] L, F A A5k B ik DR 1 R R
A [ e B A v ML B R B 3 T AR A [ A b sk
Fo BT R A A AT DL RE R YA A
FU AL TS, TR) Ao A e T Ak R0 43 B T s )
AR SEE, Sae. THEIEMHERRE. 3
HE, T 1 30 R 9 AR R 32 A TE AL
ZALM R RIE ML LA R R, A R S & T
KPeE T 4% A EA MR s Ak S . Bl L
b, WA KA A FLAA 5 R 1Y) Bl 3R T AR B A
B ICA P LA 45 4 112 BfL - FL 43 1 0 B
HAAFHSLIES M, (AH—MJEh S Al FT O &
JCEYLN, RAREMT R HAb TR, ML Fh
HFNALIE R B 2 Re k2 BRI 2 H L AL
MBI ER . FLAEMILE R, BREEELT,
G PN Ry A I A [ S A e A e
E AT ARG A B A T e, W E A A
VoE-RENE

EEAIELE (MOFs) #EHE—K BB KA
TN LRSS H Y 22 L AR AR S vl 4 ) PR S T/
135 5 A HILEC AR 38 8 B A7 A 2 2 v o T A
MOFs S5& 45 (/) A F B, BA SRR FLESH |
W R e T AR L R B FL B R AT DL SR 3 1R A 1Y)
HALBCIR- 48 B T 450, X SEhE 5 AR MOFs 755,
N SN Y S I O N 7 § A N -
T AR U A5 e HLAT AR T2 5 R o

B TR B A, TEEEAE Tl i K
AR A v 0 286 R ARALC 1) 28 1R R A =2 TR A b S
MEFAFI AL . ¥ s R, A, BT
ANV R PR 2 78 S5, 45 o S M DL o 18 5B, i
ISP REZ BIAR BRI . Rk, FEFR—FZ4L
MR, P IR S T 0 B K ROR 45
i MOFs MU 0 285 F4 e vk A AR FOE A 1R A
280 B TR I AR M B, FEC ML, K Tl
F MOFs 45 &, AU LI Kk, B nl L™
AL H S (1) MABFRIAT#E—4+
& MOFs [ IigetEf Z A1, K9 T MOFs 1Y
NS (2) Bk 2 A AL AT LU D HAE

ITRuE L ih = N AN L KR W RIDRERa t7 F
A ] RE BB TR AR, A AR (3) MOFs
TR T A AL A HA AR = e B, o5 4
P RPEHESR L S A BOAEAE , A B T A MOFs
FIE TR 2 18] ) R AFAHEAE ] . MOFs [ 8 1
WA RGBS R E TBOGTE, IR A
L RN R N N | L N = TN
HIEREPE B BRAL Y | B T 20 Z AR p LY
SFDREAT R A BB

1 MOFs B#H B FiREEiSitERR

MOFs [ 2525 T W A2 A b R0 2 H T
] 37 K22 22 gl SR T 0 PRI RS T 4R
(B3 TAR SR, 4 Z2BHOE A BRI 4k R T T A
MOFs [ %k 25 T W AK &2 & MR B0 T B A 58 45
He, EEW L E] MOFs 40K 5 PN B IR 1Y o
T, DLEESH . rEh 12 LA NS s 32
BRI A AHE AR

MOFs J&—2& HA J& I FL B 4554 10 A HLZ AL
ML, FROREE ) h BT BRI AR . BT
o —FE R L, B R R A A .
I, IR FWARALE MOFs 4K 58 NI B AR % A
B, 2011 4F, FEHSCREGIPYR H Gaussian03 fiff
T4 mANMES IRMOF-1 [## 1-1F T 5E-3-F1 5
Wk S U R ER ([BMIM][PFe] ) &5 AR S &4 k)
M Ak (CO) HifEPERe. M A2 1 4 1
PREL g(r) CRLT 25 BEAE M IE 2% i (4 I 25 A PR A
Al ) FB, B TR [BMIM][PFe] i T IR 35500 1
YR ENA T HES

P RAFGE LA 1, BB — RS T
F ([BMIM]") #H A, (HBHE+ [ DU R [BF,] ™.
ISR ER[PR] ™. Al BUAR ER[ SCN] 7RI XL (— % F K&
T ESE) W [TFN] ™) A[E Y 4 418 T i1k 5 MOFs
ZI A EAE B R A, TR N B
B 1-[PFe] "\ [BF,] FI[SCN]"Z A7 1L T4 J& IR
TR HEBRE B B - [PRe] RI[BF, JL T 23 ET
LB . 4> TR K [BMIM] T BH & Al
[TEN] T 5 W B i T MOF [ IRRTT . 1t
Hh, A AR i o RIS T P AR B AR [E]
FNEE R FAR AL AR B B K ZIF-71 FISEJK Narrho-
ZMOF [ 2 85 F#iiA ([BMIM][SCN] ) Bkt
3 CORYMEDL . AL R, [SCN]BH & i i)
T T ZIF-71 (4 JRATEF Narrho-ZMOF () Na
BRFIEE, I AR R R I B IR [BMIM] T BH 5 1 WU 7
£ T MOF 4K N -

s N7 5L R 20 B % M OFs [ 2% EL R [7] BH 25



- 2182 -

A% @m & T FINE CHEMICALS

5 40 4%

H B FIRAR I B2 A A RN T T . R 4 )
HHLEZEME (Cu-TDPAT ) [E 2k 4 AMHE T
([BMIM]*)#HIA , BB FAFC[CI 7 [TFN] . [PFs]™
FI[BF,]™) AYE FIRAK I FISAIGT . 45 R LB, B
B fife MOFs [ 4 J@ 0 B L . tbah, BH
B 54 LS 2 B AR 5 B T B RN
VIR, ROFPBUNYIE T, JCHZRHERRIE 2549 1)
B e+ 54 @7 s FE B T, FLRE B3 D/N 3
¥ N [CIT<[BFJ <[PFe] <[TfoN]". Mt 4b, 18 i xtf
MOFs [& #k & T & A b L 45 #4 1 43 F U2 &
M, BRRST W B F W AR 0 [BMIM][TEN] |
[BMIM][PFs] FI[BMIM] [BFJ¥1E1E T MOFs 541
B2 i X ek, g/ N RSE B IR [BMIEM] [CI
F S TE MOFs 44K 58N .

B BB TR R TR R, BA 2
AT MOFs #PEHH B AR A s s B Be AT, Xl
PR FHRANE R B RS> T8 MOFs MR Lk #525 &
FMER . kAN, MOFs kit EiG £ 5
B PR EAE R S B3 AT, XS MOFs 1F
R BRI L B AR ) A AR AR 2 H 2 R R A
ER, Qe Ty (RS s)w 77 ). Mefk ., Jafs
EHENEN . - MEAERMEEEN . Fit,
MOFs 1 F ¥ (4 2 [a] (4 A1 ELAR A Bh FHa e M
b AL L B PERE -

KIM 58520 B9%F HKUST-1 ( Cu-BTC) [#1%k5
TR 1- 2 F-3-H FE DKM R TR [EMIM][ETS] )
BAMBIEFT T %z MBS (DFT) HHE sy
WFos. HREM, BFRIAS MOF Hii Cu® Al
MHEAEH 51 MOF 25X Rk i 28 1L, 1LAh, 1
MOF [ ZE I AL T P RIS [ B B B8 70 . —28 8
TXF FE IR S AR S (B) A ELVE AR, X
TS TS5 HE PR S EEHREG 5H—KE
TN e BN B TR AR v s 22 TR A AR R
RT3 TR R KRR 0] UL E %S MOF A
7 B BH S A AR T8, i DFT 31345 SR T LU
W, MOF 5 55 - AR 43 () A B A FH A D PR s R
5 B ) B R Py 1 BT 40T

i 37 A2 O 3k 4 7 3h 1 2R (MD)
WL T B T WAKAE MOFs FIAL M A HIHESE ( COFs)
AT R o BEH— R B A A FLBR 25 #4 Fifk
22PE U MOFS[ CY CU-3, MOF-74(Mg) . IRMOF-1
ZIF-8 il UiO-66 ) Fl COFs ( COF-AA-H. TpPa-2.
NiPc-BTDA-COF . COF-6 . CTF-1. COF-108 .
COF-202, COF-300) 1Eh 324, 4 il [ 25 25 W Ak
[BMIM][SCN]. KA ECABCFRAF B F I AAAE MOFs
Fil COFs LB A RAERERE . AL REERT, BT
ARGy F i n] T 7E 4 (2D ) COFs ( TpPa-2,

CTF-1) f1—4 (1D ) MOFs [ MOF-74(Mg) ) H %
£, TAHMNTHERA =4 (3D) fLRZH B MOFs
(ZIF-8, UiO-66. IRMOF-1) 1 COFs ( COF-108.
COF-202 il COF-300) # %43k, Beoh, Hh4:
J& B A4l A HLHESR Y COFs A Ht , MOFs fLBR 5 5
TR B AR SR ECH EAER, XABTET
W ARTE MOFs H1 Y 40

2 MOFs Bl# B FikFLig N RAHR

2002 4, MEHNERT 25 & K42 H MOFs [# 3% %
TR AR I L A R BT R
A A& I A A X 43 W Ak 20, RS
P RN T B PR Z A =0, B BFIE I %
WIRA, % MOFs [ 2B F ik e 50k 4 FhE
Ko “REAL” 3 E TR MOFs 5 5 Ik 2 1]
WA e, 0BG RRE B TR R 43 AE T,
MEFBRAER | JEAERVE | r-r MR AMESEER, X
J5 [ 28y =X 3 B i R Bk DL R IS ik [
BB TR Rl e R [ 4 B4 MOFs 5 8
TR Z ]38 17 MOFs 4 J& L A A 25 ( CUS)
5B VR v E I A LG 7 G 2R R R
i, X Ry X I B T3 A CUS [ 3k
TR, AR [ EE AR MOFs 5B FiliikZ
(i) 38 AT ML B 2R 5 B P R R A A g, LA
2 BRI AR B PR, e A 4R, R
& MOFs 5 & 7 Z ]38 it MOFs i 11 F17s Jis
BB TR A R R B B4 2 MOFs 4k s8N, iz 4
SEAFFAE
21 MOFsRERZEHEFRHE

FIFAL G BARKERE, I — S AbRE . WA RERT
STRAY M, BaREBELIE TRk NZ
FHALIF AL 2 o HE R 5T  MOFs A4k 2 25
TR BF5E /0, % H MOFs 24 A/~ fL MOFs,

FEA ARSI Uio-66 REkik, @it
Tt [ AN (] 3 2 11 1- PP L R s - 3- TR L TR S B TR
i, T EASEAR B N, 345 T RT 94%H i
TR o 5% iR 2H P8 F A FL MIL-101 [#1%8 1-
T3 LR 2 R R ([Bmim][OAC] ) & T IA,
K MIL-101 AL, 208 20 B % B 26 6 2 I
3.0 Z g fm % 30, HASSAN Z:DL MIL-101 %k
A, 38 i 17 B A 3R B oK Bronsted PR B TR N-
FH - 2- b gt e P RS PR £ ( [NMP]TCH3SO3 ) 1%k
FE MIL-101 Hrifil & & 2 Ak Ak ) o A Ab 7 1R
55 S A 1 LR AR SO RS T 82.4%01 i
KICR, HEE M 6 e &A BRI RE IR

ORI R R S T B T A R Ak, (A



%5 10

AT, S IR AT HUE R S TR bR

- 2183

AT R R e PR R o DL R I B MOFs #4 81
SR PR Z B AR, iz E A A
Ja s TAEh it — 53,

22 MOFsH&EPEF/EAE#EESFRE

MOFs HEHL 4@ & 7 A MLECAR A R, H
4 B AN HRL RIS AR SR A A A A A0 I R B M Ay
A, XA 4l R B PR 5> F7E MOFs ‘i 42
Yoy By ok, Al sOn B At T AR e Y
WAL SIS FAG R i A B Blss 1)

2013 4, 20 AR A A VR T e A
BB T WA E 2 /E MOFs | R RS & s i
(PSM) 1720, JefH =28 — ekt MIL-101 3
Tk, SR 5l N—Cr B 8 p9/E A, 78 MIL-101
YK Y JE A A . Bronsted iR 1 2 B b B Tk 1K
( TEDA-BAIL ), WA 1 FiR. iz esn i 2
TRERCE R ARIE R, FER N 88%, FLAEALH
PEIAE ] 6 WRJ5 15 PR B B B R R

F/OH F/OH

r ~—
Dehydrated Ns-N
H,0 H0 NZ=N

K1 MIL-101 2 TEDA-BAIL il %7 &4
Fig. 1 Schematic diagram of MIL-101 immobilized TEDA-BAIL preparation!*?

4
SR
[ ] B
° )
° )
(J

FC304@C112(OH)3NO3

Fe304@HKUST- 1

WANG 2435 %t MIL-101 45 2 47 R 364k, 7
Wk Cl—Cr A I AR AR 1-F 3E-3-48 2 Bk k58
EREATIE Al JE PR AR R A i R 2
153 B AT TR IR N RE A MOF #AL 77 i A4 ) B 28
HANMFLMHIL T E N 2R FLE R S, B R
SrFYHELEE S, HERAE O Bk B AR R R AL
Y s AR, YT A AR A TR B RE T
AR SN B HEA TR T A A SR, LR, xR
WU A M Fes0,@HKUST-1 a8k, it
ZFEINFRR R 3 F AR S5 HKUST-1 B AT Cu 4
J& Frt il it Cu—N Bfz4# 5| A Lewis i 1.0 [BF,] ™,
[i] B B2 B AN AT Cu 42 Jd U E A Lewis iR
Ly, BT B — AT A7 5 R AT P 5~V A [T 2k 7
FEAEFIUACE 2), IR TR T Ak A BURIR BR PR B
1E 120 °C. CO, /B /1 1.3 MPa &4 F i 2 h, 7=
NI 94%, IZMALR A B R RE , 1E
EH 5 A, bt RE AR PR AR

BAIL/MIL-101

Hai

HSO:

N
" AN SOH
N =N Heo,

:N3@N1W SO:H |

F/OH (\(‘) F/OH
= ?

o”S 0
————>
H,S04 i 9.
BAIL BAIL

Bl 2 Bl HIKUST-1 [0 0 0 6 R 56 280 - Rk il % 2 1 1)
Fig. 2 Schematic diagram of magnetic HK UST-1 immobilized amino-boron fluoride ionic liquid catalyst preparation'*”

LUO ZU5FIf CuBTC " Cu i, @it
Cu—NH, T 7 88 1 2 S 0 A A 25 T3 1A
(1-JH 2,33 F1 SEDKIE LR ). A LA AT 76 %R R
WAL TS I 575 51 Knoevenagel 44 U, TEIR
RE 35 h ek 4 56 AL A 1009, it 5
(TOF) 4 10.7 h't, Ak, %M\ AFF CuBTC

R Cu s, At Cu—O Bl 1-% 2 3E-3-H
FEWR MR SR AR B T MR [ 2k CuBTC I, JHE BB+
WA E PACl,, il & WD BE [ 2k A ik 7 o %Ak
FIAE S T BE R 60 °C , Xof A O 4 S8 Ak s g 2 B HE o
FER AL AR, HIR ORI RN 24%, HC R
e RIS 3 55%, M1k A ] 3 GG JL



+ 2184 - 5 tm & T FINE CHEMICALS 5 40 4%
TR WiFhEAe, DI i =8, B 3 PR A A

M5, MgkiGE— R 1T MOFs [# 4% 1
WAARHIBIFST . 2016 4F, 45 [EARIREIZ L) HKUST-1
AR, B CUSHR 2 & i B h B AL B A4 .
Hrb, —AFEADR IR, 5 —AHS & O
BT S i B HKUST-1 [ 28 8 T AR AL ) .
MR CBE SR sy 120 1, figfk
FIHE 15% ( LA o A S e ), SBiAfE 4 h,
SV TREE 90 °CA4M T, IMIREIFE LR N 92.1%, H.
AL FIIE A 5 5 AL R I0 B 2 T %

VOORT 21 I MIL-101 g #dk, FI 3
Cr ( T ) 43 5383 Cr—NH, Bt 58 io VB FH [ 2% 3 &
IIRE B TR 1,3- . (2-F 3k £ 5E)-3-F Lk ms R 3
Hp, —ANREIEFDRF AR, 75— AR
IR, Friil e anE 3 B R R
FR P 1 A0 e R B B G AR T P, SN B
[ 6 h, SN 90 CAMFT, BRI 2 B v £
P>99%, H A0 AT 52 2=/ 54

IR R 4 JE A LS SR R R ) 4 R AN
MoAIOL e, DABRAE e oo B sl fb 2a 5, fae s
FWARRAFAERSY 9z b, HA /D% MOFs 41k
HA & mBchi A s, i H 46 7 AR T
HAFCAIRE S W M 738, a3t | miisal R,
BRI, % 8 3807 2K SR B R JR B

OH

Dehydration

PW/DAIL/MIL-101(Cr)

DAIL/MIL-101(Cr)

3 MIL-101 [ 28 0 2 2 il B 7 T M i 45 s 8 1)
Fig. 3 Schematic diagram of MIL-101 immobilized double
ammonia functional ionic liquid preparation!*®!

2.3 MOFs hEH B ERE B Tkl

MOFs #1 KR BR AT F A9 4 J@ BH 25 46, AL
BB 4B rE, Hk, A A PLECARE 2L
ZReME, i CHRE A RUBME” R A

MOFs AHLE 4L |, i MOFs ARG Fr i (ML
TEPEHLL . MOFs AL A HLE 4253 7 5 5) H 24544
R, WAt b2 SO A I B TR R E AN T ik,
AL A AR RN SRR B AT T

2018 4, Fh L 2 P D) MIL-101-NH, 2k
i, Sl SRR PO R TR 1 JE-3- T Rk
REL (BmimBr) [T MIL-101-NH, 49K, #%
TI A B — R DL 1-F 3-3- T S R s 75 b 8 Y A4
P BB TR 2R AR A AR 1L Br-NH-MIL-101 ),
I HAR A — AR RN A 58 P9 e A5 BRIk TR P9 44 T 1Y)
IR o [FRF, B TF & T MIL-101-NH, k844,
I HE 48 ) —NH, B 5 N N- 85 3k bR s
(CDIl) BRA4A RN, itk 7 XG9I A8 7]
A 1-F1 3E-3- T Lk 2 R £ ( BmimOAc) 1Y [ 384k
AEF] IL ( OAC-NH,-MIL-101), JfFHH AL IR
T TR T A8 g S 07 A 5 B o T, G 4 s
WAL S5 B SO SRR A R bl e Ab
PRAET A ATAEIAA A A5 o

Wi, IZIRRE P MIL-101-NH, R 24k, #
FHHAE S 1B —NH, A R8T BIrEis
A 1-HIIE-3-T BRI AR ( BmimBr) B TRk
Ay, R R RS A A S Cr (I ) [ 2% NN-
TR (DMEDA ) BN, AT HA W
AR T 1 H G 1) [ 2R Ak Ak 7] ( DMEDA/IL-MIL-
101-NH,), W&l 5 fron. If HHEAEE — A bk .
SR e TN 5 7 M = 2 43— kB LT SERE R I A
feFES e v B, SR A 5 U S 36 1 A B
TR, AR [ —NH, F X — Ak B %
5 W B RE O, T LARRAIR SO T, 5 s R R A%

® Ay -
S
.‘um.-'
MIL-101-NH, OAc™-NH,-MIL-101
Bl 4 MIL-101-NH, [ %k BmimOAc & I 1A i 4l 4 7R 2
@[52}

Fig. 4 Schematic diagram of MIL-101-NH, immobilized
BmimOAc ionic liquid catalyst preparation'>?

5 B AR A RUBHE A BTN, R e
EEIESEN MOFs A HLECIR AT T REAL B, J=
4T MOFs & mAHLE ZLA 5. 2017 4F, ¥ H W
PR HR UM rr R, Se] ks



%5 10

AT, S IR AT HUE R S TR bR

© 2185

B TR S A ML A8 1 b2 s Ry ] 58 TR
JE AT A SR WL G AR, A T 2R Ak
fB5) UiO-67-1L, N 6 Fis o 51 A BKIR I A1 {124
e B i i — S AR R T RE 1, wTAE A oA
BMEAEFI T, W R — Ak 538k &
YIRS, SR 96%~99%, fF A F 5 ¥k
JE AL TG RS R

Kl 5 MIL-101-NH, [& 2k B R FA HLEE XS BE i1k
F R 7 5
Fig. 5 Schematic diagram of MIL-101-NH, immobilized
ionic liquid and organic base bifunctional catalyst
preparation!®

O_OH 0_0
ey

O N/i Br‘+ 7 1‘C14 Acetic acid O

O DMEF/120 °C O

0" OH o0

L UiO-67-IL

DMF A N,N-F 3 i i fiie
K6 “HARFiEH 1 UiO-67 [k a1 hl 4 7 5 &5
Fig. 6 Schematic diagram of preparation of UiO-67 immobilized
ionic liquid catalyst by “ligand pre-modification”
method>¥

PR Sk A LG 3 2ot A 2 S 7 B 45 5 5 [ il e %
WorralE ERH, BEREERL, EEk, F
FHI MOFs A AL EC {438 43 fb 27 5 181 28 B8 - VR AR 19 412 3
B 2 R I W R B . HIL S 2
772 AR SR B R R e Mo AR AN, 5 Tk
HERHE R
24 MOFs#KEHKEFiRE

MOFs % T a] fitH H & )| 25+ ffs MLECAR B 42
A, HMER R B B, A LB R . K
PR TE AR . R E TR g oK 25 B =T DL “FR
Tl B RN BRESEE RS TR,
7E MOFs H &3 h g /Ny T E AR Z4EDY, (A
TR BT R B, RZMEHT, MEL
FE SCB AR FLIE R B AR S R A X ), H AT DA
Ti5E 14, MOFs B RHK 44k 23 i BE vl /5 ki 4k 7
B3R, SURT il s R BRI O S R AL

o ) %

MOFs A1 8} FIES T AR 19 50 F R U LA 4 7Y
JEDE BAEHCR R E M E S, LS R
Tk Tok St AR B PR T MOFs 40K N, £
2B PR TR AR RE L B E f B 2% . 7Rt
THOCT, R P Ao, FTRLEIE
SERLR B TR AE MOFs 99K B . [H e+
AR BRI ARAAR RS /INAT H Y BUE MOFs 44K %8
W, FEZENE A e F s, TERKR T MOFs %
FRSE Y B PR o th T as [ BRI, A R
AIE TR F LI BB 4N, W BRI 3t e 4%
& MOFs 49k %H . JHUNG 8419, MIL-101
FENZRAAR, B N-FJEBRIR AT 130T B N B N 14 i
WYy, it P EEMY M7 EUFE MIL-101 49K 58
HEALA B BmimBr &P R4 5, i 7 iR
ZEFIAH) IL@MIL-101 7] SEEL7E IR AR R E
W BE A JFIE WS, IL@MIL-101 Yo 4 Jf- B8 i3 Fiy 8%
54l MIL-101 AH 3N T 37%.

7 MIL-101 #2%& BmimBr B 1 &5 & 50

Fig. 7 Schematic diagram of MIL-101 encapsulated BmimBr
ionic liquid catalyst'®®

T AU V58 g D 45 8 A i e R e i 58
TR (fAiFR polylLs) BR#IFE MIL-101 449K A ,
BT EH Lewis FRBIE M8 B W BEAEAL T,
W 8 Fiw . ML EAT BT (1) COL Hi 3k AE 1 Fl
R4 4 42 08 T , 76 10 YK COL BRI 17 Ji 4 9%
A AR Q0% R . 32 5 SCIR A4 PO o i3 1 7
MIL-101 KN H ARG BR B TR E A
B, ZE A MRNER B RAR) SRR, BEITSS
T, RE T WA LU @ H ¥ 5] o w BR il 78
MIL-101 fats N K TEH, Aok,

T, F AT B E MIL-101 448K P
PG MR B e R A B T, I P m o bk
&R BT BRERW, ZE A MR A RO
taEeE T (La®, sm®H Nd*) &S EE 1



- 2186 ¢

A% @m & T FINE CHEMICALS

5 40 4%

(Pb* . Cd*),

AHEL I, MOFs H 465 TR 2 @ 7 1
ST BRI 34 7 o Btk L, R 880 BILIC A TR A i 25
TR T RARER, XA AR — R
R L, B BE R A A H06E a3 25 ST MOFs
3B TR EP] . Bk, 78 MOFs H g
o 24 B YRR T 1 28 Ak T AT Ak T S R ) B
B, LR SR R L B B Y 2

MIL-101
{5 A A
°=L’—y Br o= Ej&'\:‘% I‘d}

) g

B8 MIL-101 Jf 5 ik K 3 B - 1A 5 1157
Fig. 8 Schematic diagram of MIL-101 encapsulated imidazole
polyionic liquid catalyst!>”

3 MOFs Bl# B FikkFEER B3

MOFs Fl & T AR A ML HR MOFs #3525
TR T YL, 256 BB, MOFs
KB T IRAR R Z AR TR, BB T
IREN 0 =N 4 0 A o 1 T3 7P A 11 TP i i
BRI N MOFs 5 #) FI i RE Ry A F 3t 1 5pr it
A IV o {2 M OFS RIS IR 5 1F Y55 s 7% MOFs
T 381 28 B8 1WA 1 3 B2 P A AR 1R 22 Jmy R A PR A o

EA B 2MRE T KEK MOFs FlE 74
A, (B HADEILFT MOFs AJ 1y 244 11 2k [ 4% 55
Tk, HFEFERAMWLS: (1) MOFs REG1ERN
T S B IR A R — 3 BB R 25 5 Y T4 A
St HEiZiAaRE . v EREM B MOFs 45
4 A4 MIL-101,MIL-100,Ui0-66 . ZIF-8 1 HKUST-1
5 F, EMAVEEA R TEMEERE; (2) BFRES
MOFs [H] 875 ft 57 e [ 2k AL 3%, it MOFs 5
BEFRARZ B RE R HRE RS G, &
TR A P P2 P I, A | Ff
FRIRNE . 3 FARBURIR /N, DL RAE A ) 57) Hh ) 1k
AT R, N RE S [E AL B A B R AR R

MOFs [ 2 & A 1) =45 A =l s my fL
o BRAEUTHEEMALE: (1) FIF MOFs #4
B E YRR SCE REA, X HSE TS & B,
ORI B VR S DN R i 4 % TR s s NS s R w1
b b2 N P T R A, B TR [ B AR
P, AR S 1 B B R A5 R R g, B
WA —MA G (2) FIFH MOFs #4 k1

BE AN RN A, DATC A7 B 1) T8 =X o 8 TR o
2 SR MR R T 8RB R RS, Ak
R E MRS, WSS mA. Wik, HA0%
MOFs M B &4 4 8 Be v A AL s, B A
M TR S BT IR EAEH, X
ARz A 2oy X AT — s 1R R 5 (3) i 1k MOFs
OB K 25 s BRI R A, B8 43 IRl
J1 1 B TR . R PR Ak O XS R i s
PRFF AR A E 2R RIS, H WA o U0 E & T
T RS B RSF A EAEA, K, d#ads
- [E) A/ FH 77 11 8 25 VAN 7T s G = A A () Rl
BRI, 3R N A AR v ) — RO
ARG, FLAR PR S A A RS 1 T A4S B R
UE, (AR R, 5 RS A ] L AR DB TR A
B4y FRSE, T B ARRI A 0 HE

MOFs 5 & W (A0 B AE G ik 245 &
(e | e Fnes 75 ) etk A A EAEH(r-n
MHEAE SR ), DL RWER T (T FE
TEAEFHEAER D), B—1EERMEZR . 25 MOFs
5B TR GE i A B A TR A, 3 A G SR AE
Al DL B AR B AR A LS . 24 MOFs 5 8 T 43 1
e pg e AR, T LLE S FTIR A1 NMR SRR
B, T BB AR AR R G X ST O T RE
(XPS) fl X Sl fERE ( XAS) RFIE,
A MOFs 55§+ &5+ a9 AH B AR R A = B
PR SRR, R 2 HR IR 45 B Al BhE B B
Frh, AT #7R MOFs 5 & 1 A BAFE FIBLE],
Je W AIE 58 T A 75 S0 S50 0F 58 AR TR 45
Ak .

4 HERIBEERE

MOFs [H# 5 T AE SR C 228 T A
M)z e, HAPE e 4 A aE & E . MOFs
IF 20 T WA S A MR AR B T IR B 2
SR, SCMGE T i T AR RN S A A A% SR
Jyle, SEELT AR R Z AR [RImE, AT
T E TR R, JFWRT 8 TR S 7 B i
RBEAM IR S, fEfEfe . MR . 7 B AT
JEBL RAFHO I HTET S . {2 MOFs [8 22 1A=
AR BE TSR AL TR A B BE, 4157 1 22 T) ik iy
fipdke, G EASENE . B EACHLEE o> E AR AL
45, R BERAIE MOFs 34 R 55 7l 1k
Z R AH ELAE FH DA i — o 2Z ) U ) A BB T
TF % RS E Mt ELDIREMESR B9 MOFs [F] 2825 1~k 14
ZEME, FHREMIITE . BENIFEA B H #7
K, X — UK 2310 K B 3% 2 (1 A J



% 101 R, S SR HLE R AR TR A RS R - 2187 -
S Z 3Lk [21] NIK ZAIMAN N F H, SHAARI N, HARUN N A M. Developing
. metal-organic framework-based composite for innovative fuel cell

(1 ‘]AVAHEMA_N M, S_AGHANEZH’L_\D . S . ‘J'_ _S\/n_thes_s, application: An overview[J]. International Journal of Energy Research,
characterization and applications of dicationic ionic liquids in 2022, 46(2): 471-504
organic synthesis[J]. Mini-Reviews in Organic Chemistry, 2020, [22] ZHU H L, HUANG JR, LIAO P Q, et al. Rational design of metal-
17(4): 450-464. organic frameworks for electroreduction of CO, to hydrocarbons and

(2 CLARK K D, TRUJ“_‘LO'RODRKSUEZ MJ, _AN_DE_RS_ON JL carbon oxygenates]J]. ACS Central Science, 2022, 8(11): 1506-1517.
Advances in the analysis of biological samples using ionic liquids]J]. [23] DENG Y, WU Y, CHEN G ef al. Meta-organic framework
Anslytical and Bioanalytical Chermisiry, 2018, 410: 45.67-457_3' membranes: Recent development in the synthesis strategies and their

(8] FALLAH Z, ZARA E N, KHAN M A, er al. lonic liquid-based application in oil-water separation[J]. Chemical Engineering Journal,
antimicrobial materials for water trestment, air filtration, food 2021, 405: 127004
packaging and anticorrosion coatings[J]. Advances in Colloid and [24] QIN Y, LI Z, DUAN Y, er al. Nanostructurd engineering of
Interface%mcefozl, 294: 102454. . metal-organic frameworks: Construction strategies and catalytic

[4 ZHANG X F (3K &), LUO G H (B)47), ZHANG G N (FK[E 1), applications]J]. Matter, 2022, 5(10): 3260-3310.
et al. Separation of ursolic acid from cycandliculare by ionic [25] ZENG S, ZHANG X, BAI L, et al. lonic-liquid-based CO; capture
liquid/salt aqueous phase extraction[J]. Fine Chemicals (F54i{LT), systems. Structure, interaction and process(J]. Chemical Reviews,
2014, 31(9): 1080-1084. . 2017, 117(14): 9625-9673.

(51  TUSH (REERE), ZHANG Z W (3530, ZHANG C (3K ##), et al. [26] SUN JK, LIN H J, ZHANG W Y, ef al. A tae of two membranes:
Synergistic extraction of Nd(Ill) with quaternary ammonium ionic From poly(ionic liquid) to meta-organic framework hybrid
liquid and neutrd phosphorus oxygen extractor[J]. Fine Chemicals nanoporous membranes via pseudomorphic replacement[J]. Materias
(54016 T), 2020, 37(7): 1469-1477. Horizons, 2017, 4(4): 681-687.

(6] SI_LVA_S S’.GOM ESJM, REIS R,L' et al. Green solvents combined [27] DAI Q, MA J, MA S, et al. Cationic ionic liquids organic ligands
with bioactive compounds as delivery systems: Present status and based metal-organic frameworks for fabrication of core-shell
fuwre trends{J]. ACS Applied Bio Materllals,. 20_21’ ‘_1(5): 4000'401_3' microspheres for hydrophilic interaction liquid chromatography[J].

(71 SHANG D, LIU X, BAI L, ef al. lonic liquids in gas separation ACSApplied Materials & Interfaces, 2016, 8(33): 21632-21639.
processing[JJ. Current Opinion in Green and Sustainable Chemistry, [28] WANG J, XIE D, ZHANG Z, et al. Efficient adsorption separation of
2017, 5. 74-81. ) acetylene and ethylene via supported ionic liquid on metal-organic

[8] CHOTKOWSKI M, POLOMSKI D, CZERWINSKI K. Potential framework[J]. Al ChE Journal, 2017, 63(6): 2165-2175.
application of ionic liquids for electrodeposition of the materia targets [29] CHEN L H, WU B B, ZHAO H X, ef al. High temperature ionic
for production of diagnostic radioisotopes]J]. Materials, 2020, 13(22): conduction mediated by ionic liquid incorporated within the
5069. o metal-organic framework UiO-67 (Z)[J. Inorganic Chemistry

[9] SUZUKI S, TAKAHASHI K. lonic liquids as organocatalysts and Communications, 2017, 81: 1-4
solvents for lignocellulose reactions]J]. The Chemical Record, 2023: [30] ABEDNATANZI S ’ABBASI A MASTERI-FARAHANI M
eZOZZOOZS:. ) . e Immobilization of catalyticaly active polyoxotungstate into ionic

(10] JAPF (51l ), WANG J(EAf). CHANG Y F (#7K37), ef al. liquid-modified MIL-100 (Fe): A recyclable catalyst for selective
Synthesis of ethyl chlorpacetate (.:atalyzed by acid ionic liquid oxidation of benzyl alcohol[J]. Catalysis Communications, 2017, 96:
[N4H4(CH2)6]sHSO4[J]. Fine Chemicals (ki4ifkT.), 2018, 35(4): 6-10
608-611. _ _ [3] CHEN Y, HU Z, GUPTA K M, er al. lonic liquid/metal-organic

(11 KAUS_AR A. Advancesin pglymer—anchored carbon nanQIUbe foam: framework composite for CO, capture: A computational investigation
A reviewlJ]. Polymer-Plastics Technology and Materids, 2019, [J]. The Journal of Physical Chemistry C, 2011, 115(44): 21736-21742.
58(18): 1965-1978. S [32] GUPTA K M, CHEN Y, HU Z, et al. Metal-organic framework

(12] LAVAGNAL, NISTICO .R’ MUSSO S, et al. Functlf)nallzatl.on as a supported ionic liquid membranes for CO, capture: Anion effects[J].
way to enhance dispersion of carbon nanotubes in matrices: A Physical Chemistry Chemical Physics, 2012, 14(16): 5785-5794.
review[J]. Materials Today Chemistry, 2021, 20: 100477. [33] GUPTA K M, CHEN Y, JANG J. lonic liquid membranes supported

(13 !(U_SUMA\_NATI E N SA_SAKI T. Metdl nan?partlcles syntheses on by hydrophobic and hydrophilic metal-organic frameworks for CO,
ionic liquids functionalized mesoporous silica SBA-15[J. The capture]J. The Journal of Physical Chemistry C, 2013, 117(11):
Chemical Record, 2019, 19(9): 2058-2068. 5792-5799

[14] WOLNY A, CHROBOK A. Silica-based supported ionic liquid-like [34] LI Z XIAOY, XUE W, ef al. lonic liquid/metal-organic framework
phases as heterogeneous catalysts[J]. Molecules, 2022, 27(18): 5900. composites for H,S removal from natura gas: A computationa

[15] KUNDE T, PAUSCH T, S(_:HMIDT B M. Porous organ!c exploration[J]. The Journa of Physica Chemistry C, 2015, 119(7):
compounds-small pores on the rise[J]. European Journal of Organic 3674-3683
Chemistry, 2021, 2021(43): 5844-5856. . [35] DHUMAL N R, SINGH M P, ANDERSON J A, ef al. Molecular

(16] LITTLE M A, COOPER A |. The chemistry of porous organic interactions of a Cu-based metal-organic framework with a confined
molecular materials]J]. Advanced Functiond Materials, 2020, 30(41): imidazolium-based ionic liquid: A combined density functional
1909842. ) ) ) theory and experimental vibrational spectroscopy study[J]. The

[17] CHEN Z, LI X, YANG C, et al. Hybrid porous crystalline materials Journal of Physical Chemistry C, 2016, 120(6): 3295-3304
from metal organic frameworks and covalent organic frameworks{J. [36] XUEW, LI Z, HUANG H, ef al. Effects of ionic liquid dispersion in
Advanced Science, 2021, 8(20): 2101883. metal-organic frameworks and covalent organic frameworks on CO,

(18] G_ANGl_J K K, MADDILA S’_ JONNALAGAD_DA S B. T_he capture: A computational study[J]. Chemical Engineering Science,
pioneering role of metad-organic framework-5 in ever-growing 2016. 140: 1-9
contemporary applications:A review[J]. RSC Advances, 2022, 12(22): [37] MEHNERT C P, COOK R A, DISPENZIERE N C, ef al. Supported
14282-14298. . . jonic liquid cataysisA new concept for homogeneous

[19] PETIT C. Present and future of MOF research in the field of hydroformylation catalysis[J]. Journal of the American Chemical
adsorption and molecular separation[J]. Current Opinion in Chemical Society, 2002, 124(44): 12932-12933
Engineering, 2018, 20: 132-142. _ [38] SUN J K, ANTONIETTI M, YUAN J. Nanoporous ionic organic

[20] ZULKIFLI Z I, LIM K L, TEH L P. Meta-organic frameworks

(MOFs) and their applications in CO, adsorption and conversion[J].
ChemistrySelect, 2022, 7(22): €202200572.

(39]

networks: From synthesis to materials applications[J]. Chemical
Society Reviews, 2016, 45(23): 6627-6656.
PARNHAM E R, MONRRIS R E. lonothermal synthesis of zeolites,



- 2188

A% @m & T FINE CHEMICALS

5 40 4%

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47)

[48]

[49]

metal-organic  frameworks, and inorganic-organic  hybrids[J].
Accounts of Chemical Research, 2007, 40(10): 1005-1013.

WU J, GAO Y, ZHANG W, et al. Deep desulfurization by oxidation
using an active ionic liquid-supported Zr metal-organic framework as
catalyst[J]. Applied Organometallic Chemistry, 2015, 29(2): 96-100.
HASSAN HM A, BETIHAM A, MOHAMED SK, et al. Stable and
recyclable MIL-101 (Cr)-ionic liquid based hybrid nanomaterials as
heterogeneous catalyst[J]. Journal of Molecular Liquids, 2017, 236:
385-394.

LUO Q, J M, LU M, et al. Organic electron-rich N-heterocyclic
compound as a chemica bridge: Building a Bronsted acidic ionic
liquid confined in MIL-101 nanocages[J]. Journal of Materids
Chemistry A, 2013, 1(22): 6530-6534.

WANG T T, SONG X, LUO Q, et al. Acid-base bifunctiona catalyst:
Carboxyl ionic liquid immobilized on MIL-101-NH, for rapid
synthesis of propylene carbonate from CO, and propylene oxide
under facile solvent-free conditions]J]. Microporous and Mesoporous
Materials, 2018, 267: 84-92.

WANG T T, SONG X, XU H, et al. Recyclable and magnetically
functionalized metal-organic framework catayst: IL/Fe;0,@ HKUST-1
for the cycloaddition reaction of CO, with epoxides[J]. ACS Applied
Materials & Interfaces, 2021, 13(19): 22836-22844.

LUO Q X, SONG X, J M, et al. Molecular size-and shape-selective
Knoevenagel condensation over microporous Cus(BTC), immobilized
amino-functionalized basic ionic liquid catalyst[J]. Applied Catalysis
A: General, 2014, 478: 81-90.

LUO Q X, AN B, Jl M, et al. Meta-organic frameworks HKUST-1
as porous matrix for encapsulation of basic ionic liquid catalyst:
Effect of chemical behaviour of ionic liquid in solvent[J]. Journal of
Porous Materials, 2015, 22: 247-259.

LUO Q X, J M, PARK S E, et al. PdCl, immobilized on
metal-organic framework CuBTC with the aid of ionic liquids:
Enhanced catalytic peformance in sdective oxidation of
cyclohexene[J). RSC Advances, 2016, 6(39): 33048-33054.

CHEN C, WU Z, QUE Y, et al. Immobilization of a
thiol-functionalized ionic liquid onto HKUST-1 through thiol
compounds as the chemica bridge[J]. RSC Advances, 2016, 6(59):
54119-54128.

ABEDNATANZI S, LEUS K, DERAKHSHANDEH P G et al.
POM@ IL-MOFs-inclusion of POMs in ionic liquid modified MOFs
to produce recyclable oxidation catalysts[J]. Catalysis Science &

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

Technology, 2017, 7(7): 1478-1487.

HWANG Y K, HONG D Y, CHANG J S, et al. Amine grafting on
coordinatively unsaturated metal centers of MOFs: Consequences for
catalysis and metal encapsulation[J]. Angewandte Chemie, 2008,
120(22): 4212-4216.

HONG D Y, HWANG Y K, SERRE C, et al. Porous chromium
terephthalate MIL-101 with coordinatively unseaturated Stes: Surface
functionaization, encapsulation, sorption and catalysqJ. Advanced
Functional Materias, 2009, 19(10): 1537-1552.

CHONG S Y, WANG T T, CHENG L C, et al. Meta-organic
framework MIL-101-NH,-Supported acetate-based butylimidazolium
ionic liquid as a highly efficient heterogeneous catayst for the
synthesis of 3-aryl-2-oxazolidinones[J]. Langmuir, 2018, 35(2):
495-503.

CHONG S Y, WANG T, ZHONG H, et al. A bifunctional and
recyclable catalyst: Amine and ionic liquid grafting on MOFs for the
one-pot synthesis of N-aryl oxazolidin-2-oneqJ]. Green Energy &
Environment, 2020, 5(2): 154-165.

DING L G YAO B J JANG W L, et al Bifunctiona
imidazolium-based ionic liquid decorated UiO-67 type MOF for
selective CO, adsorption and catalytic property for CO,
cycloaddition with epoxides[J]. Inorganic Chemistry, 2017, 56(4):
2337-2344.

LIU J, GOETJEN T A, WANG Q, ef al. MOF-enabled confinement
and related effects for chemical catalyst presentation and
utilization[J]. Chemical Society Reviews, 2022, 51(3): 1045-1097.
KHAN N A, HASAN Z, JHUNG S H. lonic liquid@ MIL-101
prepared via the ship-in-bottle technique: Remarkable adsorbents for
the remova of benzothiophene from liquid fuel[J]. Chemical
Communications, 2016, 52(12): 2561-2564.

DING M, JANG H L. Incorporation of imidazolium-based poly
(ionic liquid)s into a metal-organic framework for CO, capture and
conversion[J]. ACS Catalysis, 2018, 8(4): 3194-3201.

LI Z, WANG W, CHEN Y, et al. Constructing efficient ion
nanochannels in alkaline anion exchange membranes by the in-situ
assembly of a poly(ionic liquid) in metal-organic frameworks[J].
Journal of Materials Chemistry A, 2016, 4(6): 2340-2348.

PEI Y, ZHANG Y, MA J, et al. Carboxyl functional poly(ionic
liquid)s confined in meta-organic frameworks with enhanced
adsorption of meta ions from water[J]. Separation and Purification
Technology, 2022, 299: 121790.

(L34 2179 1)

[63]

[64]

[65]

[66]

[67]

[68]

YAO R, HERRERA J E, CHEN L H, et al. Generalized mechanistic
framework for ethane dehydrogenation and oxidative dehydrogenation
on molybdenum oxide catalysts[J]. ACS Catalysis, 2020, 10(12):
6952-6968.

XULY,LIUJX, YANG H, et al. Regeneration behaviors of Fe/Si-2
and Fe-Mn/Si-2 cataysts for C;Hs dehydrogenation with CO, to
CH4[J]. Catalysis Letters, 1999, 62: 185-189.

SONG G Z (“RP##). Selective oxidative dehydrogenation of ethane
over transition metal oxide catalysts (Mo, Zn) in CO, atmosphere[D].
Xi'an: Northwest University (5t k%), 2022.

NAJARI S, SAEIDI S, CONCEPCION P et al. Oxidative
dehydrogenation of ethane: Catalytic and mechanistic aspects and
future trends[J]. Chemical Society Reviews, 2021, 50(7): 4564-4605.
BUGROVA T A, DUTOV V V, SVETLICHNY1 V A, et al. Oxidative
dehydrogenation of ethane with CO, over CrO, catalysts supported
on Al,Os, ZrO,, CeO, and Ce Zr;_,O,[J]. Catalysis Today, 2019, 333:
71-80.

SKOUFA Z, HERACLEOUS E, LEMONIDOU A A. On ethane
ODH mechanism and nature of active sites over NiO-based catalysts

(69]

[70]

(71

(72

(73]

via isotopic labeling and methanol sorption studies[J]. Journa of
Catalysis, 2015, 322: 118-129.

HERACLEOUS E, LEMONIDOU A. Ni-Me-O mixed metal oxides
for the effective oxidative dehydrogenation of ethane to ethylene-
Effect of promoting metal Me[J]. Journal of Catalysis, 2010, 270(1):
67-75.

LI'Y C,LILY,LUO SZ, et al. The role of K in tuning oxidative
dehydrogenation of ethane with CO, to be selective toward
ethylene[J]. Advanced Composites and Hybrid Materias, 2021, 4(3):
793-805.

MARQUART W, RASEALE S, CLAEYS M, et al. Promoted
Mo,C,-based catalysts for the CO, oxidative dehydrogenation of
ethane[J]. ChemCatChem, 2022, 14(13): €202200267.

DAI Y H, GAO X, WANG Q J, et al. Recent progress in heterogeneous
metal and metal oxide catalysts for direct dehydrogenation of ethane
and propane[J]. Chemical Society Reviews, 2021, 50(9): 5590-5630.

DENG Z B, GE X, ZHANG W T, et al. Oxidative dehydrogenation
of ethane with carbon dioxide over silica molecular sieves supported
chromium oxides: Pore size effect[J]. Chinese Journa of Chemica
Engineering, 2021, 34: 77-86.



