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Resear ch progress on metal oxides and zeolitesin CO, cycloaddition reactions
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(1. College of Chemical Engineering, Inner Mongolia University of Technology, Hohhot 010051, Inner Mongolia,
China; 2. Key Laboratory for Industrial Catalysis of Inner Mongolia, Hohhot 010051, Inner Mongolia, China )

Abstract: Conversion of CO,, a major greenhouse gas as well as a cheap, non-toxic and renewable CI
resource, into valuable fine chemicals can effectively mitigate climate change and facilitate carbon
neutrality. Cyclic carbonates, obtained from the cycloaddition between CO, and epoxides with the
advantages of high atom economy, high selectivity and low pollution, can be used as electrolyte for
lithium-ion battery, precursor of polymer materials and intermediate of fine chemicals. The oxides have
been considered a promising catalyst for cycloaddition reaction because of their diverse structures and
controllable acid-base properties. Herein, the research progress, especially the reaction mechanism and the
application, on two typical, low-cost and easily large-scale oxides: metal oxides and zeolites, in catalyzing
the CO, cycloaddition reaction were reviewed. Meanwhile, the existing problems and the future research
directions were discussed, and it was pointed out that the future work should be aimed at the development
of true inhomogeneous catalysts without additives and exploration on reaction mechanism.

Key words:. carbon dioxide; cycloaddition reaction; cyclic carbonates; metal oxides; zeolites

T RIX CO KA HER T Ly =R X i A 2 e, e EE TR, COo, fiEfL
AEBRPERDE, PERE TR RN e SREAERTTEOR AR W RERERR . SPF IR S AT
B BRPORT BIBRISCHE bR . IEARR, BEETRE RS RRAEIHREIN L . CO, L, Rl
TP B B ARIK R E TR Z R B, CO, ML CO Bk obeke | ke . BR2e. Mk,

Yrfs BHA: 2023-07-28; EFABEHE: 2023-09-07; DOI: 10.13550/j.jxhg.20230607

E2WH: HEAKFFESTH (22008177 ); NN AKX ARRIFILETIH (2023MS02004 ); NS AR X EAF2 “H AR
FWA HFWH” (NJYT23040 ); W55 AR X EJE @B EARHNL 5 2500 H  (1Y20220266 ); P50 Tk K2FEFRHIF S 3 SR80 H
(BS2021029 )

{EE® A BUkfd (1999—), H, #i+4:, E-mail: 20211100173@imut.edu.cn, BRREA: 25 Bt (1993—), %, Bl#d%, E-mail:
liying 2021 @imut.edu.cn,



% 6 1] Bk fE, S5

& Ja AL R 3T 2E CO, PRI i A BIF 5 i3 Jre

* 1185 -

MRS . D7 A IEM CO Z5A7 i (ELH NG 40 Ak T J50KE S0ks
A Ak TP MR B R o XS AT PR B (0 i AR
I COy MR LB W (B R R, S8 1 ik
WRHER AR i 1 e KA

HE [ CO, HEALFL AL S AL 1% CO, Al CO .
MR WSS MRBRMEEFILERS ; CO, HREH A5
A BRI Coke; CO, IR IR A B
il 35 PR BR IR T 1 R BR TR IR . Herb, CO, 5 T b
HREH CO, I AP RN AL S 28 /0 A T FE4:4F
CO, HEf i i PU 43 22—, 4Rk, FRE 2 ke (EO)
RAFAT 2 A8 T BERRH bR, S Hi e &
B, SEOTREREY K I R I AR LRI A R
AN A R B DX SR ) 22 AW, RO AR L e
Mg TP, R LBEHR CO, MR ALY
TSR L ) S 2 — SERRAY i S B T S I 4
AR RS — 52 T

COENERE R C1 BT, 5 i 5 IR
B BR TG B4 S LN A 2 C IR AR 100% 1Y
B, JUF-TCALA R IR E R, RN R AR s

0

N b e MR N
R/ZA ____’ﬁﬁ‘ﬂyaz@ﬁwml\_4<
R{FEH. CH;. C,H,. CHZE R

PR RS B A NS Y, o N
A 5T F PR TR RN AE 70 L A8 S R Yt Y LA I
AHHLA BRI 5T A i i RSO 1, co,
AN e AR mENA, B C=0 LN
803 kJ/mol, Z5Ft HAR A2 , 76 S N xfE A 1R
R, 738 B . R J R AR 48 F T
CO, M AW AL =R A F= R R e, HoA =&
BENX.

MBS N R B Y EEAE R L B
TR ML, AT X ek R B A R
HEALPERE MK IHAS B T3z (e . (R, $AiL
AP AE—SE[EI A A B, Q™ & S5 Ak ) B s 50 o
B IRAE e | A R A R A i, R
AR AR 55 B A 12 S0 M 2 0 55 — ISR 3R, Tk
BT, £EAVMES (MOF) #k . 2404
AR B AT AL A R B AR TT & ok . 3k b i3]
H TG ML AT S B AR AL R A TR] , R A Eh
BRSO NRTHEA T T g, (e s et R e
T 2 43 0 56 473 T il 2 3 A A 3R A 0 3 68 P
AE R LEoh, KMl MEkib s, Hrkbe
FU 1 28 1 A T AR

FIRTIZT M0k, HAa e g A r=mt i
IR R L BAR AR AR AR 0 0 0 PR R T T P BE Y

SRBE AN o X T R AH A A PR R B o AR AR R
& )8 B AP R0 TR M PORAME . 5 TR
B, i HRA B A TR S e R, R
BT A I BN AT 5. ZET I, ASCM CO, Al
PRAE AW ER RSN, ) B RILAR H K, R A A
JE ALY 50 T IX 2 FE MR A SR AR BRI S R
FEIRTTEE R, AT BA SRR,

1 RMHLE

FURGT, PRERAEAC LB 8 AT ) CO, FIFRAR
P& LI B TR TR 11 S R HLEEL 12 Gl R
P 5 T P A5 B R T R 2 PR3 A, R P R )
A 2 W BRERE A CO, BAE T o X 42 I A A Fn o3
i AL TR T CO, PR AL P 2R i LS 1 B BIL
HUPEAT R UM G2, X R A HEAT IR 2T AR A it
W3 ML (1) FREAE LS (2)
CO, iHALALH s (3) XCE AL
11 IREXWFLE

TE 4 g E ALY Rt o Ak nl b, 3R
Wy R RS RR PR, R N AR JLAF
(1) i —Ha %A A AL R T 68 Lewis TR
PEALA s (2) M UMPORR | Bt B 7 3c iS5 ik
AT R 48 Lewis BRYERIAL; (3) fiEfk
IR AN EAH SRR A EY . HEY.
APLER . BRI E T RASE; (4) BEIEFRIRmRY
FeaR A B, nTRER A TR ) A ad A e i
PSR R s (5 Sp e Ak in i i D et &
WG AR, gk | BRAE . AU R
BAF (CORJT R, B/ 3 FFRA M AL, S5 2 FhFR
N H L)

JAF IR A B L A 22l (HLA— A
BAFA2 a5 I BE AR BRSPS RO, S0 TG T 3F
AT IR AE 2w S ST LR R
A B R A SRR R e S e o TR R
TN B BRI, IR TT IR AL
P, 38 R U T 2R LB (TBAB ), BLALHR (KT)
S R B, ERIMA IR R

G, AW AE M A8 H A T
WS, i B AR N PR B PR AR Y B e T
FECE IR AL T IR AR RS, s fRR Y
AR TS CO, FYRR IR ELAE T AR RO PR AR 9 i
AP, BUIS COL A B M (AR 1) R (
e 2) TEmibE AL (FR O) b 2 Fhide, Rk
W B A B AR R IR CO, 43 F I AR ALY B
O3 N ILCIR B PR ARBR R T, ML) L A
BF I 25 v 2 B AR, A 1 R



A% 4m 4 T FINE CHEMICALS

41 4%

- 1186
R
—A
] ¢,
=) ) RA J J
L J
\ oD O (w
O\ V-0
o / &
. o
JZ?:()/) R \_ISR
S <C—Oz Ded

O MRS MAH o BHERIHO o WRSHREH
1 R AL

Fig. 1 Activation mechanism of epoxide[”'lg]

1.2 CO,FHHL &

e 4 R A L R4y T, COy IR B
STk 325 (1) &8 S ALY RN 21 0 2 1 1 4
fNiris (2) FEFRE AN R T T BRI B Y B 1)
BRBEEA A (3) HERTEME AL L 2R B T A
PP R LB . N N- T L ER G ( DMF ) 281
AL R B S . BRI, XF 4l 4 8 A =
23 TA A COo PRSI A2 2% T AR O A3 s W% Bf
G CO, AT 2022,

e, CO, W BfH7E 2 TH A Lewis Bt 5 O |,
PRAE AL 0 Aot 0 A 4 R MR H R S b B
CO, BIG LI KRR D PP, RFRER LAY A T
W R ALY Z BN BB IR0 SRRk
TR, E M EAE A R IR B AT &,
S F NI TG A AR IR IR R, - 4 1L 55 1
AL WK 2 FiR .

R\g + CO, R\g %

S ) ) \) J’ko

IO&%

R A
INE

O FRHERLAMFIH © k(A0
2 O, WAL

Fig. 2 Activation mechanism of C

02[23-24]

1.3 WEFEUHE

TEHT 2 A B, PRI R CO, #RAT L
BRI AE R IR, (ER A — TR P RE RS AL,
WAL R B Yy R ) — R s e . H—
EALHLE b, PR TIT I RE 25w, BH

2R SR HOR IR ITER 00 CO, RETE AT AL HY i
RT, UnTES 5K SRR IR A
KM M AL H A2l ROALEE T EESA CO,
FFR AL IR 8 AL AL 220, B0 Ek 2 R Y

+-
éﬂ%o

14 RMHLEZRE

Toit &4 Ja E AL YA 2 ok oy 10, ik CO,
FER AL P PR AR s g AL AT KB CO, ik
ML . HEALYTEAEILE] . CO, FNERSE ALY [l i) 7%
FEHLE o SR, EEAR AEAR MR R R A AR £ Y
MALEE, TR AP AL SRR . DL R
PIFFES AR, R E VAT 2 FoAs
TR R S D HLEE

(1) RN ARG, A K EW TBAB, KI S5F7E
0 A R B2 L2 [ T R =R et R s I [T
VN SRR AR B A E AL T 3R 5 SO0 TS AL
ISR (5P anwn BE G e 7 =R a7/ B 7 N G .3 ]
it O 17 fi3% 1k COy.

(2) W RS, W R CO, ihfbfr s
A, EmRYE O 74 . DMF., & Foifi FiA
LS AFTERS, RN ALERAR ATRE R CO, TE AL, AP
XA B 5 CO JE UG Ml CO, 8k, FfSIE
IR B TR R FH S T R MR N AL IT 3R

2 ERENHELT

Wik IR, CO, 5 ALY S A B IR A5k iR
B 75 BRI PE AL . RS R | AL U 4 )R
ALY N H B RS RE R L A, B ) IZ M
TR N . A NRA & mEfkd. 26
& B A 2i ik 4 R A AL WAL CO, FIFR AL 3R
TR IO B S EA PR Al TR i 1 o BRI ELiHE
PR 2 T3 X6 3 P B S
21 BAHEEENLY
2.1.1 EHHaH Yk

YANO ZEPIEARGE T L) MgO i M 4i o i
b CO, AR WA IR R (£ 1, JF5 1),
TR T &R etk Co, 53 A AL [
T i 2, SAENGSAEN 2512705 1 7 24 () /K 05 i
Bl & T — R SnO, AL, FEdELE CO, (F7A L
CO, R R FEME IR TR 5L 20% 0 H e ) IR R
JE RN, RS T 84%MM AL, AT H
SR 5T 4R A AL CO, IR E AL W3 i il
NEAEEMT, BHANAGE 5P 827 8 6+ 4 )8
Ay, ELSEALY (LEWARSEELRY)
FERMEALFMEAGZ Y. (£ 1, 55 2~8), Lay0s
1 MgO [R5 A5 5 B A2 s, AR SR AL A5 0, X CO,
IR A 100 PRI B S 7 B TG B



56 M

BUKAE, 45 SE AR T IR COy BRI f 5T i Ji%

* 1187 -

212 BELEMNZH

bl 2 1 RN R 43 4 A SR AR B 1 3[R 1) A
i, AT TN ERE, TF5EE BISE3E
T BUR  IEPENL S 0] Kt i 21L& 8 | Ak i
AT RLEAT TR TAE, SLAM 2R 192058 1 41,
IR UTVE I AT R IR 4R DLV I JE 5 o3 B A i T 2 4L
MgO K F Al ZnO 258K Bk, MgO B i R ETE
KPS B P FLESH , HL R AR A 34.2 m/g;
ZnO B ) R B B AR 1 s Z L5 H, 2 FiiEfL
FUAE B T H e 25 AN AR T (i fi i 24 S N M iR ™ 26 h
98% (£ 1, J¥*5 9 10),

[ —H o LRI i TR ST, TaEs
SECRFE Y B 2E M, MR SN G . A
T AR FNIE S 25 X AL 6 PR 52 I, ZHAO
EBORESE TERCIR . BRI Z EACIR 9 MgO X} CO,

FFEHNHE (PO) MBS sEm (£ 1, J55
11~13), i# it BET AL XS L A3, AL 1
E5ARFIEAM MgO R MmO LA LR
—E MMM . GAO PR il 4 T i
IRFNGNKAE 3 FIIEASHY CeO, AT, 3T XF( 111 ),
(110) A1 (100) 3 A& THPEATER A )% B oR P
& (DFT) 35, ZELL (111) N ER CeO, 44
K\ THAR BAT S AR A TG AL RE , M B e i A 7=
PR . SHEN 252215 e T A BN ERTE ( MgO-IS ).,
B 7 5 R (MgO-BC) FIS 7K FE ( MgO-C )
) MgO #4L 7], Hdr, MgO-C 5 HABIE A MgO
FHLG, B RAF R 24, Of H R # 2 19(111)
A T RMIRHC 7 O, ELAT T 58 A4 Bl ek Ao 35 1 4R A
B, BHIHT CO, I = BB B N, 1538 1 &
R VE G, i 3 BIEoR o

# 1 BHSEIREYMEI COy FIERE ALY ER IS N
Table 1 Cycloaddition reaction of epoxide with CO, catalyzed by single component metal oxides
RS MR BMEeE W AR RBGRAEC ﬁ“ﬁiﬁ/ REEL R RN B
1 MgO SO DMF 135 2 12 — 60.00 [23]
2 MgO EO DMF 150 8 15 17.20 15.80 [28]
3 CaO EO DMF 150 8 15 8.10 0.80 [28]
4  ZnO EO DMF 150 8 15 92.60 8.70 [28]
5 ALO; — EO DMF 150 8 15 6.60 6.60 [28]
6 Zr0, — EO DMF 150 8 15 50.80 10.90 [28]
7 LaOs EO DMF 150 8 15 74.50 54.10 [28]
8  CeO, EO DMF 150 8 15 76.90 17.50 [28]
9 ZALMgO 4k TBAB ECH — £S5 R 4 >99.00 99.00 [29]
10 ZnO Z5.04iKEk  TBAB  ECH — R R 2 >99.00 98.00 [19]
11 ZH#tk MgO PO DMF 140 1.5 10 100.00 95.39 [30]
12 2Rk Mgo PO DMF 140 1.5 10 94.97 63.50 [30]
13 ik MgO — PO DMF 140 1.5 10 99.64 71.97 [30]
TE: “—" FRJi; SO NEMARLM; PO NIFANLE; ECH AXEEANLE, T,

a e ! b100 — Cone, —

______ : I /= Yo — A '803

: o ey 1 %\jso-ggonm S

, L CO, : : Irregular sphere |, )k : 5 PC 1o E

I OH 41 gw 3 ”QiL | = 60 =

HO_L_OH | es\‘ L oH 2 3

""" ! J»/» VT T 8wl 140 5

P Bokeae 7§ £

oU : | S 20 H H 20 g

1
Q) - | LM LT, S
L__Cube 1 MgO-IS MgO-BC MgO-C

Cony g HMEL AL s Yoo JR HAMBEICR s Conpo WIREPIBEHEAL AR s Yoo BRI RRICE
Pl 3 MgO JB 25 % B i V£ 5 g 2!
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Table 2 Cycloaddition reaction of epoxide with CO, catalyzed by composite metal oxides
R e B R WE RVIREEC ﬁﬂif/ T s L3¢
1 Mg-AlEZAREMLY — PO DMF 100 0.5 15 97.8 96.5 [21]
2 Mg-LiZGE MY — ECH — 130 3 4 99.0 97.0 [33]
3 [MgCo,04]-[CI'] TBAI SO — 100 0.1 12 96.0 91.0 [35]
4 [MgCo0,04]-[NO3] TBAI SO — 100 0.1 12 90.0 80.0 [35]
5 [MgCo,04]-[0ACT] TBAI SO — 100 0.1 12 94.0 80.0 [35]
6  [MgCo,04]-[SOF] TBAI SO — 100 0.1 12 77.0 63.0 [35]
7 MgFeAl-LDH(W) TBAB ECH — 50 0.5 97.9 70.8 [36]
8  MgFeAl-LDH(WE) TBAB ECH — 50 0.5 98.2 90.2 [36]
9  Zn-Mg-Al &84 — PO =2 140 25 12 99.2 88.8 [20]
10 Zn-Ca-Al E5E LY — PO =2 140 25 12 98.1 85.0 [20]
11 Zn-Sr-Al EHE MY — PO = 140 2.5 12 97.3 84.7 [20]
12 Zn-Ba-Al B &AW — PO = 140 2.5 12 97.7 84.4 [20]
13 Zn-Si B HHELY TBAB PO — 120 4.5 6 100.0 100.0 [38]
14  La-Zr /MY — SO DMF 130 2.5 5 100.0 90.0 [42]
15 Ce-La-Zr & 54 — PO — 170 7 20 72.0 66.0 [43]
16 Ni-Co W& @&k TBAB SO — 140 3 6 >99.0 >99.0 [44]
17  Mn-Ba EH A — PO DMF 160 2.5 6 97.9 96.0 [45]
18  Sn-Ni Z AL — PO DMF 160 2.5 8 93.1 90.2 [45]
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SRR (& 8A b d i€k ) A7 S 80 (&l 8B
1 d 12k ). POURHASSAN 250704 4 gy ok - 35
= Q- CFHMIBELR) SBA-15 (SBA-15/N-Au)
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TCRFN A FAUA 8 h RVl s b fi AL B R 7K £ His i
AR (%3, 75 14~16 ),

3 T COL MR ALY B FR NS i

Table 3  Cycloaddition reaction of epoxide with CO, catalyzed by molecular sieves

e Al fﬁffj B WA RBERIESC &”ﬁ’iﬁ/ SRR HEFERE% Y% B
1 Fe-HMS — ECH — 120 1.6 6 92.9 90.48 [48]
2 Zn/SBA-15 — PO DMF 150 3 3 — 55.70 [49]
3 Zn(0.15)-SBA-15 KI PO — 80 1 9 >99.0 96.00 [50]
4 Ni(0.15)-SBA-15 KI PO — 80 1 9 >99.0 54.00 [50]
5 Fe(0.15)-SBA-15 KI PO — 80 1 9 >99.0 79.00 [50]
6 Co(0.15)-SBA-15 KI PO — 80 1 9 >99.0 81.00 [50]
7 Zn-HZSM-5 TBAB PO — 140 1 8 >99.0 99.00 [25]
8 Mg-Si-ZSM-12 TBAB SO — 90 3 9 95.0 91.20 [51]
9 K-ETS-10 — PO — 135 — 24 — 13.74 [52]
10  Cs-ETS-10 — PO — 135 — 24 — 14.90 [52]
11 Mg-ETS-10 — PO — 135 — 24 — 1.16 [52]
12 Ca-ETS-10 — PO — 135 — 24 — 2.43 [52]
13 Ba-ETS-10 — PO — 135 — 24 — 4.34 [52]
14 SBA-15/N-Au TBAB SO — 100 1 8 — 92.00 [17]
15 SBA-15/Au TBAB SO — 100 1 12 — 80.00 [17]
16 SBA-15 TBAB SO — 100 1 20 — 25.00 [17]
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Fig. 8 NH;-TPD (A) and CO,-TPD (B) of SBA-15 molecular sieves modified with different nitrogen groups'®®
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