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Abstract: CO,is a major greenhouse gas, also an abundant, cheap and unwidely used carbon resource.
The direct production of dimethyl carbonate (DMC) from CO, and methanol is of great significance in the
context of "dual carbon goals". However, the CO, conversion and DMC yield are too low due to the
reaction thermodynamic limitations and CO, inertness. CeO,-based catalysts exhibit good performance in
the direct synthesis of DMC from CO, and methanol. In this review, the thermodynamics of direct DMC
synthesis from CO, and methanol, and the reaction mechanism as well as the research progress on
Ce0,-based catalysts were mainly introduced. The morphology regulation method, the surface properties
of CeO,-based catalysts, and its coupling with high-efficiency dehydrating agents were then summarized
in detail. Finally, it was suggested that future research should be focused on the preparation of CeO,-based
catalysts with high specific surface area and high concentration of active sites, in-situ characterization of
oxygen vacancy concentration, and the development of new inexpensive and efficient dehydration agents.
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Table 1 Performances of catalysts for direct synthesis of DMC from CO, and methanol
KB T REEAMPa UNELESC TR DMC % Dm&gi%i” 2R
1 Ce0,-V 5 170 1.5 1.44 8.7 [27]
2 FERAFL CeO, 5.0 140 0.28 0.28 17.7 [28]
3 ek CeO, 3 140 — — 1.1 [29]
4 eIk CeO,-H, 2 140 0.35 0.35 5.1 [30]
5 Btk CeO, 5 140 0.7 — 4.3 [31]
6 Zi5RIE CeO, 8 140 — — 4.6 [32]
7 Zi5RIE CeO, 5 140 — — 6.9 [24]
8 2t CeO,-B 45 140 0.36 — 5.97 [33]
9 Z= ik CeO, 3.5 140 — — 1.7 [26]
10 4R CeO, 5 120 — — 3.37 [14]
11 HeAR Zry,Ce 6.8 140 0.65 — 7.1 [12]
12 Ceo.5Z1920, 6 150 — — 8.8 [16]
13 Ceo.1Zr10902 15 170 — 0.64 — [34]
14 P-Cey sZ10,0, 6.5 170 — 1.60 — [35]
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15 %’Ui CCOA5Zr0_502 7.5 140 — — 9.5 [36]
16 Ce0,/SBA-15 5 130 — 0.19 0.076 [21]
17 Cu-CeO, 1.3 120 0.15 — 0.475 (37]
18 MnO,/CeO, 15 120 0.78 — 0.08 [38]
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PRYMAK ZEDS B BR AL FE Ce,Zr,_,O, RTIRIA, U8/
TAEARTR SR R R R A a5, BN T R Lewis R
PEOL, $0 TREYERE . 7ERNIIREE 170 °C. B
JE 17 6.5 MPa, JZ W] 1 h B4R, CeO,-ZrO,-P
HEALH . DMC RN 0.24% 825 3] 1.60%.,
KULTHANANAT “£0Vf] F s Bt Al Bh ) NaBH,

RO ITEE A T 9k CeO, HEATIRAL
AALIRJFE Z 1, 7 NaBH, I T 48 75 fig ik b 27 b P
YK CeO, TURL Y flf- 45 A0 5L, A8 JE 219 Ce® i
PRV BAT , RS 1Y CeO, LT DMC =%
EAF] 17.9 mmol/gey.

4 CeO BEMELFIFES ik FIHF Tt R

T A X6 2 N W AT — S B 0 B R TR A S g
RER, BN RN T 1) A . DMC )5 M #83),
Al B Ny S AHEA T, $E iR DMC WOR . iRYE CO,
B B 425 B DMC OB RF S, ISR AE v iR &
FI A K FPEE = MK B ik 25, AL fEHE3h KU
P A B DMC )7 1 #%5)), ik figikEfe DMC &4
KA R, AR E DMC IR gk 2 fiiss.
CeO, FEMEALFFEA-f H A AGR 2 A WA L LN
WEACKE . AR B 2,2-HEFEN L
(DMP), 1,1L,1-=H4&EXERLE (TMM ) 1 NN-Z3
CLILAR W (DCC ) %, W% | MERBE At
KFNA 2-F Lk nE (2-CP ). DMP 1 TMM,

2 CO AN H 5 1 DMC S CeO, FEMEALTIRE & WK L RE
Table 2 Performances of the best CeO,-based catalysts coupling with dehydrating agent for direct synthesis of DMC from

CO, and methanol

7 fiefe ) Bokm PRI pneec mmbgess  DMCHRp,  DMCMAERCRS 2%
MPa [mmol/(geah)] ik

1 C0304/Ce0, 2-CP 4 120 82.0 81.5 256.3 [17]
2 PRk CeO, 2-CP 3.5 140 51.6 513 2183 [18]
3 CeO, 2-CP 5 120 — 94 11.9 [19]
4 Ce-S 2-CP 5 150 63 61 152.5 [22]
5 ZH%HL CeO, 2-CP 4 140 — — 52 [41]
6  CeO, 2-CP 5 120 — 94 11.5 (48]
7 CeO, 2-CP 3 120 92.0 91 9.1 [49]
8  Pr-CeO, 2-CP 3 120 90 88 9.7 [50]
9 Ceq,sZro750, 2-CP 3 120 37.3 35 [50]
10 Bk CeO, 2-CP 5 140 18.9 — 126.2 [31]
11 %ifRJE CeO, DMP 5 140 — — 14.1 [51]
12 Ce0,-Zr0, DMP 6 110 — — 0.6 [52]
13 %ifJE CeO, DMP 7.5 140 — — 8.4 [32]
14 ZiRJE CeO, 4A 5 7.5 140 — — 6.5 [32]
15 ifIE CeO, i 7.5 140 — — 6.6 [32]
16 ZifkE CeO, HEA I 7.5 140 — — 8.3 [32]
17 ik CeO, AR 7.5 140 — — 8.3 [32]
18 CeO,-ZrO/fi M  TMM 27.5 110 58 33 32 [53]
19  CeZr 0, TMM 20 100 10.4 10.4 — [54]
20 Ce0,/Co30, DCC 5 120 — 47.2 16.8 [13]

41 2-CPBisk#
CeO, FEMEALTI X HALLB L & 2T (N O)

A ALK LA B BORL IR, 2
MEWE (2-CP) il 2-FFLML i, WX AS 2 2y i F a4
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Fig. 4 Schematic diagram of 2-CP hydrolysis mechanism
over CeO, catalyst[5 7

HONDA ZEMI 38 T 52L& W KRR &
CeO, Mk CO, AT H i 152 A B DMC R A 52 5K
(2)J).7E 5 MPa, 120 °CHl n(MeOH) : n(2-CP)=2 :
1 &R R 12 h, 2-CP YEB/KFIEF DMC ik
Ik 94.0%, 2-F LML VE DK B DMC i
KF 91.2%, MG (0.38% ). KHHE (0.76% ).
2-THIEMENE (38.6% ). 3-THIEMME (2.06% ) Fl 4-
FEEMEE (4.10% ) YEBKFIES, DMC ICRERAL,
2-CP VR K 570 % B o7 1 RE 2 7 A WA ko k4, 2-CP
FK SR A B 2-IHe e B e (2-PA) IR RS 95%
(R (3)), 2-PA 7E Na,O/SiO, #EALFIVE R & 4R
B K RN R RE R A R 2-CP (X (4)), 2-CP WA

PIIE I

& 0 |

~ CeO | CNH
| 2y 2

2CH;0H + CO,+ CIG —>H,G Oy o CH; + CIG

Ce/ \Ce

2-CP DMC 2PA
(2)
N ?
zZ
7 C CeOz 7 C
CIG HH,0 —> @Q NH, (3)
2-CP 2PA
0
(":
A ONH, Na,0/8i0,
Cpb moso, o o
2PA 2-CP

EAR AW S T % E AT L E
BANSODE %5:"I7e [ 5 K S # h % 48 T 2-CP fE
JB AKX CeO, Ak CO, T B 15452 A B DMC R i

FIREIR . Y ROWIREE N 120 °C, ANk, K
JEJ17H3) 40 MPa Bf, HIEEREAL R A 1%; HInA
2-CP fEBKFIG, AN FT 0.1 MPa i, HER: 4L
FIRF| 27%, DMC WiEEENEH 96.5%; 1T+ R
30 MPa i}, HIEEHALREEE ] 92.0%, DMC i%#E
P > 99%; 24 I W i 714 20 MPa U i BE M 80 °C
FEE] 120 °CH, PEEE AR 17.0%42 5 2] 92.4%,
DMC EBEHE>99%; il B HEm %] 140 °CHT, H
Pt () 5 AL R B B 5] 94.0% , {H DMC )32 18 1 A A1 2
98.0%; YIREIRER] 160 °CHf, HALRMESE
HRREAG; 4B 3 MPa., JREHN 120 °C. CeO,
ALK RIS E 500 mg I, FIEEAY 45 AL 3402 m 3
95.0%, ARSI AL &, BRI 3 (LR p g
0, VLB BEREA IE 0P TR ) . RN I R R 1L 7
Frr, X HEEA L3R DMC it R R &
B, W LRI, 2-CP MUK N ALY 2-PA 23 W it
£ CeO, F2MHT, 1 MM AL 7 P B AR , B I
R MRS, FURE I A Ak R 28 5 Y Pt ok U4k T s
5T 2-PA B S IR R R Be s B, AR TR R R S 4
PP STOIAN 4EPVE B, i+ 4:J& La. Pr Al
Ga g3 CeO, R MR £ MY Ce JitHORIE B, [H]
A v B 7, T R CeO, 3 T X F AR LM b 11
WEREE, B0 2-PA W, B e AR AR e . B
I3 BON 1% Pr e CeO, HEALF R B #E4T 150 h )5
TEMEMR IR I 82%, DMC e FR1E>98%, iR
PERY CeO, fiEALF I EEHAL R A 50%, WANG
Z:BUR UNNIKRISHNAN %@;[”Hﬁ BF5E T 2-CP fE
B CeO, TE ST AL RE A5, K A R JE
P CeO, k55 10 i 1T LA K S 1T 30 I FRYEAL L i
PR AR B A —FE . WANG ZPUL B, Bk
CeO, WA ZH(110) fhTH, (110 ) S ZH.(100)
PR (111) SR 2-CP 7K A BN R P B s
X CO, T B B 2 5 B DMC ﬁ@ﬂ@ﬁi&éﬁz%%ﬁiﬁo
1E 5 MPa. 140 °CHl n(MeOH) : n(2-CP)=7.4 :

P FRR 3 h, DMC =% ik 378.5 mmol/gcato
PEALFTE R DMC 7™ 58 5 4 AR & 40 A 7Y b &5
58 B AR AL EE ( PR ANl 2 e ) DA SRR A
LIU ZEUSR) R R T R ekt CeO, B4 7 1%
A2 T RRYESL . B 7 AR B B A R ERIR
CeO, f#4LH, 7E 3.5 MPa. 140 °CHl n(MeOH) :
n(2-CP)=3 : 1 4TI 4 h, HEMHLFRIR
51.6%, DMC Y7~ %3k 873 mmol/geyo

2-CP 2 Y SCHHGE 5 CeO, SAEILFIFE A



- 1644 -

A% 4m 4 T FINE CHEMICALS

41 4%

SN P RE S B B AR, (R EE PR . A B Bt
7R oy vl AR R, BRI T T .
4.2 DMP Rii7k 5

DMP J&—Fil Zy /K i AR B R i i (=X (5) ),
AR R BRI R A LA B . WANG PSR T
WS (ZiRIE . 77 RF T AARAR ) X499k CeO,
A B 7K 7 DMP 4k CO, A 42 A B DMC 2
B SEIE , ZERI AR ST 5 MPa., 140 °C . HITE 15 mL .
CeO, it 0.1 g, NETH] 2 h 5504 F, 5802 . 3%
FrRFIN AR CeO, #EALFI L DMC 1977 3 4351l &
8.4. 1.5, 3.0 mmol/ge,; 4MIA 3.6 mL DMP Jii/K
FJG, 978 . SCOTRFUEACIR CeO, LT 1
DMC R /=327 5% 28.2, 2.8, 8.3 mmol/g.,;, DMP
XYY CeO, fEALME REE M AU B b o #4725
SR S DMP K S R S A 5 50 AR 8 N
1) 6.31x107° #4 K F 2.50x102, TAMBOLI 225 T
WFFE CeO, db AL [H] X T 55 K 14 B 1 52w A AT | 38 10T
52T ARIE KR X 25 4RTE CeO, HEAL T E 152
f£ 140 °C. 7.5 MPa. Ml A 618 mmol H I 1 g 1Y
CeO, #4172 i 3 h, 4A #ifi . DMP, ZJiE. HEH
OB FE AL R B EIK R B), DMC ™= 3845 &
19.35, 25.09. 19.84. 24.75. 24.98 mmol/g.,, 7MW
7 R K55 o DMP Xt 25 5EE CeO, #Ek 1 E {2
ORI B . TOMISHIGE %2858 7 DMP e
X} Ce-Zr [E AL 52 N M BE RS2, X4 DMP fin
<30 mmol A}, DMC j= 1 fifi DMP Jifl 1 34 K $2 /= ,
4 DMP Sl 425 % 65~100 mmol i, DMC 7= i
A X FEFEIEH T DMP &t 5, SRR T
BRIV EE , AFIT CO, TR %, F3 DMC
ISR REAR

SHARB KT L, DMP M A& BE . &) T3 A%,
AFHAE TR, &5 e MRl =Y,
W, Bk, ZHESE (X (6)], BT Yan e
Y RLAS
(CH;0),C(CH,), +H,0 — CH;COCH, + 2CH,0H ( 5 )
(CH,0),C(CH;), — CH,0CH, + CH,COCH, (6)
43 TMM Bk

TMM AMATAE R K S = s mi B =X (7)),
WA 1A R AT CO, SO A2 B DMC (2 (8 ) JP,
SAADA %1 s B Z K G i EH & T
Ce0,-ZrO,/ A S M KR Z A AL, ik 5 TMM
AR, B K CO, 1A 3 il SRR,
BEMG N CO, 76 H B s i 1, A R AL DMC,
MR R 110 °C, CO, JE A 27.5 MPa, TMM
SHERRRL R 11 N, P EER AL Rk
58%, DMC IR IE S 33%, ML 45T ZIRTEH
SRR, TR AR, ZHANG ZP% 3,

4 TMM BBk FDm 2] s v R & rfr, T LLBH i 42
= DMC W%, M NN 100 °C. CO, 43 KK
20 MPa i, HIEEHALSRBEE TMM it 038 finm £
=, Y TMM 78 ROV R i 5568 2 50%HT,
DMC WAk 7.9%, MW AT[E>35 h J5, DMC
WA A 10%L E
HC(OCH,), + H,0 — 2CH,0H + HCOOCH, (7)
HC(OCHs;), +CO, — CH,0COOCH, + HCOOCH, ( 8)

5 HWRIESRE

DMC E—FpaEth/N . I A . & IZ 55
BRFINE AL i o CO, T B 425 i DMC & —Ff it
TEBTER . AR OO TR, 15 <X
" I E N EAEEWIRME. ZIT12E BRI
il COML2EIETERI R, DMC BCRIRK . CeO, %
WAL TIE oy 878 (7 + 4 @ L ), i e i HA
i i for AR, ELAT AR 9 S SRR R 5 T
CO, T 0 B A 5, 2 CO, AT B L 5
DMC M RN FH IS #R B A7 1 — 2 Ak o 3 it 3]
FEAEALI R I PE DT, 42 S FR s FN LB AL, ] fi ik
CO, We G fb, P s sk 2, [ s ) 52 7 AR 2R s
I & BB AR (4n 2-CP. DMP #1 TMM ) fiefifi [z
MOE M, TSEEL CO, HIHEE B3 5 50 A
DMC., J:F I, CeO, JLAAL A A B 5T J7 [n) £ v
TELIT 34

(1) Hil& REARK, WHHARERR CeO,
FEARAL T o BRAK A AR BT S CeO, AR AT 176
Hly o 3 5 AL AL, i e bR T AR
CeO, LT, FEAIMR . sl JFR %t HoAb B, 42
CeO, 7 [ R Bl (37 A1 A BRASE A0 50 A B, B 17 4 v
AL RE

(2) A 25 B S AR RN I 52 SRk
PN EAT Lewis MM AR, GBI S T 1% 25 CO,
AV AU Y RAE A7 1k 27 PR BE AL EE 109 52 M AR
K, TR 2 BT ER S A AR A 1) XPS FIL S
JEIEATRAE, P, 78RN A XA 2R T
JR A AR AR T A S EL

(13) 4R SCRRHRIE 1 B8 B 1 B K 57 J2: 2-CP,
A 2-CP M EE MR Mg L4 2-PA 53 1 CeO,
FEAARFRI AR TE , BRI TR T, T & HoAlh = 2
i 38 7R g A 57 L AT E A

S 3k

[1] BEDIAKO B B A, QIAN Q L, HAN B X. Synthesis of C,:
chemicals from CO, and H, via C—C bond formation[J]. Accounts
of Chemical Research, 2021, 54(10): 2467-2476.

[2] DENG Z Y (XBa&5), LI W T (ZE37R), LIN H B (#kEHH), er al.



58 M

TR, S COp FNH B 3G B R — W R T CeO, SR AL R i RIF 53 2 fr

© 1645 ¢

(3]

(3]

(6]

(7]

(8]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Research progress of catalysts for synthesis of dimethyl carbonate via
direct oxidative carbonylation of methanol[J]. Fine Chemicals (fE4ll
1ET), 2022, 39(11): 2196-2202, 2214.

SHI D C, HEYTE S, CAPRON M, et al. Catalytic processes for the
direct synthesis of dimethyl carbonate from CO, and methanol: A
review[J]. Green Chemistry, 2022, 24(3): 1067-1089.

CHANG K, ZHANG H, CHENG M ], et al. Application of ceria in
CO; conversion catalysis[J]. ACS Catalysis, 2020, 10: 613-631.
XIAO X (HE), LU P (i#), HAN Y Y (BilEE), et al.
Thermodynamics of dimethyl carbonate synthesis from carbon
dioxide and methanol[J]. Natural Gas Chemical Industry (KSXS 1k
T.), 2007, 174(2): 34-37.

CAI Q H, LU B, GUO L J, et al. Studies on synthesis of dimethyl
carbonate from methanol and carbon dioxide[J].
Communications, 2009, 10(5): 605-609.

SUN W, ZHENG L, WANG Y Q, et al. Study of thermodynamics and

experiment on direct synthesis of dimethyl carbonate from carbon

Catalysis

dioxide and methanol over yttrium oxide[J]. Industrial & Engineering
Chemistry Research, 2020, 59(10): 4281-4290.

ZHAO T S (BK/E), HAN Y Z (#i455), SUN Y H (FMT5).
Thermodynamic estimation of direct synthesis of DMC from CH;0H
and CO,[J]. Natural Gas Chemical Industry (KIRSILT), 1998,
23(5): 54-58.

KABRA S K, TURPEINEN E, KEISKI R L, et al. Direct synthesis
of dimethyl carbonate from methanol and carbon dioxide: A
thermodynamic and experimental study[J]. The Journal of Supercritical
Fluids, 2016, 117: 98-107.

SHI J G (), LIU Z J (X3E%), LIU C S (XI#4E). Research
progress in synthesis of dimethyl carbonate from carbon dioxide[J].
Sino-Global Energy (H14MgEIR), 2019, 24(10): 49-71.

MARIN C M, LEI L, BHALKIKAR A, et al. Kinetic and mechanistic
investigations of the direct synthesis of dimethyl carbonate from
carbon dioxide over ceria nanorod catalysts[J]. Journal of Catalysis,
2016, 340: 295-301.

LIU B, LI C M, ZHANG G Q, et al. Oxygen vacancy promoting
dimethyl carbonate synthesis from CO, and methanol over Zr-doped
CeO; nanorods[J]. ACS Catalysis, 2018, 8(11): 10446-10456.

HE Z H, SUN Y C, WEI Y Y, et al. Synthesis of dimethyl carbonate
from CO, and methanol over CeO, nanoparticles/Co;04 nanosheets[J].
Fuel, 2022, 325:124945.

FU Z W, YU Y H, LI Z, et al. Surface reduced CeO, nanowires for
direct conversion of CO, and methanol to dimethyl carbonate:
Catalytic performance and role of oxygen vacancy[J]. Catalysts,
2018, 8(4): 164.

FU Z W, ZHONG Y Y, YU Y H, et al. TiO,-doped CeO, nanorod
catalyst for direct conversion of CO, and CH3;OH to dimethyl
carbonate: Catalytic performance and kinetic study[J]. ACS Omega,
2018, 3(1): 198-207.

XU S Y, CAO Y X, LIU Z M. Dimethyl carbonate synthesis from
CO, and methanol over CeO,-ZrO, catalyst[J]. Catalysis Communications,
2022, 162: 106397.

KULAL N, BHAT S S, HUGAR V, et al. Integrated DFT and
experimental study on Co304/CeO, catalyst for direct synthesis of
dimethyl carbonate from CO»[J]. Journal of CO, Utilization, 2023,
67:102323.

LIU H O, ZHU DY, JIA B, et al. Study on catalytic performance and
kinetics of high efficiency CeO, catalyst prepared by freeze drying
for the synthesis of dimethyl carbonate from CO, and methanol[J].
Chemical Engineering Science, 2022, 254: 117614.

HONDA M, TAMURA M, NAKAGAWAY, et al. Organic carbonate
synthesis from CO, and alcohol over CeO, with 2-cyanopyridine:

Scope and mechanistic studies[J]. Journal of Catalysis, 2014, 318:

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

95-107.

SANTOS B AV, PEREIRA C S M, SILVAV M T M, et al. Kinetic
study for the direct synthesis of dimethyl carbonate from methanol
and CO, over CeO, at high pressure conditions[J]. Applied Catalysis
A: General, 2013, 455: 219-226.

PU Y F, XUAN K, WANG F, et al. Synthesis of dimethyl carbonate
from CO, and methanol over a hydrophobic Ce/SBA-15 catalyst[J].
RSC Advances, 2018, 8(48): 27216-27226.

UNNIKRISHNAN P, DARBHA S. Direct synthesis of dimethyl
carbonate from CO, and methanol over CeO, catalysts of different
morphologies[J]. Journal of Chemical Sciences, 2016, 128(6): 957-
965.

KUMAR P, WITH P, SRIVASTAVA V C, et al. Conversion of carbon
dioxide along with methanol to dimethyl carbonate over ceria
catalyst[J]. Journal of Environmental Chemical Engineering, 2015,
3(4): 2943-2947.

WANG S P, ZHAO L F, WANG W, et al. Morphology control of
ceria nanocrystals for catalytic conversion of CO, with methanol[J].
Nanoscale, 2013, 5(12): 5582-5588.

ZHAO S Y, WANG P, ZHAO Y J, et al. An in situ infrared study of
dimethyl carbonate synthesis from carbon dioxide and methanol over
well-shaped CeO,[J]. Chinese Chemical Letters, 2017, 28(1): 65-69.
ZHANG J Y, HUANG S Y, ZHAO Y J, et al. CeO, hollow
nanosphere for catalytic synthesis of dimethyl carbonate from CO,
and methanol: The effect of cavity effect on catalytic performance[J].
Asia-Pacific Journal of Chemical Engineering, 2020, 16(1): e2554.
MARCINIAK A A, HENRIQUE F J F S, DE LIMA A F F, ef al.
What are the preferred CeO, exposed planes for the synthesis of
dimethyl carbonate? Answers from theory and experiments[J]. Molecular
Catalysis, 2020, 493: 111053.

KUAN W E, YU WY, TU F Y, et al. Facile reflux preparation of
defective mesoporous ceria nanorod with superior catalytic activity
for direct carbon dioxide conversion into dimethyl carbonate[J].
Chemical Engineering Journal, 2022, 430: 132941.

AL-DARWISH J, SENTER M, LAWSON S, ef al. Ceria nanostructured
catalysts for conversion of methanol and carbon dioxide to dimethyl
carbonate[J]. Catalysis Today, 2020, 350: 120-126.

LI L, LIU W X, CHEN R H, et al. Atom-economical synthesis of
dimethyl carbonate from CO,: Engineering reactive frustrated Lewis
pairs on ceria with vacancy clusters[J]. Angewandte Chemie International
Edition, 2022, 61(51): €202214490.

WANG S P, ZHOU J, ZHAO S Y, et al. Enhancements of dimethyl
carbonate synthesis from methanol and carbon dioxide: The in situ
hydrolysis of 2-cyanopyridine and crystal face effect of ceria[J].
Chinese Chemical Letters, 2015, 26(9): 1096-1100.

TAMBOLI A H, SUZUKI N, TERASHIMA C, et al. Direct dimethyl
carbonates synthesis over CeO, and evaluation of catalyst morphology
role in catalytic performance[J]. Catalysts, 2021, 11(2): 223.
KULTHANANAT T, KIM-LOHSOONTORN P, SEEHARAJ P.
Ultrasonically assisted surface modified CeO, nanospindle catalysts
for conversion of CO, and methanol to DMC[J]. Ultrasonics
Sonochemistry, 2022, 90: 106164.

ZHENG Q X, NISHIMURA R, SATO Y, et al. Dimethyl carbonate
(DMC) synthesis from methanol and carbon dioxide in the presence
of ZrO, solid solutions and yield improvement by applying a natural
convection circulation system[J]. Chemical Engineering Journal,
2022, 429: 132378.

PRYMAK I, PRYMAK O, WANG J H, et al. Phosphate functionalization
of Ce0,-ZrO; solid solutions for the catalytic formation of dimethyl
carbonate from methanol and carbon dioxide[J]. ChemCatChem,
2018, 10(2): 391-394.



* 1646 ¢

A% 4m 4 T FINE CHEMICALS

41 4%

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

TAMBOLI A H, CHAUGULE A A, GOSAVI S W, et al. Ce,Zr_,.O
solid solutions for catalytic synthesis of dimethyl carbonate from
CO,: Reaction mechanism and the effect of catalyst morphology on
catalytic activity[J]. Fuel, 2018, 216: 245-254.

WADA S, OKA K, WATANABE K, et al. Catalytic conversion of
carbon dioxide into dimethyl carbonate using reduced copper-cerium
oxide catalysts as low as 353 K and 1.3 MPa and the reaction
mechanism([J]. Frontiers in Chemistry, 2013, 1: 8.

KUMAR P, MATOH L, KAUR R, et al. Synergic effect of
manganese oxide on ceria based catalyst for direct conversion of CO,
to green fuel additive: Catalyst activity and thermodynamics study[J].
Fuel, 2021, 285: 119083.

WOTZKA A, DUHREN R, SUHRBIER T, et al. Adsorptive capture
of CO, from air and subsequent direct esterification under mild
conditions[J]. ACS Sustainable Chemistry & Engineering, 2020,
8(13): 5013-5017.

PAWAR A A, LEE D, CHUNG W J, et al. Understanding the synergy
between MgO-CeO, as an effective promoter and ionic liquids for
high dimethyl carbonate production from CO, and methanol[J].
Chemical Engineering Journal, 2020, 395: 124970.

YANG G L, JIA AZ, L1] D. Investigation of synthesis parameters to
fabricate CeO, with a large surface and high oxygen vacancies for
dramatically enhanced performance of direct DMC synthesis from
CO, and methanol[J]. Molecular Catalysis, 2022, 528: 112471.
WANG Z Q, ZHANG M J, HU X B, et al. CeO,_, quantum dots with
massive oxygen vacancies as efficient catalysts for the synthesis of
dimethyl carbonate[J]. Chem Commun, 2020, 56(3): 403-406.

CHEN Y D, WANG H, QIN Z X, et al. Ti,Ce;-,O, nanocomposites:
A monolithic catalyst for the direct conversion of carbon dioxide and
methanol to dimethyl carbonate[J]. Green Chemistry, 2019, 21: 4642-
4649.

CHEN Y D, LI Y, CHEN W, et al. Continuous dimethyl carbonate
synthesis from CO, and methanol over Bi,Ce;,Os monoliths: Effect
of bismuth doping on population of oxygen vacancies, activity, and
reaction pathway[J]. Nano Research, 2021, 15(2): 1366-1374.
DANIEL C, SCHUURMAN Y, FARRUSSENG D. Surface effect of
nano-sized cerium-zirconium oxides for the catalytic conversion of
methanol and CO; into dimethyl carbonate[J]. Journal of Catalysis,
2021, 394: 486-494.

ZHANG M, XU Y H, WILLIAMS B L, et al. Catalytic materials for
direct synthesis of dimethyl carbonate (DMC) from CO;[J]. Journal
of Cleaner Production, 2021, 279: 123344.

FARIA D J, MOREIRA DOS SANTOS L, BERNARD F L, ef al.
Dehydrating agent effect on the synthesis of dimethyl carbonate
(DMC) directly from methanol and carbon dioxide[J]. RSC Advances,

(48]

[49]

[50]

(511

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

2020, 10(57): 34895-34902.

HONDA M, TAMURA M, NAKAGAWA Y, et al. Ceria-catalyzed
conversion of carbon dioxide into dimethyl carbonate with 2-
cyanopyridine[J]. ChemSusChem, 2013, 6(8): 1341-1344.
BANSODE A, URAKAWA A. Continuous DMC synthesis from CO,
and methanol over a CeO, catalyst in a fixed bed reactor in the
presence of a dehydrating agent[J]. ACS Catalysis, 2014, 4(11):
3877-3880.

STOIAN D, BANSODE A, MEDINA F, et al. Catalysis under
microscope: Unraveling the mechanism of catalyst de- and re-activation
in the continuous dimethyl carbonate synthesis from CO, and methanol
in the presence of a dehydrating agent[J]. Catalysis Today, 2017, 283:
2-10.

WANG S P, ZHOU J J, ZHAO S Y, et al. Enhancement of dimethyl
carbonate synthesis with in situ hydrolysis of 2,2-dimethoxy propane[J].
Chemical Engineering & Technology, 2016, 39(4): 723-729.
TOMISHIGE K, KUNIMORI K. Catalytic and direct synthesis of
dimethyl carbonate starting from carbon dioxide using CeO,-ZrO,
solid solution heterogeneous catalyst: Effect of H,O removal from the
reaction system[J]. Applied Catalysis A: General, 2002, 237: 103-109.
SAADA R, KELLICI S, HEIL T, et al. Greener synthesis of dimethyl
carbonate using a novel ceria-zirconia oxide/graphene nanocomposite
catalyst[J]. Applied Catalysis B: Environmental, 2015, 168: 353-362.
ZHANG Z F, LIU Z W, LU J, et al. Synthesis of dimethyl carbonate
from carbon dioxide and methanol over Ce,Zr;_,O, and [EMIM|Br/
Ce.5Zrp505[J]. Industrial & Engineering Chemistry Research, 2011,
50(4): 1981-1988.

TAMURA M, WAKASUGI H, SHIMIZU K et al. Efficient and
substrate-specific hydration of nitriles to amides in water by using a
CeO; catalyst[J]. Chemistry, 2011, 17(41): 11428-11431.

ZHAO X F (I%H), ZHANG Y C (3K H ), ZHANG H Y (5k%
F), et al. Progress on hydration of nitriles to amides catalyzed by
transition metal oxides[J]. Chemical Industry and Engineering Progress
(LT HERE), 2016, 35(7): 2071-2080.

TAMURA M, SATSUMA A, SHIMIZU K. CeO,-catalyzed nitrile
hydration to amide: Reaction mechanism and active sites[J]. Catalysis
Science & Technology, 2013, 3(5): 1386-1393.

OHNO H, IKHLAYEL M, TAMURA M, et al. Direct dimethyl
carbonate synthesis from CO, and methanol catalyzed by CeO, and
assisted by 2-cyanopyridine: A cradle-to-gate greenhouse gas emission
study[J]. Green Chemistry, 2021, 23(1): 457-469.

STOIAN D, MEDINA F, URAKAWA A. Improving the stability of
CeO; catalyst by rare earth metal promotion and molecular insights in
the dimethyl carbonate synthesis from CO, and methanol with
2-cyanopyridine[J]. ACS Catalysis, 2018, 8(4): 3181-3193.



