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DMC (dimethyl carbonate)& F}1/J3}7] $13}0] ceria A B 2] ZHjE ©]-83810] ¥h-g- 24S st AFE skt Sf
9] g 2& 3] Q8] A 2= Cu(ID 9] oS 2869, ¢4 H Sl = NH-TPDE ©]-8-31of WA (A&
2RIkt DMCE g4 st7] 918tod, AFel7) 2 1 d 3} (oxidative carbonylation, YAMSHEr A9} AbA& W &3} ¥1-5)
I} 27 3Hd W (direct synthesis, OJAIE}RHAE wWgh& 1t §¥1-5) S A&ttt EARE o9 Yo uhal, ¥hg- 5 AP E
= 52 AlASHT v MEE ATE)S A7 A stg e, o] 8l 23H4 E=A|(chemical dehydration agent)
Q1 2-cyanopyridineE AHE-SFATE 3814 Ea= vhg-S AMSEE R J o o) A8-519E -9, HEhE e 15.1%00 4
38.7%, DMC A== 0%0]| 4] 98.8%71X] S =it o] & ATl H-85tHE 45 HehE A& 1.0%A
77.8%, DMC Al 815 1= 41 2%0]| A 100.0%712] 3FAFE] 1Tk,

Z=H|0] : Dimethyl carbonate (DMC), Ceria, &4, 2-cyanopyridine

Abstract : In this study, ceria- based catalysts were prepared for dimethyl carbonate (DMC) synthesis and reaction conditions
were evaluated for finding the optimal reaction route. In order to find optimal catalysts for DMC synthesis, calcination temperature
and Cu(II) impregnation amount were evaluated. The oxidative carbonylation using methanol, carbon monoxide and oxygen and
the direct synthesis using methanol and carbon dioxide were introduced for producing DMC. Following the law of Le Chatelier,
the dehydration reaction was applied for enhancing the reactivity (methanol conversion) as removing water during the reaction.
2-cyanopyridine, as a chemical dehydration agent, was used. In the case of the oxidative carbonylation, methanol conversion
rate increased from 15.1% to 38.7% and the DMC selectivity increased from 0% to 98.8%. In the case of the direct synthesis,
methanol conversion rate increased from 1.0% to 77.8% and the DMC selectivity increased from 41.2% to 100.0%.
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th. DMC+ web&at dAksbetba, Aba = HE&a) o]4k
stttz iE Suj vkgof ofsto] A F T ofof AT =
dle] 4y wkg 270 A7 Eea

DMC2] E2}4]8- (CH;0),CO0] 1, W& 1.07 gmL” (20
C), 5283 C, =3 90 TRA o)A Hyoz =3t
o}, 2, mFol] ello] S4o] gl BAsHel Bolrt.
DMCe] Az o 2= O W4 ek A5t (liquid phase
oxidative carbonylation, Enichem, Italy), @ W€} o] Eglo|E
(Methyl nitrite, Ube, Japan), 3 oi|2~E|| 2 w.gHH(Bayer, Germany),
@ 7)A v ek AbshH(vapor phase oxidative carbonylation,
Dow, USA), ® H|er2 7} 2 & Al g o] 4 (Carboxylation) H}H,
® #7)3}8+A ¥ (Electrochemical Process), @ 5o}
(Urea) @ o|ArstetAE o]-83t 23 3H/d H(direct synthesis)
o] QAT{1-4].

DMC @d9] vhg 9l Fukg whg-A41 2 o33t gk

(1) Argzr2 R dsd: 2CH;0H + 1/20, + CO
— (CH:0),CO (DMC) + H,0

(2) DMC 2 #349: 2CH;0H + CO,
— (CH;0),CO (DMC) + H,0

(3) FHE-S: 3CH;0H + 1/20,
— (CH30),CH, (DMM, dimethoxymethane) + H,O
2CH;0H + O, — HCOOCH; (MF, methylformate) + H,O
CH;OH + 3/20, — CO, + H,O
CO + 1120, — CO,

o
& zufo] 25l A HEHE-9] 712 & d FHcarbonylation) L
SIS (oxidation)o] 4HHE]7] e ALE7HE 1Y BHoxi-
dative carbonlyation)gH-3-o]gt1l HHE 1o, 71.4 keal mol™
o HlwA F HAFS A= FEuksolt3]. ghd A
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21. &009 M=

DMC M-S 918to] ceria Al Q9] ZufE A|=313tk 0.2 M
9] cerium nitrate hexahydrate (Sigma-Aldrich, 99~104%) <=8}
= AR F 25%9] FEYo =894 o]-ste] pHE 102
2 24sH3ith pH kel A Eo] A E =T, AAE =T
A AAES o &, SHRTE AlAse] 2447 F¢H 80 T A
Z3}Tk o]F, 400~700 C &= A, 37] E7]oA 4A7
2 A5}0] ceria Zufj(ceria 400, 500, 600, 700)E Z=H|3ITHS).

Copper(IDnitrate trihydrate (Sigma-Aldrich, 99%)E &
(0~30 wt% Cu(ID))E= FFH(10 mL)ofl &A1 489
= FUT %, 25% dEYot 89S o]gsto] pHE 95=
FrASHH, Aol Al TAIZE 5et mRkskich o] % of i} 14
2 AH Zaez AAS AHT St 80 €9 £ =
Ao A 2417t F9F A=Y Cu(ll)/ceria Zlj(Cu(Il)/ceria 400,
500, 600, 700)S A5

AzE Zoli= SEAGHEADE Tetalr) $18tol NH-TPD
(BEL-CAT, BEL, Japan) 4] 23} 51400, BETS 2 4
H](Autosorb-1, Quantachrome, USA)E ©]-8-3}o] Zufj<] H]|%E
WAE 24el9lc Fule] 2HAL SIs7] $1stel XRD
WS BA5 o, SEMS Foto] Sl o] A4 mek
Lol sl ct.

o

d

2.2.DMC &M HtE

AHel7t 2 R g3k )3 DMCE| 9Hd Whg-2 3]-2(batch
reactor, autoclave) /12 HH-S-7] & AR8-35l4 Tt Figure 1
it o] 40 mLe] Fu 5 7hA] = ¥hg7] Qbofl A=
0.1 g 231 HEr-2(ACROS, 99.8%) 5 mLE ¢ttt o
Z7 30 bar7}A] MFC (mass flow controller, E5850, Brooks
instruments, USA)S o] 23}o] AAFS}EFA(99.99%)9) AFA
(99.999%)F 2:1 Hl&= FUsHIch oluf, 30 bar 2104 H|
S YdAbslebar, 4ha o] FEFR|(2: 31 1L.5)E BE7] fls
Hz 93715 Axste] gkgol dagh Hu(volume)E i
st o, HIZA7IA?] of=(AnS FAsHAH. s|-AA
(heating jacket)S ©]-8-5Fo] 130 T7HA] 523 &, 1847t 5
ok ¥k3& A|&5kgith DMC 21434 A 24 a2/
1} W71 ARE-SEATE BES-7Iqtel] Zuf 0.1 g, Mg S
mLE U3t c) o]Absleka 9 o228 50 bar7lA] A&
A4 of2Ee Hekg)
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shoich ojuff AR Fvlj= FHElE HAISHA] e A 400 T 600, 70005 &4 =E=HE NH;-TPDE =45 Adato|rt.
of| A 2247t =43k ceria (ceria 400)°]™, 0.1 g& AHE-3FRITE. & GAISHA] &b ceria 4009] 9 FE 2EOARE =
whgo] FRE ¥, LS A7 WelI, YRS AL & LErbA) Aol BAEe] 9w, o] WHoR wol
A AAE) WEo] HAES AdamplingSheich ARA We  we o] AHS AT Sl Ao SHudeh T &
(syringe filter)E ©|&3lo] YAHAEZRE Zwj& Z2ad 3, J2E71400 T B} mobdas 4ko| ofat A717F g43] 7
flame ionization detector (FID)7} Z2+E 7| A A 20l &E 1 3 A%he 3FoIsh 4= Qit) o], AXLEU) E=olX|H cerial] Tt
(GC, 7890A, Agilent Co., USA)E ©]-&3}of DMC, DMM, MF, 2% 7 FUA Y 2ol G438 AFA 7] wiZo] T 7).
HEete So] kre Basior) Figure 2(b)= 400 C& 443} ceria(ceria)ol] Cu(ll) 10~30 wt%
A3 B AZSto] £H|8F Cu(ll)/ceria 4002] NH;-TPDE &
3. Ao & o=t At Aatoct, Lol FEFo] Fold4E B9 ceria Hrk
2o =ol9] ujme} 2k WA-S B} o] copper(ll) nitrate
31. =0 E4 M trihydrate”} ceriaol] X =W A, A o] Zulj o] TAAF)S
Figure 2(a)= 78] S 9 A|5FA] &S ceria (ceria 400, 500, AIA7]7] wjFolet HdaEch MFoR = AAd-S &49)
(a) 700°C (b)
a .
5:‘ 600°C 5‘ 20Wt%
< <
2 2
£ £
Ceria w/o Cu(ll)
400°C
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 2. NH;-TPD patterns of ceria catalyst: (a) effect of calcination temperature (ceria without Cu(Il) impregnation), and (b) effect of Cu(1I)
impregnation amount (0~30 wt% Cu(II) impregnation on ceria 400).
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Figure 3. XRD patterns of ceria 400, 500, 600 and 700.

Table 1. Specific surface areas of catalysts

Catalyst Ei: (Snljlzr fgcl ;
ceria 400 (400 C calcination without Cu(Il)) 69
ceria 500 (500 C calcination without Cu(II)) 10
ceria 600 (600 C calcination without Cu(II)) 1.5
ceria 700 (700 C calcination without Cu(II)) 0.6
10 wt% Cu(II)/ceria 400 (400 C calcination) 52
20 wt% Cu(Il)/ceria 400 (400 C calcination) 36
30 wt% Cu(II)/ceria 400 (400 C calcination) 24

AAS 4= glov 2, copper(ll) nitrate trihydrate®] HX|gFo] &
=75 ceria FU] BAo] FaHE Aom Helh

Figure 3 ceria®] &4 &% o] w2 Bt XRD Axjo|c}
24 2&71 400 TolA 700 TR A584= EAZQ vl
o] Fre7b F7hskal mefo] FilsiAl= AuE Aok &4
27t Eef7bA ceria®] Aol Frkske] u=0] mefo]
oAl Aoz A SIS

A% o] YAzs)7h ZohetuA MER A 0] st Hi
A/ Table 19] BET 4] Ao A= el 4 iick +
FASFA] G2 ceriag 400 Cof|A| A&AJgE Zufj(ceria 400)
o] H|EHAL 69 m g o] ATt AA LE7t ZolALE H| R
HAE Ha}p dolA 700 Col|A] 4AJsE Zufl(ceria 700)= 0.6
o g0) 519 510 MU A aslch £ Pu) S
o] Aol SvkElo), A7k SAEe] ARl
A% Ps}nm v o] FAa Zol57) gEow ArEr
7). Culllfceria 4002 219] FHeo] ol 4= wlEH o]
WAk stk 2ol ol wolag 27} ceriad] 7]
3o wo} ARl vEHHo| Hoprl AFS Lrehygict.

Figure 4= ceria®] AA]-& % o] w2 scanning electron micro-
scope (SEM) £4] Zxfo|t}. Z-2 HiE(5,000u])oll A 4% 2
W= v @S] B, 24487} 400 CollA 700 CTE A&t

o
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Ceria ZrAbof 4] 247} DMC 3H4del] w2 g 199

KIER 5.0kV 7.8mm x50.0k SE(M)

{‘ Cerig 700,

1.00um | KIER 5.0KV 7.8mm x50.0k SE(

AL &2lg 4= Qi) Bourja et
27} BUARA 7150] ALk
21717} 7hsheeka
B 3F v} @itk Ceria 24 2] 274 Zo]x= ceria 40021 7%
14.1 nm, ceria 500-2 57.2 nm, ceria 6002 189 nm, ceria 700X
598 nm2 &AL ASeE A9 277 AA St
L A%ES YJERJQIT) o] XRD B4 A3} AXLws} AF
&= 139 A 7|(crystallinity) 7} FH| R += A 2
@L} < §]_o]tﬂ— 2 9ot
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Figure 5. Effect of calcination temperature on methanol conversion
and DMC, DMM, MF selectivities over ceria 400 (400 C
calcination without Cu(Il) impregnation) and 10 wt%
Cu(II)/ceria (10 wt% Cu(II) impregnation on ceria 400,
500, 600, 700) catalysts (reaction condition: 0.1 g-catalyst,
130 C, 30 bar).
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Figure 6. Effect of Cu(Il) impregnation amount on methanol con-
version and DMC, DMM, MF selectivities over ceria 400
(400 C calcination without Cu(Il) impregnation) and
10~30 wt% Cu(Il)/ceria 400 (10~30 wt% Cu(Il) impre-
gnation on ceria 400) catalysts (reaction condition: 0.1
g-catalyst, 130 C, 30 bar).

£ GA51A] &2 4423t ceria (ceria 400)2] 7%, 15.1%9] =
° & Uehpgo, DMC AEES 0%
cria®] 79, A= ZHo] AL DMC T
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anxom Bt ARES AL 4 Gl Fujea 2
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Figure 50]i= 400 CojA] /43 & Cu(IDE FAISHA] &2
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£ A A]7] Cu(ll)/ceria Z1j(10 wt% Cu(Il)/ceria 400~700)2]
DMCRH ¥hg- 235 Blaste] et glck 400 C (10 wt%
Cu(Il)/ceria 400)°| A 2=/ 3k3lS wl= 14.5%2] Hgh2 gk
£2 5ol ww 500 C (10 wt% Cu(l)ceria 500)0 4= 8.1%,
600 C (10 wt% Cu(Il)/ceria 600)o]| 4= 7.0%, 700 C (10 Wt%
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Figure 62 ceria 400 (400 Co|A] 443t ceria)o E X ¥
Cu(IDF(10~30 wt%)o] DMCEA ol v A= F&F= HER S
t}h 10 wt%2] Cu(l)E F A5t = ceriad] 7|& ZAo] =
Al AstE]A] oFof 14.5%2] wghE AeHe-S ek E3F DMC
SHA A, W EA| 1E(-OCH;)S carbonyl7](-CO-) 9] FZo) &

0]= Hh-3{(carbonylation)2 Hsh= Cul &= 213} 88.8%
9] =2 DMC A™EE ¥4& 4= AUt AR Cu(InS] 3=
o] otHlo] ufel 2819 caria®] B4 Hoole] HEhE
B80] Zaal, A BAo] sttt 30 wi
A5 Sojol A 69%2] Heke ABET 103%2] 09 o
& DMC 188 B9t} o]t Cul)e] o] Eoldss
Haf ceria7} AY = APES A &l5t= &AM (copper(ll) nitrate
trihydrateof| ] W@ = HAMR) ghego] & wobA Akl &kt
AI717F 3] Eol537] tlEo = FHE o] Figure 2(b)
O] NH;-TPDO| ZAufol| A= 2Q1gh 4= Qlt}. &, B2 9] ¢
(copper(Il) nitrate trihydrate) S HA|3F Cu(ll)/ceria SH]| L=
FAADO] FHastol W Aol Wole Ao Az

3.3. 94 X8 DMC 24812 # 1)

AZoA AAIEE BESA oA & 4 R0l 4tsrtEEd
SHH 3 DMC A3 8
FAAEC] DMC &0 HAME<]
s S A EE =2 AASTH, 2ARES
o} B3 Hgheo] o] DMCE 4 s
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71 ol AAM & B HhsAdo
Atelzt= B d sk 3t DMC A g d g ofl thet
72, 18|31 2-CP(2-cyanopyridine)ol] 23l Eo] A A
g 1S A2E YEh L ok wghE ) dAakebeka, A
(AFe7t 2R d o) B wEE ) ol itateka(DMC A5
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Figure 7. Full scheme of DMC synthesis mechanism applying dehydration reaction by 2-cyanopyridine.



100
[——1 MeOH conversion
@ MF selectivity
< B2 DMM selectivity
2> 801 DMC selectivity
2
-
3
° 60 -
(2]
]
[= i
o 40
[
S
S
c 20 A
[«
° H
o Z 7772

Without 2-CP With 2-CP

Figure 8. Effect of dehydration by 2-cyanopyridine on MeOH
conversion and DMC, DMM, MF selectivities over
ceria 400 (400 C calcination without Cu(I) impregna-
tion) for oxidative carbonylation reaction (MeOH:2-
cyanopyridine=1:2 (mol%), 0.1 g-catalyst, 130 C, 30 bar).

A ) onf FAHEQl Eo] AAHHA w9
| FdE AL, E=7E Fujo] &4 AstE s
t&/dol &E 4= SlEH11L,12].
F=E Y3k 9 DMC 2 HeHd ™
o] "k-g-of s}eka gAel 2-CPE #-g-3to] Hhg- 4
Aok Atsprta R d ek o) 749, vghE 3 2-CP
1:2 (molar ratio)2] H]&=Z 0.1 g9 ceria 400(12] & &XA|
A kil 400 CToflA] 2273t ceria)o] S E o] = 24
&7101 F=URE $- 30 bar, 130 T2 Wkg 27104 vja A
Sh3ith. Figure 82 AiE A Hd, wiehe A& 15.1%
oA 38.7%= 2-CPE -84 F3hE Wit 23.6% 55t
Atk DMC A :=9] 79 0%l 4] 98.8%71A] /= qlct. F
HHgo 2 QAR MFE 2-CPE 48317 kS wf 13.1%
Q9oL 2CPE HESAL o 1.23%717] Fas et
E3St DMMO] 7 9= 2-CPE AHE&351%] okE o 86.1%
Ao} 2-CP2 Hgolw AEES Holx) stk WhS
=9 AAE &3l weE AgE& ¥ DMC A =7t 27
A Ao ol 2.0P7 FEARAY RS T AOE ¥
e
2CPE ol g3t T4
AAIE Figure 9o e ICE Hgb&a 2-CPE 1: 1, 1:
1:29] H]-&=Z(molar ratio) ceria 4000] 0.1 g =A% o] 3l
2 H-8-7]0f) 291 350 bar, 130 CollA] Bl AL
o 2-CPE 49X oot wjieh wghE Ag-a3 DMC
b S5 Z/kEHs AL sl & itk 1 % wje
7} 2.CP2| Hl&o] 111591 A9, Su-g-S Hgahx) oke
-2} Bluste] HW, wEs e 1.0%00A 77.8%,
DMC A8l 41.2%014 100%714) 340 Shelsheich. 1
©l3 Rubgo AAsH: DMMO] 4% 2.CPE A3 o
OFS 1 587%9] o MHES welo} 2.CPE et
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Figure 9. Effect of dehydration by 2-cyanopyridine on MeOH con-
version and DMC, DMM, MF selectivities over ceria 400
(400 C calcination without Cu(Il) impregnation) for
direct synthesis (Reaction condition: MeOH:2-cyano-
pyridine = 1:1~2 (mol%), 0.1 g-catalyst, 130 C, 50 bar).

A2 DMC A3 G4 25 we-S A48 49, Were
AT DMC AEEsh 24 S Sholstgleh

= —
H}-8-Z2= 2 (reactive distillation), 2] Zr4H-3-7](membrane re-

4.8 E
# AL DMCE Eaba 02 FAsH: Suj9 A%
% g el iste] Asheleh NHyTPDR 243 Ak

400 Col| Al 243t ceriao] 10 wt% Cu(IDE EAA1Z] Z0fj(10
wt% Cu(Il)/ceria 400)2] 2/4(4Hxd)o] 71 -t

o 3
= 1 1=

ek Atstzt2 g skl gt vE-g4d A Sae At

&

(130 C, 30 bar, 3|24RH37] 7]%), 14.5%2] wghE A
7} 88.8%2] DMC AlBlEE A& 4= glgich g4 ¥h-g-0] DMC
el v A= FFE ERIsH] flEl, 400 To|A] 4/d%F ceria
of Cu(ihE FAIEFA] -2 Zulf(ceria 400) H 3}5hH4

2l 2-CP (2-cyanopyridine) & AM&-3lo] WH-S-A AH&
Ak kA g4 v AR R dsii o] 488t
© ete HFE-2 15.1%00A] 38.7%, DMC AElE= 0%
A 98.8%7HA] FAFE| QUL o5 AT ™ol A85tAS
° WEE HIEL 1.0%0) 4 77.8%, DMC A8 Ei= 41.2%
of| A 100.0%7HA] S/ = ATt o= FAHEQ]l Eo] A AW
Al HehEe] AeHgo] gt HaL, 3 Fuljo] 84 AstE
atA =o] vhgAdo] e AaE AbmEch
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