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Abstract — Effect of metal oxide catalysts and ionic liquids on the synthesis of methyl carbamate(MC) and dimethyl
carbonate (DMC) from urea and methanol was investigated in a high pressure reaction system. In closed system, MC
yield from urea and methanol reached almost 100% at reaction temperature over 150 °C without catalyst, whereas DMC
yield of 1.5% under was obtained irrespective of catalysts used. In DMC synthesis from MC and methanol, ZnCl,
showed the highest catalytic activity and led to the DMC yield of 16.3% under optimal conditions. Furthermore, DMC
yield can be enhanced by the simultaneous application of ionic liquids with nano-sized catalysts in semi-continuous
reaction system.

Key words: Dimethyl Carbonate, Methyl Carbamate, Metallic Oxide Catalyst, lonic Liquid

1. M 5}
al

%
o #-83 =4 AFY

O

tudEsolE gl vid
A

B
shslolES it Arh2-6]

=

oA wighe @ A4gle] A

*To whom correspondence should be addressed.
E-mail: cukim@krict.re.kr
fo] 112 KAIST 9417] ] e 71dslo] Farsigiset.

Il
st HghES AlEA 0 W72 Fshke
“go] A SleH1].

732

2 vo|E mizke] 98, W 8, o]xpdA] dad 5o oy

Qlc}. =3 MC 2 DMCE= Hg, W&
Al, HIEAIZERE ]9 §ESA 7S YT 5= Qlof 7]l AR
glo|= 53 132 HAdy) FajAo]

701—25

pal

-

ShEAQl MCE) AZPNE AHEIHEA(BE,) B S EAfe)
S5} SojS AFgSI e 19t

B
A E



AURES: Slelr] 249 wiighES ARSSE wETMbrlo|E9L trR7iRMO|E Aol wiE SEitshE Sl 9 o]/ Al FF 733

Hhde]l, DMC= Falollis Wieh&e) 2 72010 2 HE Al ZH o] $F
O}, A Ao Z3ek EAZNE RS QA ) AR B
< EAIRe] tiFE o] ole et A= W Eo] sy a Q).
olu] MAA o Z M w4 (Enichem 37), HE Lo Ed|
O]EH (Ube 379), ollI2~EIZ 8 (Texaco 3-73) W 7|/ Hgk2-At
SPH (Dow B78)52 -8-31= QAU “F-&-shdA o STt 12iut o]
2ok WS obd 7R He FAIRS 2t Qled], A wiekEAr
s Mg Yol Edo| EE 53 dAkslebag ARESE Aksiat
SO0 % FHQRAd FA7E QloH, lAE 2w EhE S daksiekas
ARESEA] kot $19] = FAgel nlB)] Qb el sk 9
B2 AMESE oflddllSAle| =9 EA] o8] 1840 =EH Al

= o
ok BEg, ol AEHE g REe-2 2 oA Al =6t
AL A o] ek A4 Qkof kg B3 A4dE2] DMC H ©f

gdaiZe]Ze] ol B A7 AeE= AR o] Jlnt. o<l
et ofg] A7} o] | A AL QlEd], a2 B gkl A] Sl
EAY BlollA olatsterAg} HEEEel o$t DMCE A4 Alxsh=
AlZ=7} o] oA 3L glont, G EHAl FEFE oA F&o] 53]
vk FAPdo] Qlrh2-8]. ol gt EAIES SESka ofilslekaE
Fgehs BN Ftolle T8 THOE 948 vEeE ] &
& WEHHS (alcoholysis)ell 213t DMCE Alxshs B2 A7}
o]Fofx| 1 Qlt}. o] WS- ofgfe]l AAEERo], FIFEAR MCE
A% DMCE Az=3tA =&, vk Foll 87 s dxyof
= oikslERAg) gl o) HhS USR] QA ThA] Mdste] 2
B2 ARESP] wiitel] Wkg-ollA AE = FakE o] HE gle
], AT-2ASREAE tiFE oAkt E o] 88 = Sl T
A 2 A77E o] FA AL et

NH,CONH, + CH;0H = CH,OCONH, + NH,
urea methanol methyl carbamate(MC)
CH;0CONH, + CH;0H = CH;0COOCH; + NH;4
methyl carbamate dimethyl carbonate(DMC)
CO, + 2NH; = NH,CONH, + H,0

2% ti324 )] DMC 34 W 0 2= Q. A4e) mighe = RE A
Z3he WA wE g0 o) vivkE 2R E] Alxshs Wo) &
#7] glom, MR Zn0 57 22 w5AEE e vlREste,
1A shekE Svliel 2K proton) 0] AT F ol &
Zuf @ 29 gl Zejed @I e|E viv e e|H = (PGDE,
polyethylene glycol dimethyl ether) EA|3}ollA HH-g-5= W, &

kS Fulel Sl 2 ARgslE WY sol delA vk 2Ev
PR A8 7Fs e vkt Sl W 2F5mE A EskL wAlel
o FAHANE A, WAL W RESEF w oA vl
AEsk= A WAl ltH1,5,9-12].

wbA] 2 dTrellA= o2 gk QA4e) HEhERHE MC9 DMCE
Azeh= & o] Z82 Fv 9 APHE AR H8l, vheF
3 S5 Sl R G, S, w19 S
P HESFAL 8P, 5= 288 o Sl o] =2 oA e]
& nzketAl vk, Bgk RESAIAE] TRl ollA 2T A9} RidS
2] 39S AEshL, MCE 98% AMESlo] DMCE Alxehs W
= 3 HEstuA; div) 53], o]y o] 2/d A= HekE
ATt Ulo| ERNE o B 2w ek el 28 DMC AlZoA =

o

RES a7} v ekl ol Srle] B, oA 9 Bl

Hoh13,14]. Wb SA7EA] 249} WigkE:
gl Zol] g8 o7t 8] A A 2
HE-g-of] o]2] 3k o] 2 A o] A8 71 HESkaA} st
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<
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2-1. Al S TiE

T A5l vk (. T. Baker Al%), 24 (Aldrich #1%) 2 wE
ZhakElo) E (Aldrich A= AloFE oz Fdsigi=tl, 24 B H
gyplr|o] E= 110 °COlA] 6A17E o3 TZAIA ARSI Sl
T AHESE Akslold (Zn0), At 1A (MgO), AFSFEE(Ca0),
2B EF(Y,0;), AFSHEER F(La,05), A 2 32]8-(Zr0,) %L
A3lotA (ZnCly), FSFEFE(CaCly)y> Aloks 318k ARSI
ow, WeA7)e) FEAtsHE FuldRte] gl 7] g
el o8l vhe o] ZF AT AlE ARgete] AA AlEEeltt
[15-17]. ARE-SE A= FgrofAotAlE 0] E(Zn(AC),2H,0, zine
acetate dihydrate, Aldrich #|3%), AEoMAEO|= Slo]=FALO| =
(Ce(AC);xH,0, cerium(Ill) acetate hydrate, Aldrich A% ), A| 25
FOMAEIo] E 3}o] =& ALo] = (zirconium(IV) acetate hydroxide,
Z(AC)(OH),, x+y=4, Aldrich A1 )3{ct.

Az 7F A7A) 05585 71 2% o 100 ml B EZH-
Bl R Y% slo] =& Alo] E(tetrabutylammonium hydroxide 30
hydrate, Aldrich Al&)ell Yol 521 & 1h&-8 $13l] ok U533
80 °C 2E-olA 72A17F BF FAAFZATE. olojA] 1 A&
ARE310] 3,500 rpm TRESEE 304%7F A7 xS e
S5, 25T 9 oleheS P2 AREslo] A |aL AlEElE
HHESE 5 AZAZT]01A 60 °C, 1243F B AFAA L 255
AEHE HulE A 25 TH15,17]. AFE FulE XRD(X-ray
diffraction), AF&0] 7] F-21(SEM) & W] EH 2 £4(BET)S AA|
3=, XRD #412] 7-9- CuKo A 2 20=10~90° HH$Joll A =
“g3tel Scherrer?]= 2-83to] YAt A71E AXteIiet. BEgh @A
H 7Zn0 Frll= AFAE ARESE 7186 el g5 Wl o3|
Alzsto] AREBISITH 6] BE Sl s A 93l 120 °C
oM 6AIRE o AFAIR oM, HEA 0 = A|ZFE FHll= e ZnOo,
e Ce0,, W Zr0, Z1l| 2 87181}

Table 19 A3l AREE o]2/ddA)e] FTR/E eI,
G} 20] Y3 Eoll 2 Ll EA] o= wAA S0l H|
Egt dEUE 9 to oujtlE ofol 0w F/3E ] Sl
[BMIm][BF,], [BMIm][PF,], [HBET][NTf,], Choline[NTf,]Z 3
wek vl RS A3 F F5+= 79 (Chirogen A% )8t A&
sl oM, $2e] 25 dEzl Wl of8) A Alxzste] A
SIITH17]. =, [HBET][NTH,] o=/ A= HlEQ] stE=Zeto]
X (betaine hydrochloride, 1 mol, 153.6 gy& 250 ml 5=l =°]1L,
olg YEHAEYEZTFRE WHEHEXdo|w =(lithium bis(tri-
fluoromethyl sulfonyl)imide, 1 mol, 287.1 g)Z 500 ml 7=l =
Q1 el AA3] AaketuA W& AlA AlZ3IeITt. Aehrt ¢
55 o] g5 AoA 1A % O A7 AL, FAAA o]
23 MA T TR S& FEeil o, 25TE AREsle] 8
HZolA aol2o] HEHEAE HsHAAH(AgNO,) &4 o w &
At FE8] AHAIZE R Ere 2 ol o] 2 MAl= X
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Table 1. Ionic liquids used

Structure Name Formula MP (°C)  Abbreviation
|
N
[ > BFy
N 1-n-Butyl-3-methylimidazolium tetrafluoroborate C¢H,;BF, -71 [BMIm][BF,]
HC
L.
N -
EN\> PF,
1-n-Butyl-3-methylimidazolium hexafluorophosphate CgH,5PF¢ 6.5 [BMIm][PF]
H3;C
\ o\\ CF3
o NN 97\ 2 Hydroxyethyltrimethyl ium bis(trifl thylsulfonyljimide ~ C;H,,FgN,OF¢S - Choline[Tf,N
\ oM -Hydroxyethyltrimethylammonium bis(trifluoromethylsulfonyl)imide H,FgN,OgFeS, oline[Tf,N]
o// CF,
| 0\\5 _CF,
+ ZN\ -
_T L oon 0\ /\ Protonated betaine bis(trifluoromethy! sulfonyl)imide C5H, 4FgN,OsF(S, 57 [HBET][TE,N]
/ CFs
IR N RS AAS 21, H-NMR(300 MHz, d,-DMSO = AT AEE A E] Tk IRA HhES WSSl o4
£+) @ C-NMR(300 MHz, d-DMSO 1)) 418 2145} %L of mjehE 9l Ful] 55 Sl ukgrlel F=9lsted Rk A
LR & 790)

Z7F & PAAEES sk o, TGA 44 9%t
250 °CollA] 1% m]wto] Tk,

7-”71—

2. E0f 2 AN
Fig. 1°li= MC % DMC A|ZE I3k WA A8 S UERYISI=
4], 1AHES-7](Parr autoclave)i= 500 ml 2o THA ¥H&-

(batch closed reaction)?} RFA4:24] WE-§-(semi-continuous reaction)

Vent
A

> Vent

Fig. 1. Schematic diagram of experimental apparatus.
BPR: Back Pressure Regulator NH;: Ammonia Absorption
C: Condenser P: Pressure Indicator
CW: Cooling Water PR: Pressure Regulator
EH: Electric Heater S: Vapor Liquid Separator
M: Magnetic Stirring Motor SB: Safty Bottle
MP: Hight Pressure Metering Pump T: Temperature Indicator
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of A S Fats H R Ajeel e R 98 AAIgH
u], Hkdg2] Hhe-& o 2 2(50 ce/min)E BFS710] &
A HEGA| 2RI QS R-X]3FH A (back pressure regulator
A48, WEEE A%, dEH 271, e BRI} FEhe
Al WZA7 3 S58 A= 19 A= =B (high pressure

o
=
Jo
ot
1o,

metering pump)s ARSI TRA] HESY] U2 *i}}\]ﬂ{— e
= ou|eitt. ik7] ui-o] 219k 2 A 2EAAA19 1
A8 RS sl AAos Zaa90m, e 197

T AAs A 0B AN BE Al sl GC A4S AAEIITT
MC 4 DMC 4~&-2 7}~ Zr}E 12)]3)(GC, Donam Instrument, FID,
HP-5 capillary column, 30 m x 0.25 mm x 5 um) 2438 A5}
ok 2ol Sl At

M7k S mol)

€] = /\O 0,
mEbio)E 8 (%) = =319 Q2 (mol)

00

e 7k Wo] E (mol)

ElFLH U0 E &%) = x
CHETFE VO E 8(%) Eele S (mol) 100
3. 21 3 aE

3-1. 08 IHIISTIIN 242} HIEREEEE] MC ¥ DMC
HIZ=of| 25t 2 EP:' Z0je} HiS2Eo| sk

Table 20lli= S8R FllE ARSSE 499 SulE ARESEA]
042 7490l A PS5k Qa8) viRkES-2 HE MCe}
DMC Azl &t 932159 9&-s 27 Yehigl o, ghe-2
E= 120, 150, 180 °CE W3AZAT). o714 BEg-<be-e gk

H|H o) dellA] TA| Whg-5 A5 wlitell Hhg-2 el whe) v
0] A 7190l Bl Ao fAET S5 &
2= ZnO Frj e} Wz2ME A A2 7HSi-MMS) BAllell 20 wt%
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Table 2. Effect of reaction temperature on the yield of DMC, MC, and N-MMC under batch closed reaction system

735

Catalyst Reaction temp. (°C) MC yield (%) DMC yield (%) N-MMC yield (%)
120 68.6 0,37 0
ZnO 150 86.4 1.41 0.27
180 503 0.46 1.52
120 62.7 0.12 0.07
20% ZnO/Si-MMS 150 94.3 0.61 0.17
180 50.8 0.52 9.69
120 32.1 0.10 0
No catalyst 150 91.0 0.46 0
180 95.9 0.82 44
Reaction conditions: reaction time 6 hr, agitation speed 600 rpm, urea 0.2 mol, methanol 4.0 mol, catalyst 2.0 g.
Zn0% S 20 Wit ZnO/SIMMS S5 A5} ir. 2 W) glot AeIsA 0 2 HHNRe] ot Mcel TS A
WA Table 20] MC +£2] A= o, S5 ARg-eh7 Lt | DMCE Zghe= REg-5 A7 | 2 FikeE o |oh= 2le
o _

AFRBIA] = 790l w27} Sl whet 150 °C) WS-
ZEoA MC 752 HA & VERITF iR 55 180 °CE 5
ZIAIZTE MC2] gl osk Hukgo] dojuf MC2l F&o]
Fadhs AES eIt 53], 750 StellA s e E
150 °ColA] MC 758 719] 100%0]l =2-313it}. njeba] Bke-ex
7} 150 °C ol gl e FullE AMEShe 749 MC 7&°] 543] 7
Aol REG27) 58 A FulE ARgSE Aol F FHufel v
3l o v Avs JERIQIL ol st AR B o) F-E5v]e] B9
o= 71l LEXl Aate}l fARH FHlE AR 2als MC
2 g7 Agho] o]FoHE & 5 QUSITH].

TSt TUsk 23olA DMC &0 et Whg-2 0] P 4t
HEH, ZnO F1j7} 150 °C ©]3}e] &=l X & DMC F&°] i
Aoz &7k el o, AAlZH 02 DMC 482 1.5% ©]3}
2 e w2 s YeRIe) Tk £3) 4Rl geket S5t
32 Enj, 22914}, PGDE 52 £33 A3S A8 A3}, 3
o] A|AE DMC F&RHT} v]-9- w2 Fho] dojRirt, &, E7Ql
2k 4l ZnO Fulle]l PGDE 47E 3718 749l DMC 82 0.5,
0.6% FEA oM, MC &2 11.5, 2.7%% 1% 3 Uepdtt &
3], PGDEE HHg-2=oA ZnO Fvllel] ol a7t g7 k=
A& GC A el 28l gRlsiint. ool Avfs Fosl & o, 1L
A WESelME WheFol AdEE dEYol 7krt vk vhe.

I~

Table 3. Catalytic performance of various catalysts for the DMC
synthesis from methanol and methyl carbamate at batch closed
reaction system

MC conversion DMC yield DMC selectivity

Catalyst

(%) (%) (%)
ZnO 275 12.1 440
CeO, 9.9 43 434
MgO 217 38 175
ZnCl, 333 162 48.6
70, 125 32 25.6
Y,0, 8.9 1.7 19.1
Ca0 39.7 11.7 29.5
La,0, 10.4 1.7 163
CaCl, 52 3.4 6.5

Reaction conditions: reaction temperature 180 °C, pressure 2.3 MPa, reaction
time 6 hr, agitation speed 600 rpm, MC 0.2 mol, methanol 4.0 mol, catalyst
20¢g.

1 |

& = Sl =, 2429 WghE-3) HES-(methanolysis)yS B> Rt
o] dojd & oli=dl, N-vEu g sutr o] E(N-MMC, n-
methylmethyl carbamate)’} 5= F-H-3-E0] 31t} o= DMC7} o9l
1 (amine group)®] TS gt 7 st wld 3} Tk (methylating
agent) .2 AREE] 7] wite] FRES-ERQ] N-MMCE] A3 38 4=
A= Ao AZFATHS5,10]. Table 391 N-MMC =&°f ¥t 5k
S0 Y-S YERET, vk} Sl ulel FRkg
529 N-MMC 82 $718191.2. 1, 20% ZnO/Si-MMS Zvlj7}
A 0= o] N-MMC 821 & ghk& WeEhfilch

Fig. 20l HE&-2 55 1802 U7 3tA A5 AElellA ZnO
= AREEL0] MC 5483 DMC 8ol 33t vlghg/949] 2]
o] s I WghE/Q40] v]Eo] Tk el DMC
9 MCY] &2 S7Fh= A3E UYERleH, DMC &2 7
Solli= o] &2 S7bE ok SUiEA] 9 1% mIhe UHEL
uigleh. ghdel]l MC2] 52 o] nl&o] ksl wt A2l 100%

of ZAsh= e WERSIT ol2fdt ol A4

=]

gy

ghfo}r}

HekZoll ¥ wol gel¥lo] sk dS Q850 ol AY)7]

o FHEt o] AR B uf, 949} veEe] vhge

WA MCE Zglo] dofup o]ojA] DMCE ks

Yield of DMC (%)

20

-
[é)]

-
o

o
o

0.0

T T

o[

o
2~
AEHES

Yield of MC (%)

4 6 8 10 12 14 16
MeOH / urea (mol/mol)

18

20

60
22

Fig. 2. Effect of MeOH/urea molar ratio on the yields of DMC and
MC over ZnO catalyst. Reaction conditions: reaction tem-
perature 180 °C, pressure 2.3 MPa, reaction time 6 hr, agita-
tion speed 600 rpm, urea 0.2 mol, methanol 4.0 mol, catalyst

20¢g.
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(series reaction)© = "37 LQU% Bzt HES-] SETAR FA %)
3t AdE NH; & 2134 (necleophilicity)?] 43| CH,0™l H]
B4 o 2] el sl oI e W o
SA1717] flal e R ol= REg-Fell AlAAI7IE Slol
sfttar A3Zbe10].

3-2. 02 IS0 Mcet HIERRZEE] DMC HIZ0|
3 SEMEE 3—."—DH9-I éz*
HES7] oA WekEa} MC2] &akgol
] DMC xﬂﬁﬂ L‘._P % ek 5 UH31 P& vERiSItE =55
AbshE S 2= A STk SAS 7R SHlE 29keto] thekst &
o] FEaksHE 1) (Zn0, Ce0,, MgO, Zr0,, Y,0;, Ca0, La,05)
= HlEste] B @o] st SR ezl i Sl
ZnClz, CaC12 éuﬁc 6]—7]-" A Eo]—oﬂD]- Nzﬂg H]—_Q_-‘%]E_E,. ,.%:Oﬂ
A MCE H73}aL, WHg-2 51 180 °CollM WH-& AAIBISITH 1]
*‘fﬂéi} MC A3HEE A2 FuliQl CaCl, FH7F 52%= 7}73}

S8l e, DMC A ¥ HellA ZnO, ZnCl,, CeO, 17} 40%

oS JERHSITE T3 DMC 5782 93lo}ei A9l ZnCl, Fi7}
g o 7P ersiglon, ARl CaCl, Fvile MC g
&2 7P =01 DMC AE 7t S o 7 7P vlol Aakx 0 2 DMC
FEE G A%E YR

Fig. 301 ARESE FullFellA DMC S=8°] 7 93 ZnCl,
S ARgate] Sk Wske] Jke RSt Suljeke] St
Fhell w2t MC 82 Fuljke] whet ﬂl***i S7kehs A
& YeRIgl e, DMC &2 F7Fhs A3 Rt o=
ol o] FuljFellr thA] Fashs RS UGl =, & AY
o] ARg-gt Fulloke] W eloll A= DMC 89] °F 16.2% Z*EW}XI
7RSIt} ole gt 82 S| olf+E+= ZnCl, F1e] 71
HEEEQ] wlgkEol $hds] galwo] o] g delA] zZn* o]0 R
EA87) Witz AZrEi1]. e mlekgel] gsido] A<}l
= 7n0 F1)s} Ca0 EH|% DMC 580] & 5107 Wol T4
AeHE Fufjo] A EAE e whgell Adds] & JFS wH=
RO w Azt

50 100
—{J~ : DMC yield

& 40{ —L :N-MMC yield L 80

O —0O— : MC conversion =
= S
2 &
Z 30 t60 §
5 o
o o
Q 2
Z 20 4 t 40 8
s O
(e}

© =
Q

- A_,A/A"/A_’_A B

0 . . . . 0
0 2 4 6 8 10

ZnCl, catalsyt (g)

Fig. 3. Effect of Catalyst loading on the yields of DMC, N-MMC and
conversion of MC over ZnCl, catalyst. Reaction conditions:
reaction temperature 180 °C, pressure 2.3 MPa, reaction time
6 hr, agitation speed 600 rpm, MC 0.2 mol, methanol 4.0 mol,
catalyst 2.0 g.
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Table 4. Catalytic performance of various catalysts for the DMC synthesis
from methanol and urea at semi-batch reaction system

Catalyst MC yield DMC yield N-NMC N-NMC./
(%) (%) yield (%) DMC (ratio)
ZnO 80.5 5.5 2.5 0.45
MgO 79.2 2.5 1.1 0.43
ZrO, 713 4.7 1.7 0.41
TiO, 80.0 1.5 1.4 0.95
CeO, 771 24 0.5 0.46
La,04 85.7 0.7 0.8 0.81
CaO 66.3 53 0.5 0.47
20% ZnO/Alumina 100 2.8 0.69 0.25
20% ZnO/TiO, 98.1 4.5 1.32 0.29
20% ZnO/SiO, 95.1 3.1 1.60 0.51
20% ZnO/Si-MMS 80.1 2.5 1.09 0.43

Reaction conditions: reaction temperature 180 °C, pressure 2.3 MPa, reaction
time 6 hr, agitation speed 600 rpm, urea 0.2 mol, methanol 4.0 mol, catalyst
20g.

3-3. HIGAKAL OIS T|0f|A
DMC HIZ0| 25t S5LE=E

Table 4°1i= REAEA] TMEST oA @49} WEh&ZFE MC2}
DMC Alzell 85t S5atshe Sallo] J3ks yehligieh Sz
TR SEAtskE Fl(ZnO, CeO, MgO, Zr0, Y,0; CaO, La,05)9}
FE5AEHE g4 Z(20% ZnO/Alumina, 20% ZnO/TiO,, 20%
Zn0/Si0,, 20% ZnO/Si-MMS) Z1E ARE-813IT} W2 HES7] o]
50 co/min®] FATIAS dEA 07 FolahHA Aty o, vk

40 HEEZZHE MC2}
Znjjo| o35t

SR e ML o)l W) ko] gheizrle] o
QY3 2sHG=, D7 o1l 4 obgeli Al b

1

Yol 7k Adito] wighE 2 AAED 7 7140 E wEET] yho
2 37 wEE k. upek olgs Wy H—Er% Yz e
(cooling trapye X3t} 7hA AR Yok} A B A7
o7 FEEn, 2elg dEdE o X*Bb*ioﬂ oJ3f ALA L
Z NRVIE AsgsA "o

A A7} AFRSE ZjZoA MC 588 20 wi% ZnOE &-n
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Table 5. XRD characterization of used nano-sized catalysts
Length (nm)*

Catalyst Structure a-direction (a)  c-direction (c) ae
Nano ZnO Hexagonal 46.53 157.44 0.3
Nano ZrO,  Monoclinic 20.66 17.65 1.2
Nano CeO, Cubic 3.92 1.0

*calculated by Scherrrt’s equation

ra 3

a) Nano ZnO

(a) Nano CeO2

Fig. 4. TEM micrographs of nano ZnO, nano ZrO,, and nano CeO,
catalysts.

3-4. HIIEA! TIQHISAIARIIAM 242} HEEEZSE DMC
HIZ=oll 2t LI-mSA51E J012} Ol24WA|e] Jek

Table 590i= A3 hBEAQ Al F79 vhe FE5AEHE S0
(e ZnO%} Wi 710, W Ce0,)2] XRD 4] A¥E Yehy
2.0H, Fig. 4°& TS v S5AksHE Fle] SEM 2447
= ek Al 5 BF U SR A7 2E e
UiglEd], AR ERE Y Znogh Wi Zr0, Svile] 729 4
o] 25 veRd Wb, e CeO, Frihs 9] 4SRN
om FtIAA7 = Al T 7Rl 7P 2= 3.92 nm A71E W
ERLet.

Table 6. Catalytic performance of nano-sized catalysts under semi-batch
reaction system

Catalyst Yield (%)
DMC MC N-MMC
Nano ZnO 7.5 68.2 39
Nano ZrO, 5.8 70.2 42
Nano CeO, 2.0 69.6 29
[BMIm][BF,] 0.8 83.0 0.4
[BMIm][PF] 0.5 824 1.5
Choline[TE,N] 1.0 824 1.0
[HBet][T£;N] 0.8 82.8 0.4
Nano ZnO [BMIm][BF,] 8.7 73.7 43
Nano ZnO [BMIm][PF] 8.7 65.7 59
Nano ZnO [HBet][T£;N] 9.9 66.4 6.2
Nano ZnO Choline[TE,)N] 14.5 56.4 4.5
Nano ZrO, [HBet][T£,N] 7.1 53.5 6.9
Nano CeO, [HBet][T£,N] 4.4 53.1 47

Reaction conditions: reaction temperature 180 °C, pressure 2.3 MPa, reaction
time 6 hr, agitation speed 600 rpm, urea 0.2 mol, methanol 4.0 mol, catalyst
20g.
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Table 6011i= WIA452] TMESAI BN o] 3t v F54181E
=], o127 A ((BMIm][BF,], [BMIm][PFy], Choline[T£,N], [HBet]
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Wi ZnO > e Zr0, > Wi Ce0, $2019]t}h. B3t 1hie 1A}
Zn0E M2 ARE3E 9 DMC 582 7.5% JE3 oM, MC <
H A TH BT 70% YE2A AR g YERIQITH
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o] TR At
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g Avtz 2 ), o] 2 AAE MCel DMCS] WEg-ofl 252 AL
Bz 9ol ol/d Aol T3 Fol2o] A ARFE Flje]
EABol|A] HEE-2] Qb Adell Al JFE A= oz At
L TESE o] 213t v &SR Sulj9) o] A NAE FAloll :EFHS
WSS AAE A3 AR DMC F8-2 Wie17] YAk &
HAkeHE FulE @50 2 ARE 79of nls] dE e, e
ZnO%} Choline[Tf,N] 0124 A5 A5 7390l 14.5%2] DMC
&S JERISITE o]gsl o] =2 o] 2/ AA}F Tk Sl
oF 3| ARG W) AbsAhge] veRliE g, oy e 2502
FE2 ofolo] Aol T2 JFS WU FoE A7, wE
A B FTEE TS o] A HA 9} Sl E FES] o]2igt A

)

t

TE T ogolnt.
4 24 E

. =

o]

to
)

A WESAIAElA @49 wighE-o] 3 wakik
C % DMC Alzeol] Tt 55 AbslaZu)| e} o] 24 A4
Zapolon, ot 2 9 7 A8E 95 5 Utk
Sollid @9} MRS ZYE MC 582 FullE ARSI
150 °C o8] Whg-25ellA 7] 100%2] MC &5 HEbd
b, DMC 782 B2 58 F-a331 1.5% olst= - A
RISl o, MCeF HghE 258 DMC &2 ZnCl, 7S A
B3 A 16.3%2E 7P SBIgitt. s REASA] jEgof] &3
Q49 B2 RE] DMC 582 1A W5l njs S718is
o, 34t a5k ) slollM Wi dxt=719) FulE AR
B 7-9-of vlo]A 7 H719] 7ol Hlsl DMC &2 ©F 20~30%
o] S7FE ®olon, of7]e) o] MAE FUs S TN A

Korean Chem. Eng. Res., Vol. 49, No. 6, December, 2011

o, ofo

<l o2

[e]

<
%.

=
o, o
R

k1

o

)



738 e - 48
$ DMC &2 S7M71= A5 adE et
zZ At

1.

3.

s

—_

I
o

Sun, J., Yang, B. and Lin, H., “A Semicontinous Process for the
Synthesis of Methyl Carbamate from Urea and Methanol}
Chem. Eng. Technol., 27(4), 435-439(2004).

. Keller, N., Rebmann, G. and Keller, V., “Catalysts, Mechanisms

and Industrial Processes for the Dimethylcarbonate Synthesis;’
Journal of Molecular Catalysis A: Chemical, 317, 1-18(2010).
Kim, D.-W.,, Kim, D.-K., Kim, C.-W., Koh, J.-C. and Park, D.-
W., “Kinetic Study on the Synthesis of Dimethylcarbonate by
Using Immobilized lonic Liquid Catalkyst) Korean Chem. Eng.
Res., 48(3), 332-336(2010).

. Kim, K.-H., Kim, D.-W., Kim, C.-U., Koh, J.-C. and Park, D.-

W., “Synthesis of Dimethyl Carbonate from Transesterification
of Ethylene Carbonate with Methanol Using Immobilized lonic
Liquid on Commercial Silica} Korean J. Chem. Eng., 27(5), 1441-
1445(2010).

.Lin, H., Yang, B., Sun, J., Wang, X. and Wang, D., “Kinetics

Studies for the Synthesis of Dimethyl Carbonate from Urea and
Methanol;” Chem. Eng. J., 103, 21-27(2004).

. Selva, M. and Perosa, A., “Green Chemistry Metrics: a Compar-

ative Evaluation of Dimethyl Carbonate, Methyl lodide, Dime-
thyl Sulfate and Methanol as Methylating Agents,’ Green Chem.,
10, 457-464(2008).

. Lee, Y.-S., Koh, J.-C., Kim, B.-S., Kim, K.-J. and Koo, K.-K.,

“The Effect of Deposited Metal in Mixed Oxide Cata-
lyst(Ce gZry ,0,) on Direct Synthesis of Dimethyl Carbonate
from CO, and Methanol}’ J. Korean Ind. Eng. Chem., 14(7), 1-6
(2003).

Korean Chem. Eng. Res., Vol. 49, No. 6, December, 2011

el - Ry

8.

10.

11.

12.

13.

14.

15.

16.

17.

Sakakura, T. and Kohno, K., “The Synthesis of Organic Carbon-
ate from Carbon Dioxide]} Chem. Commun., 1312-1330(2009).

. Delledonne, D., Rivetti, F. and Romano, U., “Developments in the

Production and Application of Dimethylcarbonate]’ Applied Cataly-
sis A: General, 221, 241-251(2001).

Wang, M., Wang, H., Zhao, N., Wei, W., Sun, Y., “High-Yield
Synthesis of Dimethyl Carbonate from Urea and Methanol Using
a Catalytic Distillation Process, Ind. Eng. Chem. Res., 46, 2683-
2687(2007).

Zhao, W., Wang, F., Peng, W., Zhao, N., Li, J., Xiao, F., Wei, W.
and Sun, Y., “Synthesis of Dimethyl Carbonate from Methyl Car-
bonate and Methanol with Zinc Compounds as Catalysts, Ind.
Eng. Chem. Res., 47, 5913-5917(2008).

Wang, X., Yang, B., Wang, D. and Zhai, X., “Reactive Rectify-
ing for Producing Dimethyl Carbonate) Chem. Eng. J., 122, 15-
20(2006).

Kim, D.-W.,, Kim, C.-U., Koh, J.-C. and Park, D.-W., “Synthesis
of Dimethyl Carbonate from Ethylene Carbonate and Methanol
Using Immobilized Ionic Liquid on Amorphous Silica) J. Ind.
Eng. Chem., 16, 474-478(2010).

Dharman, M. M., Ju, H.-Y., Shim, H.-L., Lee, M.-K., Kim, K.-H.
and Park, D.-W., “Significant Influence of Microwave Dielectric
Heating on lonic Liquid Catalyzed Transesterification of Ethyl-
ene Carbonate with Methanol} Journal of Molecular Catalysis
A: Chemical, 303, 96-101(2009).

Nockmann, P., Thijs, B., Pittois, S., Thoen, J., Glorieux, C.,
Hecke, K. V., Meervelt, L. V., Kirchner, B. and Binnemans, K.,
“Task-Specific lonic Liquid for Solubilizing Metal Oxides} J.
Phys. Chem. B, 110, 978-992(2006).

Kim, C.-U., Kim, Y.-S., Chae, H.-J., Jeong, K.-E., Jeong, S.-Y.,
Jun, K.-W. and Lee, K.-Y., “Effect of Cobalt Catalyst Type and
Reaction Medium on Fischer-Tropsch Synthesis, Korean J. Chem.
Eng, 27, 777-784(2009).

Li, Z., Shkilnyy, A. and Taubert, A., “Room Temperature ZnO
Mesocrystal Formation in the Hydrated lonic Liquid Precursor (ILP)
Tetrabutylammonium Hydroxide)’ Crystal Growth & Design, 8(12),
4526-4532(2008).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


