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Abstract − The direct synthesis of dimethyl carbonate(DMC) from methanol and CO2 is considered to be the most attractive

alternative route due to its simple process, less toxicity and the low-cost of CO2. Unfortunately, the direct synthesis is a revers-
ible reaction and is strongly limited by thermodynamic equilibrium. DMC was synthesized from methanol and CO2 with high

selectivity using CeO2 or Ce1-xZrxO2 catalysts. The yield of DMC increased with the reaction temperature, reached maximum at 150oC,

and decreased above 150oC. The concentration of CO2 and methanol showed also an obvious influence on yield of DMC. The

acid-base bifunction on catalysts was related to the DMC formation. The formation mechanism of DMC was proposed based

on the experimental results.
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1. � �

Dimethyl Carbonate(�� DMC)� �����	, 
��	, �
��

�	�� polycarbonate ��� polyurethane� 	�, ������� �

�� � , �!" #�	$ %&�' �()* +,-, ./0� 12

3 /45 12� 6.,� 78 9 �:;< =>�' ?�* +%.

�@A� BCD EF� DMC 	�GHI JKL,� MNOP %Q

3 R%.

2CH3OH+2NaOH+COCl2→(CH3O)2CO+2NaCl+2H2O (1)

2CH3OH+CO+SO2→(CH3O)2CO+H2O (2)

2CH3OH+2NO+SO2→2CH3ONO+H2O (3a)

2CH3ONO+CO→(CH3O)2CO+2NO (3b)

(CH2)2O+CO2→(CH2O)2CO (4a)

(CH2O)2CO+2CH3OH→(CH3O)2CO+(CH2OH)2 (4b)

2CH3OH+CO2→(CH3O)2CO+H2O (5)



T3 phosgene� JKI �(U � GH7 JKL (1)V WX<

Y0 Z 01[ \� . WX�$] phosgene� ^8 ,� 78 _`

ab cP$] �de f g	hI ^6ij k%. �lU phosgene m

�WX� n_,� 

T� oxidative carbonylationI �(U 

T

1�H[JKL (2)]$ �U ENIChem WX3 1�opq rs� ��

Methylnitrite H[JKL (3)]$ �U Ube WX� �(�)t%. uU $

vw� x_H[JKL (4)]$ mU yz� r{ |6�' D})* +%.

�~$ epoxides, ����, alkyl chlorides, trimethyl orthoacetate u�

tert-amines3 acetylene \I rs� U coupling JK$ ��� CO2�



T�0� DMCq 	��� WX�� %� �*)� +%[1].

PhosgeneI ��U �lU 	�WX�� ^�[o7 COq �(��

M, %�� WX,� z )� +E$ 

T3 CO2$ �U ��� 

H[JKL (5): one step]$ �U ��� �O~�,� ��)* +%. �
†To whom correspondence should be addressed.
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10 ���������	
���
����
� ��7 CO2q �(�E �g$ ��� H� �� r���%. u

U ��� HV �z��� [o� 7L)* +� �1�
pq �(

�$ �  �1�
p� ¡�($ �U _`¢��7 £E¤� 9 �

�� r{ ¥%.



T3 CO2�0� DMC� ��� V �¦$ +�] §¨$ 	�I

©� ª,� BC« +%. JKL (5)� ∆G �� 100oC$] 12.2 kcal/mol

�* 500oC$] 30.2 kcal/mol� �*)� +,¬�[1] DMC� �¦V

¥� ­I ª,� ®�¯%. �°�7 �1$ �U §¨.�¦� r{

±,- JK�<� ±I�² ^³�%* ´µ« +%[2]. � ] ¶ y

z$]� DMC� ��� � �· I ND�*, DMC �¦I ¸mi

¹ � +� ºrq s6�*/ �»%.

2. � �

2-1. ���� � ��



T[Kanto Chemical, 99.8%]3 CO2[�O1, 99.99%]� ¼ ���

X	½� �(�»%. DBTM[dibutyl-tin-dimethoxide, (Bu)2Sn(OMe)2,

Aldrich�], DBTO[dibutyl-tin-oxide, (Bu)2SnO, Acros organics�, 98%],

γ-Al2O3, ZrO2[Junsei Chemical Co., Ltd.], TiO2, K2CO3[Duksan pure

chemical, 99.5%], CeO2[Engelhard�, ¾P� 170 m2/g, ¿W(� 0.20-

0.23 cm3/g, §À¿W�` 10 nm]\� ºrq �(�»*, *� ºr�

V Á¿ ÂÃ� �� �(�»%.

uU CeO2� ZrO2� Ä�@Å1�[ ºr� Fig. 13 R� cerium

nitrate hexahydrate[Ce(NO3)3�6H2O, Aldrich Chem.]� zirconium nitrate

oxide dihydrate[ZrO(NO3)2�2H2O, Kanto Chem.]q .z�� �� citric

complexation technique� Ce1-xZrxO2 ¨Æ� Ç �� ºrq 	���

�(�»%. ºr�� È ÂÉI Ê�� XRD spectra(D/MAX-2500,

Rigaku) Z BET ¾P�(ASAP 2010, Micromeritics)I cX�»%.

2-2. �	
 ��

.¨�7 DMC ���  ËÌV 

T3 �d;� ºrq 100 ml�

stainless steel autoclave$ ��Í*, /ÉxJE� xJI }�P] CO2

� �l Î purge�� JKE O$ 1p� ½<² U Ï ��$] ��

� Ð�$ <ÑÒ �A� CO2q ÓÔ%. 9 %Q$ JK�<A� Õ�

�� ��� JKi� 4Ö ^�i× Ï ��,� ØÙ�� �v Z Ú

�q E�¥�ÛÜ9Ý�(Shimadzu 14-B, FID Z TCD)� ÂÉ�»%.

¶ yz$]� E�$]� CO2 �~�  Â� �Þ)� ­ß* Ú� 

Â$� JK�à$ �  methyl formate u� dimethyl ether \� 01

[� p; �Þ)t%.

3. ���� 	 
�

3-1. DMC 
��
� �� ��



T3 CO2�0� DMC� ��� $]� 

T3 CO2� | 

�� ºr¾P$] �á' D})âã �� ª� �� �:U �à�

%. 

T� | �� �:U ª7� äV CO2� | �� �:U ª

7�$ �  JKEz� Ñ³ 	iå � +%. DMC� z�L$] æ

��P � � �· V ç ��� èÙ8 é � +%. êë, CO2� 8

³)� ­�%P 

TV ºr¾P$] 
ìiE� 
�E�� 8³

$ ÙÙ í:U ]� %î | h�� +�ï �·�%. ðë, CO2�

ºr¾P� ]� %î | h$ �§�,� ñò)t%� %î è [

7 H2O� óô è õ$ �  | ¯ CO� 8³ñò)� JK$ ö�

U%P 

TV �÷e 
ìiE�ø 8³)P ¯%. �lU ]� �

ù)� �hI 8ú�E Ê�� gûI ö*�� �� %&U ËÌI

�}�»%.



T3 CO2�0� DMC� ��� $ �8]� �l �� gû$

][2-6] �¦V üe ±�ø �·U ª,� ´µ« +%. CO2� bE 

1�[� ¾P$] 8³�� ­V �Æ� carbonateq ¨ �*[7], 



T$] 
�Eq W=�E Ê8]� 1h� í:�¬� DMC� �

 $� 1h3 bEhI 4i$ ý� ºr� �()�ï U%* BC

« +%[6]. � ] ¶ yz$]� .þV 1  1�[, bE  1�[,

&ÿ  1�[I ºr� �� ÙÙ� JK I �x�� �*, �� {

�U ºr�$ m�� �¦ ¸mGÖI �z�*/ �»%.

ºrq �(�� ��U �ºr � $]� DMC� è � .µ D

})� ­ß%. È�[8]$] {�U ºr� BC« +� DBTM� &I

��i�P] ËÌU ú3 Fig. 2$]� R� DMC� 0.149-0.692 mmol

è )� ºrJK� �·�I �Þ�»%. �(¯ DBTM� &� ¸

�$ �  DMC �¦V ¸���ø �(;$ �  ¸��V h5� �

��� nX8�C� `�I ��* +%. ��� ËÌ�àV 

T

247 mmol, CO2 110 mmol� �* JK�<� 150oC, JKi�V 2i

��t%. �lU ú3� È�[8]$ ́ µ« +� �à(

T 247 mmol,

DBTM 0.5 g, 100oC, 24i�)$] DMC� 0.95 mmol X< è ¯%

� ú3� �xÒ ø�%.

uU 1�[ �Æ7 DBTOq JKE$ Í�< DBTM3 ^�U ú

3q 	I � +t%. JK 
� Ï *�[o(DBTO)� .µ �Þ)�

­ß%. �lU ú3� JK�$ DBTO� 3;,� F¡�� JK[7



T3 JK�� óô DBTM� � )* � ¯ DBTM� ºr�

Fig. 1. Flow-chart of preparing the Ce1-xZr xO2 catalysts.
Fig. 2. Effect of catalyst(DBTM) amount on DMC synthesis.

Reaction conditions: 150oC, 2 h, and CH3OH : CO2=247 : 110 mmol.
���� �40� �1� 2002� 2�



Methanol� CO2��� ��������� ���� 11
JK$ ��U%� ªI i��* +%. �� Mg ÂÃI ��Í� ó

ô Mg(OCH3)2q ø�* � ºr� DMCq � U%� Qi \[2]� y

zú3� ��Ò � +%. 9�$ ��P Mg-O$ CO2� 
Y)� �

��� CH3O-Mg-OCO-OCH3(magnesium methoxymethyl carbonate)�

¨ )-, �Å�,� 

T3 JK�� DMC� Mg(OCH3)2q è 

�-, JK �$ ºr7 Mg(OCH3)2� &V ��� ­�%* �»%.

�lU 8Éú3q ¶ yz$ �(�� �P DMC� ��� V %Q

3 RV JK��� n��%* é � +%.

CH3O- -OCH3+CO2→CH3O- -OCO-OCH3 (6a)

CH3O- -OCO-OCH3+CH3OH→CH3O- -CH3-OCO-OCH3+OH− 

(6b)

CH3O- -CH3-OCO-OCH3+OH−+CH3OH→DMC+H2O+CH3O- -OCH3

(6c)

�lU JKEz� ºr$ CO2� 8³)� ­* 
Y(6a))� carbonate

Eq ¨ �-, 

TV 
�E� 8³(6b)å �ø ��  
ìiE�

< 8³(6c)̄ %� ªI MNO* +%. �Á 
ìiEq ���* +

� ̂ E@Å
ì��� ºr$]� 
�Eq W=�� JK��7 (6b)

� ¦Å�� * �c¯%. ¨ ¯ ���7 carbonateE$] 
��


��� 01[� MN� � +%. ºr;I ¸�i��M JK�<q

¸�i¹ ̀ {$ p;� 
��
��� 01[� è ¯ ¶ yz� ú

3� Ê� JK��� Nd I ���* +%.

Table 1$] �� �� R� m¾�7 1  1�[ ºr� γ-Al2O3q

�(U ú3� �ºr � 3 Û���� DMC� .µ è )� ­ß

%. gû$] �·U ºr� BCD bE  [o� ZrO2, TiO2, K2CO3

q �(U ú3� ÁÁU &��ø DMC� è )t%. &ÿ  1�[

7 CeO2q �(U ̀ {$� DBTMI ºr� �(U ̀ {� �@� X

<� DMC� è )t%. ��� ú3� CeO2� RV &ÿ  ºr$

] DMC� �¦� �' MN� ú3�0� %Q3 RV �°I 8 é

� +%. bEh$] CO2� 
Y� D})* 

T�0� 
ìiE�

���� `�V bEh$], 
�E� ���� `�V 1h$] D}

)� DMC� � å ª,� æ�)¬� DMC� � $� bEh3 1

h äV ��< bEh� í:�%� ªI B � +%.

3-2. CeO2 ��� �� ����� ��

 ·� {��' MN� CeO2 ºrq ���� %&U ËÌI �}

�»%. óô ËÌ�ù� à. 3 ¡�  �0q B��E Ê�� 4

nU ËÌ�à$] 5Î� ËÌI �}U ú3 10%� a5�Ê$] �

� m\U ú3ùq 	t%. � ] ËÌ��� ��$] ËÌa5�

E�q  pU,� �E ÊU G!,� �l Î JÄËÌ$ �U �Á

+� §Àùq "�� ú3q 8É�»%.

CeO2 ºr;I ��i× ËÌú3q Fig. 3$ MNOt%. JK�<

q 150oC� ^�i�* 

T 247 mmol, CO2 110 mmol� *Xi×

ú3� ºr;� ¸�$ �  DMC� �¦V ¸��%� %i #p�

� `�I MNO* +%. ºr;� ¸�$ �  DMC �¦� #p�

� `�V %î yz/� ú3�[4, 9]$]< �Þ)* +%. �lU ú

3� DMC� � $ B$�  �� ºr;� F¡U%� ªI i��

-,  �� ºr; �% %��P 0JK$ �U 01[�(
��
�

� Z &
�$w�)� è � �Þ)t%. �$ �J�� ºr;� 3

%Ò � è [� '(� %p )��� ú3q MNO� ª< %î y

z/� ú3[4]� nù)* +%. uU *��7 2i�� JKI 20i

�,� ¸�i× ú3$]< DMC� �¦� aeC ���* ºr'

(� )��� ��I MNOt%.



T(247 mmol)3 CO2(110 mmol) Z CeO2 ºr(0.1 g)� &I *

Xi�* JK�<q ��ij è ¯ DMC &� ��q Fig. 4$ M

NOt%. JK�<� 150oCA�� DMC� &� ¸��%� ¼ ��

� �V �<$]� aeC ���t%. �lU yzú3� DMC  m

Fig. 3. Effect of catalyst(CeO2) amount on DMC synthesis.
Reaction conditions: 150oC, 2 h, and CH3OH : CO2=247 : 110 mmol.
Catalyst calcination temperature: 400oC.

Fig. 4. The dependence of DMC formation on reaction temperature over
CeO2 catalyst.
Reaction conditions: 2 h, CH3OH : CO2=247 : 110 mmol, and CeO2
weight=0.1 g. Catalyst calcination temperature: 400oC.

Table 1. Results of DMC synthesis over various catalysts(Reaction conditions:
150oC, 2 h, and CH3OH : CO2=247 : 110 mmol)

Catalyst(amount) Amount of DMC formation(mmol)

ZrO2(0.05 g) 0.007
TiO2(0.05 g) 0.012
K2CO3(0.05 g) 0.005

γ-Al2O3(0.05 g) -
DBTO(0.05 g) 0.151
DBTM(0.2 g) 0.430
CeO2(0.2 g) 0.448
HWAHAK KONGHAK Vol. 40, No. 1, February, 2002



12 ���������	
���
����
è �<$] %p� 5�� +�ø �� �+ yz/�� ú3�3 ,

nù�* +%. Qi \[2]V 180oC��$]� DMC� Â8)E �g$

�¦� #pU%* ����- J��, Tomishige \[6, 10]V 170oC�

�$]� ./0�,� §¨� 	�I ©�%* ���»%. *� 1[3]

V 170oC��$], 1 \[4]V 140oC��$] �¦� #p�� ú3q

6¾�»%. DMC� ��� JKV 6.JK(500oC$] ∆H= −5.6

kcal/mol)�  BC« +*[1], 100oC� 500oC$] ÙÙ BC« +�

∆G�,�0� ËÌ�< z�$]� §À�7 ∆H�� −4.6 kcal/mol�

�1)tE$ 6.JK,� D}õI B � +%. 6.JK,� D})

� JK� ./0� §¨.�¦� �1$]� JK�<� �,P §¨

� 	�I ©� �¦� ±�o � +%. � ] DMC ��� JKV

150oC��� �<$]� è Å<$ �8 2{)*, 9 ��� �<$

]� ./0� §¨$ 	�I ©�%* ��Ò � +%.

CeO2 ºr;(0.1 g) Z JK�<q 150oC�, 

T� &I 247 mmol

� *Xi�* CO2� &� ��(Ð�� ��)$ mU DMC è ;�

��q Fig. 5$ MNOt%. CO2 &� ¸�$ �  è ¯ DMC� &

uU ¸��»%. CO2 �Y; u� Ð�� ¸�$ �  DMC� �¦

� ¸��� ª< %î yz/�� ú3� , nù�� nJ�7 `�

�%. uU CO2� & u� JKÐ�(PCO2)$ m�� mþ�,� 15J

K� È I MNO* +%. Tomishige \[6, 10]< DMC � JK� §

¨� 	�I ©� ­� z�$]� CO2$ m�� 15JK� * 6¾

�»%. Zhao \[11]V 34� �/$] 9.3 MPa� CO2 Ð�A��

DMC �¦� ¸���ø 9 ��� Ð�$]� #p�I �7- J�

�, 1 \[4]V 300 bar A�< �Å�,� �¦� ¸mU%* 6¾�»

%. 34� �/� �5 ¶ yz� ËÌz�$]� CO2 Ð�� ¸�Ò

�² CO2 
Y$ ��� ¨ )� JK���7 methoxy carbonatesq

67 , ¨ [10]�E �g$ DMC �¦� ¸�U%* �8D%.

CeO2 ºr;(0.1 g) Z JK�<q 150oC�, ��$] CO2 3EÐ�

I 30EÐ,� ^�i�* 

T/CO2 9�� ��;$ mU DMC è

 ;� ��q Fig. 6$ MNOt%. 

T/CO2� 9�� ¸�$ � 

DMC� è ;V ¸��»%. �� CO2 ;I �� nX�' ^�i�

* 

TI ¸�i× ú3�¬� Le Chatelier �³$] Em)� ú

3�%. 9lM, 

T� &I *Xi× 

T/CO2 9�$ �î DMC

è ;V #p�� `�(Fig. 5ö�)3 z:)�ï U%. 

T� &I

*Xi× Fig. 5� ú3� ¨ ¯ 
ì���$ CO2� 
Y;3q �

7%P, CO2 ;I �� *Xi× Fig. 6� ú3� �÷e <Y¯ 



T� &� ̧ �$ �  �¦� ̧ �¯ ú3q MN=%. %i Ã�P 



T/CO2 9�$ �  

T .�¦� ����ø <Y¯ 

T�

&� %E �g$ DMC è ;V ¸��� ª,� MN� ª�%. J

K[ �<� ��I �>�' �E Ê�� Fig. 5� 6� ú3�0� �

c¯ 

T .�¦ Z DMC è ;I Table 2$ MNOt%. Table 2

$] JKÅ<� �<�F I ?��,� æ��P mþ�,� CO2

$ m8]� 15� 

T$ m8]� 0.55q MNO� ª,� ��

¶ yz$]� 

T� ñò¿E� CO2� ñò¿E �% ��%� ª

I MNO* +%. �lU JK[�� ]� %î �<�F ,�0�

CO2� 8³)� ­* ñòI �- 

TV 8³ñòI U%� ªI

���,� ^�Ò � +%. JK[ ��� ñò¿E� �lU 5��

Tomishige \[10]� yzú3� , nù�* +%. 9�$ ��P JK

� ���  �8�� methoxy carbonate� CO2q óô ñòi�* 



TI @C� �$ ��� 

TI óô ñòi�* CO2q @C�

�� 67 ¼ A' uU %� è ¯%. � ] 

T� óô ºr¾

P$] 8³ñò$ ��� 
ì���q ¨ �* B�� CO2� 
Y

¯%� ªI i��* +%.

�lU ËÌú3q �C,� �� JKEzq DU%P CeO2 ºr$

]� �Á 
ìiEq �^�* +� DBTM ºr� %î JKEz�

Fig. 5. The dependence of DMC formation on CO2 pressure over CeO2
catalyst.
Reaction conditions: 150oC, 2 h, CH3OH=247 mmol, and CeO2 weight
=0.1 g. Catalyst calcination temperature: 400oC.

Fig. 6. The dependence of DMC formation on MeOH/CO2 molar ratio
over CeO2 catalyst.
Reaction conditions: 150oC, 2 h, CO2 initial pressure=30 atm, and CeO2

weight=0.1 g. Catalyst calcination temperature: 400oC.

Table 2. Effect of the reactant concentration on DMC synthesis over
CeO2 catalyst calcined at 400oC(Reaction conditions: 150oC, 2 h,
and CeO2 weight=0.1 g)

Reactants(mmol) CH3OH/CO2 
ratio

Amount of 
DMC(mmol)

CH3OH 
Conversion(%)CO2 CH3OH

174 247 3.38 0.31 0.25
192 247 2.68 0.37 0.30
110 247 2.25 0.44 0.36
129 247 1.91 0.46 0.37
117 123 1.05 0.33 0.54
114 185 1.62 0.35 0.38
110 247 2.25 0.44 0.36
104 309 2.97 0.46 0.30
101 371 3.67 0.52 0.28
���� �40� �1� 2002� 2�



Methanol� CO2��� ��������� ���� 13
JK� D}å ª4I B � +%. Ê� %&U ËÌú3�0� bEh

3 1hI 4i$ ý* +� &ÿ  1�[7 CeO2 ºr$]� DMC

��� � JKEzq %Q3 R� 	iÒ � +%[10].

CH3OH→CH3O
−(a)+H+(a) (bEh) (7a)

CO2→CO2(a) (bEh) (7b)

CH3O
−(a)+CO2(a)→CH3OCO2

− (a) (bEh) (7c)

CH3OH→CH3
+ (a)+OH−(a) (1 h) (7d)

CH3OCO2
− (a)+CH3

+ (a)→(CH3O)2CO (7e)

H+(a)+OH−(a)→H2O (7f)

óô bEh$] 

T� 
ìiE� | �(7a))*, CO2� 8³)

� ­* | �)� 
Y$ ��� ���7 methoxy carbonateq ¨

 (7b Z 7c)�*, 1h$] 

T� %�' | �¯ 
�E� W=

(7d)I ©� DMCq è (7e)�� ª� * ÃÒ � +%. bEh$]

� | V �x� A' D})�ø 1h$]� 
�E� W=� JK

I 2{Ò ª�  æ�)�[10] (7d) Z (7e) ��� ¦Å��  �8D

%. DMC� ��� JKV �EF �GU bEh3 1h� ��H4

(7e),� D}¯%* Ò � +%. uU CO2� Ð�� ¸�)P ���

7 methoxy carbonate� Iî ¨ (7c)$ ��� DME \� 01[ è

 � J	)� DMC� ��<� ���' ¯%� ªI B � +%. 9

lM bEh3 1h� ��$ ��� 

T� 
�E(bEh)� OH−

(1h)� 8³¯%� ��[12]< +,¬� 	i¯ JKEz� Nd I


K�' L¸Ò �� ½�ø Â�U ªV DMC� � $� bEh3

1h� M(� �ç í:�%� ª�%.

JK� 
�¯ ºrq �3�� BET Z XRD� �ÞU ú3 ¾P�

�� Z z���� �� ½QI B � +t%. � ] ºr� ¡�(

�0q B��E Ê�� �3 Z p I }�� JÄËÌI }�»%.

ËÌú3� �¦� �N��M aeC �� ¸��� ª,� MNM º

r� ¡�(� �·�� æ�)t%.

3-3. Ce1-xZr xO2 ����� ��� �	


DMC� ��� JKV 

T� 1�� )* CO2� _�� )�ï

�� 1�-_�3X� 4i$ D}[3])�ï U%. � ] {�U 1p

ô� (oxygen storage)I ý� CeO2$ Iî 1p�4 (oxygen mobility,

release capacity)I ý� ZrO2� E·I 4i$ 0�U Ä�1�[I 	

��� ºr;3q ËÌ�*/ �»%. Ce : Zr 9�$ �î citric com-

plexation technique� 	�¯ Ä�1�[� z� Z �OU *(�(solid-

solution)� 	� �0q >7�E Ê�� Ce1-xZrxO2(x=0.0, 0.1, 0.2, 0.5,

0.8, 1.0)q 	� Ï XRD� ÂÉ�»%. CeO2� 1pô�  cP$]

{�U 1�[� , BC« +*, �E$ ZrO2q #��� Ce1-xZrxO2

Ä�1�[I ø� `{ *�$] CeO2� pú$ �U ¾P� #pq

P��� .� ÖX  ��I EÒ � +I �ø �� , CeO2� YG

X�(cubic) z�$] ZrO2� XGX�(tetragonal) z��� úXz�

��q �JÒ ª�¬� 1p�4 � ��I EmÒ � +%[13-22]. Q

Ä�1�[ Ce1-xZrxO2$] x�� ?�P 1p�( (oxygen availability)

V #p��ø 1p�4 � ̧ ��¬� 1p�( 3 1p�4 � �

�,� MNO�o � +� 1pô�·�(oxygen storage capacity) �

�  ��  x� F¡Ò �· � +%. �lU � ��� CO2� 



T� ñò��I ��ij DMC �¦$ ��I ÁR ª� * æ�

¯%.

XRD ÂÉú3� Fig. 73 RV ̈ �I ����- (111), (200), (220),

(311)� 4s� � úXPI ��� fluorite z�� Ce1-xZrxO2�] Ä�

1�[� *(�$]� CeO2, ZrO2� È  �¥�� MNM� ­� ª

,� �� �OU Ä�1�[� 	�¯ ª,� >7)t%. Zr� 9��

¸�å�² 2�� ¸��� G�,� (111)I ��U �+ úXP��

.Ê(shift)�I B � +%. �ªV 1pô� � /ÒI �� CeO2$

ZrO2� #�õ,�� z��7 ��� èE* �� 7�� 1p�4 

� ¸�q MN=%� �.� yzú3�[23, 24]3 , nù�* +%. 

XRD �¥$] 2θ-28.52, 33.06V YGX� CeO2q 2θ-30.26, 34.22,

35.26V XGX� ZrO2� È  �¥�I ���* +%. CeO2$ ZrO2

q 10%, 20%, 50%, 80% #�SI `{ ZrO2 �� Â³� ��� ­

�ø, 10%(x=0.1) ZrO2q #�SI `{ CeO2� È  �¥ 2θ� 28.52

→28.70, 33.06→33.28� ÙÙ .ÊS*, 20%(x=0.2) ZrO2q #�U ̀

{ 28.52→28.86, 33.06→33.34�, 50%(x=0.5) ZrO2q #�SI `{

28.52→29.32, 33.06→33.88�, 80%(x=0.8) ZrO2q #�SI ̀ { 28.52

→30.52, 33.06→34.36� 2θ� ¸��»%. CeO2$] ®³ST �¥�

� .J�,� U��P] �<� ±�V%. �� Zr �;� 3%�'

¸��P YGX� z�$] XGX� z�� .�¯%� ªI i�U

%[25]. 9lM Ê$] W=U �� R� Zr� #�)�< *(���

�n�I 9m� ^��* +� ÷�U CeO2M ZrO2�� %î È I

�o ª4I B � +%. 	�¯ ÷�U ZrO2(x=1)� 600oC$] 4i�

p I �»E$ EmU �� R� p;� XGX� z�� m0Â�

��X�(monoclinic) z�q ��* +%.

CeO2$ ZrO2� #�)P] MNM� z�� ��� Ce4+� Zr4+,�

>/(lattice) ù_,� E7)�-, &�� J` cP$] Zr4+(r=0.86 Å)

� Ce4+(r=1.09 Å)�% ME �g� * ´µ« +%[26]. XRD �¥�

U��� ªV CeO2$ ZrO2� #�)P] Ê� RV �^� 78 fluorite

z�� YGX�� XGX�� �X��� ��3 Ce4+$ �8 &��

J`� MV Zr4+� ù_)� Ä�1�[� úX� M��� ¸�� ¯

%[27].

	�¯ Ä�1�[ ºr�� DMC ��� JKI �}�»%. �(

¯ ºr; 0.1 g, 

T 247 mmol, CO2 110 mmol, JK�< 150oC, J

KÐ� 65EÐ,� �ç *Xi�* Ä�1�[ ºr$] Zr #��$

�î è ¯ DMC� &3 BET ¾P�� ��q Fig. 8$ 4i$ MN

Ot%. ÷�U CeO2� ZrO2q 	~�P Ce1-xZrxO2 Ä�1�[$]

ZrO2� #�;� %�o�² BET ¾P�� ̧ ��� ̀ �I ��* +

%. 9lM DMC è 3 BET ¾P�3� ��� È:U �� � ½

t%. ºr� �¾P�3 DMC è Y� Â�U ����� ½� ËÌ

� ̧ ��[3, 6, 10]� BC« +%. Fig. 8$] �P ÷�U ZrO2M CeO2

$ �8 ®~½� Ä�1�[ ºr�� | � �QI B � +%. È

e Zr� �;� 50% Áø$] | � ¼Z �QI B � +%. �lU

�^� Zr� #�� >/1p� �4 � |6e ¸m)� ºr¾P$

] bEh� %� è )E �g�  �8D%. uU 50% Áø� Zr #

�$]� �.e CeO2� YGX� z�� ^�)E �g$ | � �

Fig. 7. XRD patterns of Ce1-xZr xO2 catalysts calcined at 600oC.
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14 ���������	
���
����

rd

is

ro-
%* æ�¯%. Ë	� ZrO2� p �<q �4$ �  [ÖX � X

GX� z�$] ��X�� ��* DMC� è ¦< 4i$ #p�

-, XRD �¥�� U�o � | � �%� ú3[10]� �xÒø�%. ¶

yz$]< XRD �¥�� Ä�1�[$] U�V*, Zr �;� 80%

� )�< ��X� z�� ZrO2 �V �Þ)� ­E �g$ | � �

' MN�%* é � +%. JP$ ÷�U ZrO2� m0Â | � ½�

��X� z�q ��¬� DMC | � r{ ±' MN�%.

Ä�1�[ ºr$] DMC� è � ¼Z |6U �^q %Q3 R

� ºr¾P� | h Â�� ��� ��Ò � +%. 1�[ ºr� |

 hV *��,� M=O7 bEh3 Mn+7 1h,� z ¯%* BC

« +%[12]. �lU bEh(M=O)3 1h(Mn+)� ¿E� &V \�M

#�)� %î 1�[$ �8 ��I ©I ª4V dy�%. ÷�U Y

GX� z�� CeO2� Ce=O� bEh3 Ce4+� 1hI ý�%. ÷�

U ZrO2� [ÖX � XGX� z�$]ø Zr=O� bEh3 Zr4+ 1

hI ��¬� ¶ yz$] 	�¯ ZrO2$]� m0Â� ��X� z

�  bEh� �� ½E �g$ | � �� ½� ª,� MN]%.

CeO2$ ZrO2q #��$ �  ZrO2� 1p�4I ºDi�¬� Ä�

1�[ ¾P$]� Ce4+� ºD �4¯ 1p$ �8 Ce=O� ._å �

+� ¾P$]� bEh �<� ¸�)- 7�U Ce4+ Z Zr4+� 1h

3 �^H�$ �8] DMC � JKI (��' D}i×%* �°

Ò � +%. Ä�1�[$] Ce/Zr� �OU �q �o � 7�U bE

h Z 1h� �^H�� �|�' å ª�¬� ¶ yz$]� Zr�

20% #�)tI �� �� _V ;¦� MN]%. Ë	� CO2� ñò

;I ��U ú3 Ce0.8Zr0.2O2, Ce0.5Zr0.5O2, CeO2 ºr$] ÙÙ 41.2,

24.5, 6.2µmol/gcat� MNM bEh� &� ÷]� Ce0.8Zr0.2O2> Ce0.5Zr0.5O2

>CeO2� MN� ú3� Ê� �°I Y¸�* +%.

bEh(Ce=O)$] 

T� 
ìiE� 8³ Z CO2� 
Y | �

)*, 1h(Ce4+ Z Zr4+)$] 

T� 
�E� | � )� JKEz

[10]q %Q3 R� 	iÒ � +%.

CH3OH+2Ce=O→O=Ce-OCH3+Ce-OH (8a)

CO2+O=Ce-OCH3→O=Ce-OCO-OCH3 (8b)

CH3OH+2Ce4+(Zr4+)→Ce4+-CH3(Zr4+-CH3)+Ce4+-OH(Zr4+-OH) (8c)

O=Ce-OCO-OCH3+Ce4+-CH3(Zr4+-CH3)

→(CH3O)2CO+Ce=O+Ce4+(Zr4+) (8d)

Ce-OH+Ce4+-OH(Zr4+-OH)→H2O+Ce=O+Ce4+(Zr4+) (8e)

Ä�1�[ ºr$]� CeO2 �� ºr$] �% 1h(Ce4+ u� Zr4+)

� �<� ¥* 1;� %I ª,� ®�)� ¦Å��� �8�� 



T� 
�E�� 8³��7 (8c)� �|�' �`��¬� | �

{��' ¯%. Ë	� Ä�1�[ ºr$ ��� ^E@Å
ì���

ºr(DBTM)q �(SI �� ^�U X<� �¦I Ñ Ò � +t%

� ª� r{ *��7 ú3�%.

4. � �



T3 CO2�0� DMC� ��� $ mU %&U ËÌI *��

%Q3 RV ú°I 	t%.

(1) DMC� ��� V ./0�7 §¨� 	�I ©� �¦� üe

±' MN]%.

(2) DMC� ��� $� bEh3 1hI 4i$ ý� ºr�� í

:�-, CeO2� ��U ºr� �X)t%. CO2� Ð�$� �� 15

�* 

T$ m8]� � 0.55� 5�q ý� ª,� MNM CeO2

ºr$] 

T� ñò¿E� CO2� ñò¿E �% ��%� ªI B

� +t%. �lU �Ë�0� CO2� 8³)� ­* 
Y)-, 

T

V 
ìiE� 
�E� ÙÙ 8³)� ç �� | h� F¡��ï

U%� JKEzq 	iÒ � +t%.

(3) CeO2� ZrO2� Ä�1�[ ºr(Ce1-xZrxO2)q DMC� ��� 

$ �� ��U a�Ô ºr�� 	Ö�»%. � ºr�� Zr #��q

�X�,�� ^E@Å
ì��� ºr$ í�Ò øU JK I ��

� {�U ºr4I ´b%.

� 


¶ yz� U�30E¤yz�� Êcyz$ �8 �})t,- �

$ #��d�%.
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