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	 �; ��� ��< = 350oC� ��">	
 ethyltoluene, ?@* !�A B	
 p-ethyltoluene� CD>E EF GH

I�JKL, M��� N.�O PQ
- G< ��
/	9: R(S T< U�VW! XY�)8. Ludox Z@[  !\�

� .]; Ti-ZSM-5(Ti=1%) ��- ^�; ZSM-5 ��	 (�� G< para CD>  I�_`KL, ��! a�b- cd

9efg	 �; (���E h@H a�b`8. NH3-TPD �ij' Ti-ZSM-5 ��- kl� mOS �E ^�; ZSM-5

	 (�� nop qe�)*, p-ethyltoluene� CD> 3�	 O��)8* rst8.

Abstract − Performances of Ti-ZSM-5 catalysts for toluene alkylation using ethanol were evaluated and compared with those

of H-ZSM-5 or Mg-modified ZSM-5. Investigation on the influences of reaction parameters on the alkylation reaction was also

conducted. The highest ethyltoluene and p-ethyltoluene, among the isomers, selectivities were obtained ca 350oC, and higher

toluene/ethanol molar ratio and shorter contact time were necessary in order to suppress the side reactions. Ti-ZSM-5(1% Ti)

prepared using Ludox silica showed enhanced para-selectivity compared to pure ZSM-5 and more resistant toward deactiva-

tion caused by carbonaceous deposit. According to the NH3-TPD analysis, acid strength and amounts of acid sites of ZSM-5
were significantly reduced by the incorporation of titanium into the zeolite framework, which were responsible for the

improved p-ethyltoluene yield.
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1. � �

���� ��� �	 �
�� 
�� ��� ��� ��� p-

ethyltoluene(PET)�� ���� � ���, PET	  �!� "#� ��

p-methylstyrene�� ��$%. p-methylstyrene& '()	 ethylbenzene�

�*+ ,� � �	 polystyrene� -./ 0� 12�
 34 5 /6

78 9:; <=� 78> ���, ?@9A� B1 C DA1�� @

E.	 ���� F�.G HI� JK� ��� ��./ ,	

ethylbenzene� -./ "#L& MN;O <=� 78> �%[1]. GP

& "#��	 PETQ ,G R./ AlCl3-HCl STQ F�./ U	V,


 "#��	 WXY;O Z[\(p-ethyltoluene(PET): m-ethyltoluene

(MET): o-ethyltoluene(OET)=34 : 55.1 : 10.9)� ].	 E:9 ^_7

,`a� 
:A)& ^2� b� `cd
 ���, 1e� *E:9


EG	 f=� 78> �%. gh� ^i)(molecular sieve)jkQ l

./ PET� m� no:� 0p � �	 N�h
q ST L��& �

�� ��
 b� rs� t> �%.

uG& ��� ��� ��� ��vw& xy
 0> z"M
 {

X, Y N�h
qQ 's�� |}[2]~�	V �� uG& -�; 0

� �:� -� �!�;�� O� �:�.7 �h �:
 � �� 8

�~8 �.	 IN=� 78> �%. �� X, Y� -./ ZSM-5 S

T	 0� W; �#:k �� �!�;�� -�; �� ���� �

� �:� 18.�>, e�� z"}�� z"�}& �G� g� [

Lno:�� ��� ���� 0� no:� ����%. ��� ZSM-

5 ST	 hydrodealkylation, transalkylation, disproportionation C isomerization

5& ��=� &� *��
 p`��� ZSM-5 ST L� Mg, B, Si, P

5� x����� }� �� Fe, B, Cr 5&  �� 4�� metallosilicate

ST 5 /6 78 ST¡[� l./ *��� ¢N.> para-
:)

� m� no:� 0
	 |}7 �£~�%[3]. ¤¥& |}��	  

� x�[ ST7 0� para no4Q ¦
	 �§� �� ST �:�
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���	 f=� 78> ����, para no4& ̈ 7©ª
 «¬h -

�; 0� �:� ���	 metallosilicate STQ 's�� � |}7

�@.­ ®£~> �%. Metallosilicate ST	 ¯2°k ��vw��


�`a �	 N�h
q ST& ±²� Fe, Ga, B, Zr, In, Cr, Ti 5

� 4�x��� N�h
q ST7 78	 }�;O <=� ³m� 1

8.	 ��� ST& �zG� �=& ^_Q �´µ � �%.

TS-1� MFI }�& ZSM-5 N�h
q ±²� ��vw� ¶�· ̧

N��> 2% 
.& ¹�w� }� �� 4��º ST� ¤¥ k��

�!Q 
�� no; »L �� ��� ¼�� G½� @¾.	 ¿�

� �ca �%. ¹�w i)& �
À� �:
 �8ª ÁÂÀÃÄ �

=� @E.	 ��vw
 PÅ.8 Æ��� TS-1& �ST G½� m

� |}	 { rs& mL
 ~8 ÆÇ%. È |}��	 ZSM-5 ST

& ��vwk ¹�w
 }� � xÉ PÅ.	 Ti-ZSM-5 STQ (:

./ ���& ��� ��� ;�.�%. 9: ^Ê� l� ¹�w&

N�h
q }� � 4�/*Q ËO.���, ���& ��� ���

m� Ti-ZSM-5 ST& ��:� ÌÍ¦>i E:9 ^_� u=� Î

Ï` /6 78 ��OiÐ& ÑÒ� ÓÔ.�%.

2. � �

2-1. ����

Ti-ZSM-5 ST	 �Õ& �: SiO2/TiO2=50-100, SiO2/Al2O3=150, TPA+

/SiO2=0.89, H2O/SiO2=41.7& ÖR�� I×[4]k �Ø[5]� ¦>$ Ù

Ú� Û�./ N�.�%. p#y& ¨Ü�7 ÝÞ �	 -ß� titanium

ethoxide(TEOT, Aldrich)Q ��.� ;../ àá â [ã& suspension�

,� ä 5oC� åæ�º%. v2 5 oC� åæ�º H2O2 �»� ;..

/ ç� ��8á �»
 EG§ 2�� ��� ä tetrapropyl ammonium

hydroxide(TPAOH, Aldrich 20% ��»)Q ��· è�.� ²é· �

��%. 1�� �� ��� ä Ludox colloidal silica(40 wt%)� NaAlO2

Q êO �»� ë> ì� ���%. E:$ tetrapropyl ammonium peroxy-

titanate� Ludox, NaAlO2 í(9� 70-80oC�� ��./ 6�� #4

����� ®£��> ���k xÉ ¨@~	 9� 3î ¨Ü�� ¦

ï.�%. N�� �� ð»� Ãñò �G� Ý« ÀÃOóÀ ��G

� ë` 175oC�� 5p� �W(:.���, �� ôÕ ä ¨Ü��

/6 õ zö� %÷ 110oC�� ø�.> 550oC�� 6�� !:.�

%. N�� Na+[ Ti-ZSM-5 STQ 1 M& ammonium nitrate �» �

�� 3p� 
3 ��./ Na+
3� NH4
+
3��  ùú ä 110oC�

� 12�� ø�.> 520oC�� 6�� !:./ H+[& STQ N�.

�%.

-�û;�� Mg2+� x� �	 
3 ���º ZSM-5 ST4 N�

.�%. ¼n Mg2+� 
3 ���º ST	 ZSM-5 N�h
q ^ü�

0.1 M& Mg(NO3)2 ��»�� 70oC�� 3p� 
3 ��� ä ø�, !

:.�%.  � x�[ ST& N�	 ý³þÿ�� x��� H-ZSM-5

ST& �� L�.	 ��»� N�./ ZSM-5 ̂ i)� �S�º ä

.��� Ù\./  �:^
 z"�*�8 Ë�µ � �4� .��

�, 110oC�� 12�� ø�� ä 500oC�� 6�� �� !:./  

�
 x�$ STQ N�.�%. N�� ST& Xn �´^Ê� X-ray

diffractometer(Phillips, PW 1710, Target: CuKα, Filter: Ni)Q F�./

�£.�%. �#& [ã� �G	 èF�i�vM(SEM, Hitachi X-

650)�� ÌÍ¦Ç>, UV-Vis diffuse reflectance spectroscopy(Varian

Cary-3E)	 500-200 nm& ÑX�� 	#.�%. ST& �= �:� >


.G R./ Micromeritics F& TPD/TPR 2900� F�.��� >

#� �
� ÊÑ ��G��  �$ �ð¬«Q TCD Ó?G� ^Ê

.�%. 0.3 g& STQ 550oC& He �
 .�� � 3�� �� �2

./ ST� ��$ ��9k �^� N�.��� %� L3�� å

æ�º ä 50 ml/min& 1��� �ð¬«Q ����%. �ð¬«7

��$ ST	 100oC�� � �� �� 92 ��$ �ð¬«Q N�

.��� 50oC�� 650oC�8 20oC/min& �3�4� ^Ê.�%.

ST� �;$ �!& �� TG� ^Ê.��� "G ^RG�� L3

�� 750oC�8 �3�4 10oC/min�� ^Ê� �£.�%.

2-2. ����

���& ��� ��� >#� |� �
 ��GQ 
�./ L�

.�� �£.�%. ��G	 STQ ï®µ � �4� �+Q *��

�M 11 mm pyrex r� F�.��� ST	 pyrex ��G& 12�1

R� ï�.�> #Ë� W��� R� zh� }�� ST�& R, «

�Q ï�.�%. ��34	 W��� ST�� �S./  1 oC ÖR

�� �´.�%. ��9O ���(Aldrich 99.5%)k ���(Aldrich

99.5%)� 2 : 1& !-� "p.­ í(./ èFG #ñQ F�./ ¨

@<\� è�.���, ̈ @$ ��9� $�7À(H2, 40 ml/min)� &

� ST�� ��~�%. ��9k E:9
 �%	 ð& ¸n� G)

L& �'� (G R� 200oC� 18.���, E:9& ^Ê� on-

line�� |�$ 10 port )* +ÁQ l� FID7 <�$ ��ýÔ³�

,� ̂ Ê.�%. ̂ Ê� -.��	 Uniport B(80-100 mesh)� bentone

34(5%)� DIDP(5%)Q /0./ 1$ 2
 4.5 m& ÀÃOóÀ -.�

F�.�> -. 34 96oC�� ^Ê� �£.�%. ��¯3� ST

0.1-1 g� ��G� ï®� ä ��� �£.G �� 500oC, H2(100 ml/

min) �
 .�� 2�� �� STQ �:���%. �� 34�� �

�9� è�.§� p#� �� �²�� E:9& ^Ê� �£.��

� ���& ��� ���� ST& ôÜ, ��34, ���/��� !

-, �S�� C ����� g� E:9 ^_Q ÌÍ¦Ç%.

3. �� 	 
�

3-1. Ti-ZSM-5	 
��


Ti-ZSM-5 ST� m� XRD, SEM, UV-Vis spectroscopy ̂Ê C »

L ���� �:� È |}¯�� 
v @4� ù �%[6]. N�� S

TÐ& � �:� ^Ê.G R� �£� TPD ̄ 3�kQ Fig. 1� �

Fig. 1. NH3-TPD profiles of H-ZSM-5, TS-1 and Ti-ZSM-5 catalysts.
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Ti-ZSM-5 
�� 
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)

���%. ���º �G�	 z" �*�8 5­ ��6 � �	 �ð

¬«Q F�.�%. Topsoe 5[7]� H-ZSM-5 ST L�� TPD ̄ 3

� �£µ M¼ α, β, γ& z 78 �=
 PÅ�%> ¦>.���, L

3��*+  �~` ��	 α�=� ¯N ���	 7%� ÑÒ� v

\8 �.�� 150oC
L��  �~	 �ð¬«Q 
�./ �= z

G C ^_Q ^Ê.�%. Si/Al -7 27O H-ZSM-5 ST	 �ð¬«

 �� &� 321oC& �� �=k 514oC *¥��& �� �=
 8

9.­ ��:��, Si/Al -7 %! 0� H-ZSM-5(Si/Al=55) ST	

�=& �
 �­ ;!.�> ��=
 %! �� <�� 
�x� �

� ��%. ÁÂÀÃÄ �=� E:µ � =	 TS-1 ST	 �=
 r


~8 ÆÇ>, Ti-ZSM-5(Ti=1 mol%) ST	 �� �=& �
 �­

;!.��� �� �=k �� �=
 ð> �� 34 <�� 
�.

�	V, 
	 Chen 5[8]& ¹�w x1 ^i) ST& �ð¬« TPD

¯3�k� p\.�%. ¹�w xy
 2%O ST	 �� �=
 ¶�

· !?.�> �� �=4 �� 34 <�� 
�� ¿� r
µ �

����, 
�*+ ZSM-5 ST& }�� ¹�w� 4�µ M¼ �=

& �
 �­ ;!.� �=& zG7 Lm;�� �� �= ^_� @

'~	 MÒ� 89.­ r
µ � ��%.

3-2. ��� ��� ��

3-2-1. ZSM-5 ̂ i) ST& �2 ÙÚ� g� ��� �� �: -�

�p� ���ø(350oC, WHSV=10 g feed/g cat., TOS=2 h)�� /

6 78 MFI}�Q A	 ZSM-5ì N�h
q ST& �� �:k para-


:)� m� no4Q Table 1-2� ����%. ��� ��� � S

T����� TPD ̄ 3�k�*+ � � �B
 �=
 �& PÅ.

8 Æ	 TS-1 ST	 ���& ��� ���� �& �:� ���8

ÆÇ�� -�; �� [Lno:� ����%. H-ZSM-5(Si/Al=27)	

���& ¤m 
ò ��C 50%(���/���=2)� ¥�.	 0� �

:� ����%. TPD ̄ 3�k�*+ � � �B
 ��� H-ZSM-5

ST�	 -�; b� �& �� �=
 ^_.> ��� 
 ��=�

� p`�	 PET& 
:� ���� O./ �� para no:� ��

��%. Mg2+� 
3 ��� Mg-ZSM-5 ST(Si/Al=55)� Mg� ST

& 4§k z"�*� x��º Mg-ZSM-5 ST(Si/Al=27)	 D� Al

xy� 7® ææ& H-ZSM-5 ST� -./ 0� para no:� ��

���� ST ¡[� �\8 Æ� H-ZSM-5 ST� -./ T¼ ��

ST �:� ����%. Mg-ZSM-5 ST& M¼ H-ZSM-5 ST& z

"
 Mg& x�� &� EF8�� E:$ 
:A)�& Ë��4 î


� &� E:9 GN& [L no:
 ���G HI� para-
:)

� m� no:
 ¨7� ¿�� Eæ$%[9, 10]. �� Mg� x�(Si/

Al=27)�� M¼ *^;�� N�h
q z"& (H �L
 p`��

� p* ��9
 ST�:=k �Sµ � =G HI� ST& �:�

�­ �.~�%. ST& }� �� ¹�w
 4�$ Ti-ZSM-5 ST

(Ludox, Ti=1%)	 �p� Si/Al -(Si/Al=75)& ��� H-ZSM-5 ST

� -./ T¼ 0� para no4Q ������ -�; 0� �:�

18.�%. ST& no: î
	 �p� ��C� G]�� -�x


BI
8ª, Ti-ZSM-5(Ludox, Ti=1%) ST7 Mg x� ZSM-5 STÐ

Table 1. Product distributions of toluene alkylation with ethanol over various modified ZSM-5 catalysts

Catalysts TS-1(Ti=2%) H-ZSM-5(Si/Al=27) H-ZSM-5(Si/Al=55) H-ZSM-5(Si/Al=75) Mg-ZSM-5(Si/Al=55) Mg-ZSM-5(Si/Al=27

Conversion(%) 1.1 44.2 34.5 36.6 18.5 10.3

Product distributions(mol%)

Benzene+C6 2.3 15.1 14.2 13.6 13.1 10.3
Ethylbenzene 3.8 12.2 12.2 11.1 11.7 11.8
Xylene 10.11 16.7 10.3 19.7 16.1 15.4
Ethyltoluene 78.21 72.9 76.6 74.5 74.2 80.2
Trimethyl benzene 3.0 12.2 12.7 15.9 12.3 10.8
Diethylbenzene 2.7 11.5 14.0 15.2 12.7 11.6

Normalized ethyltoluene isomer selectivity(mol%)

p-ethyltoluene 40.51 44.0 60.8 49.6 68.7 80.8

m-ethyltoluene 52.51 52.4 37.6 47.0 30.1 19.2
o-ethyltoluene 7.0 13.6 11.6 13.4 11.2 10.0

Table 2. Product distributions of toluene alkylation with ethanol over various Ti-ZSM-5 catalysts 

Catalysts
H-Ti-ZSM-5 Si=TEOS

(Si/Al=75, Ti=2%)
H-Ti-ZSM-5 Si=Ludox
(Si/Al=75, Ti=0.5%)

H-Ti-ZSM-5 Si=Ludox
(Si/Al=75, Ti=1%)

H-Ti-ZSM-5 Si=Ludox
(Si/Al=75, Ti=2%)

H-Ti-ZSM-5 Si=cabosil
(Si/Al=75, Ti=2%)

Conversion(%) 36.6 31.5 30.4 16.7 27.2

Product distributions(mol%)

Benzene+C6 0.4 2.1 1.3 11.0 2.9
Ethyl benzene 1.6 1.8 1.7 10.6 2.9
Xylene 6.6 9.5 14.31 18.1 7.1
Ethyltoluene 88.11 77.51 78.11 88.3 77.31
Trimethylbenzene 2.3 4.9 1.9 10.6 5.4
Diethylbenzene 1.1 4.3 2.7 11.3 4.5

Normalized ethyltoluene isomer selectivity(mol%)

p-ethyltoluene 29.81 62.81 73.81 69.1 64.31

m-ethyltoluene 64.71 36.01 26.21 30.0 34.61

o-ethyltoluene 5.5 1.3 0.0 10.9 1.1
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k -�./ ST�:� 0� �]�� 18.� ��� PET� m�

no:4 ¼�� =� èûµ � �%. 
	 ¹�w& 4��� ST&

�zGQ ¡��J �� �=�� 1@~	 para 
:A)& 
:��

�� ¢N.G HIO ¿�� Eæ$%[11]. ¹�w xy
 ææ 0.5

mol%, 1 mol% C 2 mol%O Ti-ZSM-5 ST(Ludox)Q �W (:./

���& ��� ��� �£� �k ¹�w& xy
 1 mol%O Ti-

ZSM-5 ST& M¼ OET7 �F E:~8 ÆÇ�� 1 mol%�8	 ¹

�w xy
 ¨7x� gh para no47 ¨7.���, ¹�w xy


2 mol%O ST��	 %! ;!.	 MÒ� ����	V 
	 ¹�w

xy ¨7� g� �# �G& ;!� O� PET� m� no47 ;!

� ¿�� Eæ$%. ¯2K B�� Ludox mL tetraethylorthosilicate

(TEOS)Q F�./ (:� ST& M¼�	 0� �:� ��M8ª

T¼ �� para no:� ����%. 
	 f^i ¯2K �(9O

TEOS� N�� ST& �#�G7 0.5-1µm#4� T¼ N« [Ln

o:� 78> �8 Æ� �* 4§;& Lm;O ¨7� O� uG E

:9O PET& 
:���
 ¼z.­ ®£~�G HI
%[9].

3-2-2. �� 34& ÑÒ

300-500oC ÖR& ��34�� Ti-ZSM-5 ST(Ludox, Ti=1 mol%)

L�� ���& ��� ��� �£./ �� 34� g� ���&

��Ck ethyltoluene(ET) C 
:)Ð '�� PET� m� no4Q

Fig. 2� ����%. ���� &� ���& ��� ��� 300oC�

� 400oC�8& ��34��	 ��� ��C
 O]· ¨7.��

�, 400oC 
L& 34��	 ��C
 ;!.	 MÒ� ����%.

400oC 
L& 34��	 alkylating �ÕO ���
 ������ Û

/.8 Æ> ^�~` P2G HI
�[12], �� ���& ��� �

�� 7X, @W��
�� 400oC 
L& 34��	 ��� ��¦%

	 X��O �Q  ��� ��
 ¼z.­ p`�G HI�� Eæ

$%. ET� m� no4	 350oC�� ¤mR� ������ ³ 
L

& 34��	 /6 78 *��
 ¼z./ ET& no47 ;!.�

%. í(�º ��9& $� 7À� �!Q F�./ STL& �!�

;� ¢N��>i .���, 34& ¨7� S�` �!G)& PÅ7

*E:9& [:� G/T� 7½:� ¸Nµ � =�%. PET� m�

no4	 350oC�� ¤m
� 347 ¨7x� gh no47 ;!.

�%. ��� ���� para no4� ÑÒ� v\	 UOÐ�	 ST

& z"}�� GO.	 E:9& Ë��4î
, >)� ST& �zG

C ^_, �!�;�� O� no4& ¡� 5
 �%. Young 5[13]	

P, Mg, B 5� ZSM-5 ST� x��J ���& V
� ��k xylene

& 
:� ��� �£./ > ��& �:� -� ^Ê.�	V, ¡[

.8 Æ� H-ZSM-5 ST& M¼�	 400oC�� ���& ��� �

��4� -./ p-xylene& 
:� ���47 10-15 ̧ #4 W%�,

¤ô;��	 WXY; Z[\� �X~	 
:A)& ^_Q ���

�>, PQ Ý8� ST& M¼�	 ��� ���47 
:� ���4

¦% 3 ¸#4 W� �4Q ����%. ���& ��� ����	

��� /6 78 *��� ��.	 YZ� �L
 ���	V, E:

9& para no4� 7< { ÑÒ� v\	 ¿� uG E:9O para 


:A)& 
:� #4� �­ &P�%> �ca �%[13, 14]. -�;

3�� ��34��	 ��� ��
 ¼z.­ p`��, ��34Q

¨7��§ para 
:A)& 
:� ��� S®�J �� para no4

Q ����%. Kaeding 5[15] � P, BQ x��º ST L�� ��

�& ��� ��� �£� �k ^i �G7 Lm;�� N� para 


:A)& Ë��47 %� 
:A)� -./ 1,000 ̧ #4 W� Ë�

�4 î
� &� 0� para no4Q ����, 347 ̈ 7µ�� para

no47 ¨7x� è<.���, È �k��	 Ë�jk� &� E:

9 no: ¨7 jk¦%	 �zG� &� para no4 &P:
 �.

­ ��:%. Fig. 3� ��34� g� *E:9& ^_Q ����%.

300oC& -�; �� 34��	 TMB, DEB 5
 b
 E:~� 3

47 ¨7x� gh ;!.	 MÒ� ����%. 400oC 
L& 0�

34��	 ��� 2̂ i� &� �"5���(disproportionation)
 ¼

z./ benzenek xylene& E:y
 ¨7.�, ³ 
L& 34��	

xylene&  ��� ���� O./ benzene& E:y
 ¨7.�%.

Fig. 2. Effect of temperature on the conversion of toluene and selectivi-
ties to ET and PET over Ti-ZSM-5 catalyst(toluene/ethanol=2,
WHSV=10 g feed/g cat.).

Fig. 3. Effect of temperature on the by-product distributions over Ti-
ZSM-5 catalyst(toluene/ethanol=2, WHSV=10 g feed/g cat.).
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3-2-3. �S��& ÑÒ

�S��� g� ET 
:)�& ^_�� PET� MET� m� no

4Q Fig. 4� ����%. [� �S����	 
v �c® ù� D


0� ^C& PET� �� ^C& MET7 E:~���, 
�*+ ��

�& ��� ��� m� uG E:9� PET\� � � ��%[14, 16].

[� �S����	 OET7 �& E:~8 ÆÇ	V 
	 MFI }�

Q 78> �	 ZSM-5 ST��	 �
Lã [Lno: jk� O.

/ ^i& �G7 -�; { OET	 z" �*�� ]� E:~G `

^G HIO ¿�� Eæ$%. �S��� ¨7�º M¼�	 PET&

no4	 ;!� �§ MET C OET& no4	 ¨7.�%. 
	 �

S��
 ̈ 7x� gh uG E:9O PET& 
:� ��
 ®£~G

HIO ¿�� Eæ~�, 
:� ��� f^i �� Vß¬_
G H

I� z" ��� 5­ MET� OET� ��6 � �%[15]. E:$ PET

� MET C OET	 z" `�� Ë�~` ��§� 
:� ��� �

\­ ~�, PET& 
:� �� �47 %� 
:)� -./ ab W

%G HI� �S��
 2`c� gh PET& no47 ;!.­ $%.

E:$ PET	 [Lno:
 =	 ST 4§��& 
:� ��� &.

/ MET� OET� ��~	 ¿�� Eæ~> �%[17, 18]. Fig. 5� �

S��� g� *��9& E:y� ����%. �S��
 ¨7x�

gh /6 78 *��& ®£
 S®~` xylene, benzene C ethylbenzene

& �C
 ¨7x� � � �%.

3-2-4. ���� m� ���& !- ÑÒ

�p� ���ø(350oC, WHSV=10 g feed/g cat.)�� ���� m�

��� !-& ÑÒ� Fig. 6� ����%. ���� m� ���& !

-7 ¨7µ�� ���& ��C
 ¨7.��� ��� ET� m�

no4	 ;!.�	V, 
	 ky�� è�$ ���� &� /6 7

8 *��
 p`�G HI
%. �� ���� m� ���& !-7

¨7x� gh PET� m� no4	 ¶ª.­ ¨7.�%. Kaeding 5

[15]� PQ Ý8� H-ZSM-5 ST L�� ���� m� V��& !

-Q 1/1�� 8/1�8 ¨7�d� gh para no47 e².­ ¨7x�

r
.���, MFI }�& ST L�� alkylating �ÕO V�� �	 �

�� 5& ��
 para no4� 'U� ÑÒ� vf%> ¦>.�%.

3-2-5. ����� m� ÑÒ

��� H-ZSM-5(Si/Al=75) ST� ¹�w� }� �� 4��º Ti-

ZSM-5(Si/Al=75, Ti=1%) ST L�� ����� g� ���:k ET

C ET 
:) ' PET� m� no4Q Fig. 7� ����%. ���:

� ��uG� p#.­ 18~%7 2�� ä*+ ¶ª.­ ;!.�

Fig. 4. Effect of residence time on the conversion of toluene and selec-
tivities to PET and MET over Ti-ZSM-5 catalyst(toluene/etha-
nol=2, reaction temp.=350oC).

Fig. 5. Effect of residence time on by-product distributions over Ti-
ZSM-5 catalyst(toluene/ethanol=2, reaction temp.=350oC).

Fig. 6. Effect of toluene/ethanol ratio on the conversion of toluene and
selectivities to ET and PET over Ti-ZSM-5 catalyst(reaction temp.
=350 oC).
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: 

,”

).

501

and

wi-

 S.
%. ¹�w
 4�$ Ti-ZSM-5 ST	 H-ZSM-5 ST� -./ �!

�;� &� -�:�7 Lm;�� g2­ ®£~���, �� ä 9�

�*+	 p#� �:� 18.�>, 
	 I×Ð& �k� p\.	

MÒ� ����%[12, 19].

�p� ���ø(toluene/ethanol=2, WHSV=10 g feed/g cat., reaction

temp.=350oC, TOS=2 h)�� ��� ST L� �;$ /�& �� �

«¦G R� TGA ̂ Ê� �£.��� ³ �kQ Fig. 8� ����%.

Sotelo 5[20]� ����� gh �! �;� &� ST& -�:�7

E:9& para no4� ÑÒ� vf%> .��� �!& �;� >

78 ôÜ� ^Ü.�%. �� uG�	 alkylating �Õ�*+ ST&

z" �*� �!�;
 EG�� E:9�& Ë�jkQ ̈ m�J para

no4Q 0
	 �kQ ���8ª p#�� ä�	 poly-alkylated Ù

Òh 9A� &� z" � �!�;
 ST& z"� *^;�� (÷

��i Ë��2Q [­ ./ para no47 ;!.	 MÒ� ��j%

> è<.�%. Si/Al -7 ;!x� gh �;$ /�& �
 ¨7x

� � � ���� ¹�w
 }� �� 4�$ ST	 D� Si/Al -Q

78	 ��� H-ZSM-5 ST� -./ /�& �;
 ;÷� � � �

�%.

4. � �

NH3-TPD ̂ Ê�k H-ZSM-5 ST� -./ Ti-ZSM-5 ST	 ��

=& zG7 �­ ��~���, ¹�w& 4��� �=& k47 L

Xy ;!x� r
.�%. Ti-ZSM-5 ST L�� ���& ��� �

���	 MFI}� N�h
q& z" }��:�� O./ uG E:

9� PET7 ¼n;�� E:l� ËOµ � ����, ��=�� p

`�	 
:� ��� ¢N./ 0� para no:� ����%. ��

�& ��� ����	 � 350oC& ��34�� 7< 0� ET C

PET& no4Q ������ *��� ¢N.G R��	 0� ��

�/��� !-� [� �S��
 ��� ;(.�%. LudoxQ ̄ 2K

�})� F�./ 1%& ¹�w� 4��º Ti-ZSM-5 ST	 ���

H-ZSM-5 ST� -./ 0� para no4Q ������ ��
 ®

£~	 �� �! �;� &� -�:�7 Lm;�� g2­ ®£~

�%.
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