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Abstract − The effect of the concentration of reactant on the deactivation of chromium oxide catalysts for the oxidation of

CVOCs was investigated. Feeds with various PCE concentrations of 30, 1,000, 5,000 and 10,000 ppm were introduced into the

reactor for the oxidation over CrOx catalysts supported on high surface area TiO2 and Al2O3. Both chromium oxide catalysts

exhibited stable PCE removal activities up to 100 hours of reaction time without any catalyst deactivation at the low concen-

tration of PCE in the feed, 30 ppm. However, high concentrations of PCE, from 1,000 to 10,000 ppm, significantly deacti-

vated the chromium oxide catalyst regardless of the support. Deactivation of the chromium oxide catalyst was neither caused

by the evaporation of chromium from the catalyst surface nor the reduction of surface area by coking. It was mainly due to the

phase transformation from Cr(VI), active reaction sites on the catalyst surface, to Cr(III). Although some of Cr on the catalyst

surface evaporated during the course of the reaction at high feed concentrations of PCE, it was insignificant to reduce the PCE

removal activity of the catalyst.
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1. � �


�� �
� �����(Chlorinated Volatile Organic Compounds;

CVOCs)� ��� ���� ���� ����  ! "#� ��$ %

��&' ()* +,. CVOCs$ -./01 2�3� 45627 8

9 :;<=>' �? @/4� AB� CD� EF!�GH IJ4>

' 9;<=� KL!�GHM 45627 /?4� NO P� QH�

RS <=� T�U V, WX4� Y>' ()* +,[1].

CZ[C ()\ CVOCs /]5 EF'� ^_ `ZaX bHZa

c�� EF' def g +,. H h�3 ij�$ d�X=�3 "�

k� 
�� l? mn�� CD� bHZa c�� EF7 oi4>

' pg? c�EF' ()\ `Za EF� T�U V, WX4� Y

>' V9k9 +,[2, 3]. qr, EF$ �s t� uv�3 Al2O3[4-6],

porous carbon[7], pillared clay[8], zeolite[9, 10], SnO2[11], TiO2[12, 13]

w xH ,y? ze$ {�� {C| ^} c��� EF~H pg?

/]�� VH� Y>' V9k9 +>�, H~ ^} c��� EF~

h�3� I�4>' /�k0 t5k9 +� ^}-(��M � Yim

�[13]� $�U /�| ^}-�H�D� EF$ /]t�H �0� Y

>' !nk�,.
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,

��M H�? ^}� EF� � �0� /]t��� �n�9 "�

�� ���� 
�7 ^}c��X ij�U �
�H l? ^}��

�� ���>'� T7�4� EF$ t�:�7 o0�,� Manning

[4]$ !n� $�U c�4� 45v�3 ?�B� CD_ k�,.

Manning[4]� 12.5 wt% Cr2O3/Al2O3 I5EFI�3 g�| 1.58 mol%

PCE /]ij�3 100%$ ��t�H ij 8���� ]$ 0%[C

���_ ���� �X1 V9��>�, H�? H�' "��� Cl2
w CrO37 ij�U �
�H l? CrO2Cl21 "��>'� ijt�

B� ^}$ &���H o0M� Y>' V9��,. P? �H ��

�� @p�� reverse Deacon ij(Cl2+H2O → 2HCl+1/2O2)� $�U

Cl2$ "�H �� >'� ^}EF$ t�:�7 ¡�k� Y>' V

9��,. Spiveyw Butt[14]� VOCs ¡bc�ij� ¢5| £z E

F~$ Tt��� J? review�3 Manning[4]X �¢? ^}� EF

$ t�:�1 V9���¤, 12.5 wt% ̂ }-(��M I5 EFI�3

766oC$ ¥� ij;��3 17��¦§$ PCE /]ij�X 98→ 53%

'$ EFt�:�1 ̈ ©��>�, H�? t�:�� 12.5→ 7.5 wt%

'$ ^} &���w KL4� !¨H +� Y>' �A��,.

��M Agarwal �[15]� ARI�3 /�| Econ-Abator I�5 ̂ }-(

��M EF1 ¢5�U 350oC$ ij;��3 500 ppm$ 
�� �

���� ª�7« /]ij� �¦� ij��3 214o¦§ g���

C� t�:�7 b¬ ¨©kC ­®>�, T¯ ° 10%$ ^}&� �

�H ±�k�C� HYH EFt� :��� b¬ ²³� �C ­�

Y>' V9��,. P? 
�� �����H ´C 50 ppm� ���

� ª�-�7« h�3� 210o ¦§$ ij�3 ^}$ &���H

b¬ 
"kC ­®,. H� i�U, Petrosius �[7]� �µ¶� {C|

^}c�� EFI�3$ 
�� ����� /]ij�3 ^}$ &

���, ^}EF$ ·% � ¶s ¸4 �$ ¹�4 º�� EF$ t

�:� %�>' /���,. ?», Cow CrH H;¼·| Y-zeoliteE

FI�3$ CVOCs /]ij�3� coking� $? 7�4� t�:�

7 ¨©k�>�[16], Hw �¢? CrH H;¼·| ZSM-5 EFI�3

$ 1% vinyl chloride /]ij�3� ^}$ &���V, ZSM-5 n

�I�3 ij� L½H 0)¾ ¢H¿'$ ^} H; migrationH V

, hº? EF$ t�:� %�>' �Ak�,[17]. HI$ �� !

n'ÀS CVOCs /]ij�3 ^}� EF$ t�:�� ij�Á�

ÂÃ3 ,y? t�:� mechanismH 45Ä g +>�, qr ���

l�_ �Åk0 ÆÇ ^} �
� $? t�:�� J�3� ,y?

�Xw ��H ���� ( g +,. ,� �� !n~�3 È� g +

� <É4� �X� U� ij�Á h�3� qr ij�$ Ê�7 ^

}� EF$ t�:�� Fp hº? %�>' Ë5?,� BH,. Ì

½� 
Í| U� ze$ I�5 ^}� EFI�3$ 
�� ���

�� /]ij� J? !n�3� ij��$ Cl/H T7 ̂ }EF$ g

Î� Ïp�� �=4� º�>' d�k�,[18].

s !n�3� ^}-�H�D� � ^}-(��M EFI�3 ,y?


�� ����� Ê�� J? EF$ §=� � t�:� @³� ¨

©��,. Ð� �DÃ EF$ ij��X t�:�| EF~$ �µ�

	4 q� d�� QÑ>' s EF <=$ t�:� mechanism� Ò

Î��>� H1 QÑ>' ^}� EF$ 45 7� �«Ó� /§�

9 V, §=| ^}� EF$ Ô
� J? Õ³� /���,.

2. � �

2-1. ��� ��

CVOCs$ /]t�� ¨©�� 2�U ¢5| ^}c�� EF�

incipient wetnessÕG>' /�k�,. {�' ¢5| TiO2[Hombikat

UV-100, 250 m2/g]w Al2O3[Aldrich, 290 m2/g]� ££ 3Ö ×eg� Ø

� Cr(NO3)3Ù9H2O[Aldrich] g5Ú� {C? Û, ° 110oC�3 12�

� ¦§$ Á�w 450oC$ <� d2��3 5�� ¦§$ ��� ]

Ü 11-12 wt%$ ^}H {C| ^}c�� EF1 /���,.

2-1. ���	

ij�$ pressure drop � EF$ internal diffusion resistance1 Ì�

�f g +� 60/80 mesh$ ^}c�� EF7 Ý\| 1/4"-3/8"$ U 

� pyreẍ � ij�' H5�U CVOCs /]ij� g���,.

CVOCs$ JÍ4� ij�' ¢5| perchloroethylene(PCE; 99.0%

Janssen Chemical Co.)� �;�3 ÚI>' ���Þ' pyrex' /Ë

| saturator� �ß�9 mass flow controller(MFC; Brooks 5850E)�

$�3 ��H �à| <�1 saturator� ÉX�á>'� �I$ ij

��1 È� g +�>� H1 EF ij�' Hâ�U ij� g��

�,. ij�$ Ê�� refrigerated circulator(VWR Scientific, Model

1156)' saturator$ ;�1 �à�>'� 30-10,000 ppm[C ã��ä

g +�>�, heating tape� H5�U ij�«Ó$ line� ° 130oC'

�C�U ijAå m$ ij� jæ� ÕC��,. PCEw ¦�� �

� �ß�ç �� @p�� �� bubblingf g +� è�$ saturator

1 éå��>� �$ Ê� �� PCE$ @pw �¢? ÕG>' �à

��,. ij�$ b���� 600 ml/min>' �C��>�, ij;�

� EFt�$ !a4� ¨©� 2�U qè? êëH ì� ? 350oC

' 9=��,. ij�X "��$ Ê�� FID7 ÀO| Gas Chroma-

tography(Hewllet Packard 5890A)' =� d���,.

2-3. ��� 
��


ij bÙÛ EF$ �µ�	4 q�ã�$ d�� 2�U Micro-

meritics$ ASAP 2010C1 ¢5�U EF$ BET Ív4� u=��>

�, Mg anode(MgKα radiation, 1253.6 eV)7 AO| KRATOS$ XSAM

800 cpi ESCA� $�U EF Ív$ CrOx$ I#1 ±���,. EF

Ív� ���� ClH;� =��� 2�U DIONEX$ DX5000 Ion Chro-

matography1 ¢5��>�, Spectro$ ICP-Flame-EOP� $�3 Cr�,

LECO$ CHNS-932� $�3 ¶s� ££ =����,. P? ^}c

�� EF$ ·%q� ã�1 ¨©�� 2�U Temperature Programmed

Reduction(TPR)� g����¤ U � micro quartz reactor� 0.05 g

EF1 AO? Û 500oC$ íîd2��3 0.5 h¦§$ bïµ Û I

;�3 500oC[C 10oC/min$ heating ratew 40 ml/min$ ��>'

5% H2(N2 balance)1 ðµv3 �ñk� g��� GC� AO| TCD

� $�U d���,.

3. �� 	 
�

3-1. PCE ��� �� ����� ��� ���

ò �[12]X Yim �[13]� $�3 CVOCs /]1 2? Ì4 EF'

ó=| ¥� Ív4$ CrOx/TiO2 � CrOx/Al 2O3 EFI�3 ô: :Ê

�� 30 ppm$ PCE /]ij� g���,. Fig. 1�3 õ g +öH

350oC$ ij;��3 g�| PCE ¡bc�ij�3 ÷ EF ñ÷ §

=| /]��� �C��>� H� ¨©k�öH IJ4>' CrOx/

TiO2$ /]��H CrOx/Al2O3EF� T�U V, pg�� ( g +

,. 200,000/h$ ij� <�a��3 \�| 12.5 wt% CrOx/TiO2 EF

� ° 96%$ PCE /]t�� 100�� ¦§ �C��>�, 150,000/h

$ ij� <�a��3 CrOx/Al2O3 EF$ @p�� 100�� ¦§

71%$ PCE /]Wø� §=4>' �C��,. ÷ EF$ §=� �

ù� CrOx/TiO2 EF$ t�H CrOx/Al2O3 EF� T�U IJ4>'

pg? H�' IH? ij� <�a��3 g�k�,[13].

PCE$ @p�� Cl� 4ÔM ú��9 +>� d�X= h� EFÍ
���� �39� �3� 2001� 6�
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v$ ^} �
� ¡��� Y>' ()\ gd[4]H ij��� ��

k0 +C ­� @p�C� §=| /]��� Vû� ÂÃ 30 ppm =

�$ :Ê�$ 
�� �����H ���� @p�� ^}c��H

Fp §=| EFû� ±�f g +�,. qr s !nw �¢? ij

�Á�3 g�| Agarwal �[15]$ �X�3� 50 ppm$ trichloroethylene

X gdH ���� �Á�3 210o ¦§ �
� $? ^}$ &��

� ìH §=| ��� V�Ç B� �§?,v s EF �«Ó ��

:Ê��3� ü HI$ �ý ���3� §=| /]�� Vo Y>

' �J|,. ÂÃ3 Hagenmaier �[19]$ �X�3w xH PCDDs/

PCDFs$ ,Hþÿe7 PCE� T�U IJ4>' �_ EFI�3 /

]Ä g +� B� 9)?,v ppb g�$ �:Ê�' ���� ,H

þÿ$ /]ij �«Ó�3� ^}c�� EF7 pg? /]t�X

§=�� CD� Fp WX4� EF' "£k�>�, �/' pilot plant

�ù� É�U ^}� EF$ pg? ,Hþÿ /]�� ±�f g +

�,[20].

Fig. 2�3� 9Ê�' ���� CVOCs ij�� J? ^}c��

EF$ §=� � ij� Ê�� J? EF$ t�:� @³� ¨©�

� 2�U ££ 1,000, 5,000, 10,000 ppm>' ij� <ëÊ�1 ×7

��� CrOx/TiO2 � CrOx/Al2O3 EF$ §=�� ±���,. ÷ E

F ñ÷ ij��� ÂÃ3 �¢? /]t�$ ��1 V�>�, ij

�$ Ê�7 ×7�� ÂÃ3 ��t�� �����¤ � t�:� a

� �� T�4>' 7a�k�,. 1,000 ppm$ PCE7 ij�� <ë

| @p�� 100�� ¦§ ° 20% =�$ t�:�7 ¨©| iv�

ij� Ê�7 ×7�_ kv � t�:� =�� 7a�k0 10,000

ppm$ ij�H <ë| @p�� �X ij�Ë 20U ���� 40%

HI$ ��t� ��7 ¨©k�,. P? ��t�X� �µ EF$

t�:� =�� ÷ EF ñ÷ �¢? @³� VU�9 +C� ¨©|

ij� <�a�$ ÖH' ��U =±? t� :� a�$ T¼� 0

)�,. �C� HI$ �X1 QÑ>' ^}� EF$ §=�� ij

�$ Ê�w KL4� !¨�� C�� ( g +�,.

3-2. ��� �� � ��� 

CVOCs /]ij�3 ^}c�� EF$ t�:� %�>'3 oi

4>' ()* +� ^}c��$ EF Ív>'ÀS$ ×
� ±��

� 2�U s !n�3� ô: PCE /]ij Û t�:�| EF~�

J�U EFI� ���� ^}�� ICP d�� $�U ±���,.

Table 1�3 ±�f g +öH t�:�7 b¬ ̈ ©kC ­®Ç 30 ppm

PCE /]ij� ¢5k�Ç EF~$ @p�� ^}$ &���7 b

¬ ±�kC ­®,. iv� ij� <ëÊ�7 ¥9 ij� 	.| �

Fig. 1. Stability of CrOx/TiO2 and Al2O3 catalysts at 30 ppm of the feed
concentration of PCE.

Fig. 2. Effect of the concentration of PCE on PCE decomposition activities of CrOx/TiO 2 and Al2O3 catalysts.

Table 1. Physicochemical properties of deactivated CrOx catalysts

Catalyst
PCE feed 

concentration & 
reaction time

Cr 
content(wt%)

Carbon 
content(wt%)

BET surface 
area(m2/g)

CrOx/TiO2 Fresh
30 ppm, 100 h
1,000 ppm, 100 h
5,000 ppm, 50 h
10,000 ppm, 30 h

11.9
11.9
10.7
10.3
19.9

-
-
-
-

0.36

166
-

175
159
140

CrOx/Al2O3 Fresh
30 ppm, 100 h
1,000 ppm, 100 h
5,000 ppm, 50 h
10,000 ppm, 30 h

10.8
10.8

-
-

19.5

-
-

0.04
-

0.04

216
-

231
195
193

-: no data
HWAHAK KONGHAK Vol. 39, No. 3, June, 2001
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�H 
�Ç EF~� J�3� � =�� T��U ÷ ze EF ñ÷

�3 ^} &� ��7 ¨©k�,. qr 10,000 ppm PCE� 30�� ¦

§ 	.k�Ç ̂ }c�� EF� +03� CrOx/TiO2� 11.9→ 9.9 wt%,

CrOx/Al2O3� 10.8→ 9.5 wt%' ££ {C| ^}h� JT 12-17%

=�$ &���H ±�k�,.

Hw xH ij�$ Ê�� Â� ^}c�� EF$ &����

Agarwal �[15]$ !n�3� ´»4>' ¨©k�,. �, 1,1-Dichloro-

ethylene, Dichloromethane, 1,2-Dichloroethane, Trichloroethylene>'

n�| 500 ppm 
�� �����X humid air1 ij�' 360oC�3

210o ¦§ �¦� ij��3 g�| /]ij�3 ^}-(��M E

F� bulk ̂ }�H 9.2→ 8.3 wt%' ° 10%$ &���7 ¨©k�

,. ��M 450 ppm$ T
�� �����X ¦�� -�7«� ��

�� 50.5 ppm$ Trichloroethylene � humid air1 ij�' 383-418oC$

ij;��3 210o ¦§ �¦� ij��3 ¨©| ij�3� ij

Û EFI$ ^}$ &���7 b¬ ¨©kC ­®,. oi4>' /

�k9 +� ̂ } c��$ ×
 mechanism [CrO3(s)+Cl2(g) → CrO2Cl2(g)

+1/2 O2]� 9)�Vv Hw x� �I� ij�$ ×7' �? Cl2 "

��$ ×77 �
�H l? CrO2Cl2(m.p.=−96.5oC, b.p.=117oC) "

��� P? ×7�á>'� 
"k� Y>' éÎÄ g +,. P? �

H ���� @pw 
� ij;��3� Deacon reaction(2Cl2+2H2O

�4HCl+O2)H =Õ³>' \�k�, HCl$ c�� $? Cl2$ "�H

�/kÞ'� ^}$ ×
� ���ä g +� Y>' ()* +,.

Fig. 2w Table 1� $�v 10,000 ppm PCEw ° 30�� ij? CrOx/

TiO2 EF$ @p� ° 17%$ &���7 +�C� Ubr 9.9 wt%$

^}� ���9 +� B� �§?,v t�:�� $�U ]$ 10%

��$ PCE /]t��� V� ij�Xw� !¨�� ��7 0)�

,. �/' s !n�3 ¢5| TiO2w Al2O3 {�$ @p�� ° 11-12wt%

$ ^} {C��3 PCE /]t�H ]$ Ì9� ��>� H {C�

bÙÛ�3� t�$ ã�7 ]$ ��? Y>' ¨©k�,. P? 2

�3 êë? Agarwal �$ �X[15]�3� 9.2→ 8.3 wt%' 10%$ ^

}&���7 +�C� EF$ b�4� t��� b¬ ã�7 ì�>

� � H�'3 ^}$ Ì4{C�H EFI� ���� Y>' éÎ

��,. ÂÃ3 s !n�3� ^} �
� $? t�B$ ��H �£

? EF$ t�:�1 éÎf g +� KL4� t�:� º�� ��

Y>' �´|,.

Imamura[21] � Chatterjee �[16]� /�ÃH¿w x� cEF$ @

p�� 
�� ����� /]ij h ��$ ¸4� $? coking�

$�U 7�4� t�:�7 
"?,9 V9�9 +,. P? Za {

C�$ ×7, 
� ij;� � ¥� <�a� �H t�:� a�1 ×

7��� º�� Y>' V9��,. s !n$ @p�� H1 ±��

� 2�U ij Û EF$ �� ¸4� d� � BET Ív4$ ã�1

±���,. Table 1�3 õ g +öH 7A �£�_ t�:�7 \�

| ÷ EF ñ÷� +03 Fp ��$ ���H Ív� ���� Y�

( g +�>�, BET Ív4 � pore size distribution$ �X�3� i

j� ²³� �� =�$ ã�� ¨©kC ­®,. ÂÃ3 s ij�«

Ó�3 coking� $? TÍv4 ��� $? EF$ t�:� mechanism

� 45kC ­� Y>' "£|,.

3-3. �� !"�# CrO x� $%

Petrosius �[7]� porous carbon� {C| ^}c�� EFI�3$


�� ����� /]ij� g��v3 §=| ̂ }-¶s EF$ T

¼ EF'3 ^}-�µ¶ EF$ t�:�� J? !n1 g���,.

H @p ij Û EFI$ ^}$ &��� � coking �µ9 ^}c�

�$ ·%| I#'$ ��1 t�:�$ ? %�>' �A��>�,

^}c��$ XPS �X1 QÑ>' 9Ê�' ���� ����� /

]ij X=�3 ^}c��H Àd4>' ·%k� Y� ±���,.

Fig. 3�3� 5,000 ppm PCE1 50�� ¦§ <ë�U t�:�| CrOx/

TiO2w 10,000 ppm PCEw 30�� ij�U t�:�| CrOx/Al2O3 E

F� J�U ££ ^}$ ij Û EFÍv�3$ I#1 ¨©�� 2

�U XPS d�� g���,.

oi4>' ¥� ��$ reactive hydroxyl group� ���� TiO2 �

Al2O3w x� {�� {C| ^}c�� EF� JÀd Cr(VI)$ �#

' ���� ^} {C� � {�$ Ív4� ÂÃ3 Cr(III)� ¦��

���� Y>' ()* +,. Fig. 3� $�v ijb CrOx/TiO2 �

CrOx/Al2O3 EF$ Cr2p3/2 XPS spectra�3 Cr(VI)� ���� 579.0 eV

�3 main peak7 ¨©k�>�, Cr(III)� ���� 576.9-577.1 eV�

3 shoulder peak7 ¨©k� Y>' V� EF Ív$ CrOx� JÀd

Cr(VI)$ �#' ���� ( g +�,. ��M ij� $�U t�:

�| EF~$ @p�� main peak7 Cr(III)� ���� 576.9-577.1 eV

$ 
� binding energy ²�>' H¦k0 +�� ±�f g +�,.

�, JÀd$ Cr(VI)7 ijH \�k� ¦§ Cr(III)' IbH7 o0

� Y>' �´|,. �� !n~�3� H� ̂ }EF$ I#7 CVOCs

Fig. 3. XPS Cr2p spectra of fresh and deactivated CrOx/TiO2 and Al2O3: (a) fresh; (b) 5,000 ppm, 50 h; (c) fresh; (d) 10,000 ppm, 30 h.
���� �39� �3� 2001� 6�
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h]
/]ij� hº? ²³� �å�, qr Cr(VI)7 � ij t�B� Y

>' V9k9 +,[7, 8, 13]. ÂÃ3 H�? ^}c��$ IbH� i

j t�� KL4� ²³� �� Y>' "£k0\,.

Fig. 4�3� ^}c�� EF$ IbH1 V, n�4>' ±���

2�U g�| TPR �X1 VU�9 +,. Fresh � t�:�7 ¨©

| ̂ }c�� EF~� J? TPR ���3 CrOx/TiO2$ @p�� 275

-325oC � 450oC ²��3 ££ ÷ Ô$ g� �ñ peak7 ¨©| i
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"��

peakH� CrOx/TiO2$ @p�� Cr(VI)$ degree of polymerization Ö
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� t�B� Cr(VI)7 BÖ Cr(III)' ·%k9 +�� �¢�9 +,.

P? CrOx/Al2O3 EF$ @p�� peak ̂ �$ ��Ð� �DÃ peak

7 9;>' H¦kv3 ^}c��$ ·%�(reducibility)7 ��k9
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�X ^} {C�� ã�C ­®C� �/ ija�� oÀ ��| Y

>' �´|,.

^}c��$ IbHw ü�0 t�:�$ P ,� %�>' s !n

�3� t�:�| EF$ Ív� I��$ ClH ���� ¨©f g

+�,. 10,000 ppm PCE� 30��¦§ 	.| CrOx/Al2O3 EF$ @

p 2.8 wt% ClH Ív� ����,. �C� 450oC$ <� d2��3

? ��¦§ ïµ��� @p� JÀd /]k9 0.9 wt% Cl �H Í
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| �£? EFt�:�$ KL4� %�� �� Y>' �´k�,.

3-4. ����� ��� &�'( mechanism

HI$ �X1 QÑ>' s ij�«Ó�3 ^}c�� EF$ �|

t�:� %�� ^}c��$ IbH� $? t�B$ ��� Y>'

�´|,. ÂÃ3 n�4� t�:� mechanism� /��� 2�U ô

: Àdc�ij�3 Ð� �DÃ ¡bc�ij�3� �  c�7 i

j� hº? �f� ?,� Ì½ !n �X~[23, 24]� QÑ>' s i

j�«Ó�3 � c�$ ij!U UÀ1 ±���,. Fig. 5�3w x

H 0.2 g$ CrOx/TiO2 EFI�3 1,000 � 5,000 ppm$ PCE1 c�7

ÌJ? -/| 99.9999% "�$ HeX �# 600 ml/min$ ��>' ð

µv3 350oC�3 ij� g���,. ij� h� �Ic�7 ���

C ­®C� 1,000 ppm PCE7 $ß| @p�� ° 15d$ ij�� ¦

§ �� 96%$ ijt��3 33r ijt�H ���� @³� V

�>�, IJ4>' 5,000 ppm$ PCE7 $ß| @p�� 2dU��

95%�3 20%[C t�H %&_ ���� �X1 V�,. ÂÃ3 Fig.

5$ �X1 QÑ>' s ij�«Ó� ^}X n�4>' ��k0 +

� � c�7 PCE ¡bc�ij� !U�� Y>' "£Ä g +�

>� H�? � c�$ ij!Uw Marsw van Krevelen[25]� $�

U /§| redox mechanism� QÑ>' Fig. 6�3w x� ^} c��

EF$ t�:� mechanism� "£� õ g +,.

s ij� � c�$ !U� $? b�4� redox mechanism� Â

Fig. 4. TPR profiles of fresh and deactivated CrOx/TiO2 [(a) fresh; (b) 30 ppm, 100 h; (c) 1,000 ppm, 100 h; (d) 5,000 ppm, 60 h; (e) 10,000 ppm, 10
and CrOx/A12O3[(a) fresh; (b) 30 ppm, 100 h; (c) 1,000 ppm, 100 h; (d) 5,000 ppm, 20 h; (e) 10,000 ppm, 10 h)].

Fig. 5. Effect of the lattice oxygen of CrOx/TiO2 catalyst for the removal of
PCE(Reaction condition: 1,000(�) and 5,000(�) ppm of PCE
feed concentration).
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