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� �

� ����� �� TiO2 	 molybdenum doped TiO2(Mo/Ti) 
��
�� ���� ������ ��� �����

(volatile organic compound, VOC)  !"� trichloroethylene(TCE)# �$% &'�(). ��* �
�� �+�,� -

.�� /01 &'�� 23�(45, 6�78 150 ppmv� TCE� �9 &'�� TCE 	 TCE  :;<��# GC-

MSD= $>�� &'?=� @A�(). &'BC :;<��= DCAC(Dichloroacetyl Chloride), chloroform, carbon

tetrachloride, tetrachloroethane, pentachloroethaneD EFGH). I JK78 L�� �* TCE 	 :; <��  �M?N

# @A�(�O P BC JK  QD RST�U :;<��D V WXY ZK[D \]G^ JK  _ND `)� a#

b � cH). ��d 
�e= TCE  $>BC 450oC�� 2f; gh+* �� TiO2(anatase)S Si jkD lm45

UV/Visible spectrum4= 
�  n�@i# op* BC �� TiO2  n�@i�q rs�� Mo  tSuD RST�U

Sf�v _w4= red-shiftG� a# \]T � cH). I* ��d �
�x# DTA-TG, XRD= $>* BC 300-

450oC�� anatase=  yzDS !^{# \]T � cH45, ��d �
�� D|* }y dichloroacetic acid(DCA) $

% &'  photonic efficiency(P.E)� op% � BC �� TiO2(P. E.=15%)S Mo/Ti(P. E.=11%) ~) ��[D \]GH).

Abstract − Photocatalysis of trichloroethylene(TCE) with TiO2 and molybdenum-doped TiO2(Mo/Ti) mixed oxide was stud-

ied in this work using a tubular quartz reactor packed with photocatalyst-coated glass beads. The initial TCE concentration of

150 ppmv was recirculated with the different inlet oxygen concentration. The change in intermediates during photoreaction of

TCE was monitored with a GC-ECD and a GC-MSD. Dichloroacethyl chloride(DCAC), chloroform, carbon tetra chloride, tet-

rachloroethane and pentachloroethane were identified as intermediates. It was observed that oxygen concentration affected the

formation and the disappearance of intermediates. As oxygen concentration increased disappearance rates of intermediates and

TCE increased. Pure TiO2 thermally treated at 450oC for 2 h exhibited the best conversion ratio of TCE among other photo-

catalysts tested. The characteristics of the photocatalysts were also examined employing UV/Visible spectrophotometer, TG-

DTA, and XRD. Absorption spectra of UV/VIS indicated that the onset of absorption curve was red-shifted as Mo concentra-

tion was increased. The phase change to anatase was observed with heat treatment at 300-450oC. The photonic efficiency was

measured using dichloroacetic acid, and 15% of photonic efficiency for pure TiO2 and 11% for Mo/Ti were obtained.
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1.� �

���� ��� ��	� 
��� 
����� ���� ���

��(AOPs: Advanced Oxidation Processes)� � ��� �� ��

!��� "#[1]. $%&� '(� )� ���� 
�� '* +�

,� -./� 01& 23� 4� 567 "��� 
8#� VOC

9� 1:'(� ;< =>?@
 AB 56C D/A EF��#[2].

���� GH� IJ ��K LM7N� J!� �O��PNC Q

RS J!
 T( UVW + "XY /� Z
#. )[ n-type JX

\? ]O^ N_� "� `a��&b
 ���� 
���c d e

�fX TiO2� #g ��b� hi &(, �j?�� k ?
Sf

)1, +l, mn �� 4
 !��� "�o �� [l� �pq �

�� r��� "#.

Fig. 1� ��� st� ��PN7 ur��^ v(380 nm
/) �

w- x y(electron-hole pair)� zO> ^ �{| d}
#. JX\

Ol� ����� �PN ~�7 #g � [� �7 -./�c ��

st� ��PN7 ur�t valence band� �w7 conduction band�


�/tf �w7 
�� w(�  x
 �O�#.  x� �/A J

!O
 �� ���
 �O�S ��J!^ 0X/o conduction band

� 
�� �w� �w��(electron acceptor)� GH^ /� ���

�i trap�S .��
 �RS N3� ; ��7 superoxide radical

(O2
−�), hydroperoxy radical(HO2�)̂  �O/� J!
 UV�1X �

#[3].

dB� 
B� I�� > � + ns-ps ��� 
�SN1 v��, .

��^ �N/A ���J! =�^ E7
�� Z> bandgap energy

C QRS 7
��� 7�� �G� ��PNC 
�/�w /� Z

9
 ��� 56� ���� ��
#. dB1 �if� ��K �

� �w��C � /� Fig. 2� �{¡ ¢K �
 ��� d-£XC

7U ¤¥&(impurity ion)̂  ¦7§��¨ bandgap energyC QR�

�wC ©ªH + "�c[4, 5], « 56¬�fX Fe, Ni, d(� Zn

9� �
`a
­^ 
�� ®���� 2u ¯ 567 
�SU ¢

"�o[7], molybdenum doped TiO2(Mo/Ti)X 
B� �?�� 56

�1 
�/°#. ���� 
B� �± ²�X sol-gel> 
­³� �

� 9^ 
�� ´�� ��� 2u ¯ Oµ±: ¶·b
 �¸¹ U

V�� "#[18-20].

Fe, Ni ®����C 
�/A qx�º ¯ »n�� VOC 1:J

!^ ?�� �> pure TiO2>Ni/Ti>Fe/Ti ®���� ¥�� =�


¼� Z�� �>C ½��o, UV/Visible spectrum ¾ �>� Fe

§¿
 E7H+Y À+ÁÂ
 380 nm 
:�� red-shift��� Ni

� §¿
 E7H+Y À+ÁÂ
 380 nm 
/� blue-shift��#.


 �>� »n�^ 
�H v À+ÁÂ Ã�7 Ä� Fe7 =�


¼�(Å Æ:> #g Z��, Ç�� �
`a &l> �i): &

l>� �ÈO, Ç�� n, :)? ��/�º ~�  X, 1:'(K

,:'(p� J!É
(,: DCA '(
 Fe/Ti =�
 7Â Ê*)

9 #g qwb� Ë�?q �±
�� �Ì^ ½�#[8]. dBÍ�

[l� ���� UV/VIS À+� ¾ � 7
�� �� 7µO AÎ

� eÏ� 1~
 W + "��, SÐ � ):&lÑ^ D� =� ¾

 � Ò)?
N Ó�o, A1� �w� lifetime ¾  9� 1�>

5Ô� �Õ��
 ;< IJ?
� :)?q ��p h³ wÖC 2

xH + "�(� �×�#.

« ¶·� Ø� 56�f ��� ÙÚ²�X TiO2/UV J!� �±

^ �� �Ï qwb�� ��PN� Û1, �J!1� z», J!­

X, $%&l� ÜX, +�§¿, ��� ÜX, J!1 ÝÎ� Þß 9


 J!� eÏ/o 
 qwb� �?uà^ ½� #*, d uà�f

« ¶·^ +V/°#[9].

2.� �

2-1.�� ��

��� 2u> � Fig. 3> ��o pure TiO22u� �á TiCl4
(JUNSEI) �,> EÚ+(âã>18 M Ωcm)C r�/°�c #*� J

!ä�� �{å + "#.

TiCl4+2H2OæTiO2+4H++4Cl−

Mo/Ti 2u
�� �O>  e� MoCl5(Aldrich)C ¦7/°� TiO2

�  wOÂ^ �/A ç 1
p �k ³J/°#. ³J
 è¡ é,

ê�
ë�,^ Spectra/Por Membrane(MWCO: 6-8000)^ r�/A

�Õ(dialyzing)/�c 5 liter� EÚ+� ®�� �,^ cellulose mem-

brane� ì7 pH 1.2-1.5�f pH 2.3-2.5� E7W v�N +V/°

#. �K �� uà�� �Õ� �,^ rotary evaporator(BUCHI

Co.)�f íÞE¸(vacuum evaporation)/°�o, 
v �,
 "�

ã­u� ­X� :­�� 0N/tf 1Þ
 ç 25-30 milli-bar(mb)

r
7 �XY 0N/°� �Ù?�� ç 1 mb� Ux^ ÑbS �

�#. íÞE¸ > �� îïðw ¥+ TiO2 ñ� ®���� �ò

^ 2u/°�, ó� 5 mm� 0(6ô 100 ĝ  evaporator� õS �

�7 st� ö÷�XY /°#. 0(6ô� ö÷� ��e ø'(7

ùÏ� ��� �1��f 450oC� ­X� 2
p�k ø'(C /°

#.

Fig. 1. The generation of primary radicals at the surface of irradiated
TiO2 particles.
(M: pollutants)

Fig. 2. The energy level of impurity ion[4].
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2-2. DCA��� �	
 Photonic Efficiency(P. E.) ��

���� �i=�^ h³/1 �� photonic efficiency� 1 mM DCA

(dichloroacetic acid)� ��i� ¾ /°#. 1 mole� DCA� ��

i7 UV�t 1 mole� H+C �O/1 v�� �ur 
p�k �

O�� 
pú H+� ÜX� û�C ¾ /A ü�� [H+]� �Oa

X�Îý DCA� �iaXC 6H + "#. 
þ� ½SU DCA �

iaXC 
�/A actinometry� ¾ � xenon lamp(>320 nm)� �

� Û1K Ôüä�� photonic efficiencyC 6/o :Û� > �


ï 8�� ¢ "#[10].

HCCl2COO−+O2æ2CO2+H++2Cl−

2-3. 
�� ���� � ����� ����

Fig. 4(a)� TCE �iC �� �J!
ÿ�^ �{| d}
#. J

!� ùÏ� TCE 7ÿ� ÜXC uÒ/1 �� l�K ��C ó�

3.2 mm Ô�� x�/A 20.2 (ý �¿� ��Ì�� IÉ ���

#. ®�
Ö 7ÿ� ��/1 � ��C Di GC-ECD� � �S

TCE î1 ÜXC ¾ � é� ����� 8ÝNo 7ÿ7 ���

é ��7 ö÷�S "� �J!1� 7ÿ7 x��tf ¥� J!


	 + "� /°#. 7ÿ ¥�� pump(KnF NEUBERGER)C r

�/A TCE 7ÿC ¥�

�o J!7ÿ� ­XK �XC ¾ /

1 �/A ­X¾ ÂÇ(YOGOKAWA Co.) ¯ �X�f(VAISALA

Co.)C 
Ç/°#.

J!� 7ÿ� ÜXû�� 30�L# GC-ECD(HP-5890)� �Õ/

°#. ñ� �J!> �f ¸�/� ep�O&� Fig. 4(b)� ÂÇ

� �Õ/°#. TENAX column� J!� 7ÿC À�Ü�/A

column ²�� ø�^ í� 130oC� ­X� 7ø/tf ��
�

GC(HP 6890)-MSD(HP-5973)�� �Õ/°#. Table 1� ep�O&

�Õ^ �� GCK GC-MSD� �Õuà^ +Y/°#.

3.�� 	 
�

3-1. ��� ����

« ¶·�f r�� ���� ÁÂú À+]O^ Á�/1 �/A

��C 0.5 g/L� ÜX� H2O� ��
� À+�^ ¾ � �>C

Fig. 5� �{Ý�#. Fig. 5�f 8� ¢K �
 Mo 
­� ¦7¿


Fig. 3. The process of synthesizing for pure TiO2 or Mo/Ti mixed oxide.

Fig. 4. The schematic diagram of (a) photocalytic recirculation system
and (b) adsorption/desorption system.

Table 1. The analysis condition of GC-MSD

GC-MSD
GC: HP-6890

Detector: HP-5973

Carrier gas He, constant flow 0.5 ml/min
Column HP-5MS 5% phenyl methyl siloxane

capillary 30 m×250µm×0.25µm
Oven 35oC(4 min) to 220oC(2.37 min)

at 8oC/min
Detector HP-5973 MSD(230oC)
Tune type A tune
EV voltage 1400
Solvent delay 1.5 min
Acq. mode scan

Fig. 5. UV/Visible spectra of Mo/Ti mixed oxides colloid(0.5 g/L sample
in water).
���� �38� �2� 2000� 4�
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E7H+Y À+�� [
(onset) peak7 7
�� �G�� 
�§

^ � + "#. 
� Mo ¦7¿� E7� �� bandgap energy7

í��#� Z^ �ï/o 
Z� Mo 
­
 �w� trapping siteC

zO/1 v�
#. ñ� 2u� ���C &� ��

^ v �,


 �F/A  w� �17 ���1@^ 0RH + "�#.

Fig. 6�f Ô�H + "�
 DTA-TG �Õ�> ��� � û�7

300oCK 450oC�'�f 
�SN� "*^ � + "#. 
� TiO2 7

h� (amorphous) :»�f × ­X�f �U?�� anatase, rutile :

�� û�§^ � + "�#. 
B� �>� Fig. 7� XRD �Õ�>K

IÇ/� "�o 450oC�f 2
p ø'( é�� anatase 6u(�s
)

K rutile(� s
)̂  �qH + "�#.

Fig. 8� ¥+ TiO2K Mo/Ti� ���? �O^ h³/1 �i 1

mM� DCA �i� ¶·i « �>�, ��
p� bSp �� Û1

� )� � � J!&� �iaX�  �� photonic efficiency(P. E.)�

�>C 8t 2u� pure TiO27 7Â =�
 ¼��(P. E.=15%), 1%

Fig. 6. TG-DTA curve of Mo/Ti mixed oxide.

Fig. 7. X-ray diffraction patterns of Mo/Ti mixed oxide(2.5 mol% Mo/
Ti, 450oC, 2 h).

Fig. 8. Photonic efficiencies for the photocatalytic degradation of DCA.

Fig. 9. Photocatalytic degradation of TCE and intermediates as a function of oxygen concentration with untreated 2.5% Mo/Ti.
(TCE initial conc.: 150 ppmv, 0.32 g Mo/Ti coated with 5 mm glass bead 100 g, O2 concentration: �10%, �30%, �5  0%)
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Mo/Ti(P. E.=13%), ¶·� r�� 2.5% Mo/Ti(P. E.=11%), d(� 0.5%

Mo/Ti ¥�� �É í�/°#. 
� Ø�� ;< 567 UV�S�

/� Z�� Rao 9[11]� 56�>� �/t p-dichlorobenzene�f

� Mo/Ti7 �O
 áÛ� Jt 2.4-Dichlorophenoxyacetic acid�f

� Mo/Ti 8# ¥+� TiO27 �O
 áÛ/#� Z�� 8� ��

7 J!&l� )/A �È?q J!^ /� Z�� rÖ�o Mo/Ti

� �á� benzene� ��^ ��c =>?
��  ¹� "#. «

56 �>�fX Mo/Ti 8# ¥+� TiO27 =�� #� ¼� �{

!1 v�� �� 56 �>K IÇ/� �
 "�#.

3-2. ��� ! "# Mo/Ti� TCE$ ������ ��%& '(

��7 ��i J!� eÏ� GH^ �#� r¶� #g ����

1:J!�fX EF� Z
� 
Ì?�� ��7  x> �w� .

��^ "��� �w�[(electron acceptor)� ��/1 v�
#[12].

Fig. 9� ø'(/N Ó� 2.5% Mo/TiC 5 mm� 0(6ô� ö÷�

��C r�/A TCE ¯ ep�O&� J!�±^ ur� �>
#.

d �> ��� ÜX7 E7/tf ��ÜX 10%�f 8#� 50%�

f TCE� 23� �Ù?�� ç 95% 
: 23�� Z^ # + "

�#. ñ� ep�O&� dichloroacetyl chloride(DCAC), tetrachloro-

ethane, pentachloroethane
 $%���o J!
 UVe TCE7 í

�/tf ep&l
 E7/#7 í�&^ Ô�H + "�#. ñ�

A1f DCAC� �Ù 240� J!é�X '�¹ 23�N� Ó�N

Ñ ��7 E7H+Y J!
 ( UV��� d ²� ep&lbX

�Ù?�� 3� �i�� Z^ � + "�#.

Fig. 10. Photocatalytic degradation of TCE and intermediates as a function of oxygen concentration with themally treated 2.5% Mo/Ti.
(TCE initial conc.: 150 ppmv, 0.32 g Mo/Ti coated with 5 mm glass bead 100 g, calcination treatment 450oC for 2 hr, O2 concentration: � 10%, �
30%, � 50%)
���� �38� �2� 2000� 4�
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Fig. 10� �Iuà�f ÑbSU ��C 450oC�f 2
p�k ø

'(� ��� J!^ +V� �>
#. 
 J!� �á �O� ep�

O&l�� DCAC, chloroform, carbon tetrachloride, tetrachloroethane,

pentachloroethane
 $%��#. Ø� ø'(C /N Ó� Mo/TiK h³

/A chloroform> carbon tetrachloride7 ï¿ $%���c GC-MSD

� �Õ� �> chloroform� ï¿ $%���� carbon tetrachloride�

�Õ/1� ÜX7 	¹ ï¿�� $%�N Ó�#. « ¶·�f�

Chung 9[13]� 56�f EF� TCE� J!���f CCl47 �O�

56 �>C m)� CCl4C GC-ECD� � /A ��� J!�f �

{¡ ïN� peakK IÇ/� �>C ½��Í� 
C carbon tetra-

chloride�� R /°#. d ²� tetrachloroethane� 60� J! é 3

� �{�N Ó��o pentachloroethane � J!
p 240� é í�/

o ��ÜX7 7Â Ê� �á �Ù?�� Q� ÜX7 �{!�� '

�¹ 23�N� Ó�#.

3-3. ��� ! "# pure TiO2� TCE$ ������ ��%&

'(

Fig. 11� ø'(/N Ó� ¥+� ���C Ø�f +V� Mo/Ti

K �I� uà/�f J!/°#. d �> ��ÜX7 E7/tf

7Â =>?q �>C ½��o ep�O&l�� DCAC, ï¿� chlo-

roform, tetrachloroethane, pentachloroethane
 $%��#. DCAC�

�á ��ÜX E7� �� J!
p
 N�tf �¶¹ í�/� Z

^ #+ "�� ��ÜX 50%�f� 180� 
é DCAC7 $%�N

Ó��c 
� DCAC7 �i�t ¢� CO, CO2, Cl2, HCl 9��

mineralization��*^ �ï/� Z
#. ChloroformX LM7N� �

� 10-30%� ÜX�f� ï¿
 $%���� 50%�f� �) �{

�N Ó�#. ñ tetrachloroethane, pentachloroethane� �áX ��

� ÜX7 Q� J!uà�f ï¿ $%���� �� ÜX7 Ê�

Ntf �i7 UV�S ; 
: Ô�H + *�#.

Fig. 12� 450oC�f 2
p�k ø'(� ¥+� TiO2� Ø� Û

7N uà/�f J!
+ �> e�f 7Â ¼� �i=�^ ½^

+ "�#. J! ep�O&l� DCACÑ
 $%��� 180� 
é

�� '� �i��#. 
 �>� Suzuko 9[14]
 2k� J!��C

��f mineralization� Z�� ,�H + "#.

Fig. 11. Photocatalytic degradation of TCE and intermediates as a function of oxygen concentration with untreated pure TiO2.
(TCE initial conc.: 150 ppmv, 0.87 g pure TiO2 coated with 5 mm glass bead 100 g, O2 concentration: � 10%, � 30%, � 50%)
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3-4. TCE � ������ ��

Fig. 13�f 8� ¢K �� ep�O& �Õ�>[15]� �/t TCE

7 J!/A tetrachloroethane, pentachloroethane, hexachloroethane��

J!/� ��K dichloroacetyl chloride(DCAC)K chloroform̂  z

O/°#7 �i�� ��, d(� « ¶·� �>�f� $%�N Ó

��� carbon tetrachloride, hexachloroethane
 �Õ� 56�>X

"#. dBÍ�, J!��C �{| d}(Fig. 13)�f « ¶·� �>

�f $%� &l� ���� s
� r×z��, $%�N Ó� &

l� ó��� s
� r×z�� s
/°#.

TCE �iJ!� #*� ä (3-4-1)> (3-4-2)� �/A J!� ùÏ

� Cl> H���
 ÑbSN�, Fig. 13� (4)- J!> �f 8�

¢K �
 chlorine� �i [
�#� Nimlos 9[16, 17]� �i 5

6�S.#. ä (3-4-3)� �/A « ¶·�f $%� tetrachloroethane


 �OW +X "#.

CHCl=CCl2æCHCl=CCl/+Cl (3-4-1)1)

CHCl=CCl2æ/CCl=CCl2+H (3-4-2)

/CCl=CCl2+ClæCCl2=CCl2 (3-4-3)

(4)- J!^ 30 �O� 1,1,2,2-tetrachloroethyl radical� #
 (5)-

J!�� UV�S ��K ��/A 1,1,2,2-tetrachloroethoxy radical

� ���#. (6)- J!ä� �/A 1,1,2,2-tetrachloroethoxy radical

�f chlorine
 1S2 �7tf dichloroacetyl chloride(DCAC)C zO

/� �� (7)-(12)- J!��C 3Çtf COCl2K #* ä (3-4-9,

10, 11, 12, 13)> �
 CO, CO2, Cl2, HCl 9�� �iW + "#. (7)-

J!���f 1,1,2,2-tetrachloroethoxy radical� C-C bond� dichlorome-

thyl radical> phosgen�� �3SN� (8)- J!��C 34 dichlo-

romethyl radical� chlorine ñ� ��K J!/� phosgen� (12)-

(13)- ��C �5� �#.

CHCl2+OæCOHCl+Cl (3-4-9)

COHCl+ClæCOCl/+HCl (3-4-10)

COCl/æCO+Cl (3-4-11)

COCl2æCO+Cl2 (3-4-12)

Cl2æCl+Cl (3-4-13)

(5)- J!> (14)- J!� �6�f pentachloroethane
 �O��c


 J!X G
 1,1,2,2-tetrachloroethyl radical
 chlorine> J!�#.

CHCl2-CCl3+ClæCCl3-CCl2/+HCl (3-4-15)

Pentachloroethane� (17)-(19)- J!�f chlorine atom� x7��

(15)- J!�f 8� ¢K �
 pentachloroethyl radical> HCl
 �

o pentachloroethyl radical� chlorine
� ��K J!�#.

CCl3/+OæCOCl2+Cl (3-4-21)

Pentachloroethoxy radical� C-C bond� (17)-(19)- J!�fK �


trichloromethyl radical> phosgen�� �8S N�c, trichlorome-

thyl radical� (20)- J!�f chlorine ñ� ��K J!/A (3-4-21)-

> �
 �#. d(� phosgen� (19)K (21)- J!^ Di �i�#.

(3-4-3)- J!�f ÑbSU tetrachloroethane� chlorine atom> J

!/A pentachloroethyl radical̂ zO/o (16)> (18)- J!̂  D/

A TCAC(trichloroacetyl chloride)C Ñ9#. Tetrachloroethane�f z

O� pentachloroethyl radical� chlorine atom> J!/A (17)-� hexa-

chloroethanê  zO/�c « ¶·� �>�f� $%�N Ó�#. TCE

� J!ep&l� chloroform
 $%��c 
� carbon tetrachloride�

�i �{¡#� �#. dB� ¶·�>�f carbon tetrachloride� $

%�N Ó��� chloroform� $%��#. Carbon tetrachloride� zO

Fig. 12. Photocatalytic degradation of TCE and intermediates as a func-
tion of oxygen concentration with thermally treated pure TiO2.
(TCE initial conc.: 150 ppmv, 0.2 g pure TiO2 coated with 5 mm
glass bead 100 g, calcination treatment 450oC for 2 hr, O2 concentra-
tion: � 10%, � 30%, � 50%)

Fig. 13. The photocatalytic reaction pathway of TCE.
(dotted line square: detected, straight line square: not detected)
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