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Abstract − The decomposition of trichloroethylene (TCE) in air using a ferroelectric packed-bed reactor was studied. The

effects of discharge power, residence time, inlet concentration and other operating conditions on the decomposition efficiency

were investigated and the analysis of reaction products was conducted to suggest the mechanism of TCE decomposition.

Experimental results showed that the decomposition efficiency of TCE increased with increasing discharge power and resi-

dence time but was unaffected by inlet concentration. The decomposition efficiency for BaTiO3 packed reactor was higher than

that for alumina packed reactor, but the yield of COx(CO+CO2) and selectivity of CO2 as the measure of the complete oxida-

tion of TCE were higher in alumina packed reactor. The main products of TCE decomposition were COx, CHCl2COCl, C2H2Cl2O2 and

COCl2. On the basis of the results, it is inferred that the decompositon of TCE in air proceeds by OH and ClO radical reaction mechanism.
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Siemens��E �7 �	�v p�  
® �:� �W�o� ¯�

� °± 1²³
 _´$. 1920³C Joshi[8-9]� �  µ4�W� 
�

  Lx�/B� {<O-v q¶k: C����, {�� ·�¸¹

�W�o H�� C  ,ºH� O-) �»_j ¼k� clean air act

� ��: ,. ½� ³ ¡m� C����, {�� H�4 O-� q

*§ p�T ¾¿À �[$. ,ÁÂ, �K � O-D�T ÃÄ X p

� IÅk: {�À � \�Æ ÇÈ, (É� Ê  {<� N ��, �

� 3� ËQ<Ì, ÍÈ, �² ), ixu�� BJ//GH ÎÏÐ <

Ì, ¹,Ñk: q*§ scale-up� �T [ÒÓj p� {�: �Ô �

\$. 
Õ  ÎÖ {�� O-) ×ØHk:� ·�¸¹ �o� ËÙ

�� H�q «x��k: «C��v �@[� R  Úk: jÛ {

�Ü �i[, ÝT Ú
 Þ$.

�:� �W� 
�  VOC {<� Ë  ,ÁÂ,� O- ß�[3-28]

v àá�Z ¥'·�¸¹ /G, �:� u��� p�, �7 u���

4¢�� 3� C  ­T O-�Ü â-[K jã  ���E jä �

�� u��) )¨ Hå ,� âæ^[$. jä ·�¸¹ u��)

{<�� N ��, ��
 )¨ çT u��
K «K� 4¢� �è

D� «HébT 
Õ[$K êëÀ � Þ$. tuHk: VOC� {<

v R  ·�¸¹ u��� 4¢T VOC� {<��� �s� ��,

��� ìí î)[�Æ 
] ï �=� �u_� ð�� �èñ$. ò,

�T {<��� ó� R<E� ��,v ­
 ôõ[�� [�Æ 


�d ��, ��T �CHk: ö÷,Ä �$. ��E Hå  ��,

v ôõ[ZEÜ «K� {<��� ó� � \Üø qÉéb]� £

s[� ¶�
 ùi[$. ��[� u�� N �WúPv ã�E {<

��� û�� ü� ý�:� )*� 'Ü, ;þ, ÿÜ, M�q�, �Ü

N �u�M� �� 3
 \$. � VOC� nJ� )¨ HA  u��

v ?�[� R[� d?Hk: Ke_j� À ��T nJ�� N u

��� ��, ��T «C/[� uZ ��c[, W=�8 �a, ;<

��B 	4, ®nJ q*§, u�� Ã� N W��r¨¤ Ã�, ;,/

��ü� 3� ix� «x/[��  $.

�:� �W u��� WØ� úP, u�� -é, W��r��� �

� �Õ ),: {�À � \$[3-7]. 0� ­
 ��_K \� C�H�

u��:� pulsed corona reactor(PCR)[10-13], dielectric barrier discharge

reactor(DBDR)[14-18], surface discharge reactor(SDR)[18-19], packed

bed reactor(PBR)[20-28] 3k: 
]Ü {< N ��, ��� ØC/v R

[� fg $ð[Ä �	j �$. 
 O-�E� �Wú u��(PBR)

v ü: ��[��Æ PBRT ï WØ �
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�W  úP� u��
$. AC W�� WØ� )[Z � ;WM pellet

�© üR� c  W�¨
 ú4_l �T ��,v 
T =;W= N


'
 u�� WM� �� 	4�$. WØ� )<,� W�
 +)ì

� �� pellet� �Z� �  glow) �è�l ���
 	4�$. -ú

� pellett�ø ��  pellet �� �y û¯�E W�¨� c/[l

�Ø�E� �x �W� ;Ü $. ü: ��_� pelletT BaTiO3,

SrTiO3, PbTiO3 3k: ;W��) ��ø �W
 fg ��Hk: t

j.$. }~�  � yzv ;WM: ��[�Ü [�Æ 
Õ  �4

�oT ·�¸¹� ���$ yz N }~%4� f[� ��BL� �

���� +Cq�� Úk: �e� \kl, «¬ ]j ËÙ O-) 


�& �» �
$[24-28]. tuHk: VOC� yz �/u�
 tj�

eZ 200-400oC� 'Ü) ùi Æ ·�¸¹ {R��E� öT 'Ü

�EÜ W= N 
' 3� �T 
4 õ=]
 	4_�: ¥'�E�

yz¶�� �CÀ � \$. IÕ� ÷YÂ, ¥'�E� ��H� 4

¢�� ß�� �K_K \, Ýkl ·�¸¹� K'� yz�/u�

� �4[�� � {<�� +)� C  ß�� �K_K \$. ��À

� \� ü8� C¯T �½ Hz�E �� Hz� �Rv 
kl, W�T

u��� Ã�� �[� W�¨� �� ßs�$. tuHk: Kü8

W�� ��À � ·�¸¹ 	4� ¡q� ­T w
 �	[�: yz

u�� ùi  w�T �Ü: £¤[, ÝK 
v 
�[�Ü  $.

Trichloroethylene(TCE)� ����  
�v ��[� Xs�: =¡

!� �QÁº ��� "J ��_l #�$� à�� �z:± %�

÷ª� $& /GBL� �':Ü "J 
��$.    X(
� )s

� B) 3�Ü ­
 ��_� BL
$. �M *�+a Ü) 50 ppm

k: ;< C���BL: {�_j \kl, �,4 BL:E %� ÷

ª� -}
� .� �yq �M� ¤æH� û�� ü� BL:Ü �

e� \$. IÕ� TCE� +��
 zd ö÷ C�� /ð, B� ��

q òq +�[, ÝK ��& �/[� ¨q� C�v ��q�l, �

	B� �  	{< u�� ¥<[� %4
 \$. 
� �
 $ð  �

Üv 
k� �� ;<  BL� TCE� C  �� N `a� c� 

h� N 0W  nJ�o� ^�) ùi  (s
$.

��� TCE� ·�¸¹ {<� \j «�	4BT CO2, H2O 3�

�
 0W�/ {<_� Ú
 )¨ 12Y[$. IÕ� HCl
� Cl2�

�T ��B� 	4T B3 CO, phosgene� �
 nJ[K= [� B

L�$ 44
 f c  u���B N $& úP� �Õ ��B
 	4

_�Ü  $. ��E TCE� ¥' ·�¸¹v 
�  nJ�s� \j

{<��� �� N ;<��B� 	4� «x/[� �Wéb� Üa

T B3 ®nJ £�� £¤ N �W� R<E� d? nJBL� {<

56ª7� C  s^  88
 ?»_j�  $. 
� �T ¿Hk:


 O-�E� �Õ ), �Wý�� �& TCE� {<�� N ��,

��� �9[K, u� ��B� {Ì� Ê[� TCE� {< u� 56

ª7� �q[�$.

2. � �

2-1. ���� � ��

Fig. 1T ·�¸¹ {<u� (É¨¤� p:Üv �èñ Ú
$. (

É¨¤� ÃÄ 'Ü, �Ü N u�B� ÿÜv �j[� �{� ·�¸

¹ u�� N W�Q; �{, IJK {Ì¨¤�{k: �Ô � \$.

<¥ u�BT TCE(Aldrich, =Ü 99%)) >?� saturator� ts;þ

� Lxv Ê�q@ �	_� +�v �A��E AÌ��� ts��

�A[� ��[��Æ 300-2,000 ppm� ÿÜ�R�E ��[�$. �

Fig. 1. Experimental apparatus for the decomposition of TCE.
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�  ��� ������E /a_� ��v B¡� Ò�
jv ��

�þ� �{� ��[� 25oC�E �C�Ü) 8% D>�E ��[�

$. �A� N saturator� �'� ;,[�kl, ��� �,[� R[

� ̀ Ë� w?k: C÷ �' nJ[�$. ÎÖ )*� ;þT mass flow

controller(Brooks 5850E)v 
�[� 1-10 lpm� �R�E (É[�$. 

��  u��� Fig. 2� �èñ 1� �
 wire-cylinder úP� u

��� �WB� >� �Wú u��: >�T 30 mm, ïí 2 mm, D


 350 mm� quartz tubev 
�[�$. D�WØT 5 mm SUS wirev,

>� WØT 0.1 mm� copper film� quartz tube� C÷E 
�[�$.

>� WØ� E� és[� ;� u�� E� és[��Æ ü: 100

mmv 
�[�$. u�� D�� �W  ;WM:� BaTiO3� �F�

� 3k: 8-12 mesh Ã�v 
�[�$.

;õÿÜ N {<�� ;sT (É¨¤� on-line Oß� GC/FID(HP-

6890)v 
�[�kl, nJBL� �/{< sÜv ^�[� R  CO

N CO2� ;sT GC/TCD(HP-5890 II)v 
�[�$. GC columnT

HP-5 N Carboxen 1,000� ��[�kl, gas sampling valvev 
�[

� tsq� �Gk: tsþ(loop size: 0.25 cc)� `a)*v üõ[

� {Ì[�$. {<	4B� s4{ÌT GC-MSD(HP5972)v 
�[

��Æ Tenaxv �W  }~HI� tsq� ¡m `a)*v JK 

®, automated thermal desorber(Perkin Elmer ATD-400)v 
�[� GC

: üõ  ® {Ì[�$. ÎÖ (ÉT 30oC: ;,� �'LM D�

E �»[�$. �)W�, ;þ, ÿÜ 3 ��� (Ééb� ý/q@

)ZE {<��� ý/ N {<	4B {Ì� �»[�kl, (Éß�

� TCE ÿÜ 1,000 ppm, ;þ 2.0l/min, M�q� 3.6 s, ü8� 60 Hz

� éb�E �»  Ú� �Nk: [�$. TCE� {<�, 	4B� ?

�Ü N ��T $O� �
 u�B D� Px�=�v �Nk: Q�

[�$.

Decomposition Efficiency(%) = (1)

Selectivity(%) = (2)

Yield(%) (3)

��E Ci N Cf� �� u�B� ;õÿÜ� a-ÿÜv, Cp� u�

	4B� ÿÜv �èñ$.

2-2. ���	 
�

W�T � kV-�½ kV� AC KW�� 
�[�kl ü8�� 60 Hz

� 900 Hz� W�� 
�[�$. �WW�� ;s[� R[� Fig. 3�

�
 �:v -4[� ASTM �N�|� Lissajou’s method(q-v plot):

Q�[��Æ, W[þ N �)W�T �þ 0.025µF� capacitor� voltage

probe(Tektronix P6015A, P6139A) N oscilloscope(Tektronix TDS 648C)v


�[� ;s[�$[29].

�WW�� W[þ, �)W�� ËQv ��k: �0[Z $O� �

$. <¥ u��� �)  W�� v(t), u��� Q"� W�v i(t)�

À � �W�� xÎ� W�T $O� �T �k: �0À � \$.

(4)

��E T� ü�, f� ü8�, W� 1 cycle ¡m �W� xÎ� ��

,v �èñ$. u��� �)  W�, v(t)� high voltage probe: ;

s
 )¢[l, capacitorv Ê�[� W�� W[þ N W��� ËQ

� � (5)� �k�: 
:�R cycleS �W ��, T(� ó� � \$.

(5)

(6)

��E vc� capacitor� �J� W�
K q� qÉU� )<,� W[

þ(charge)
$. Fig. 4� �
 q�� �& W[þ, q(t)v X��, �)

Ci Cf–
Ci

--------------- 100×

Cp

Ci Cf–
--------------- 100×

Cp

Ci

------ 100×

P 1
T
--- v t( ) i t( )dt

to T 2⁄–

to T 2⁄+

∫ f v t( ) i t( )dt Wf=
to T 2⁄–

to T 2⁄+

∫= =

i t( ) dq dt⁄ C
dvc

dt
--------= =

W v t( )C vcd
to T 2⁄–

to T 2⁄+

∫ v t( )dq(t)
to T 2⁄–

to T 2⁄+

∫= =

Fig. 2. Schematic of the packed bed plasma reactor.

Fig. 3. Schematic of power measurement circuit.

Fig. 4. Charge-voltage plot (Lissajou’s plot).
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W� v(t)v Y�� Üq[Z VWXH
 	�l 
:�R ój� q-v

� VW XH� �¤H{[Z D�ZH
 �Wq 1 cycle ¡m� xÎ

� ��,� �Ä �$. ��� �)W�� ü8�v Y< üZ îZ

�WW�� ó� � \$.

3. �� 	 
�

3-1. ��
�� �� TCE ����

BaTiO3 N �F�� 3� �W  ·�¸¹ u��� 1,000 ppm�

TCEv Jì  ��v ;þ 2.0l/mink: üõ[ZE �)W�� ý/

� �& TCE� {<� ý/v é�[�$. <¥ �WB� TCE� }~

��v `�[� R[� �W (É W� u�� D� �W  �F��

v ;õÿÜ Â, J/ }~q@ îú�Pv ;,À � u��� W�

� �)[�$.

Fig. 5� J/}~�P� �F�� �W u��� W�� �)q q

�� ��� �& TCE ̀ aÿÜ� ý/v �èñ Úk: u��� W

�� �)[Z ·�¸¹� �< �F��� }~_´[ TCE) \~_

K 
� ¡q� �W� �< {<_j ÿÜ� Cxv �
$) q�


��ì� �� ts[Ä ;,_´$. 
 �� ÿÜv �)W��E�

{<ÿÜ: s[� {<�� Q�[�$. BaTiO3� �d }~%4
 Þ

k�: u�B� üõ  ® ]T q� D� ts ÿÜv ;,[�$.

Fig. 6(a)T �)W�� C  {<�� ËQv �èñ Úk: TCE�

{<�T W�� +)� �� +)[�Æ BaTiO3v �W  u���

�d W�� 4 kV�E 12 kVÂ, �)q {<�T � 5%�E 80%Â

, rG  +)v �
$ I 
�� W� �)q 0�  +)v �èD

´$. �)W�
 16 kV 
��E� {<�
 90% sÜ: W�� �

& {<� ý/� �� Þ´$. �F��v �W  �d BaTiO3v �

W  u��� �< {<�
 öÄ �è^�Æ 12 kV�E BaTiO3 u

��� �d 80%� {<�� �� uZ �F�� �W u��� �d

40% ��� {<�� �èD´$. IÕ� 20 kV� W�� �)q �

WB� �& !
� Þ´$. 
� �
 öT W��E BaTiO3 �W u

��) {<��
 �T 
;� BaTiO3) �F��� �< ;W��)

_` Ã� ��k: öT W��E fg ��Hk: ·�¸¹) �	

_� ��k: aê�$.

²Á yz� VOC �/u�� �T 
4� �èD� Úk: �e�

\jE ·�¸¹ �Wq yz�/u�� �  TCE� {<v y�q�

K= 1 w% Pt/alumina yzv u��� �W ® u�� �»[�$. (

Éß� Fig. 6�E� �
 ·�¸¹ �W�P�E ²Á� �  yz�

/u� ��� ^�_, Ýbkl, {<�T �F�� �W u���E

� �� �b$. 
� u��� 60 Hz� AC W�� �) ® ;s  u

�� D�'Ü) 100oC 
[: 
 'Üéb�E� ²Á
 TCE� �

/yz:E 
4� �èD, c[�� ��k: 	��$. ÎÖ (ÉT

30oC: ;,� �'LM D�E �»[�$. $Ok: u�� D� ;

WMv �W[, ÝK WØ�G� 4 mm: ;,[� �W� q@ �b

$. BaTiO3 �Wu��� �< �W pqW�
 �bk� �Wpq ®

�)W�� �& {<�T rG  +)v �� 12 kV �)q � 90%

� {<�� �èD´$. IÕ� 14 kV 
�� W�� �)q �W


÷Ã: �»[� s^  �WW� N W��E� {<� ;s
 â)

Fig. 5. Decomposition efficiency versus the elapsed time for various dis-
charge energy in alumina packed reactor (flow rate=2.0l/min, [TCE]o

=1,000 ppm).

Fig. 6. Decomposition efficiency with (a) the applied voltage, (b) the dis-
charge power for various packing materials (flow rate=2.0l/min,
[TCE] o=1,000 ppm).
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����������������
¢[�$. BaTiO3 �W u��� �d {<�
 90%: �¬[ZE f


�� W�, �WW�� +)�Ü {<� ý/� �� Þ´kl, ��

  power supply� �þ
 20 kV 
�� �)À � ÞjE f 
��

{<� +)� ^�À � Þ´$.

Fig. 6(b)T �W��,� C  {<�� ËQv �èñ Úk: êR

�.� )*v nJ[�Æ ùi  ��,(J/l)v specific energy density

(SED): s�[� {<��� £æ[�$. <¥ BaTiO3 �W u���

�d 1,000 ppm� TCEv 90% {<[�Æ ùi  �WW�T � 3.8

W: 1 l� )*v nJ[�Æ ùi  ��,, SED: ��[Z 114 J/l

) �$. �F�� �W u��� �d BaTiO3 �W u��� �< �

9H 0�  +)v �èD´�Æ 90% {<�� �Nk: Q�  SED

� 210 J/l: BaTiO3 �W u��� �< � 2̀  sÜ xi_´$. 
Õ

  
;� dE £æ  1� �
 �WBL� ;W�� !
� �  Ú

k: aê�$.

3-2. ���� � ����� �� ��

Fig. 7(a)� BaTiO3 �W u���E nJ)* ;þý/� C  �W

W�� TCE {<�� ý/v �èñ Ú
$. ;þ
 1, 2, 5, 10 lpmk

: +)ì� �� TCE {<�T Cx[�kl, TCEv 50% {<[�

R<E� �� � 0.7, 1.1, 3.1, 5.2 W� �WW�
 xi_´$. ��

ºÜ� nJ)* ;þ(ml/h)� ;� ·�¸¹ �W �.(ml): �e f

(h−1)k: s�[�Æ u�� D
 10 cm, nJ)* ;þ 1 lpm, Y� 5 mm

� D�WØ �� q ��ºÜ� 1,173 h−1
 �$. Ig�E� �
 �

�ºÜ) 1,173 h−1�E 11,730 h−1: +)ì� �� {<�T Cx[

�Æ 
� ¡t  Ã�� ·�¸¹ û¯�E nJ)*� M�q�
 C

xì� �� ·�¸¹ �W� �< �a_� 
4��� �y
 I�

h Hj,� ��� {<�
 Cx[� Úk: aê�$.
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v 2̀ : ý/ql� � �)W�� �WW�� �&

{<�� �èñ Ú
$. Fig. 8(a)�E� �
 �)W�� C  {<�

Fig. 7. Decomposition efficiency versus (a) discharge power, (b) specific
energy density for various flow rate in BaTiO3 packed reactor
([TCE] o=1,000 ppm).

Fig. 8. Decomposition efficiency versus (a) applied voltage, (b) discharge
power at constant space velocity in BaTiO3 packed reactor
([TCE] o=1,000 ppm).
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3-4. �� "#
 �$

��� TCE� ·�¸¹ {<u�� \j )¨ 12Y  u��-�

$O� �
 0W�/_j CO2, HCl, H2O: {<_� Ú
$.

(7)

(8)

IÕ� TCE� {<� ìí N2O� NO2 3� Lx�/B� �7�

	4T B3 CO, phosgene 3� �
 nJ[K= [� BL�$ 44

C2HCl3 4OH 2CO2 2HCl H2+ +→+

C2HCl3 4O 2CO2 HCl Cl2+ +→+

Fig. 9. Decomposition efficiency with the discharge power for various
inlet concentrations in BaTiO3 packed reactor (flow rate=2.0l/min).

Fig. 10. The effect of AC frequency on TCE decomposition efficiency
with (a) the applied voltage, (b) the discharge powerin BaTiO3
packed reactor (flow rate=2.0l/min, [TCE] o=1,000 ppm).
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Fig. 11. Yield of CO and CO2 with discharge power for (a) BaTiO3, (b)
alumina, (c) 1 wt% Pt/Alumina packed reactor (flow rate=2.0l/
min, [TCE] o=1,000 ppm).
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Fig. 12. Total ion chromatogram of byproducts in (a) BaTiO3 (6.2 W),
(b) alumina (7.7 W) and (c) Pt/alumina (8.28 W) packed reactor
(flow rate=2.0 l/min, [TCE] o=1,000 ppm).
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