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Abstract − The pyrolysis and combustion characteristics of printed circuit boards(PCBs) and waste bumper have been stud-

ied by using thermogravimetry(TG), gas chromatograph-mass spectrometry(GC-MS) and fourier transform infrared spectro-

scope(FT-IR). To obtain the information on the kinetic parameters of thermal decomposition of PCBs and waste bumper, the

dynamic thermogravimetric analysis curve and its derivative have been analyzed by Flynn-Wall, Coats-Redfern and Ozawa

methods. From the kinetic analysis, the apparent activation energies of waste bumper in air atmosphere are lower than those in

nitrogen atmosphere while the apparent activation energies of PCBs are little effected by atmosphere. From the products anal-

ysis, the products from the pyrolysis and combustion of PCBs and waste bumper are mainly composed of gaseous products. As

the concentration of oxygen increases, an decreasing tendency of the yield of residue from PCBs is observed. The aromatic

compounds of liquid product increase as decreasing the temperature because the gas product such as ethene, propene and buta-

diene are combined by the Diels-Alder reaction. To verify the possibility for the recycling of residue from pyrolysis and com-
bustion, the resulting residue of PCBs has been analyzed for their surface area and adsorption total pore volume. 
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�� �� ��� !" ��� �� �	# $�%& '()!* +
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@ A�

BCD� EF GHIJ KL!* +�, ��� 
�� DM� �N

<�
@ OPQR!* ��	7 ST� U� VW� XY Z[%[1, 2].

\] <^F_`� %a �b <�
c%; d�e� f� �'� <

�
 OP KL= gh� �i j �kl mno KL�# 34 �p

!* Cq� +/X� r%[3]. EF# �: stu 34 1=�� v

w!* xy� z{� |} ,- 7F�# po~� ��� C�� r
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& �/�l� ���l; ��] no� � r& �}�& � �q�

r%. <^F_`@ ST �/� �3�7 M�0 C_@ d�� ��

� f� d�e= ��0 C_@ d�� @	 ST*@ ��� �Y

��Z& � ST OP� U� ���= ($� E�" >?��# d

�Z& T� ^F_`� <�
@ d� j OP ��= 6 
0� �

� �5� ��Z��� �( po~C ��� � � r%[4-6].

<^F_`� �7@ �  
�* �¡¢ rl £!" <^F_`@

d� ��7 ¤S� EF ,- %a ��@ ��� 
�@ ¥¦u N

§� Ml�� r%. EF# ¨© <^F_`@ ��	 j 3S \0

� ���%& ª� «@ hC¬�" TT@ <^F_`� �	#;

­o o;� EF 6 ¥¦0�� U� ��C r& s}* ��	 j

3S� �o� <^F_`@ OP� 2	#& �( <^F_`� �p

!* � \0 34C ��Z��� �%. 6-7 l®�l ���@

<^F_`@ ��	 j 3S\0 34& ¯� ��� 
��7 °�

±C(@ ²³� �p!* \0 34C ���¢ ´!"[7-9] �( <

^F_`� �p!*� 34& ���l �z� p��%. EF# �:

stu 34@ µ¶0� �TZ� r%.

· 34�#& <¸¹º»��¼(PCBs)= �½�@ <¾¿� �p!

* À; j >S Á;Â* ��	: 3S \0 34� ��� !"

�� �0u �p 0�= Ãp 0�� FT-IR= GC-MS� �o�, �

Ä� %. 6P� PCBs@ ��	 j 3S*�� �0u Å�
@ mn

o C¬0� Æ+�� 2	 BET �Ä� Ç�, ÈL�� K/� %.

É� �p <�
@ ��	 j 3S Ê;& c% p|� ��ËÌ«½

�Ä(thermal and flow analysis) Í� �ÎF /Æ� ST*@ 0¬

ÏC� 
Ð� µ¶� ¶S�Ñ* �p <�
@ ��	 j 3S@ Ê

;Ò� 34C Ó�Z��� �%. EF# · 34�#& �Ô@ 'Õ

[2, 10-12]� dÈu Flynn-Wall, Coats-Redfern 6P� Ozawa QR� �

o�, PCBs: <¾¿@ ��	 j 3S
�@ Ê;Ò� 34� ��

� %.

2. � �

2-1. ��

· 34�#& �( ­oZ& PCBs: �½� <¾¿� �p
�* ­

o� !" Table 1= 2� Fisher Coal Analyzer(Model 490) j Ele-

mental Analyzer(Carlo Erba)� �o� �Ö@ �?�Ä= iS�Ä

1=� 7×y[%. Table 1@ �?�Ä 1=*�� <¾¿& ���

Ød0 
�* ���¢ rÙ� Ú � r!" PCBs& �/ÛSe�

25% �p� ÜDZ� ��	 j 3S �Ý �Þ pße� Ôm� ª

!* àpu%. É� Table 2@ iS�Ä 1=*�� · 34� ­ou

<¾¿@ Há ��� �S, ÛS j �S* ���¢ r!" PCBs

Há�& <¾¿:& âP �S, ÛS, �S ã� pße@ >SC D

MZ� rÙ� Ú � r%.

2-2. ����

2-2-1. Thermogravimetry(TG) �Ý

· 34�#& ��	 j 3S@ Ê;Ò� 34� ���� 2�,

Termogravimetric analyzer(TGA)� �o� À;@ BC� Ea �e

äS �Ý� � %. TGA& Shimadzu TGA-50� �o� !" ther-

mocouple� dumbbell type(Pt-Pt-10% rhodium)� ­o� %. �H 6 mm

@ platium cell� 10-12 mg@ �Ö� å� Me 25 ml/min@ carrier gas

� Væ�ç!" carrier gas*& ¯��S j ��� ­o� %. 10,

20, 30 j 50oC/min!* C�Ê;� è~�é" pÀ�# 1,000oC�

l êÀ�L# �Ý� !" TT@ C�Ê; j carrier gas ��Â*

�eäS ë�� ì� �í�+ QR!* ��	 j 3S 
� Ê;@

p��� 4� %.

2-2-2. ��	 j 3S �Ý

��	 j 3S� Ç� �0
@ \0 �Ä� 2� �/î 
��Ý

¤q;� Fig. 1� 7×y[%. 
��& lÌ� 30 mm, ï�C 500 mm

+ Ä²s� ­o� !" C�¤q*& ð�*� ­o� %. �Ö&

��	 j 3S 
�� �Ö@ A� Ea �� l3 �p�7 �0C_

@ ðâl3 �p� 8S~� � r;ñ 1.5 cmò10 cmò1 cm ��@

ó� ô� 2ô!* õQZ� r& cell� 1.5 g� ö� ÷z� %. �

Ö� øl £� ù 
�� .!* carrier gas� Væ�L# i�& À

Table 1. Proximate analysis of waste bumper and PCBs

Item
Weight fraction(%)

Waste bumper PCBs

Moisture 0.43 01.66
Volatile material 98.410 74.04
Fixed carbon 0.04 25.67
Ash 1.55 00.29

Table 2. Elemental analysis of waste bumper and PCBs

Item
Weight fraction(%)

Waste bumper PCBs

Nitrogen 00.25±0.02 01.91±0.03
Carbon 82.31±0.08 55.81±0.02
Hydrogen 11.79±0.20 05.15±0.18
Oxygen 01.22±0.32 25.37±0.00

Fig. 1. Schematic diagram of experimental apparatus.
1. Mixing(N2+O2) bomb 8. PID controller
2. Nitrogen bomb 9. Furnace
3. Needle valve 10. First condenser
4. Flow meter 11. Second condenser
5. Mixing chamber 12. Soap meter
6. Three way valve 13. TGA
7. Ball valve 14. Teflon bag
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000
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;� ;â� ��l PID (��� �o�, êÀ�ç!" 
��@ À

;C  /� �ÝÀ;� ;â� Þ �Ö� Ä²s .!* Væ�ç%.

�� d�Z& �0
� dry ice� ø� ú û�Ó�# ���ü û�

� %. û�Ó� �ý* 31u 2õ� ­o� !" û�Ó@ �e è

~*�� TT@ û�Ó� û�Z& I @ A� K/� %. É� û

�Ó!*�� ��Zl £& z��0 C_& û�Ó þ� ÿqu teflon

bag� �o�, û�� %. ��	 j 3S 
�@ À;� Ea ²³�

��c� 2�, 
��@ À;� TT 800, 900 j 1,000oC* ÿ/�

, �Ý� � !" 3S 
�� >S Á;@ ²³� Æ+�� 2�,

¯��S: 10%O2+90%N2 j ��� TT carrier gas* ­o�, �Ý

� ��� %.

2-2-3. �0
 \0�Ä

PCBs j <¾¿ ��	 j 3S 
�� Ç�, ì� �0I  j C

_& FT-IR(Bruker IFS45)= GC-MS(GC; Shimadzu GC-17A, MS; Shi-

madzu QP-5000)� �o�, �Ä� %. �0I � �|�� �+

Þ GC-MS� Væ� !" mass spectrum� 	Ä�, /0 �Ä� �

 !" GC-MS chromatogram@ peak L�� �÷!* �, /e �

Ä� TT ��� %. Table 3� · 34� ­ou GC-MS@ �ð

��� 7×y[%. É� PCBs@ À; j >S Á;� Ea ��	

j 3S*�� �0u Å�
� ��, BET �Ä� ��� %.

3. ��� 	


��	 =/� ðG�@ Ê;�� Arrhenius N§@ n��� C/�

 � � %Ù= 	� 7×
 � r%.

dα/dt=Aexp(−E/RT)(1−α)
n

(1)

,��# A& preexponential+�, E& �c� n0~ �kl, n� �

c� 
���, R� ��p�, T& ��À;, t& �
 6P� α& �

�	� @� ðG�� TT 7×�%.

3-1. Flynn-Wall ��[2]

8� �	Ê;�#@ DTG ë�@ peakf� Hm� �o�, 
��

�� ��, /P�L %Ù= 	%.

n= (2)

Flynn and Wall� 8� �	 Ê;�#@ C�Ê;� Ea �	�� «

@ è~C �%& C/ ��# %Ù= 	� � (4)� �o�, #* %

a C�Ê;�#@ 8� �	Ê; À;*�� n0~ �kl� 4� %.

E= (3)

(4)

� (3) j (4)�# �±� 1= 2& #* %a C�Ê;� stu ��

� 7×�%. · 34�#& � (2): (4)� 3��, PCBs j <¾¿@

�� �	
�� �� n0~ �kl: 
���� TT 4� %.

3-2. Coats-Redfern ��[11]

� (1)� ��9­R� �o� Þ ��� ��L

(5)

(6)

EF# TT@ C/u 
���� ��, %Ù@ s}�� ;��,

���*�� n0~ �kl@ �� 4� � r%.

(7)

(8)

3-3. Ozawa ��[12]

Ozawa& A, α, n j EC T� �s�%� C/�,

F(α)= (9)

� (9)@ Aè� ��� ��� Doyle@ 9­R� �o�L � (10)=

	� 7×
 � r%.

(10)

� (10)!*��  /� ðG�� ��, logβ: 1/T@ s}� ;��

, ���*�� T ðG��#@ n0~ �kl@ �� 4� � r%.

4. �� 
 ��

4-1. ��	
 ��

Fig. 2: 3� C�Ê;@ è~ j �2�� Ea <¾¿ j PCBs@

TG ë��%. Fig. 2: 3!*�� C�Ê;C BCD� EF �	 ��

À;C f��� Ú � r!" �& �Ö� �� ��ðâl3 �p

�'+ ª!* ¼�u%. É� Fig. 2@ <¾¿@ Há �S �2� �

��	@ Há� z�, �� �2��#@ 3S� c% �P �	C

 �7" �	�1À;& «@ ²³� �Ù� Æ+� � r[%. 6-

7 Fig. 13@ PCBs@ Há� r�#& �	C ���& À;: �1

Z& À;� r�#& �2�� EF � è~C �Ù� Ú � r[%.

6P� Fig. 2: 3@ Há C�Ê;C BCD� EF Å�
@ A�

è~C �Ù� Æ+� � r%.

· 34� ­ou Flynn-Wall, Coats-Redfern 6P� Ozawa QR�

�o�, 4� �� �	 
�@ 
���: n0~ �kl@ ��

Table 4� 7×y[%. Flynn-Wall QR@ Há 8� �	 Ê;�#@

�Ý� �� �o�%& �)� r!7 8� �	Ê;�#& C¤ /

Æ� Ê; p� �� 7×
 ª!* ¼�u%. Coats-Redfern QR@

Há �� �2��# <¾¿@ 
���& 10 j 20oC/min�# 1.5

6P� 30 j 50oC/min�# 1.0@ 
���� c,V� r%. É�

�� �2��# PCBs@ 
���& 10oC/min�# 
��� 1.5+

Há� (ã�� 0.5@ 
���� c,V[%. �S�2��#& <¾

¿@ Há ¨© C�Ê;� Ea 
���& 0.5@ 
���� c,V

� r!" PCBs@ Há�; ¨© C�Ê;� Ea 
���& 2.0@

E 1 αm–( )

RTm
2 Hm

-----------------------

R
Tm1Tm2

Tm1 Tm2–
---------------------- 

  β1

β2

----- 
  1 αm2–

1 αm1–
---------------- 

 n 1– Tm2

Tm1

--------- 
 2

 
 
 

ln

 R
Tm1Tm2

Tm1 Tm2–
---------------------- 

  β1

β2

----- 
  Tm2

Tm1

--------- 
 2

 
 
 

ln≈

1 1 α–( )1 n–
–

T2 1 n–( )
-------------------------------

 
 
 

ln = 
AR
βE
-------- 1− 

2RT
E

----------- 
 ln +

E–
RT
-------  n 1≠,

1 α–( )ln–

T2
------------------------

 
 
 

ln = 
AR
βE
-------- 1− 

2RT
E

----------- 
 ln +

E–
RT
-------  n=1,

Y = − 1 1 α–( )1 n–
–

T2 1 n–( )
-------------------------------

 
 
 

vs. 
1
T
---  , n 1≠ln

Y = − −
1 α–( )ln

T2
---------------------

 
 
 

vs. 
1
T
---  , n=1ln

dα
1 α–( )n

------------------
0

α

∫ = A
β
---- E RT⁄–( )dTexp

T0

T

∫

F α( )log AE R⁄( )log βlog– 2.315– 0.4567 E RT⁄( )–≈

Table 3. Analysis condition of GC-MS

Item Condition

Column 30 m�0.32 mm, HP-PLOT Q
Column material Divinylbenzene/Styrene polymer
Carrier gas He
Column temperature 40oC to 250oC at 10oC/min
Interface temperature 230oC
���� �38� �3� 2000� 6�
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���� c,V[%. �� 
���@ 1/� TT@ C/u 
��

�� ��, � (7) j (8)@ ;�� r�# ��0� C¤ � 7×y

& �� 
���* 1/� %. Table 4*�� �  C�Ê;� �o

�& Flynn-Wall j Coats-Redfern QR@ Há C�Ê;@ è~� E

F Ê;p�@ 1= �� U� ��C ÔmD� Ú � r%. EF#

�  C�Ê;� �o�& QR� z�, ,- C�Ê;�#@ �Ý

�� �o�& Ozawa QR� zñ 
���� 4�&� r�# ��

�� r% �lF; n0~ �kl� 4�&� r�#& c% ���

  ª!* ¼�u%. É� �ou QR� EF# n0~ �kl �� r

�# ��C 7×�� Ú � r&� Coats-Redfern QR@ Há %a �

QR!*��@ n0~ �kl@ �� z�, k� �Y 7×� ª!*

¼�Z" É� Flynn-Wall QR@ Há 8��	 Ê;�#@ /c��

Fig. 2. TG curves of waste bumper at various heating rate. Fig. 3. TG curves of PCBs at various heating rate.

Table 4. Summary of kinetic values by using a variety of analytical methods

Atmosphere
Method Reaction order, n Activation energy, E(kJ/mol)

Waste bumper PCBs Waste bumper PCBs

Air

Flynn-Wall0
at 10oC/min
at 20oC/min
at 30oC/min
at 50oC/min

0.94
0.81
0.82
0.45

0.63
0.26
0.18
0.12

098
091
159
187

176
160
155
154

..Coats-Redfern
at 10oC/min
at 20oC/min
at 30oC/min
at 50oC/min

1.5
1.5
1.0
1.0

1.5
0.5
0.5
0.5

085
086
084
090

038
037
037
042

Ozawa .- .- 102-174 148-189

Nitrogen

Flynn-Wall0.
at 10oC/min
at 20oC/min
at 30oC/min
at 50oC/min

0.23
0.17
0.14
0.10

0.61
0.28
0.17
0.12

157
219
227
231

147
135
148
169

0Coats-Redfern
at 10oC/min
at 20oC/min
at 30oC/min
at 50oC/min

0.5
0.5
0.5
0.5

2.0
2.0
2.0
2.0

109
168
185
167

041
044
042
050

Ozawa .- -0 179-188 137-182
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000



334 ���������������� !"� #$�%&���'#
7×
 � r& )� ��� Há Ozawa QR!*��@ n0~ �kl

@ �� C¤ ×ß0� r& ª!* �Tu%. É� Table 4*�� <

¾¿@ Há�& �S �2��#@ ��	 c% >SC Ôm�& 3

S 
�� n0~ �kl@ �� äS�& 
L� PCBs@ Há�&

TG ë�!*�� ���2�: �S�2��# �	 ��À;: �1

À;C «@ 	Ù� Ú � r�� n0~ �kl �� r�#; «@

M­� �� 7×y[%.

4-2. 
�� ����

4-2-1. �0
@ ��

Fig. 4& �S�2� j carrier gasy >SC Ôm�& �2��#@

<ð�@ 
�� �ÝÞ �0u �p j Ãp �0
 6P� Å�
@

�0 ��� 7×� 6 �%. · �Ý�# Ãp �0
@ A� �Ý

ð!Þ@ û�Ó �Y@ �* 4� !" Å�
� �Ý ð!Þ@ cell

�Y è~� �o�, K/� %. É� �S �2��#@ �p �0


@ A� ð� �Ö@ A�# Ãp �0
 j Å�
� (ã� A!

* }>� %. 6-7 >SC Ôm�& Há �S �2�:& âP

Ãp �0
� carrier gasy@ >S* +� ~¦
� ÔmD!* �p

�0
� �� �� �Ä� hC¬� %.

Fig. 4(a)*�� �S �2�@ Há <¾¿& �p �0
@ A� À

;C BCD� EF äS� 
L� Å�
@ A� I]� BC� %.

�-� �p� �À�# ��� ­"� ¯
�!* #lL# �S z�

� f� light gas@ ��� $�7L# 7%l 0�@ ÛS~C &�Z

� carbon residueC BCu ª!* ¼�u%. 6-7 >SC Ôm�&

Há ÛS0�@ >~
�� @�, 
� À;C BC��ñ I]� Å

�
@ A� äSD� Ú � r!" É� carrier gasy >S@ A�

BC��ñ Å�
@ A É� äSD� Ú � r%. 6-7 Fig. 4(b)*

�� �S �2�@ Há PCBs& À;C BCD� EF �p �0
�

BC�� Å�
� äS� %. �& Table 1@ �?�Ä 1=*�� Ú

� r�� �Ö ��� r�# �/ ÛSe� 25% �p� �l�� r

� Table 2@ iS�Ä 1=� cL �Ö� >S De� 25% �p�

�l�, À;C BCD� EF �/ÛSC �	Z� >S: 1¦�,

��* �	Z� �'� �p0�� BC�� Å�
� äS�& ª!*

¼�u%. 6P� >SÁ;C BC��ñ Å�
= Ãp0�� äS�&

ª!* 7×'%. É� Fig. 4(a)*�� <¾¿@ Há �S �2��#

��	*�� �0u 
�� ��� �p 0�(� Ú � r[!" >

SC Ôm�& Há� r�#; Ãp �0
= Å�
@ A� �Y 7

×� ª!* c� �0
@ ���� �p 0�  ª!* ¼�u%. 6

P� Fig. 4(b)*�� PCBs@ Há <¾¿� z�, U� Å�
� Ô

mD� Ú � r&� �& �Ö ��� r�# PCBsC <¾¿� z�

, U� A@ �/ ÛS� DM�� r� �'+ ª!* ¼�u%.

4-2-2. �0
@ /e j /0�Ä

GC-MS� �o�, 
� �0
@ /0 j /e�Ä� ��� %.

<¾¿ 3S� �p j Ãp �0
@ GC-MS chromatogram� Fig.

5� �È�!* 7×y[!" GC-MS �Ä� Ç� �0 C_@ /e

�Ä� Table 5� 7×y[%. Table 5*�� C_ 0�� ���� �

�4�@ Û~�S ~¦
+ )Û j �Û= �*1¦@ Û~�S ~

¦
+ �+= ¸*,� !" �>~ÛS� z�, p��!* U�

A@ Û~�S ~¦
� �0u �M& -ð3S� 2� >S@ A�

z�, �( Væu >Se� �.� � �'!* ¼�u%. É� <

¾¿ 3S� carrier gasy@ >SÁ;:& s}�� 
�À;C BC�

�ñ )Û@ A� BC� � ¸*,@ A� äS� %. 6-7 PCBs

3S� ���2��#& <¾¿: /0Cl* À;C BC��ñ )Û

@ A� BC� !7 À;: ps�� ¸*,� d�Zl £1%. ð

��!* <¾¿ 3S� 
� À;: �2�� EF# �0 C_@ Û

Fig. 4. Yield of products from pyrolysis and combustion of waste bump-
er (a) and PCBs (b).
solid line: nitrogen atmosphere, dash: 10%O2 atmosphere, dotted: air
atmosphere

Fig. 5. GC-MS spectrum of gas and liquid products from combustion
of waste bumper.
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~�S 0�@ d�2� �+>)Û>̧ *,>�Û ¯!* 7×'!"

PCBs@ Há� r�#& ð��!* 
�À;: �2�� EF Û~�

S@ ��Â d�2� $
 è~C rÙ� Ú � r[%. PCBs j

<¾¿ 3S� C_ 0�*@ �>~ÛS@ d�e� carrier gasy@

>SÁ;� EF $
 BCD� Ú � r[%. 6-7 <¾¿@ Há

�S �2��#& >S@ �3� �& s}* �>~ÛSC Ôm�l

£1%. É�  >~ÛS@ Há carrier gasy@ �S 0�!* +�,

chromatogram@ peakC *4Z& s}* /Æ� �Ä� hC¬� %.

GC-MS �Ä� Ç� Ãp �0
@ /e �Ä� Table 6� 7×y[

%. <¾¿ 3S@ Há Table 6!*�� 
�À;C äSD� EF Q

³. ~¦
� BCD� Ú � r%. �& 
�� À;C 800oC�p

(� ��� Há ��� 
�� -ð �	C ���ll £� Q³.

~¦
� �0Z[%� c%& �	 
�= D5 �p�#  �7& Diels-

Alder 
�= 	� *¦ 
�� @� ª!* ¼�u%. � (1)
�= (2)


�!*�� �×67= �+, �×67= ̧ *,� @�, 89= :

�7� �0Z" (3)= (4)
�� @�, o-xylene� �0u%.

Table 5. Quantitative analysis of gas product[vol%]

Material Air 10%-O2 N2

Waste bumper PCBs Waste bumper PCBs Waste bumper PCBs

Methane 0800oC 11 28 12 25 20 27
0900oC 15 31 19 31 24 32
1000oC 28 43 28 41 26 39

Carbon dioxide 0800oC 06 27 03 20 - 19
0900oC 07 27 04 27 - 21
1000oC 10 29 05 27 - 22

Ethene 0800oC 37 27 32 27 42 28
0900oC 42 32 41 33 45 33
1000oC 46 23 42 25 46 31

Acetylene 0800oC - 05 - 03 - 02
0900oC 01 06 02 04 02 05
1000oC - 05 04 07 05 -

Ethane 0800oC 15 13 14 08 14 09
0900oC 15 4 10 05 12 09
1000oC 05 - 07 - 12 08

Propene 0800oC 27 - 31 14 19 15
0900oC 16 - 18 - 13 -
1000oC 09 - 09 - 08 -

1,3-Butadiene 0800oC 04 - 08 3 05 -
0900oC 04 - 06 - 04 -
1000oC 02 - 05 - 03 -

Table 6. Quantitative analysis of liquid product[wt%]

Material Air 10%-O2 N2

Waste bumper PCBs Waste bumper PCBs Waste bumper PCBs

Water 800oC 22 41 19 24 - 23
900oC 26 46 18 27 - 26

1000oC0 33 48 29 34 - 31
Methyl alcohol 800oC 04 36 46 74 - 42

900oC 06 39 50 70 - 43
1000oC0 10 45 47 64 - 46

Benzene 800oC 41 23 23 02 61 35
900oC 37 15 18 03 58 31

1000oC0 30 07 13 02 51 23
Toluene 800oC 20 - 07 - 27 -

900oC 19 - 08 - 24 -
1000oC 11 - 07 - 26 -

o-Xylene 800oC 13 - 05 - 12 -
900oC 12 - 06 - 18 -

1000oC0 11 - 04 - 23 -
HWAHAK KONGHAK Vol. 38, No. 3, June, 2000
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EF# *¦
��  �7� 2	#& �p 0� *� �+, ¸*,,

�×67= 	� Ú; ~¦
� U� ÜDZ� r�� �&� GC-MS

�Ä 1= 
�À;C äSD� EF �p 0� *� Ú; ~¦
�

U� ÜDZ� r& ª!* c� �p�#@ m�	 
�� @	# Q

³. ~¦
� �0u ª�F� c%& �p �0
+ �×67 ��@

Ú; ~¦
@ Diels-Alder 
�� @� ª!* ¼�u%. É� PCBs

3S@ Há Table 6!*�� Ú � r�� Q³. ~¦
* 89��

�0Z� 
�À;C äSD� EF 89� BCD� Ú � r%.

3S*�� �0u Ãp 0� *� 
@ De� À;C BC��ñ

BC�& H³� c %. <¾¿@ Há �S�2��#& >SC Ôm

�l £!Ñ* 
� �0Zl £1!7 PCBs Há�& �Ö ���

>S� 25% �p ÜD�� r!Ñ* 
� �0Z[%. <¾¿@ �S

�2�� (ã�� �0
 * )<Ú=>� ÔmD� Ú � r[!"

�& 3S*�� �0u 
@  �*�� OHC �	Z� ¸*,= 	

� Ú; ~¦
 j �Û= 
��, )<Ú=>* ðGu ª!* ¼�

u%. 6P� <¾¿@ 3S� Table 6!*�� >SC Ôm�& Há

À;C BCD� Ea Q³. ~¦
� äSD� Ú � r%. �-� �

p� Q³. ~¦
� �0�& �×67 ��@ Ú; ~¦
� Diels-

Alder 
�� @�, Q³. ~¦
� N0��c%&  � 
*��

�	u OH� @�, ¸*,= 	�  � Ú; ~¦
� I]� )?

Ú=>* ðGZ[� ª!* ¼�u%. É� <¾¿�#& �S �2�

@ Há Table 6!*�� Ãp �0
@ 0�� ��� Q³. ~¦


(� Ú � r[%. <¾¿@ ��	 j 3S*�� �0u Ãp0�

*� Q³. ~¦
@ De� 89>:�7>o-��@¯!* 7×'!"

PCBs@ Há� r�#& Ãp �0
*@ Q³. ~¦
*& 89��

ÔmD� Ú � r[%.

4-2-3. Ãp �0
@ FT-IR �Ä

Fig. 6� ��	 j 3S 
�!*�� �0u Ãp0�@ FT-IR _

AºB�%. Fig. 6!*�� carrier gasy >SC Ôm�& Há >SÁ

;� Ea FT-IR _AºB@ è~C «@ �& ª� Ú � r%. E

F# >SÁ;� Ea Ãp �0
@ 0� è~& «@ �& ª!*

¼�u%. 6-7 <¾¿@ Há �S �2��# >SC Ôm�& Há

� 7×7& 1,220 cm−1@ C-O bandC 7×7l £1!7 PCBs& Table2

@ iS�Ä!* Ú � r�� 25% �p@ >S� ÜD�, �S�2

� ���#; 1,220 cm−1@ C-O bandC 7×'%. É� GC-MS �Ä

1=*�� FT-IR@ 1,220 cm−1@ C-O band& )?Ú=>� !" �

S �2�@ Há <¾¿& )?Ú=>� �0Zl £1!7 PCBs&

)<Ú=>� �0Z[%.

Ãp �0
@ FT-IR _AºB!*�� c,l& 3,050 cm−1@ band

& CH aromatics stretch band*# ¨© Há� Ãp 0� *� Q³.

~¦
� ÔmD� Ú � r[%. 2,950 cm−1@ band& ¨© Û~�S

~¦
�# 7×7& band* ÛS: �S ­�@ 1¦� 7×y" 1,740

cm−1@ band& o�* ­o� �|�@ C=O  ª!* ¼�u%. É

� 1,500-1,600 cm−1@ C�� band& Q³. ~¦
@ �* 1¦� @

	 7×7& band�%. 1,450 cm−1@ band& -CH2 scissoring band��,

1,370 cm−1@ band& -CH3 scissoring band�" 6P� GC-MS �Ä

� Ç�, 
��@ carrier gasy� >SC Ôm�& Há: �Ö�

>SC Ôm� Há �0
� ��� ÔmD� Ú � r[%. 6-7

Fig. 5�# Ãp �0
� �� FT-IR spectrum�# 3,500 cm−1�#@

H2O� @� -OH bandC 7×7 rl £Ù� Ú � r&� �& H2O

@ -OH band& >S@ ð� Ù0;C D� �M* �kl� U� E

��, ó� -OH band� 7×yY u%. EF# �* +�, FT-IR

_AºB� Iaô!* �½�Y Z� FT-IR �Ä� ²³� �qY u

%. 6-Ñ* · 34�#& c% /Æ� �Ä� 2�, ðOP =/�

Ç�, 3,500 cm−1@ -OH bandC 7×7l £;ñ � %. 6 F@

2,000-2,500 cm−1�# 7×7& bandC �& ª!* c� GC-MS@ �

Ä1=: D5 Ãp �0
 *�& G* 1¦� H� r& 
�� �

0Zl £1� ª!* ¼�u%.

4-2-4. Å�
@ BET �Ä

��@ cD(*I C¤ JP K�� r& L·MN� æ�H� 10-

500µm /;@ �|� ÛS �O*# 1915P ²x@ S. C. Mote[13]

C L·MN� ¥¦�L ��(Q@ 
0� �Y ³pu%& ­��

dR� �S* T� ��(Q cD(, T+º, ^F_` 6P� U�

�@ VW(* ­oZ� ´[!7 89� :#& ×��@ modulus7

wear characteristics� ³p�é� 2	# ­oZ� r%. �m ×��

(� �/� ±CZ& p?o L·MN@ ÈL�� ��cL 6 ­o

o;� EF ��� 43-112 m2/g /;�%. Fig. 4� cL Ú � r�

� PCBs ��	 j 3S� pße@ Å�
� Ôm�Y u%. EF#

�-� Å�
@ mno C¬0� Æ+�� 2	# Å�
� ��,

BET �Ä� �, ÈL�= adsorption total pore volume K/� %.

Fig. 7� 
��2� j À;è~� Ea ÈL�= adsorption total pore

volume� 7×� 6 �%. 
�À;: >SÁ;C BC��ñ ÈL�

= adsorption total pore volume� BC�& H³� c %. �-� È

L�@ BC �p� PCBs@ ��	 j 3S� 
�À;: >SÁ;C

BC��ñ �Öy@ �/ÛSC g U� �	Z� æ�@ ��C �

�& �'!* ­ÖZ7 �� �	#& æ�@ �Ä � XC@ �Ä�

Ç� Æ+ �Ý� µ¶� ª!* ¼�u%. ���2��# ÈL��

378-450 m2/g, O2-10% �2��#& 371-431 m2/g 6P� �S�2�

�#& 365-423 m2/g� %. É� ���2��# adsorption total pore

volume� 0.2016-0.2421cc/g,O2-10% �2��#& 0.1984-0.2322cc/g 6P

� �S�2��#& 0.1956-0.2285 cc/g� %. EF# T� ��(Q

@ cD( j ×��@ modulus7 wear characteristics� ³p�é&

� ­oY � r� ª!* ¼�u%.

Fig. 6. FT-IR spectrum of liquid product at 1,000oC.
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5. � �

PCBs: <¾¿@ ��	 j 3S �Ý!*�� %Ù= 	� 1Ò�

ì� � r[%.

(1) TGA� �o� �eäS �Ý!*�� <¾¿@ Há C�Ê;C

BCD� EF �	 ��À;: �	 �1À;C f��� Ú � r[

!" É� <¾¿@ Há �S �2�� z�, �� �2��# c%

�P �	C ��Z� Æ+� � r[!7 PCBs@ Há� r�#&

�2�� EF «@ ²³� �Ù� Æ+� � r[%.

(2) ��	 j 3S
�@ Ê;Ò� 34� Ç�, <¾¿@ Há �

S �2��#@ ��	 
�� �� n0~ �kl�� z�, >S

C Ôm�& �� �2��#@ 3S 
�� �� n0~ �kl@ �

� �Y 7×�� Ú � r[!" 
L� PCBs& n0~ �kl �

� ���2�: �S�2��# «@ z[D� Ú � r[%.

(3) 
� �0
@ �� �Ä!*�� �0u 
�� ��� �p 0

�(� Ú � r[%. É� <¾¿& �S �2��#& 
� À;C

BC��ñ Å�
@ A� BC� !7 >S �2��#& I]� 


� À;C BC��ñ Å�
@ A� äS� !" >S@ A� BC

��ñ Ãp ��� äSD� Ú � r[%. 6-7 PCBs& �S�2

��# 
� À;C BC��ñ Å�
@ A� äS� !" >S Á

;C BC��ñ Å�
= Ãp ��� äSD� Ú � r[%.

(4) <¾¿@ 
� �0
@ /e j /0 �Ä!*�� �p �0


@ d�2� �+>)Û>̧ *,>�Û ¯!* 7×'!" Ãp �0
@

Há À;C äSD� EF �p �0
@ Diels-Alder 
�= 	�

*¦ 
�� @�, Q³. ~¦
� BCD� Ú � r[!7 
L�

PCBs@ Há� r�#& 
� �0
@ /e j /0 �Ä!*��


�À;: �2�� EF �p�0
@ Û~�S@ ��Â d�2� $


 è~C rÙ� Ú � r[%. É� <¾¿@ ��	 j 3S*��

�0u Ãp 0� * Q³. ~¦
@ d�2 � 89>:�7>o-��

@ ¯!* 7×'%. 6P� PCBs@ 3S*�� �0u Q³. ~¦


*& 89�� �0Z[!" 
�À;C äSD� EF 89@ �0e

� BCD� Ú � r[%.

(5) ��	 j 3S*�� 
� �0u Há �0u 
@  �*��

OHC �	Z� �Û j ¸*,= 	� Ú; ~¦
= 
��, )?

Ú=>* ðGZ� Ú � r[%.

(6) PCBs@ ��	: 3S*�� �0u Å�
� ��, BET �

Ä� 1= 
�À;: >S Á;C BC��ñ ÈL�= adsorption

total pore volume� BCD� Ú � r[%.

� �

� 34& >?�i� li ’98P; \/�>�]­? “�^º_a�

�o� M	<�
 OP�] õd” =(@ 1=@  ��" 34z l

i� ä­Ð�Î%.
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