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Abstract − The oxidative degradation of toxic and non-biodegradable phenol by a high energy electron beam has been inves-

tigated. Ozone can effectively accelerate oxidation and degradation of phenol. The removal rate of phenol is reduced little even

at depths much higher than eight times of effective penetration depth in the well-mixing conditions by aeration. Therefore, con-

siderable decrease in a real absorbed energy for degradation of phenol was possible. Removal rate of phenol could also be

improved by decreasing dose rate. Ring chemical compounds produced by phenol degradation can be easily removed upto

nearly 90% by low absorbed energy of 20 kGy but total organic compounds were difficult to reduce. 
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rinated biphenyl), PCP(polychlorophenyl), TCE(trichloroethylene), PCE
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air oxidation process) O �P!��Q(advanced oxidation process)'
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��
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!«��� EWRS KJ
��
 ¬:6 O �­1 n:|�S ®

,¯° °±²� ³J #�B� ´
� �
 µQ#".

¶· w¸ L¹��
 ©Sz �KJ �­Sº ��»� �(¼�

�P!�IV ��1 �69 ½s��
 �(¼ @¾�� #�a �

�KJ �Q� Ea )?� �A
� �". �(¼ @¾�
 �(�

EWRS g*��� (�9 ¿C �¾� @À� @¾�Á Â *6

Ã ��»� �(¼9 ÄÅ�ÆÇ9 ;È E� �RS HÅ��
 �

-#". #4 �� ��»� �(¼� É� �¡ �� ](� Ê;d

](V ?Ë� Ì��� LÍV tu�# PÎ� �Cd� 3 � �

". �(¼ @¾�V �Ï� �(¼9 EZ�_� ±ÐËÑ��� m

n� r� `� O r� *!6, �ÒÓV �-Ô1, Õ�a  Q6,

�QV )¾6 O (o:C, �QZ 2� ��n:V Ö: '9 � �

�".

× )?��
 ��f �(¼ @¾�SsØ HÅÃ ��»� �(

¼9 #�
= *��1RS \]^6#� �56 ���G ��V

!�]^�Q9 )?
Ù". !�vV Í&, tu�V TU, Ú��»

�(dose), �¡Û Ú��»�(dose rate), �Y ÜV Ý# 'V tuÌ

��# �(¼� Va ��V !�]^� ,-
 ./9 ËÑ
Ù".

2.��� ��

=c )?(�[6, 7]� V
Ô �(¼� Va ��Y�V ����

�V !�
 ��1RS �V HÑ]^� V^ *6Ã LÍV *6

��� V^ ¸AÃ"� Þy�� �". ß, �](�� @¾Ã ��

»�V �(�� ¦
� àá
= âãBC =c ä+V 2���#

*6Ã". å !� 
�� �V HÑ]^
 "æ� �# =c Í&V

����# *ç".

EB
H2O è eaq

− , H7, OH7, H2O27, H27, OH−, H+

(2.7) (6.55) (2.8) (0.45) (0.77) (3.2) (0.5)

�](
 �(4V ±Ð àá� V^ zo�»�� �# é;d ê

Õ ·Ða ;J� �d
 �(SsØ ���»�� Ú�
= tu6

# r� 2��S Ì
� #� 2���V *6��� �YV pH ë

� >� ./9 é
". ìí  V î(
 G-valueS� �_# 100

eVV �»�� Ú�
Ù9 m *6B;d ]^B
 ï( }
 ](

V ð�� d�ñ". !� �v 
�� ��Y�V ������

OH7 O rm HO27 bJ� O2
−74 ��1RS tu
= �!��

(peroxide)9 *6
� #4 �� ò Qa *6��� !�4 ½�


= ©Sz ä+V 2��# ä6óRS� )ô1RS !�]^tu#

¸AÃ"[6-8]. ������ #� 2���V !�]^tu� êÕ

õö ¾US ¸AB�[9], @¾Ã �(@ ±Ð ���� àá
= ]

(¡V ½�# âãBC 2���# *6B
 �¡� ‘pico-second’

{<S ÷¡1RS �C\"� Þyø"[10]. �2� 2��� !�

d ��� �� !��_# õö ¾US �PBCù� �����V

!�]^tu# �Cú � �"[11].

Jogeker '[12]� =c Í&V -û�S -ûÃ ��� ����V

!�tu�� -û�V Í& O -û<-@ !�]^tu ¾U� ,

-
 ./9 qü ËÑ
= "æ� �� tu6V ÷�� £G"�

£�a ý �".

p-methoxyphenol > o-methoxyphenol > o-ethylphenol

> 2,6-dimethylphenol > o-methylphenol > m-methylphenol

> p-chlorophenol > o-chlorophenol > phenol > m-chlorophenol

 #4 �� tu6V ÷�SsØ ���V !�tu� þ�(6 t

u#� aryloxy-radical� !�¡V tu# �¾{�2� ÿ�
Ù".

3.	 


3-1.���� � ����

�»� �PïG �(¼ @¾�
 c�°V Novosibirsk� �v


� �
 Budker ��J)?��� :�Ã �RS �(¼ �»�@

0.80-1.2 MeV, ¶E ¼�&@ 100 mA, Åp# 100 kWG ��f �

(¼ @¾�#"(Fig. 1). × )?� Ñ�Ã �(¼ @¾�
 µ��

-U
 Fig. 2� d���# �(¼ @¾�� Va �»� �P�-,

!�]^tu# �Cd
 tu�, �� }
 ���P�-S �� �

s]RS ?6BC �". tu�
 ±¬# 13.5 cm, r#@ 10 cmG

Þ	,
v_S Ã ï�äRS tu�V �s]�
 �� }
 ��

9 
 ]!3 � �
 "�U@ � 20%G "�6 �)�# �-B

C �". tu�
 ��C�� Z� �= �C� ��C��V #o

¾U4 �(¼V �&� Ì���RS� Ú� �»�(dose)@ Ë�B

U� 
Ù". �(¼9 ËÑ
� �� tu�� ÷�a �&��9 �

Õ� ��9 � 1]¡ ���� ��# �&�� à]� �^Ã Â,

auto-feeding system9 Ñ�
= ��9 (oRS tu�� ��
�

Fig. 1. Schematic diagram of high voltage electron beam accelerator.
01. Vessel 15. Vaccum gate DU-60
02. Primary winding 16. Primary winding terminals
03. Disk magnet guide 17. HF scanning coil
04. Cylindrical magnet guide 18. LF scanning coil
05. Rectifying section(44 pieces) 19. Extraction device
06. Accelerating tude 20. Lower frame
07. Injector control unit(ICU) 21. Magnetodis-charge pumps
08. H. V. electrode 22. Cross-head
09. Injector 23. Bellows gate
10. “LED-PH.” channel 28. Base of h.v. electrode
11. “PH.-LED” channel 29. Magnetic lens
12. Section voltage divider 30. H.V. screen
13. Capacitance unit 32. Clamp set
14. Energy divider
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o�� �(¼9 ËÑ��� mn� tu �� ��� Va ��V

!�tu� Ö:B�". ��
 �]9 :;a Â Ñ�
ÙR� ��

g*� Ñ�Ã !�@Æ
 � 90%V ÷U� d�ñ". ��g*�


86H�IRS � 6,000-8000 volt �<V �fRSsØ ��9 g*

��".

3-2.�	 � 
�

Ó�� S
 �J ���V EF1G �_#� �TU��
 *�

�1RS ]^
� !" ��(�J��, 99%)9 wx
ÙR�, #�

�QWV �&�� �^
= Ñ�
Ù".

# ��$�
 TOC(Shimadzu, TOC 5000A)]%�� Ñ�
= ]

%
Ù�, �� O ��V !�]^tuRSsØ *6Ã �J���

�(Catechol, Hydroquinone)� HPLC(Shimadzu LC10A)S ]%


Ù".

��TU
 KI(50 g/l)�Y� ��9 tu�� �JB
 I2� sodium

thiosulfonateS 1Q

 SchonbeinI9 Ñ�
= &Q
Ù"[13].

4.�� 
 ��

4-1.�
�� �� ��� ��
�

�(¼ @¾�SsØ HÅB
 ��»� �(¼9 #�
= �V H

Ñ]^S *6Ã 2���� ��¡V tu69 ËÑ
� <
=, !

�:S ��� Ñ�
= ��V !�]^69 # ��$�V '��S

Fig. 3� d���". ��Y�� ��TU
 100 ppm(TOC 77 ppm)

� 300 ppm(TOC 230 ppm)#� ¼|&(beam current)
 2.2 mA, �

¡Û Ú��»�(dose rate)
 2.5 kGy/sec, � V Ý#
 1.0 MeVV

¼ �»��� (U@ 1 g/cm3G �_� Ea �(¼V �`��Ý#

G 3.5 mm(tu� s) 40 cc)#". 100 ppmV ����Y� Ú��

»�@ 50 kGy�� � 64%V ]^�9 £#
 tÔ 300 ppm��


� 30%V ]^�9 £= 2Ö #ZV �#� d�ñ". #
 �*

TOCë9 �+RS , m, tu�V ~�TU@ '�	� �2 �û

�# �@

 1�#
V tuRS �{Ã".

�(¼� Va �V HÑ]^4 �����V ]^tuRSsØ 2

���V *6� ‘picosecond’ {<S ÷¡1RS �Cd�� �* Z

RSsØ !� }
 ��V �_�-¾U
 ZE1RS êÕ .J�

mn�, �*V �-¾U@ �(¼� Va �����V !�]^t

u�� �¾{�2 �{Ã"[11]. �2� tu�V TU@ �RÔ t

u�V !�]^� kla !� }
 ��V /� 1CU B� mn

� �û�� �@a"� ×".

4-2.�
�� ��� �� ��� ��
�

!�£" 01 ¦pa !�:G ��9 !�:S Ñ�
= �(¼

� 2A KJ	RSº !�]^¾UV �E� �U
Ù".

Fig. 4�� £�# ��V TU@ � 0.7 mg/lG qü1 XTU��


 ��� Ñ�39 m4 qü
Ô :;`�� � �#@ ���, �

�TU� 1.7 mg/l4 4.6 mg/lS �@��Ô �� Ú��»���
 �

4 r� Ú��»���U :;�# �� �@
Ù".

× µ���
 # tu�¡� 2]RS ��
Ù
� #
 ¶E Ú

��»�� 100 kGyS 39 m �(¼V ËÑ�¡# 2]#� mn�

�� Ú��»���U o�a tu�¡�� ��V !�]^�9 �

S qü
� <^�#". Table 1�� £�# µ:S �(¼V ËÑ

�¡� 10-50 kGy�<V Ú��»��� 12-60~#� ���� Va

Fig. 2. Schematic diagram of the experimental apparatus.
1. Air 07. Titration flask
2. Oxygen 08. Mass cylinder
3. 3-way valve 09. Conveyer
4. Niddle valve 10. Reactor
5. Ozone generator 11. Porous plate
6. Flow meter 12. Electron beam accelerator

Fig. 3. Effect of absorbed dose on the degradation of phenol by electron
beam for two different initial concentrations of phenol.

Fig. 4. Effect of ozone on degradation of phenol by electron beam.
(TOC conc. of phenol : 230 ppm)
���� �38� �1� 2000� 2�
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tu�¡� 108-60~ �<#". ���� Va ��V !�]^tu

RSsØ TOCë� b :;�9 FV 5�6 7� d���". 10 kGy

�� ��TU@ 0.7, 1.4, 4.6 mg/l�� �(¼9 12~ o  ËÑ�

�Ô� o�� # 2] o  ��9 ÿ���9 m, TOC:;�� L

L 13.0, 24.4, 25.2%#� ��� Va tu�¡G 108~�� :;��

11.7, 21.3, 23.5%#". tÔ� 50 kGyV Ú��»���
 ��TU

@ 0.7, 1.4, 4.6 mg/l�� �(¼9 60~ o  ËÑ��� # 2]

o  ��9 ÿ���9 m, TOC:;�� LL 30.4, 52.6, 62.22%#

� ���� Va tu�¡ 60~�� :;�� 4.8, 10.9, 13.0%#".

#ZV ½�SsØ Ú��»�@ �� �<��
 �(¼� ���

Va ��V !�]^�� ���9 Ñ�a !�]^�� ;V q8

a ë9 d���� Ú��»�@ �@	� �2 �(¼V `�@ 9

:# d�d� �". �2� �(¼� ��� ½sBC �����V

!�]^tu9 ;¸�< � �"� ×".

4-3.��� ��� �  ��� ��
�

tu�� ��B
 �� }
 ��V ÿ�¾U@ r°� tu��

�� �YV =�# É� �¡� ��=�# �Cd
 Ë���
 �

(¼V ��Ý# #ZV �YÜU >�
� �(¼9 Ú�3 � �

". }a tu�V /, ß �YÜV Ý#� �`��Ý# #ZRS �

@
Ô tu�V µ:Ú��»�
 �YÜV Ý#� tq?
= '�


� mn� �� �»���U ��V !�tu@9 1�
� ��3

� �". Fig. 5� 6��
 tu�V /9 40 cc(� Ý#: 3.5 mm)�

�+RS 2Ö(� Ý#: 7 mm), 4Ö(14 mm), 6Ö(21 mm), 8Ö(28 mm)

S �@�� µ: Ú��»�� Ea ��V !�]^�9 ËÑa µ

�½�#". TOC�+RS 230 ppmV ��TU��, �� }
 4.6

mg/l TUV ��9 LL ÿ�
Ô� ��V !�]^�9 o�a µ

:Ú��»��� �S qü39 m �YÜV Ý#� A��# ;V

�� ë9 d��� �". #
 "�6 �)�9 �
= ��B
 ,

�a �* HB� V^ tu�# ��� =�B� mn� � V Ý

#4 :;�V ZAA�
 µ:Ú��»��� V�Ã"� 3 � �

". #4 �� µ�½�
 �(¼V ËÑ�¡# �YV ��=�9

<a �¡£" � Ë�
�� :�� � �"� £�, �YÜV Ý#

@ C. a�| #Z� m
 :;�# �YÜV Ý#� ./9 é


"� �{Ã".

4-4. Dose rate� !"

�Qa Ú��»��� dose rate� Ì�
= KJEZ�_V �(

¼ ËÑ�¡� �ö ��V ]^�9 ËÑ
Ù". Dose rate
 �¡

Û Ú��»�S� �(¼ @¾�V z�Ì�G �f, ¼�&, ËÑ

�¡, ËÑC�� � FÔ²�V ;J, ê_� )ËÑ*V �6 '

V 	�S FDÃ"[14]. �Qa Ú��»��� dose rate� �ÄÔ

¼ ËÑ�¡# EC�� tES dose rate� r#Ô ¼ ËÑ�¡�

É°¸".

Fig. 7� dose rate� Ì���Ô� �(¼9 ËÑa µ�½�#".

bF�� £�# o�a Ú��»��� qü39 m ��V ]^�

� dose rate� tq?
= �@a". 1 kGy/sec��V ��V ]^�

� 2.5 kGy/sec4 5 kGy/sec� q^ 2Ö #Z �@
Ù". tÔ� ×

µ��-�� Ñ�Ã conveyer beltV ¶E #o¾UV a�S ®,

¯°, 5 kGy/sec��
 ËÑC�� tu� Ñ#V ;J� 55 cm��

Table 1. Effects of electron beam irradiation on the phenol degradation by ozonation(TOC conc. of phenol : 230 ppm, Total reaction time : 2 min)

Electron beam irradiation + ozonation Ozonation

Absorbed
energy, kGy

Irradiated
time, sec

Conc. of ozone*, mg/l
Ozonation
time, sec

Conc. of ozone*, mg/l

0.7 1.7 4.6 0.7 1.7 4.6

TOC, ppm(removal %) TOC, ppm(removal %)

10 12 200(13.0) 174(24.4) 172(25.2) 108(00.5) 202(11.7) 181(21.3) 176(23.5)
20 24 195(15.2) 165(28.3) 155(32.6) 096(00.5) 206(10.4) 185(19.6) 181(21.3)
30 36 170(26.1) 143(37.8) 123(46.5) 084(00.5) 210(8.7)0 192(16.5) 189(17.8)
40 48 - - 100(56.5) 072(00.5) 215(6.5)0 197(14.3) 194(15.7)
50 60 160(30.4) 109(52.6) 087(62.2) 060(00.5) 219(4.8)0 205(10.9) 200(13.0)

*gaseous concentration of inflow ozone into reactor

Fig. 5. Effect of solution depth on degradation of phenol with air.
(TOC conc. of phenol : 230 ppm)

Fig. 6. Effect of solution depth on degradation of phenol with ozone.
(TOC conc. of phenol : 230 ppm, conc. of ozone : 4.6 mg/l)
HWAHAK KONGHAK Vol. 38, No. 1, February, 2000
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��
25 cmS '�
= r� beam density�� dose rate� �@���

mn� ËÑ�¡� 2.5 kGy/sec� q^ � 1.5Ö QU�# '�
=

ZE1RS :;�V �#@ �� G". #4 �# dose rate� '�

��Ô ��V ]^�# �@

 ��, H�� �03�#, �* Z

��sØ !� }
 ��V �_�-¾U@ �¾{�#IS ËÑ�¡

9 �@��Ô �(¼# ËÑB
 o � �ZRSsØ >� /V !

�:@ �PB� mn#".

4-5.��� ��
�#$% &'( )*�+,-

�(¼� Va ��V !�]^tu� 1�1RS OH 2���V t

uRS G^ *6Ã C6H5(OH)2���# ��!�4 tu
= catechol

#d hydroquinone� �� dihydroxylbenzene '9 *6�Á"[15].

#� �J(ring)ä+V ����# ��V !�]^�Q�� # ��

$�ë Ì�� ,-
 ./9 JK£L".

Fig. 8� ����Y 300 ppm(230 ppmTOC)9 �(¼� ��� !

�:S KJa ½�G�, bF�� £�# qü1 X�»�G 10 kGy

,���
 # ��$�W� Ea �J���(phenol, catechol, hydro-

quinone)�V q@ 50%QU#� dM�
 �J@ âãÃ ���S

�va". �(¼ �»�� �¾ �@
Ô �J����� P¾� !

�]^BC � 30 kGy�� ÓN �OÃ". bcd �* TOC ë�

��
� '�	9 Þ � �". Fig. 9
 1.7 mg/lV ��9 Ñ�
=

�(¼� 	P KJa ½�G�, �J���V TU
 PÎ� '�


= 2 kGy#
�� 40 ppmQU#� 10 kGy��
 90%#ZV �J�

���# âãBC b TU@ 25 ppm� ò�
". bcd # TOC


�J���V âã�U ò?
� r� ë9 ��
� �". #4 �

� ½�
 �(¼� Va �J���V !�]^p� ��� V^ Z

QB��, �J����V âãSsØ *6Ã X](V ��!�(acrylic

acid, glyoxalic acid, oxalic acid, acetic acid, formic acid ')V !�

]^
 £" r� Ú��»�� l?a".

× )?½�, 569 R
 ��� ������9 �	
� �
 �

�� �(¼9 #�
= KJ3 m
, �J����V TU@ ¶�@

B� LÍ ��!�V TU@ ¶EG Ë��� *��1 KJ� 2

Aa"Ô `�1G KJ� �E3 � �RJ2 SZÃ".

5.� �

�(¼ @¾�� #�
= *��1RS \]^6 �_V 
dG

phenol ��YV !�]^tu� Aa )?� �Aa ½� "æ� �

� ½49 T9 � ��".

(1)�(¼� Va phenolV !�]^tu��
 �ZRSsØ !�

d ��V �_�-¾U@ �*tu¾U� ½Q1G ./9 ÿ� �

�V �v
 ��V !�]^� ZQ`�� d�ñ".

(2)�(¼� ��� Va phenolV !�]^tu��
 ��� Ñ

�39 m£" r� :;�9 £#�, #m ��V TU@ �QW #

Z# BCù õö !�]^@ �C\".
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Fig. 7. Effect of dose rate on degradation of phenol with ozone.
(TOC conc. of phenol : 230 ppm, conc. of ozone : 1.7 mg/l)

Fig. 8. Comparison of ring compounds produced with total organic
compounds in the course of phenol oxidation with air.
(TOC conc. of phenol : 230 ppm)

Fig. 9. Comparison of ring compounds produced with total organic
compounds in the course of phenol oxidation with ozone.
(TOC conc. of phenol : 230 ppm, conc. of ozone : 1.7 mg/l)
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