
Arc
hi

ve
 o

f S
ID

41

��� �����	
�� 
�
� ������ �������� ������ 

�� �
�	 ����� �� ���������� 

���� ���	
��
�� �������
������ ����

)������ 	
/�/�
������	/�/��(

�����
��� ����	 
��
� ����� ����� �� ����� ����� ! "# $%� &��'�(�) *�+�! ����� '$�,�#� ����� '$��-, �. , /(�� ����(� '�01(�

 ��� , $-�2���3# $+) $�����- �#�� *�+�! �.56�7��3 &�+� ���" 8# (6 8*�*0! , 8*9 &%1� :� '�) 56 �) �6��� �*- ;��+) ';��� <�# 
$� ��=>� ��=�# $���3 ��- .?�2>! <�# ��'@�>� �� &�� $�����-���3��� , $�����-��� '$�����-���3 5�AB! 8�	 $3� 6 $6) *-.

C���") 8�	 ��� # � D#��# *+�� ;�E�3� :� "# ;����3# �6 $�����-���3 )GHH�#, (J��� � ,� ��KG,LKHC���") , A! 	 ���� 8�(	 
M�N :� @3�! $�����-���OHH *- P�B�# @3��� ��1� �6 ;��9 ��
6 Q�� "# �#, .C��(�") P�(�! �� &(�� �(R�S �(	 <�(6 L�(! LHH 

$��� 6  ��+ �� P T��.*���� $��	������  U# ?�2>! <�# ��pH6) @�>� $ � ���" �*� , &�� 5�+,# �R�S '#*- $3� 6 *�� .�#� ��1(� V����
 6 &�� ���3#*�=�# �� ���# � D#��#  U# 5�5��%��#� �6 C��#, ?� W "# ;*�X ��W P�(B�# �) ���3���,�� $W �� 8*�+�! &�=�,�*�	 8�	

$� ��- .65�X 3 ����� ��W �3# *�� ���# � D#��# @3�! &�� 5�AB! .J��(� � �� &�� 5�AB! �X 3 5� �#� ��1� V���� ��Y <�# �6
LKH J��� � "#  �1�6 A! 	 ���� KG�3# A! 	 ���� .����, <�#�3# <�#  E���6C��#, �X 3 5� �*�	 ��%��#� 56 Z�6 � 8�	,&�=(�

)&�� 5�AB! , �[,�*�	 *�=�# . *�+�! (J��� � �� �3#  �1�6 ' !N�6 8�	 . �1(�6 $�����-��� C��#, �X 3 5� �#� ��1� 5�+�\� V����
 C��#, "# �3# $�����-���3 8�	 .� ���=6 C��6# � 5�-# �6 ���# � D#��# ]�� ! 5� *�� T ^
1� <����	_ 	 8�0�! � 6��� "#  ! U

 �3# �0�) "# P#*� .`,� ,� <�# P�S�# �6 <�# 6��6) �#��3��� *��:�(56 '���3#*�=(�# '$�����-��� 5�AB! &��- ;*�X a=���%� 53 &�+�
 6 �"# @3�! ���3#*�=�# , $�����-���35:���(3��� ����#� �� ���>� �b�=�# 8,�  6 C��6# � 5�-#  U# "# ;*�) ��9, &(6�c C�#A(�# '

56 &�� 5�AB! �� $09�! $� ��9, *�).�X 3 5� �#� ��1� <����	 $3� 6 <�# V���� C	�� �6 &�� 5�AB! pH '&(�� 5�+,# �R�S , @�>� 
 � P��! ��#$� C�#A�# '5�+�\� ���� 8�	*�� *6��.

���� ���	
���:����� �������� ���� �������� ��������� ���� !�" #������$
� �����%� �.

Comparison of Sonolysis, Photolysis, and Photosonolysis for 
the Degradation of Organic Matter 

 
Afshin Maleki 1  Amir Hossein Mahvi2 Reza Rezaee3

(Received Nov. 11, 2007      Accepted Dec. 3, 2008) 
 

Abstract  
Phenol is one of the most common compounds found in the effluents of many industries such as petroleum 
refining and petrochemicals, pharmaceuticals, pesticides, paint and dye industries, organic chemicals 
manufacturing, etc. Due to the high toxicity of phenol, the contamination of bodies of water with this chemical is 
a serious problem for the environment and human health. In this study, the sonochemical, photochemical, and 
photosonochemical degradation of phenol in an aqueous solution were investigated. The sonochemical and 
photochemical experiments were carried out using a bath sonicator (500 W) working at 35 and 130 kHz 
frequencies and a 400W medium pressure UV lamp. Experiments were performed at initial concentrations 
varying from 1 to 100 mg L-1. The effects of such parameters as pH, initial phenol concentration, and oxidation 
period have been determined. Results showed that the effects of ultrasound wave for phenol oxidation were 
mainly due to hydroxyl radical production during cavitation-induced water decomposition. However, low rates  
 

of sonochemical destruction of phenol in water solution obtained. In the sonochemical process, phenol 
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underwent degradation at a faster rate at 130 kHz than 35 kHz. Besides, it was shown that reaction rates 
involving hydroxyl radicals (hydrogen peroxide formation and phenol oxidation) had a maximum value at higher 
frequencies. The best yield was observed at 130 kHz for phenol degradation perhaps due to the greater 
availability of hydroxyl radical on the outer surface of cavitation bubbles. It was found that the rate of 
photochemical degradation of phenol was higher than sonochemical destruction. Also, the results showed that 
the combination of ultrasound wave and ultraviolet irradiation was considerably more effective than either 
ultrasound or ultraviolet light alone. Thus, based on the results of this study, the synergistic action of ultrasound 
and ultraviolet light is confirmed. This may be the result of three different oxidative processes: direct 
photochemical action, high frequency sonochemistry, and reaction with ozone (produced by UV irradiation of 
air). The results of the study showed that the degradation of phenol was increased by decreasing both pH value 
and phenol concentration in all the processes used. 
 
Keywords: Advanced Oxidation Process, Sonochemistry, Photochemistry, Phenol, Industrial  
 Wastewater.
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���B;7I -��$2$�B� ��Bh�� ]^[.���� LB��� "�B� ��B#�
 (� ~B
 D�B8
L� ���? ��� (��H�� D�8�&# �B� Y���B��+�H  ��I�B�H �|���B����I

 "��H� ��� (� ���a���P'b�6�SPSS )?���( iB�(3 LB#�h+ �"�B� 
�H�! "��U P���+.

����	�� ���� 
���������� ����� ���)���� � ��!"��#���$(

q#��(? (� PO�E r#��� �8	� ���� � �8� L������" "� PB&H n#�j+
pH ����� 6~��b�H D��� D�8465 62�+�8�B��b �B���� �2 6^

�O"���� 	I  "�pH ����� ���ZE ������" ~��b�H D��� uD�B8
465  62�+�8���b �Ln�+�+ 61 41�O"����)PJB��(.�ZBI 

LBB�E�� ABB#� "�+d#	BB� �BB� LBBb ���BB!pH"�BB� "� ��BB�� ��H 	#��BB&#
� P&H uZE "� Y�������I������ �m .PJ� $�B_�` �Bm� L'#�*�

 �H ���+ �? uZE ����� "� P&H L�I ��~��Bb�H �� |�������I � �&#
��x �8 ���b ���( "� �" �+ i��j� D�8 	� ���� 8 ��8���7 LBb "�R

 	� L_EF� ���!�A�� 1^�+$6D�B��_�` "� PB&H n#�j+ �O"� 4
�+455 	��� ��B�( )�B� "� PB&H �B��I "� ��B!405 LB*�U� PBO�E

 ��� ��#��! .�B� PB&H LB#�h+ ���B� Lb ��� ���� 	�"�� A#� r#���
 	� q#��H� �P&H L�I � �_�` q8�b ���# B�L���B� -�B7N� "�BR

 ��� �&b )�O��H g���� ���+ P&H L#�h+ .LB#�h+ ���� A�&C78
 ~��b�H "� P&H��x ~��Bb�H (� ���B�� �+�8 ���b �y�B+�8 �B��b 

��� .B� P&H �������'b� "� )�O��H g���� �m� Lb ��� ���� r#��� L
-�
#��" �� q&b�  Q#�R (� ��7� "�R "� D�B�I�+ P�'Bb "��8 D�8

 # �b 	R������2	� ��h�� >? ��� .	� ���� ��NG  A#� LBb �B8�
 q&b�  ���� "��8 -�
#��" L� ����� D�8 P�'b)��'Bb��
 ��I�+

 P&H L#�h+  �f "��8 (~��b�H "� �B�� ���B�� ��+W�B� D�8.AB#� 
L#�h+ o�� uF�T� ~����H  � A#� A�� �L��I�+ A�#�
 ������" P�I�

 �T ��
��  P�'b "��8 -�
#��" -�
#��" A#� ��7b g  PBT�� (� �B8
 ~��Bb�H "� �-�B��� PBT�� LB� ������# �b D����;E62�+�8�B��b 

	� ����� ��� ]0�1 45[.

����&' ���� �(�� ��� )"$���)(
q#��(? r#��� �8��� ���� �H �� LK��" "��P&H ��I��H �&# ��� ������"

 ��� ����� D���� ���� "� uZE.��B78 LBb "�BR PJB� 4���B�
	� �8� "�pH ����� 6�uZE ������" 13"�  �O"� pH ����� 44
��"B����EBBuZ�BL�$�O"� �H�# q8�� ."�PJ� 6�m� L'#�*� 

1 Perkin Elmer 
2 Lambada 25 
3 Excel 
4 Scheffe 
5 Cavitation 

0

20

40

60

80

100

3 5 7 9 11
pH

 (�
�


�)
6

788
9:

	��
��


UV US 130 US 35

 
>?����m�pH�H ���+ P&H n#�j+ ����� "� ���� ��&#
|�������I � )	��� Y# L�I � �_�` �� ���(  P&H ���I "� ��!��x 
L*�U� (~��b�H "� �y ��x�H  �+�8���b ���I��H �&# 

)L�I � �_�` ���x	��� ���(  P&H ���I "� ��!�xL*�U� (
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>E����H ���+ �? uZE ����� "� P&H L�I � �_�` �m� L'#�*���&#

 ~��b�H �� |�������I ���x���( "� �+�8 ���b i��j� D�8 
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>E�F��H ���+ �? uZE ����� "� P&H L�I � �_�` �m� L'#�*� ��&#

���( "� ��I��H i��j� D�8 
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�H �BB��+ �? uZBBE ���BB�� "� PBB&H LBB�I � �BB_�`�"� ��I�BB�H �BB&#
��BB�( iBB��j� D�BB8�BB�� ��BB� ���� ���BB� .	BB� LBB_EF� LBB� ���BB!
12 ���( )�� "� P&H uZE �O"�15LB�I � �B_�` �B� L*�U� 455 

	��� ���I "� ��! �L��? ��� .��� ���B� 	B�"�� AB#� r#��� A�&C78
 	� q#��H� �P&H L�I � �_�` q8�b �� L#�h+ ���� Lb ���# .�L"�R

 g��B�� (� ���B�� qa&���BH LNB�� �B��+ PB&H L#�h+ ���� -�7N�
 )�O��H��� -�
#��" ����� ��I�+ �? ��� L� �P�'Bb "��8 D�B8
�H 	R "��	� ��I��H �&# ���� ]1 45[.

����&' ���� �(�� � ������ ����� GH"I�J ��� )!"��#���(
�H��H |# |������H �&#�qa&���BH  )�BO��H g��B�� 	B;�b�+ �&#

��� .�H A#��LB� �&# �B� 	#��7�B����� )��Bm� ���Bb LH�BG� "�B_&�
 �*+"� ��< "� 	#��7����H )��m�D-�
#��" ��I�+ P�'Bb "��8 D�8

 ? ���B� nB#�j+ ����B��" ���B� W��  	BI��B�� ���Bb ��B�
 LNB��+ 
]� 44[.�H ����� �+ A�#�
 ������" L� L<�+ �� LNI�K� A#� "���B&#

I �|������� ��I��H  �+ ���"�b ��qa&���H LN�� �� )�O��H g���� �
�� ��h�� .�H  � A#� 	;�b�+ )��m� LK��" A#� "��)"�BO LB� L� �&#

�� 	�"�� �#(:
iI� (\B8 ���"�b BO��H g��B�� ��B�( |B# "� qa&���BH LNB��  )�

"��b�"�
>("�qa&���BBH LNBB�� ~�BB� )�BBO��H g��BB�� 	I��BB�� ���"�BBb

��h� D�8"��b�"�
g("� )�BBO��H g��BB�� ~�BB� qa&���BBH LNBB�� 	I��BB�� ���"�BBb

��h� D�8"��b�".
	�"�� r#��� Lb ��� ���� �BI�E LB� �8 "� P&H cW � "�bZB� "� 

#�B�&+ L� ��� " (� ���b �8 �� L'#�*�	��"�� D�+W�B� LB#�h+ o�B�  
�#��! L_EF� c����m "� P&H uZE ������" q#�B�(? �"�� �I�E L�

 ��� ) �a��)PJ�3 2(.L���� "� LB� ��B��� PB#W� �#��B+ L�
 	B;�b�+ D�B��I�E "� uZBE �BO"� A�B� uF�T�  ������" q#��H�

	� L�T���
 ���.
�+ ���"�b k�ST "���)iI� �I�E (��78 D"�R (� Lb PJ� 3

)~��b�H D���465 �+�8���b (������
 L_EF� 	����! D��B� Lb 
D���_�` $5�35��5�05 455 	B��� )�B� "� �B��I "� ��B!65

L*�U���B���� uZBE ������" 455 �455 �11�^/16 00�BO"� 
��� .���+ uZE ������" �#��� ��78 D��� Lb ��� 	I�E "� A#�

 ��H g���� q��+)�O ��&+ ~��b�H �� 465 �+�8���b ����� �2/43�
4$ �2/0�^ ��O"� �B���� qa&���BH LN�� q��+ D���  455 �
14 �6/^0�^4 �3�O"� ��� .LB_EF� A#����&� 	B� LBb ��B�

 �H ������"��+ �&#��(� ���B�� 	B��T �H ����B��" ��B&# I � |���B����
���� 	&N� uF�T�  ���? A�� D"�� �"�� ��<  )52/5<P(.��B�
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>E�K��H ���+ �? uZE ����� "� P&H L�I � �_�` �m� L'#�*���&#

 ~��b�H �� |������H��x���( "� �+�8 ���b D�8i��j� 

0

20

40

60

80

100

120

0 40 80 120 160 200 240 280 320
(��"A�) :	�B

(�
�


�
)L

��
MJ

:	
��

��


US 35 US 130 UV

US 35+UV US 130+UV

 
>E�O�	#�"�b L'#�*��H�"�|������H  ��I��H �|�������I � D�8�&#

���( "� P&H n#�j+ i��j� D�8)P&H L�I � �_�`�xx���I "� ��! 	��� (

LBB� �? �BBm� PBB�I�\BB8 	�BBj� ���4LBBb �BB�� \'BB���
� LBB� �BB��+
 �������'b� 	B� ���� ��B� ��B� .\'B���
� AB#� nB#�j+ P��B� �B8

 ��� �(� ���+ �������'b�  	+�O��H L#�h+ �D"�� ."�B� "��B���
 (� ��7b g�� -�R �� qa&���H$55 �(� �B�I�+ �B��� ��8 "� ������� 

� �V�'b� (�	��� .DW�B� D��B8 "� qa&���BH LNB�� q��+ A#����&�
 LB� �Bh&� -�B��� LB� �? -�*��� �m� "�  ��� �(� ��I�+ ���� "��b�"

 �� �8��T P&H L#�h+ .�KB� LB� c�7�*�'B� @#�B� LB� �(� -�B*��� L�;I�
 (�!  @#�� A�� 	���� ��;+"� �"�� ]45[.B� �KB� AB#� L�BI�E PB�I�

 B� ��h#� �&��� q��<  ��"�H B� @#�B� �KB� "� �� L��B#�< �R�BT
 � �)�O��H g����LL_EF� P��U "�R p��'B! D� 	B� c�B�#���  �B��# 

 �(� -�*��� q#��H� ���� q#��H� �_�`�?	B� -�B��� "� ��B� .
L�;I� @#�� DW�� D(�! (�H "� �(� 	7b "��*� ��� 	B� P
� ��B�!."�

1 Synergism 
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��BB7h��H  � �BBm��	#��7�BB���H �BB&# ��BB8  >? "�� �b ���BB���#
	#��7�BBB����� �BBB� \�*�'BBB� ��I�BBB�H LNBBB�� PBBB7�  qa&���BBBH 

-�
#��"  �(� 	!�&&b��'b� PB&H nB#�j+ "� P�'Bb "��8 D�8 "� 
�H��+ �&#����B�� uZBE DW�� ������" P�I�.-�B
#��" �B�I�+ D�B8

 PBBT�� "� 	BB+"��E LBB#�h+  �(� ��I���BB�  ��I�BB�H (� P�'BBb "��8
 � Lh��� ������# �b D����;E	���]�[.	I��B�� D�8�B&#��H L'#�*�

 	� ���� > �BI�E "� Lb �8��g��B�� ���"�Bb 	I��B�� �B&#��H 	B&N# 
�BB_�` "� �qa&���BBH LNBB�� ���"�BBb �? -�BB;�� LBB�  )�BBO��H455 

	BB��� ~��BBb�H D��BB� ��BB!465 �BB���� PBB&H LBB#�h+ o�BB� ��+�8�BB��b 
525^/5~��b�H D���  62�B���� �+�8���b 5343/5�B� n'BE
min-1 LNBB�� ���"�BBb 	I��BB�� �BB&#��H 	BB&N# �g �BBI�E "�  �BB�� 

~��Bb�H D��B� )�O��H g���� ���"�b �? -�;�� L�  qa&���H��x 
PB&H L#�h+ o�� ��+�8���bxz�/x~��Bb�H D��B�  62�+�8�B��b 

�����5640/5min-1���)- �B<4.(	B� LB_EF� �ZBI LBb ��B�
 > �I�E�W�� 	#�"�b �I�E L� �;'� D�+ �"�� g."� uF�BT� AB#�

 �H "� PB&H uZE ������"  L#�h+ D�����m��B&{ (� 	I��B�� D�8�B&#
 �B�� 	B�"��  �B�� P��U L;&< .(� 	B
# PB���� uF�BT� AB#� �"

	� ���+ q#�B�(? ��B�� "� D�B�I�+ �f "�B�8 ��'b��
 �_�` �m�
�'��� .cW � LBb ��{ LB#�h+ D�B�7b �B�78� (� �f "�B�8 ��'Bb��


 LB� �;'� P�'Bb "��8 -�B
#��" �B�� "��"�BT�� ��'Bb��
 c�B���m  
m�  � �f "��8BB�"�� q&b�  ���� "� ) �a�� �.�� LLb n�+�+ A#

BB�BBBH� �Bq#�� D�BBE |BB# �BB+ �f "�BB�8 ��'BBb��
 �BB_�` ����BB��"

�������'b� ��#( 	B� (� q�B� q#��BH� )"�BO "� 	BI  ���B� BE �
�f "��8 ��'b��
 �_�`��H����B�  ���Bb �H� �&# \Bb nB#�j+ 

	� ����LB� W�B� 	B��T D�B��_�` "� �f "��8 ��'b��
 ��#( ���B&�
@7< -�
#��" "��*�  ���b P7� -�
#��" ��&&b �" -�BNH "��'B� D�B8

 	� q8�b ���� "� �8�]4$[.�H "� A#����&�� ��*+ 	I���� D�8�&#
�H  � �TdBB+��f "�BB�8 ��'BBb��
 ���BB�� "� ��I�BB�H  ��I���BB� �BB&#

 � D��I�+��B�� �m ."� )�BO��H LNB�� q��B+ LBb 	K#��B� "� �ZBI
 �H D������	I���� �&# ���! )"�O �  Lg��B�� �B� 	��+ g�� �? -�;��

 ��h�� )�O��H ����-�B
#��" 	�<�B+ PB��U �#��B*� - � LB�E�� "� 
P�'b "��8 )"�U�
 qa&���H LN�� ���+ �	B� �B�I�+ "� LBb ��B�

 � � L�E�� 	R)qa&���H LN�� q��+(��B�I�+  �B��? nB�b�+ ��B
� 
	� \8��H �f "��8 ��'b��
 ���! .LB� �Bh&� ��� � � L�E�� A�&C78

 ��B7h� "� LBb �B� �B8��T �f "�B�8 ��'Bb��
 (� D�#��B*� ��I�+�
��B�� "� � � LB�E�� "� �f "�B�8 ��'Bb��
 	�<�B+ PB��U �#��*�

 	<"�T P��� ��{  �� �8��T ��h#� q#��(? 	&N# qa&���BH LN�� 
#� "� �"��� ��<  L�E�� A���(�� LB� �h&� �f "��8 ��'b��
 �_�`

 �H ����B��" �BH�  -�B
#��" �_�` q8�b�	B� �B&# ��B� ."� -�BE 
�H�	B� � �B� )�BO��H g��B�� q��+ �� Lb 	I���� �&# �#��B*� ��B� 

qa&���H LN�� q��+ ��+ L�E�� A#� "� D��I�+ �f "��8 ��'b��

 -�
#��" L� c���h� � � L�E�� "� 8L�'B
� P�'Bb "��8 )"�U�
 D�

	� �+W�� �" n#�j+ ������"  ��� ��� )PJ�2(]45  4$[.

P��QR�"��*�  q&b�  ���� ���m 	��';78 n#�G4q&b�  q&b�   |������H ���I��H �|�������I � D�8 ��I��H  |�������I � 	I���� D�8 

�mg/L $5 mg/L zxmg/L �xmg/L wxmg/L �xxmg/L 

�
��)SJT�
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��)SJT��
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K
(min -1)R2K

(min -1)R2K
(min -1)R2K

(min -1)R2K
(min -1)R2K

(min -1)R2

US35 xx��/x112/555$0/5101/555$/51^�/5554�/51�0/55546/51�^/55544/51^6/5
US130 x��v/x11^/55533/510/5556�/5104/555$�/51�2/555$4/5106/55541/5101/5
UV --$223/5114/551^4/51��/552$^/51�^/553^/51�^/5566�/51�0/5

UV-US35 --$�63/5110/5510�/51^6/55214/512^/553^^/51�^/55600/51�$/5
UV-US130 --666/51^^/54440/51�^/55�$6/51��/552$3/51��/553$/51�1/5
US35-UV --$162/511�/5443/51�0/55�64/51�2/552$$/5121/55343/51��/5
US130-UV --6�2/5104/5426/511^/55^3^/51^2/5520/51^/5525^/5122/5
UV+US35 --3302/5116/541�^/510�/54$64/511�/5506$/51^/55��3/51^3/5
UV+US130 --25^/5104/5$$/5103/5430/5114/551^/51^0/550$�/510/5

1 Correlation Coefficient 
2 Rate Constant 
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Z�[�"\ �S"�� 
"� PB&H LB#�h+ ���B� LBb ��� ���B� QB�*�+ AB#� (� PBO�E r#���

�H��&# ������I ~��b�H "� Y����x ~��Bb�H (� ���B�� �+�8 ���b 
�y ��� �+�8 ���b .~��Bb�H "� uZE �+W�� ������" A#����&���x 

� �+�8 ���bL>�;E PT�� (� P�'b "��8 -�
#��" ����� g �T P�I�
 + P��U �P&H �� �? ����� L�<���  d��B� �B8��T A�� .r#�B�� A�B&C78

 �H q&BBb�  ���BB� LBBb ��� ���BB� LBBNI�K� (� ���BBB�� 	#��7�BB��
q&b�  ��� 	#��7������ D�8 .�LnB�b�+ Lb �#��! tj�� � F�

 LB� qa&���H LN�� �� )�O��H g���� B� "��'B� ���B+ )"�BO�(� �+�m 

��� ���? (� ���b �8 	I���� 	�E  ��&+ ���"�b .A#� ��`�� �� A#����&�
 p "  �)�H�|���BB���H �BB&#(PBB&H LBB#�h+ LBB<�+ PBB��U q#��BBH� �

L� �������'Bb� �	#��7�B���H LB#�h+ P��B� ��7� \'���
� L� P�I�
 � �(� ���+ �������'b�  	#��7������LLNB�� �Bm� (� ��B�? ��B< 

 -�SE P��U |������H "��b�" "� -���� �V�'b� D " �� qa&���H
 ��� �8��T .LB#�h+ ���B� LBb ��� ���B� A�&C78 	�"�� A#� r#���
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