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ABSTRACT 

 

Background and Objectives: Chemical Oxidation Demand (COD) is an important parameter in 

treatment of leachate. Leachate from solid waste has high pollutants that must be treated before 

discharge to environment. The aim of this study was optimization of US-Electro/persulfate process, 

predicate of optimum conditions by RSM for landfill leachate treatment. 

Methods: In this experimental study, a sonochemical reactor with one liter volume that equipped 

with 40 KHz and two Iron electrodes as an anode and two Copper electrodes as a cathode that 

connected to direct current supply source was used. In the final step of study, pH (2-4), S2O8
2- (1-2 

g/L), direct electrical current (1.5-3 A) and reaction time parameters as an independent parameters 

were studied. In optimum condition, corrosion of the electrodes in anode and energy consumption 

were measured. Sludge properties before and after the process were analyzed by SEM/EDAX and 

FT-IR spectroscopy. 

Results: By using this software (design Expert), the optimum condition was done at PH=3.41, S2O8
2- 

dose=1.2 g/L, current density=2.41 A, and reaction time were 70 min. In this condition the efficiency 

of COD removal was 75 %. The R-squared and Adj R-squared process was 0.78 and 0.88 respectively. 

The electrodes corrosion in optimum condition were 0.77 g and energy consumption was 9.23 kW/kg 

COD. The results of analysis indicate that changes in sludge during the process has happened and 

elements structure in leachate has observed, the most obvious oxygen and iron increased in sludge 

after the process. 
Conclusion: The US-Electro/persulfate has a good efficiency in COD removal and with this model 

can be tested with a few run and high accuracy to optimize the process. 
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�I :�67�� �)BF�>� /��*�� #�

 K!�R #� )( �	 /��" �A����2 .��� ��	 )��#�  

  

"�� 69��: ��;��!�<  

�A, :�CCCBF�>� A� SCCC[�O a��CCC*� )CCC�O�� #� �'��CCC���

) ��� K!�R #� /A��3 .��� ��	 )i�#�  

#� � �,�I ��A�� ����, ���� a��*� 3��� ��   H]COCOD 

 A� ���01 ����	 #� ��	 ��0�� :����`1 )� )R
1 ��44   �C174 

�[#� �� ��`*�)� .�	��      A� LC� �K�C� G��C*�� G*I�C� #
CP �

  �� L��C�#�! 
�F�C�, ! dA��� x;� ����A#� ! ��#��   )C� w
C�

K��)R#� K�� M� �q�*7� /�'/  /��� #�
I� ��� ��
1 �!�

       
�F�C�, �C�
1 /��� C��� K�C� .�C	 ��� C��� � �,�I q�[
1

  K!�CR #� )u
��� a��*� )( �I�" #��X ��#�� �#
� L���#�!

4 .��� ��	 ���� ����  

  

  

  ��42 :)����	 ����&�	 ! ���
�I :�67��  

58050 54700-61400  mg/L COD 1 

28780 26780-30780 mg/L BOD5 2 

9/25 8/20- 31 mg/L �?DI  3 

5/57 45-70  mg/L @���*� 4 

35/67 56-7/78 mg/L :��*�� 5 

23/0 15/0- 31/0 mg/L DO  6  

95/6 8/6- 1/7 - pH 7  

52 45-59 Ms/cm  EC 8  
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 ��4 3: :�����A, �O��u ��	 �� d!# CCD ! a��*� S[�O A� �,  

  

  

 =����

2 ���3  

�#���.���    ���
8 � ����

 �O ��/ (%) 

 �P ��Q8 � ����

(%)�O ��/ pH  �� �S���# TU$V

)1�W:�� gr/L(  

�P �.P:� A� �'  
(A) 

2O��- A���  
(min) 

1 3 5/0 25/2 55 63 67  

2 4 1 5/1 70 53 59  

3 3 5/1 75/3 55 75 79  

4 2 1 5/1 40 55 59  

5 4 2 5/1 40 58 59  

6 2 1 5/1 70 65 62  

7 4 1 3 40 56 57  

8 3 5/1 25/2 85 74 79  

9 3 5/1 25/2 55 61 62  

10 3 5/1 25/2 53 60 58  

11 3 5/1 25/2 55 61 63  

12 4 2 3 40 57 60  

13 4 1 5/1 40 48 51  

14 3 5/1 25/2 25 47 47  

15 3 5/1 25/2 55 63 65  

16 3 5/1 75/0 55 50 52  

17 3 5/2 25/2 55 67 70  

18 3 5/1 25/2 55 59 62  

19 2 2 5/1 70 64 65  

20  2 1 3 70 64 67  

21  3 5/1 25/2 55 62 65  

22  5 5/1 25/2 55 57 58  

23  4 2 5/1 70 61 63  

24  2 2 5/1 40 44 46  

25  4 2 3 70 68 70  

26  2 2 3 70 65 66  

27  2 1 3 40 50 54  

28  1 5/1 25/2 55 47 48  

29  2 2 3 40 58 58  

30 4 1 3 70 63 67  
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 ��4 4 :a��*� 
�F��, L���#�! /��� K�� )R#� �!� #� � ���I :�?F
���!�*�F�
�
� #� H]O COD  

SOURCE SUM OF SQUARES DF MEAN SQUARE F – VFEUE P-VFEUE 

PROB > F 

 

MODEL 1354.78 14 96.77 4.53 0.0031 significant 
A:PH 9.37 1 9.37 0.44 0.04177  
B: PS 45.37 1 45.37 2.12 0.01656  

C: CURRENT 260.04 1 260.04 12.17 0.0033  
D: TIME 737.04 1 737.04 34.50 < 0.0001  

AB 33.06 1 33.06 1.55 0.2326  
AC 22.56 1 22.56 1.06 0.3204  
AD 27.56 1 27.56 1.29 0.2738  
BC 1.56 1 1.56 0.073 0.7905  
BD 0.063 1 0.063 2.926E-003 0.9576  
CD 1.56 1 1.56 0.073 0.7905  
A^2 184.53 1 184.53 8.64 0.0032  
B^2 11.81 1 11.81 0.55 0.0014  
C^2 0.027 1 0.027 1.254E-003 0.9722  
D^2 0.24 1 0.24 0.011 0.9168  

RESIDUFE 320.42 15 21.36    
LACK OF FIT 310.42 10 31.04 15.52 0.37 Not significant 
PURE ERROR 10.00 5 2.00    
COR TOTFE 1675.20 29     

  

  

#��;� "F-value"    �C���� ��C�
"�� K�� /���53/4 #��C;� ! 

"P-value"  A� �*�p
(05/0 )� K�� /���  ��C�� )( ���, ���

��)�Z	 /��� /��� ��� K�� �'�   H]CO #��C;� /A�C� COD 

 � ���I ��
1US-EPS �� ��&'� /�#��	��  ��C	 )i�#� K�� .�

  -C	 ��>+ �� ��
R M1 :��j� ��1 #��p S��	 @*D�� /���

!� :��j� )� w
��� ��1  w
C��� ��1 #��p ! �� �&'�� �� )��"

   �*��#�C� GC�� )C&' ��� .��� �!� )R#� �� � ��� :��j� )�  #� �C'

� B� ��j�1 K��      GC�� A� �C+�� H]CO �C� ! )*C	��� @�� ! #��

�*��#������ K�� �'�1 ����
�� G� r&' .�
	" F-value" ����� 

52/15  �*��#�� /���" t�CZ>�� ���;I (Lack-of-fit) "  ����C�� �

���� dA��� #� x;� )( ��� G��     )C� �ZCD� �K�C� �C�
1 �'

�� ��&'� /�#�� xF�+ /�>+   :�CB��� f
C&0� #��;� .�	��

92/0=2R �� ����  �C� �F
CZX S��X �X� /�#�� K�� )( �'�-

u A� .�	��     SC[�
I :�CB��� #!]C0� �*��#�C� #��;� ���� H�

-�CC���CC	 �CC �� )squared-Predicted R(  �CC� �CC����96/0 #� �

    @�CP 1 SC[�
I :�CB��� #!]0� �*��#�� #��;� �� �;> � |I�
1

 �� ����� ��	89/0  �C�     oC�� � �CX� �*��#�C� G�C r&' .�C	�� 

(Adequate Precision) ����     
�
C� )C� K� ��C� �ZCD� �� '�

 ��� A� �*"#
� �ZD� )(4    �#
C� GC�� #� )( ��� K
ZX S��X

 ����� �*��#�� G��86/5      A� LC� .�C�� ��
C�>� #��C;� )( ��
�

S���1)� /��� ��� K�� /#��, /�'   )CR#� )CF��B� M� :#
[

  )C( �	 )i�#� #�
I� ��� ��
1 �BX�! /�'�*��#�� oDO �� �!�

 )>��# #�1    Cg��# )CF��B� GC�� .��� ��	 ���� ����  ��
C�� �

H]O COD    �C �,�I ��C��&� �j� #�US-EPS  )C� �#  :#
C[

 �C� )i�#� q�*7� �1���&� /�'�*��#�� #��;� A� �B��1   �C� .�C (

3��� P-Value   /�C'�*��#�� �C� 1 pH     �
C��, �CP�\ ���C��

 /�C ��� �- (�! ���A �����*�F� ����R ��
�� �:�?F
��� pH 

 C" ��j�1 :�?F
��� �
��, �P�\ /� ��� ! ����  ! � *CD' #�]

�� )>��# �"��� ��R �# �'�*��#�� )�;�.�
&� H]O ��
1  

 )>��#1 :  
 R1 = 86.67 + (5.12 × A) + (5.21  ×B) + (3.96× C) +  
(4.71 × D  ) - (9.30×  A2) - (5.05 × B2) 
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"�=����<�
 $# �5��>�! �?� �  

)�   ! �C�`*� �C' /#�]C"�j� ���
�p ��#�� #
P �   :��Cj�

� S��;*�!� :��j� �       ���C	 �C�F
1 JC��� /!# �C� �C'��`*� )C��"

H��")� /�')�&R � p {��1 3��� �� /�B� .������" )��1 /�

 ��
612  �14 )� J��� e>� /�'#��
&�   A� �B��C1 :#
C[pH 

)CC�F!�  �
CC��, �CCP�\ �@�;*CCD� �CC���*�F� ��CC��R ���CC�� /

  N�
C�� ! �# - (�! ���A ! :�?F
���US 40   ��C�� 
1�'
C��(

����&' .�'� ��
61 #� )( #
u2 �� ��'��� �*��#�� !� ��
	

pH   /�CC'�*��#�� ��
CC B� :�?F
CC��� �
CC��, �CCP�\ ! ��CC��

��!��� #� )( � *D' @' S��;� ���7*��  qC��B1 /�'�*��#�� /

 ��j�1 ���	pH    �C� ! �C�� �*��� - (�! ���A )� �ZD� ����

 ���`1pH �X :����`1 d
7*�� �*��� � ���I ������ #�  ��C�"

   �C�� �C*&( �ZD� /#�]"��j�1 :�?F
��� �
��, �P�\ �*��#�� !

 )� �ZD� )*�
��pH  .�#�� ����  

 ��
CC61 #�3 /�CC'�*��#�� pH    ��CC��R ��
CC�� ! ��CC��

      GC�� #� )C( � *CD' @C' SC��;� ���7*�� /�'�*��#�� ����*�F�

 )C� �ZD� ����*�F� ����R ��j�1 
�� ��
61 pH    �*C��� ��C��

���	��.  

  

  

  
����� 2 : )� H��"/�B� w
��� )� ��A�� H]O COD )�  ��
C �  �B��C1 

A� pH )�F!�/ ���� ! �P�\ �
��, :�?F
���  

  

  
  

 

  
  

�����3:  )� H��"/�B� w
��� )� ��A�� H]O COD )� ��
 � �B��1 A� pH )�F!�/ ���� ! ��
�� ����R ����*�F�  

  



�����%��� 	&'(
� 	&� )�*+,�&-.&�/+	,0,�% *12�� ����	& '
�+�3 4��- 56� �
� �	 �7�*��	 �� 

156    �    � ������ 	
���
��� ����� ������ 1397 ،  ����� ���� ���2        

  
  

����� 4: )� H��"/�B� w
��� )� ��A�� H]O COD )� ��
 � �B��1 A� pH ���� ! ���A - (�!  

  

 #��
CC&� #�4� pH   /�CC'�*��#�� �- CC(�! ��CC�A ! ��CC��

   ��j�CC1 - CC(�! ��CC�A �*��#�CC� )C( � *CCD' @CC' SCC��;� ���C7*��

�*��#�� )� �ZD� /�1#�]" pH  �� �����	��  . 

  

����� �! ���	  

) ���  {��C1 3��� �� �'��`*� ) ��� #��;� G*I�� ! K�� /A��

 #�
I� ��� #� #
P � G�� )� .�	 ��0�� #�
I� ��� ��
1 ���
�>�

) ��� ����	    JC��� ! �C�`*� �C' )C� w
��� /A��   ��
C�� ! �C'

B1 ���, A� M� �' ��&'� w
��� a�# #� �'�*��#�� )&' .�	 G��

 h
�>� #��;� #� )�
01 ��A�� G� r&' .���	 @�P 1 �O��u )�

 ���#
~178    ���A�C� ����C	 GC�� #� .��, ���� �[#� 41/3 

pH= � ����� ����*�F� @�;*D� ����R41/2   �
C��, �P�\ ��V�,

 ����� :�?F
���2/1 ����� - (�! ���A ! �*�F �� ��"70   )C;�X�


1-�� K�� ��       a��C*� 3�C�� �C� �C��01 ��A�C� )C( �	 � ��

 �'������A,75 .��, ���� �[#� 

   �
��CX A� �C'�!�*�F� ���#
~1 �"�#
+ ��
�� G��B1 ��R

)>��# :#
6� )( /��#�I /2 ��, ���� ��� ��	 )��#�20.   

)>��#2                              = (M×I×∆t)/(N×F) theo∆M.  

∆M =  oCDO �C� �'�!�*�F� ���#
~1 �"�#
+ ��
�� )gr (

��, -7� #�/M = ����� G', �F
�F
� ��R56  K
C� �� ��"/ I 

 = oDO �� �V�,)A /(T∆ =oDO �� - (�! ���A )hr /(N  =

��, -7� #� �'�!�*�F� ���B1/ F = ����� /��#�I ���j487/96   

 ���A :�� K
u #� )F��B� G�� 3��� ��70   ��
C�� �)C;�X� 

77/0�� ��#
+ ��, -7� #� G', ��" ��
�� �B� ��" #� .�
	

    �C��� /��C� .�C	 ��A G�&71 � ���I K
u #� �I�6� /Y���

)>��# A� �I�6� /Y��� ��
�� ��#!,/3  �	 ���?*��10.   

)>��#3                      UED=(I×U×T)/(1000×V×Cο×η)   

UED =  �I�CC6� /Y�CC�� ��
CC��) :�!
CC��(  �CC� ���CC�

(��"
��( /U  =Y�*F! (V) /I  = �CV�, )A/( T  =  - C(�! ��C�A 

)hr/(0C  = )C�F!� �P�\ COD )3Kg/m/(V   =  #
C*(�# @C0O 

)3m/(Yt  = � ���I ���#�()%(  

    :
C[ t
I�C� ��C&O /�A� )� G� r&'5/3   #� :�!
C��(

       �C���� #� )C( �C	�� @�'�
C+ /Y�C�� H�C6� ����23/9 

 ��"
��( �� ���� �� :�!
��(COD .�	 G��B1 ��	 H]O  

��!�CC61 a��CC*� SEM ���CC&�� EDAX 
�F�CC�, ! FT-IR  #�

.��� ��	 )��#� ��A ��!�61  
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����� 5: a��*� w
��� )� /#���� ��
61 SEM  )� w
��� H��" !EDAX � ���I A� �B� ! SZX G0F )�
&�  

 

O Kα

MgKα
S Kα

S Kβ
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ClKβ
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keV
0
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0 10.00  

O Kα

S Kα

S Kβ

FeKα

FeKβ

FeLα

keV
0

500

1000

1500
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2500

3000

3500

0 10.00  
1(   � ���I A� SZX                                                                                          2� ���I A� �B� (  

  

  
 �����6:  #��
&�FT-IR � ���I A� �B� ! SZX G0F )�
&� A�  
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B=� 

 � ���I ��( #
>�US-EPS ��   �CZ��;1 �C��
175   A� �C[#�

COD       �C ���I ���#�C( .�C��&� H]CO )C ��� ����	 #� �# )�F!�

/�CC'�*��#�� ��j�CC1 d
7*CC�� pH  �CC���*�F� ��CC��R ���CC��

   ��
C�� .�C�� :�?F
��� �
��, �P�\ ! - (�! ���A �@�;*D�

 �'�!�*�F� �"�#
+77/0 �I�6� /Y��� ! ��"23/9   :�
C��(

   ��"
C��( �C' /�A� )� ���� #�COD     o��Cg ��
C�� .�C��

 ����� ��*DZ&'92/0      �C �� -�C� ��*CDZ&' o��Cg ��
�� !

 ��	96/0 #� .�
� /#��D� A� -'!b���'   �CO��u A� ���?*�� ��

 M�C�s(  OFAT (One Factor At Time) �  MC�  H��C	 #� 

:�BF�>� )� �
R! �� �C�, ! �,  ��C�  G�C�B1  )C>��# !  :��Cj� 

S��;*� /�'��`*� �#
�  �C�#��  �C�� . �C�R  �C�  ���C(  GC�� 

H��	 A� DOE (Design Of Expert) ���?*�� �� �
C	. DOE 

I ��`*� G�� p ��
1 ��#�� ! )BF�>�    �C' #� )C( /#
C>� � ���

      �C1����`1 �C ���I /�C'��`*� �C+�� #� )C��'�", #
>� -���A,

�� ��0��  �Cj� )� � ���I �R!�+ :����`1 ��
�� S���1 �� ! �
	

  /!# �C� ���, S��;*� ��j�1 ! - �&' �� 
�� ! �'��`*� A� M��'

�� ���� �� ������ �
	13. G� r&' ���?*�� A� K�� /#��, #� 

/�'� ���I �)�?61 �	!# o�� � #� /�*��# /��"
�R A� A!�� 

:�'�Z*	� ���D�� ! )� SX��O �����# G�� �'�>+  �C� �C	�� .A� 

�"b�!/�' �1�� G�� K�� /#��, ����
1 )� -'�( #��D�  ��C�A 

#� ���B1 )�
&�/�' �'������A, )( �0 � )� -'�( ) �
'/�' 

/��6*X� ! ����A ����
	 �#�	� �
&� .A� "b�!� /�C'  h�]CR 

#�( �� G�� K�� /#��,  )C��#�  ��
C&�  H��C" /�C'  )C�  �/�CB� 

� � �/�' )*DR�� !  qC�u  ���*CD"/� A�  ��!�C61  �C��I��" 

���	�� .G*I�� ����	  )C ���  -��C�A,  �C�
1  
�F�C�,  L��C�#�! 

ANOVA ! K�� /A�� ! )��#� M� )�Z	 /A�C� !  -�C�  �C �� 


�� |�X� A� )�&R /���
� G�� K��  /#�C�,  �C�  �C	��13 ,14 .#� 

)CCBF�>� �CCg�O #�CC�p �*��#�CC� ��CC�A �- CC(�!  �
CC��, �CCP�\

@�;*D� ����*�F� ����R �:�?F
��� ! pH )�F!� ����  ��
C B� 

��[� /�'�*��#��  ��j�C1  #�]C"  �C�  �C ���I  x�7C�1 ����  �C	 .

G����� � ) ��� /A��  �C'�*��#��  �C�  3�C��  GC��  #�C�p  �*��#�C� 

:#
[ �I�" ! #� ����� :��su�  w
C���  )C�  )C ��� /A�C� 

 H]OCOD #� � ���I :�?F
���!�*�F�
�
� )��#� �	 .#� G�� 

)CCBF�>� �CCO��u �CCZ�(�1 /
CC(��)CCD (�CC�R �CCO��u 

:�����A, �#
� ���?*�� #��X �"b�! A� �I�"    K�C� GC�� /�C'

�� �O��u     �C p /�C'#
*(�I A� �*C��� :�C�su� )��#� )� ��
1

 ��CB1 A� /�*&( ���B1 � �A��� ������   q�C[
1 ! :�C����A, �

 �
C&� �#�	� #����� �F�O #� J��� ����(� A� �*�� . GC�� d!# 

)� S�	 �>+ )F��B�  )CR#� �!�  /�C'#
*(�I  ��j�C1  #�]C"  �C� 

�� ���I �#
�  )CBF�>�  #��CX   �CI�"15. Zeng !  -��#�C�&' #� 

K�� 2012 �u  )CBF�>�/�  �C�1  ��
C �  )C ��� /A�C�   H]CO

�� �E,/ S I A� ����/�' ��, �� ���?*�� A� K�� /#��,  )C�!# 

J��� #� #
*(�# ���+�p ) ���  /A�C�  /�C'�*��#��  SC�+� #� 

�CC ���I �# ��CC0�� �CC���� .#� GCC�� )CCBF�>� /�CC'�*��#�� ���CC� 

�d��"A�� ���� �!#! h�D� )�  �#
C*(�# A!� :�#k  GC', ! 

����R ��� /�!#! �A� �#
� )BF�>� #��X �I�" . a��C*�  ��C�� 

�� �'� )( ���#�( I� ��� #� ����	 ) ��� ��1 ��j�1 �'�*��#�� 

� *D'16.    �C �,�I ! )*I�C��� �
�C����D(� /�'� �,�I #�  /�C'

#�]"��j�1 �����&�	!�*�F�     ���#�C( ! /�CZ'�# #� �*��#�C� G��C1

M	 �!�� �� �,�I pH   �C �,�I #� .�C�� - (�! ��0�� ���� 

�� !� G', A� )( :�?F
��� �
��, �� )*I���� �
�����D(� �*�I

K�BI /����� ���?*�� :�?F
� K�����# ��F
1 ! /A�� ��
	pH 

 �CC� G�CC r&' ! K
CC��� #� �
CCR
� GCC', �CCF�O ! )CC�
" �CC�

- (�!� �E, �� :�?F
��� �
��, /�' �C� ��j�1 �' �#�]C" 17   �C�

 �0�#�1 -��
I�pH       ����C��X ��!�C�� )C� /��C�� �!�CO A�

 �
�����D(� @*D�� #� �
R
� G', �*���*�F�!� )� :�?F
���/

)�
" :#
[�� ���`1 G', �*�I�� )� /�'   ���C0�, A� ! �C  (

K�BI )� #��X �*�I�� !� G', �� 1 )(    :�?F
C��� �
C��, /A�C�

   ���#�C( �C*�I�� )� )� �*�I�� !� G', �ZD� -'�( �� ����

  �CC� ��C�� �CCI� �C �,�I #� G�CC r&' .�C ( pH   /E�CC� /�C'4 �

�
� ��FsO�X�� �*�I�� !� /�'  )C� ! -'�( K
��� #� �����
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�� #� ����i
�( S�	   ���#�C( �
C+ )�
� )� 
�� ����� G�� ���,

�� -'�( �#)>��#) �'� /4 (10. 

Fe2+ + H2O → FeOH+ + H+                                        4 /)>��#  

K�BI K
6��  )C� )( �*�I�� !� G', �� :�?F
��� �
��, /A��

 K�����# ��F
1�� �0 � :�?F
��� ��
	 ���`1 �� ���
1pH   �C1

  )C( G�� .�
	 ��F
1 S�D(!#��' K�����# ! � ( ���`1 /�!�O

  )C� s��( ��
� �'�
+ )p � �,�I #� oF�\ K�����#pH   �Z1�C�

  #� .�C��pH �CC�A /�CC'7  �
C6+ )CC� �3  �CC15 �CC� /�CC1�� �

 #� .�C�� :�?F
� K�����# pH   G�C�7   �C19   !� �C' #
C<O �

K�����# �� �# )>��#) ��( ��'��� ��
15  #��CD� ����	 #� ! (

 ��
6+ )� �����XpH  /E�� /�'12  S�CD(!#��' K�����# �

 )CC>��#) �#�� /�CC1��6 ����CC��X ����CC	 #� )CC( ���CC0�, A� ! (

     -'�C( :�C	 )C� S�CD(!#��' K�����# �
�����D(� S�D��*�

�� ���� C����# G�� oF�\ #
<O #� �*O � �,�I ���#�( �� ( K�

�� ���� -'�( � (18. #� G� r&' pH K�����# �E�� /�'  /�C'

     GC�� ! ��C�#�� �C����# - C(�! @' �� S�D(!#��' ! :�?F
�

  /�*C��� -'�( #�p� �# � �,�I ���#�( �
+ )�
� )� 
�� - (�!

��  �C� �C�1 K�����# A� �
�����D(� @*D�� )( ��p �� (  �
C	

 )>��#)7 (19.  

SO4•¯ + H2O ↔ OH● + H+ + SO4
2-               5 /)>��#  

SO4
•¯ + OH¯ → OH● + SO4

2-                       6 /)>��# 

SO4
•¯ + OH● → H+ + SO4

2- + 0.5O2               7 /)>��# 

K�BI�
� �� :�?F
��� �
��, /A�� )( G', �*�I�� !� /�'

   �C� /��C�� ����C	 #� :�?F
� K�����# ��F
1 )� ����� #�-

0���� �����*��� -'�( c��� ���
1 pH    �
�C����D(� @*CD��

K�����# ��
	       H�C6� ! �Y!#�C�' �
C� �C�F
1 )C� SC��&1 �'

   -'�C( �- C(�! !� GC�� )0�*� )( ��#�� S�D(!#��' K�����# 

pH - (�! |��u A� G� r&' ���� ��, �������0�A /�' ���

 M��?1HSO4¯ �
� �h, #��� ��0�� �Y!#��' /�'( ����" )

- (�! G��   �*C��� -'�C( c��� 
�� �'pH  �C�   �C��!#) ���C"

8!9 (20 ,21.  

S2O8
2- + H2O → 2HSO4

¯ + 0.5O2                  8 /)>��# 

HSO4
¯ → H+ + SO4

2-                                  9 /)>��# 

Rao      �
CC��, /�CC*�I��!� GCC', �CC �,�I �CC� ��#�CC�&' !

 )C�
01 ��#�� )� :�?F
��� carbamazepine   ��C *+����pH 

 ����� � �,�I #� ) ���3     �C	 x7C�� G�C r&' ! ��, ����

-'�( c��� #
(]� � �,�I pH )�
&��� �'  �
C	23 .Romero 

)BF�>� #� ��#��&' !H]O )� ��� Diuron  :�?F
��� �
��, ��

��!��� )� #� �*�I�� !� G', �� ��	 K�BI pH  %�����3 �5  !

8 -��
I� �� *+���� pH      �# ��C �E, H]CO #� �C �,�I ���#�C(

 �I�� -'�(24(Y��V�,) @�;*D� ����*�F� ����R ��
�� .  K�&��

K
�� )� ��	 
1
I�*�F���� ��� ����  �C'�*��#�� A�/  C����� 

���� #�#����/    ����&�C	!�*�F� /�'�C ���I C�� �C	��.   GC�� #�

 ����*�F� ����R � �,�I   ��C� G�C�B1 #� �#
*(�# )� ��	 K�&��

�
� ��F
1      �, {CZu )C� ! �C�, -C7� #� GC', �*�I�� !� /�'

K�BI�
� ��
1 :�?F
��� �
��, /A�� ! G', �*�I�� !� /�'

K�����# ��F
1  ��C� �1�( -7� #� ! :�?F
� ��  ( ��D(� /�'

 S�D(!#��' K�����# ��F
1 sZX�B*� ! ���D(��� �Y!#��' ��F
1

�j�1 S��
� �#
*(�# )� ��	 K�&�� Y��V�, -��
I� �� ���� #�]" �

�� -��
I� ��	 ���  -��
CI� �� ���� !� G�� #��;� -��
I� �� ���

    .�C�� ���C&' �C �,�I ���#�( GC��  #
*(�CI A�  |C��u  ��j�C1   �C�

- (�!    �
C� ��
C�� ! �!�C*�F� e>C� /�'    e>C� A� )C( ���C'

��  ��A, �!�*�F�- (�! ���� �� ��
	 �C'  ����&�C	!�*�F� /

 �C�� #�]"��jn1.       /�'�C ���I #� )C ��� Y��CV�, G�C�B1 G�����C �

  K�C&�� ����R Y��V�, -��
I� �� .��� /#!�g /��� ����*�F�

     )C( �C�� )C*I�� -��
CI� �
��# )�
01 ������# �� ���I �� ��	

�� �# ������# -��
I� S�F� - C(�! ��jn1 ��1 ��
1   )C( ���C'

 #� � ���I ��0�� G&g  �C� f
CX! )� ��,! �1�(   ��CD?1 ���C�
��

   �C �,�I #� )C( ���0�, A� .�
&�!�*�F�    {CZ � �C� 1 �:�?F
C���/

�
� #
<O �:�?F
��� �
��, /A�� K�BI /��� �*�I�� !� /�'

�
� �P�\ ! ��
�� G��B1 ��
� G', ��, �!�*�F�  ��A, GC', /�'

 - (�!) G', ��, �!�*�F� A� ��	10  #�C�!� �C �,�I ��0�� ! (�-
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�
� /A���
� �!��� ���O� |��u A� �*�I�� !� /�'   )C� /�C'

 - (�!) �1�( e>� #� �*�I��11      )C� ��C	 K�C&�� Y�C*F! �C� (

 K�* ( ����*�F� K
�� �	20 ,26. 

Fe → Fe2+ + 2e−                                       10 /)>��# 

Fe3+ + e− → Fe2+                                       11 /)>��# 

K�BI A� �B��
� �� :�?F
��� �
��, /A��  �C*�I�� !� /�'

�� #� �*�I�� )� ��I )� ! ��D(� G', �G',   SC�F� )C� �]F ���,

  �
C� �C&i�� ! ���A ���?*�� )� #
Z0� ���[� A�� K�BI ���;I-

 A� ! -��
I� �# G0F ��F
1 ��� G�� ��
� �'�
+ �*�I�� !� /�'

���" �	!# ) �
' �P� �� h
D�� d!# A� �C�� .���"  /�C'

) �
' -'�(    |C�?�1 �GC', ��C0� ���O� ! ��F
1 )� w
��� /�'

�!�*�F� �� ����&�	!�*�F� d!# �� :�?F
��� �
��, � �,�I /�'

      |C��u A� �!��C� #
Cu )C� GC', o�1�1 G�� )� ���� G', ��,

�!�*�F� �*�I�� )� )� ��	 ��D(� A� �B� ! ��F
1 G', ��, /�'

u A� �*�I�� !� ��I )� �1�( �!�*�F� e>� #� /�1�( ���O� |��

�� S��Z1   �# ���#�C( G��C*�� /���� ����	 #� ���O� G�� ��
	

 �#��27  �C�� ����� �/�!#! ����R ��
�� -��
I� �� G� r&' .

  �C*�I�� !� G', ��F
1 ��
�� -��
I� S�F� )� � ���I ���#�( )(

�� )� G', �*��� /��O� ! ��, -7� #�   �C1�( -C7� #� �*�I

   ��C�� -��
CI� �:�?F
��� �
��, ��  ( K�BI ��[� S��� ��
 B�

��  #� G�C r&' .�C ( pH     �
�C�E
"�
( cC�� /��C�� /�C'

)�
" #
<O S�F� )� �
��E
"�
(!�*�F� � ���I ��
1 �� �E,-

  �
C� :�C� ��E
u #
<O ��� ! G', �*�I�� !� /�'  /�C'

 �C&� =�>� �*�I�� )� G',  �C	��19 . Wang   #� ��#�C�&' !

� �,�I Electro-Fe(II)/Oxone �)X#! A�     /��C� GC', �C�, /�C'

 /A�CCC� K�CCCBI Oxone  �
�CCC����D(� !2 !4  !5- /�CCC1

    oC�(�1 A� K
C� MC� �' ������( ���?*�� M�*�� �D(
 I!��(

Oxone   ��F
1 )� #��X2  A� K
�¯5HSO  K�BI A� �B� )( ����

   �C� �C�F
1 :�?F
C� K�����# �/A�� �
C	   A� )CBF�>� GC�� #� �

�!�*�F� 2IrO–2Ti/RuO     �C	 ���?*C�� �C1�( ��
 � )�28  )C*ZF� .

�
� �P�\ -��
I�  )C� x7�� ����;� A� G', �*�I�� !� /�'

  oC��B� A� )��� ��	 �'�
7� @*D�� ���#�( -��
I� c��� �� 1

�� �P�\ -��
I� G��     -'�C( ! GC0F @C0O -��
CI� )� ��
1

R ����� �� � �,�I ���#�(K�����# h]   :�?F
C� K�C����# /�'

 )>��#) ��( �#�	� �*�I�� !� G', ��12 (29.  

SO4
•¯ + Fe2+ → SO4

2- + Fe3+                       12 /)>��# 

       �C� ��j�C1 �:�?F
C��� �
C��, �I�C6� �CP�\ �� )>��# #�

�� �P� �#
� �� �E, H]O ���#�(     )C��"!� :#
C[ )C� �C��
1

� �P�\ -��
I� �� ( #
��  )C� ��[�+ �O A� ����D(� ���� G�

�&� -��
I� �# �� �E, H]O ���#�( �� 1   ����C� )C� )��� ��'�

/�' K�����# H�6� ! -���# /��� •¯4SO  K
��� #� �
R
�

    )C>��# %�C	 �C'�
+ � �,�I ���#�( -'�( c��� ���,13   GC��

�� ���� �*�� �# f
g
� �'�26 ,28.  

S2O8
2- + SO4

•¯ → S2O8
●- + SO4

2-                 13 /)>��# 

   �CP�\ ���C	 ��0�� � �� -�� 3��� �� )BF�>� G�� #� �]F

5/7    )C ��� �CP�\ ��
 � )� :�?F
��� �
��, �*�F �� K
� ����

   �)C ��A GC�� #� )*I�" :#
[ G���� :�BF�>� #� .�	 h�7*��

    ��C	 ���0 C� �C ���I ���#�( �� :�?F
��� �
��, �P�\ ��j�1

.���  Yong-Qing  :�?F
��� /�*�I�� !� G', � ���I ���#�(

 G��1E�� �*�F �� K
� ���� M� �P�\ #� �# G����, H]O #� �#

 ��� ���( d#�
" G�&� #��;�30 �'� ���I /��"#��� c�� #� .

      ���#�C( ��CP� �C� ��C �E, H]CO �� �!s� �>��� 3��;� #�

        .�C�� =�C>� 
C�� �CF, �"�
CF, #�C� ��
C�� -'�( #� � ���I

�A,    ��C  ( G�C�B1 )C( �#�� �
R! �*��# G�� #� �?�*7� :����

 ���CB� ��
��   �C� �C ���I /A�C�  �C�� .�C	�� @C\#  GC���� ! 

)( ���'���#�( N�
�� US �� �E, )�?61 c�� #�   {��C � #� �C'

���#�� ��, a��*� :E�>� ��B*� #� K�� � p ��+� ���� ��� )( 

G�� ���#�( N�
�� )� ���� 1 ! )� :#
[ �
0� )�  SC�F�  ���#�C( 

�@( A��� )� ���A ! /Y��� ����A  �!�C�� !  �C����X  ���?*C�� #� 

3��;�/�' �#
� �# ��#��� /��� )Z�\  �C�  GC��  S�C��  �C �,�I 

����&�	
�
� )�   �CZ�(�1 :#
C[  �C�  /�'�C �,�I  �C���  �C�P� 

3US/O� 2O2US/H� o�(�1 �� � �,�I /�' ����&�	!�*�F� � ��� 
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US/Electro Fenton� oCC�(�1 �CC� �CC �,�I ��
CC* I oCC�(�1 �CC� 

� �,�I/�' /#
� ! ��*D�F�1�(
1
I ��0��  �C�  �
C	21  #
C<O .

N�
�� US @' ��[�+ ���R G�� p A�  .�#�� �C ���I �� ���
I�

#
<O �G(�� )� ��*�� US     cC��� 3�*C�� ��C0�� �C� ���� 1 )� 

);�O o��71�� �F, :�Z�(�1 #� �
R
� /�'��
�� ! �'  .�
C	

  �C��� /
� A�      SC�F� )C� ��b�CD(� ! h, K
C�F
� #
C<O #�

h�ZO!���� �	��!�I   ��C0�� cC��� �
���*�!�( A� S[�O /�'

�� �1#��O ! #��I�� �Bg
� w�;� ��F
1 {��D1 c��� )( �
	

)�
"     S�CD(!#��' K�C����# �C ��� ��C  ( ��CD(� /�')●OH�( 

���D(���
�)-●
2O (���D(��� �Y!#��' ! )2O2H (��  )C( ���"

 ����� #��� /��, �
�����D(� ��0�� )� a* �   G�C r&' .�
C	

N�
�� US �
� ��	 �� ( #� S��D1 c���  �C� )*I�� {&01 /�'

  �C���*�F� ����R �I� A� /��"
�R �� ��j�1 ! �'�!�*�F� e>�

   �C	�� �C'�
+ - (�! )P?�� #� ����*�F� ��Z>X -��
I� !
22    ��C �E, oC��71 K
~CD� ��C&� @D����� !� .   KsC+ #� �C'

�h�ZO #� 
�F!��� - (�! A� � 1#�Z� 
�F
�
  ��
�C��*�!�( /�'

- (�!    K�C����# �C�
1 �F�C����# /�C'   ! S�CD(!#��' /�C'

   @CD����� !� GC�� h, 
�F
�
� |��u A� )*I�" S�	 �Y!#��'

   �C�� )Ci�#� S��X S�k :#
[ )� ��( #
u )�23   �C��!#)14-

16 .(  

oductPyrolysisR Pr))) → +∆

          )>��# 14  
oo HOHOH + →

+∆ )))

2                                )>��#15  

oductRHO Pr))) →+ +∆o

       61                  )>��# 

       #
C<O #� �C ���I ���#�C( -��
CI� /��C� )C( ���� S���

N�
�� US ��    A� �C�� )C( �C�� f
g
� G�� �
&� �#�	� ��
1

      K�C����# �C�F
1 ! :�?F
C��� �
C��, /A�C� K�BI /�'#��'�#

 N�
C�� A� ���?*�� �:�?F
� US      )C>��# 3�C�� �C� .�C��17 �


<ON�
�� # US  �
	 :�?F
� K�����# ��F
1 c��� ���
1 ��
24 ,25.  

 )>��#17                                     -●
4+))) →2SO-2

8O2S  

N�
�� US        �C �,�I A�C�� �#
C� GC', ��C�� #��CX G� r&'

  �
C� )C� S��Z1 A� �B� �# :�?F
���!�*�F� ! �
* I!�*�F� /�C' 
3+Fe �
� )� /�*��� ���� �� /�C' 2+Fe     )C>��#) �C'� �C��`1

18 (26.  

Fe3+ + e- +))) → Fe2+                                   18 )>��# 

  �C�#�� ! -��1 h]R 3��� �� 
��X �!��� �0 � q�u
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