
Arc
hi

ve
 o

f S
ID

2

�� ������� ������ �$�% ��& ����� �� !��" �# 

1*�� 2�!�� 3��&4&��!����&!'
 5

)*�?8� @/B/BCD+�E�F/B/BF(

H��0�
��������	 
��� �� ����� ��� �� ���� ������� ��� ��� �� !"�� #$% &'( .* +,� ��"�� �% ���'	�- .��, �� �$� �� /0.� ,��  .� 1

� 23�4�, ��"$�5� 56�7�, �4�, #$% �%�8 ���9 :;3 <, ���, ., ��= :� 
��� ��� :� ��� ��� �/ �� >� "?@ A���� &'( :� �� 9 ��B
 �,  2� �	 �� �4$% �� �;��1 ��1��, �� C*� �� ��� 1 �� �pH�., D.!( E�� ,1�� �F4G 1  ,� C��.�.&'.( *��.�, C�.���� �.�� ��

 ��"��� �� �4$% @ A���� :"���	  &'( * ,��� ���� :$�2� H���� �� 1IJ�K�� 1566 �K�� �1� �.� 
��.� H��� C1 ��"$.� � �.	 
��1��, �� 1 �";$K� 2"F4G #$% � �� 1 
� )5156�7�, �4�, (�%�8 ���9 ����� ���, .:. N� � � �.	 C�� !".�� ���, �";$K � �	

 #$% �F4G  � *�"�� �G1�5OO5�4�, �"�3 �� P�8)5Q4�,�7�, �(1pH�����R/TU$.��1 � .2"� �� :.� ���C:.� �.4$% @ .A���� �.�� 
#��A� V�4�,  � ��W�4	 ���1����X���.
"��� �� E� �� �� � �	 � � Y�4�.�� �.4	 C
��.� C���.���	 *Z1��.�� ��� .�, 
���

 C V�+�48pH�% � 1C:$�2� �� �� � .� �� �"�� ���� P�7 U$��1 * ,� ��$[W� &'( :IJ�K�� .� #$% :�.�� �.,� .>� ." �.�� �.A=
 ���, *\����  �W�� � ��1 � �W������*���, :� ]���� :� �J^1_^�K�� �% � U� � .�F4G U���%� :� ��� * 0 �� /0� ,�� >� "

 $�2� ����, �� �"0�� :\���� ��`� 
��.� &'( ���� � a A9 ;", 1 ��� 
��� *�� V ;% ��G ]A� *� �., U� .� ��.�� .C�./�� &�.= ��
�4	 C
��� U���%� U$��1 * ,� 1 V�+�48 �4���C:�:$�2� ��� �, �� �"0�� 2� �b � ��� ����, :� �� &'( * ,��� Cc�, U���%� ����.


B�" �&%$<��%:D�����E��: D�$�� F�'�E�# GH� D���	� �*"5 D��=�- I��: ����0 ���� �5�� �2��E�	�.

Phenol Removal from Industrial Wastewater by HRP Enzyme 
 

Iran Alemzadeh 1  Farnaz Mirzaei 2 

(Received Oct. 22, 2007          Accepted Oct. 28, 2008) 
 

Abstract  
In this research, horseradish peroxidase for phenol removal was utilized. First, the process was studied 
at the laboratory scale using a synthetic phenol solution (1-10) mM. Results showed that horseradish peroxidase 
(HRP) could effectively remove phenolic compounds from wastewater and that the catalytic capability of the 
enzyme was maintained for a wide range of pH, temperature, and aromatic concentration levels. The 
performance conditions were optimized for at lease 95% and 100% removal of phenolic compounds for both 
actual and synthetic wastewaters under high and low phenol concentrations (1 and 10 mM). The phenolic 
wastewater used was an olive mill effluent with a phenol concentration of 1221 mg/L (13 mM) and a pH value 
of 3.5. At the end of the reaction, the phenolic compounds changed to insoluble polymers and precipitated. Each 
enzyme/wastewater system was optimized for the following chemical dosages: hydrogen peroxide, enzyme, 
polyethylene glycol (PEG), and buffer. Furthermore, the reaction time to achieve at least 95% phenol removal 
was determined. According to the results, COD and BOD reduced to 58% and 78%, respectively. Experimental 
results showed an increase in H2O2 concentration beyond the optimum dose resulting from enzyme inactivation, 
thus reducing the phenol removal efficiency. On the other hand, increasing the enzyme, PEG, and/or reaction 
time beyond the optimum values resulted in only a marginal increase in removal efficiency. 
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 ��E )4�L��I +����3

 �B4LB4� J(�DDZx !3)4�Q� (Vx���
 �	�B �E =�I )4����I +����3
���� $��#	��,3 1����� �� )4���Q� +���3 h|��, �V�	���, 0��5�� �3���I 
�� 1�3�H% .@���(� )4O �� �2!(3�'4�� ���� "�� 0��HE �3�K� 

H2O2! �8 �'4� ���� 0E ���HE �3�K� ��� $��#	,3 (3����3�
.
�R3 �,��E 13�EpH �!�8�E (3 ��E 1��HB4�Q��8W���, ��	�,3X

!��	,3 ��,3 �8�E � �3��E �8�E !W��, ��#�8 W���, ����E�� �8��E
 �� $��#	,3 .�R3pH $���Q� �� V��� 9x��E (3  ��8 \6�C J����3�

����� � ������� ��	�
 ���
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�� �,��E 1>	�, ���
.����3�
 "��� 0E  �8 � JM����290�E 
9��
 ��3��K� 0�E )4�L��I +���3Vx��	�B ��E =��I 1��H	d�* 13��E

 3  �8 ��	�� ��� 08�r.13��E 0���HE �������� 1��H	d�* ��E �4�	�3�
 ��� $���� �	A�� ���
 .W���, ��#��8 �8��E 1���C �4�	�3� ���

xZ/x�'4� �4E �B�C �� !��pK� �� 1���� W?C �E 1�%�� �� 0�
 �� 0	��� .+��3 (3 ��AE �4�	�3� �� ��2 13��E  �8 \6C J���3� 0��

 ��� 0E @��3�Z�� 0���K� !�� =�?3 "F�, .
E!@��3� J��( �,��E 13� �� 0���HE ����K� �E ������� �34� 0�2

 ��� 0E @��3� � 0	��� �2�4	�3�Z��� =�?3 "F�, .0�4� �� ��2
0���8 J3>��� ��� ���	8�I �3��P @����(� ��4�� ���	�� ����( 1�2

 ����
 W	���, ��2 13��E J��( Y�C�E �H� ��  �8 \6C J���3�
�4� ��&� .

(� (3 1�, +�3 ���	@��� �2J���,� 13��E =(' J��( +��	�� !
\6C 0EfZ���� �4	�3� �E �����F c�3�� "Q� ���8 ������� (3 
	,4�
��W2 G-��� ��� ��&� 3� $�( .@���(� ��	��  C3�� �� �2

��3 J3>�����4� J� �� (�������^�E��4������$(3�3 �� 1��I.
+�r �� @���(� 0��� �,3 1�H���� }�,3 �E �2 ����A� ��3��	

",3 0	8�I =�?3 �53�� �� $�� ]9�:[.

���������� �� ��� ���� �� ! 
$(3�3 E  �8 "d�* 1��I 0=�?3 1�	���B�� `�� 0��,� ��.+��3 ��

 (3 `��VX+����
 �	�4����� )VXAAP ( 1��8 �0�E W��,�	
����,
 $��#	�,3  ��8 )4��Q� � .�� $����� ��B4� 13�	�E4, J34�F �4�� .

g4� )4O �� .� ��B4�Z9x �	�4� �������� "�d�* �E G���K	�� !
��3� Y,��� )4�Q� �� ���8 .$(3��3 13��E 0�� �B4��Q� $����� 1���I

���� �4���! ����� 9xx !������, 1���8 ���	�B��L�� 9xx ���	�B��L�� 
� +���
 �	�4����exx",3 04� (3 �	�B��L�� .

���������� �� � "#��$ � %	&� �� !��
����F `�� +�3 �� =(' �34� 3(3 "�, ::Zx )4��Q� (3 ��	�B��L��

VX+���
 �	�4���� ]/f����!�'4�� 9xx [4���� (3 ��	�B��L�� 
 �89xx ����!�'4� 9xx JM�����2 ����3�
 )4�Q� (3 �	�B��L�� 
:����!�'4�Zxx W���, ��#�8�8�E )4�Q� �	�B��L�� )pH ��E3�E 
�EV/_(�Zx�B��L�� W�>� )4�Q� �	.(3h
 !W�>�� J���� 08��r3

 $(3�3 �E @��3� "F�, )4�O �� �4� �6�5 @�3>�83 "F��, 1��I
 g4�Z9x �	�4�$(3�3 1��I ��� .�����F W�>�� "��B�A8 �,3 (3 "

)4���L�� �3�A� �� 0K�P� �2 �� 0�  �8 1�2pH �E3�EV/_1���� �
:Z �	�, 05�� �3�I��  ���� �4�.

1 Chemical Oxygen Demand (COD) 

��'������� ��� () "#� �� ! 	 * � �	 �+,
$(3���3 +���3 Ws��2 `�� (3 $��#	��,3 ���E 1����I:����,3 ���E 0	F���, 

1� ����4#B4, ������ �� =�?3 W�,�	
 .

��-������� "#� �� ! ��� () � . �	 �� * 	+,�

�E Y�,��� "�P� (3 ��AE @���(� ��4� ���
 0����Z�� (�� :x
�	�, 05�� &� �L���� �� �3�I �� $�3� ".)4�Q� J����3 J�� W�

 $(3���3 1������ !"&���  ���F +���r �� (���� ��4��� J������3 1����I
 �������4�E"&I �3���P.

���L�>�8 0�#N��� @���E �� �����
 J4���,3�	��8����� (3 h��

 =4��B� (3 $��#	��,3 ���E !J4��	�( +��*�� 0���/��<Vx���	�B �� =���I !

"8�I =�?3 1(�,��KA3 .4	�( +*�� 0�/��� ���
 h|, ��� ��E J
rpm Dxxx ��� 0E �Dx�����F )4NQ� � $�� M4#��	�, 0K�P� 

�	��8��L�� G3��?� M4#��	�,"&I E ���
 �01���� �� $��� ",�
V�	�, 05�� �3�I�� 1�3�H% .

'�	/�+01. � 2
#N� @�E ���H ���	�8 0�>�L�)��5 �� 9",3 $��� .

3��4���
 �L�>�8 0�#N� ���H ���	�O ���A�

��5�� ��� 
)� �,7�� (

COD 
),� � �/ % �. 9�!(

�L�>�8 0�#N� (3  �P 9D]9]DD 
�L�>�8 0�#N� (3 �AE x9]/fDDeZ9 

����\6C $�(�E ]/DxVZ

1>	�, ���
 !"B4H, 13�En0E !J4	�( +*�� 0�/��� ���
 �
-F �E Y�����1��N	/3 WSW �OMW",3 $�� $�3� J�& .
E "��0��H!�'4� ���� "�� H2O213��E  �8 �'4� ���� 0E

� k�P� ���
 �� v��* )9!9x�����13��E �'4�� OMW , SW (
E0� ",���.E  �8 \6C J���3� 0�P�E  �8 �3�K� ��4� 0�E !$����

 �'4�� ���� "�� (3 �AE�� J34�F H2O2�� ! ��8 �'4�� ����� 0�E
 1�H�L�9�:",3 $�� $�3� J�& .
���E !���2�4	�3� �� W�>��� �3���K 0�3���K� ���E 08���r3 ��4���

 �� $��#	,3 1�	�4��4	,3 .��13��E W�>� J3>OMW!U/mL :V/x
�U/mLVe/x�13��ESW!U/mLxe/x�U/mLVe/x���d �� 

�� 0	8�I .��
 "d�* J3>��� ��E �3(��� ��4�� 0E >� )4L��I +���3
 � 1�	�4��4	,39xxx ���� �	�B �� =�I2�4	�3� ���4E �.

2 Biological Oxygen Demand (BOD) 
3 Synthesis Wastewater (SW) 

�������	�
�������� � �� 
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W�  �8 :�3�K�HRP �E3�E U/mLxe/x!
(  �8 ���:�3�K�HRP �E3�E U/mLVe/x
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��
�	�

,
R	.

�
��

�S
�

�T���JM����2 ����3�
 "�� @�3>83 �E  �8 \6C ���� �3���T�
 ��  �8 0ESW 

3���@��3� c:9(�3�K� �
��3�+��E3�E9xxx���� �	�B �E =�I!
:(��#�8 �8�E "d�*�E3�E xZ/x�'4� !D(@��3� J��(�E3�E Z"F�, 

W�  �8 :�3�K�HRP �E3�E U/mL:V/x!
(  �8 ���:�3�K�HRP �E3�E U/mLVe/x

0
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[H2O2]/[Phenol] (mM/mM)

��
�	�

,
R	

.�
��

�S
�

�T���JM����2 ����3�
 "�� @�3>83 �E  �8 \6C ���� �3���T�
 ��  �8 0EOMW 

3���@��3� c:9(mg/L9xxx=PEG !�3�K� :(�E3�E ��#�8 �8�E "d�*
MxZ/x!D(3� J��(@�� �E3�E Z"F�, 

��2�4	�3� 0��2 �� W��, ��#�8 �8�E "d�*xZ/x�'4�� 0�%
�� 0	�3�.
J��2 ��� $�2�&�� 0� �4O !�4�� ���3�
�(3�!��E 1>	��, ����
 
1�H	d�*9�9x�����'4�  �8 "�� �E 3� ���3�
 0���HE 1��2��X

2� �8 0E JM���9/9�x/9��� 0�#N�� ���� .0���HE �3��K� @2���
��3�
��2� ��8 +���
 "d�* (3  �8 0E JM���)9������'4��(0�E

 '���E "�d�*1J�)9x�������'4���(hL������� ���R3 J�4��E ���	�� ��E 
��3� "KE�p� @��3� .��� J�&� ��AB�p� "��� @�3>�83 0�� ��2�

��3�
�2 ��)��A8 ���* 0�E ��?�� 0��HE "�� (3 �	&�E  �8 0E JM���
 �� W�>� J�� ���3� 0?�	 �� � !�4� ��� @2��  �8 \6C J��E�� .
1�H�L� �� D�V(3�����3�
 �3��K� Y��C�E  ��8 \6�C J���3� 

",3 $�� $�3� J�& .@���(� 0F4�?� ��3�
 0��HE �3�K� �� �2��X
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(U/mL) HRP ����

��
�	�

,
R	

.�
��

�S
�

XY ��� �	+� ���

 
�T�'�� @�3>83 �E  �8 \6C ���� �3���T� �J3>HRP ��SW 
3���@��3� c:9("��]H2O2[0E] �8 [�E3�EmM/mM x/9!:(3�K� �

PEG �E3�E 9xxx���� !�	�B �E =�ID(�E3�E ��#�8 �8�E "d�*xZ/x!�'4� V(J��(
 �E3�E @��3�Z"F�, 

W�  �8 :"��]H2O2[0E ] �8 [�E3�Ee/9
8(  ����:"��]H2O2[0E ] �8 [�E3�E:/9
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��
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,
R	.

�
��

�S
�

�T�-�� @�3>83 �E  �8 \6C ���� �3���T��J3>HRP ��OMW 
3���@��3� c:9(K��3�PEG �E3�E 9xxx���� !�	�B �E =�I:(�8�E "d�*

 �E3�E ��#�8xZ/x!�'4� D(�E3�E @��3� J��(Z"F�, 

2� �8 0E JM��� @���(� 1�, �� 0� �21E ���P 0!�4�E $���� "�,�
 �� =�?3 .���3�
 W�>�� 0����� J3>������E 1>	��, ����
 13��E (3�

  ��8 1�H	d�* 9�9x������'4�� Y����� 0�ExZ/x�V/x�����
B��	/E �C3�0��� ",� .�� J�& k�KQ� +�3 ���	 0� �2�OMW �E 

!+�����
  ���8 "��d�* 0��E "����SW J3>���� 0��E ���E3�E ����HiW�>���!
��3�
�(3� 1�	&�E (�� �� 0� ��3���E ��34� 0B���3>�83  �"��� @
��3�
�2 ��>�� ���H� Y�54� 0� ���E  �8 0E JM����"�,3 $��� W.
+LB !���	E3�1�O ���
 �A�'�E "d�* �� !>	��, "�B�C 0E�&� 1
",3.

E 0��HE "d�* ����K� 0�
 13�E $��� ",���3��I +��13��E )4�L
 �E ���>� 0�#N� `�� �� �	A�� ���
 ���3�
�����> �����E (3�

 �� 1>	�, ���
 0E [4E�� ���	 0E ����E))���5:(.0�� ����%�2
 "d�*PEGE �3�K� (3 �	&�E �4	�3� �� \6�C J����3� !����E 0���H

��� �234� 1��%�&i ���T�  �8 .

����� � ������� ��	�
 ���
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3��4���
 0��HE 1�H	d�*��3��I +��3�E )4L1>	�, ���
 u4 �� 1	A�� ��

3��4'��K�� 0��	�3 (3  ��C ��KQ� +��, �E k�KQ� ����K 

Z�1� 9	� [�\+XpH ���� %�� �H2O2

)� �,7�� (
��� ]^5)�S�(

J.Nicell ]9Z[(3���<3�
nM:D V/_Z/xfD
Arnao ]9][(3���<3�
µM9x/_9xfx

Baynton ]9_[(3���<3�
nM9xx x/_:ZfZ
KQ��kSW>	�, ���
 1(3���<3�
nM9D_ V/_x/9fZ
KQ��kOMW 	A�� ���
�(3���<3�
nM9D_ V/_:/99xx 

3��4-� �8 \6C J���3� 0E J��,� 13�E =(' 0���� J��( fZ���� 
���*� (	��)�_	`(

)mM  9(SW Z
)mM  9x(SW D
)mM  9(OMW 9
)mM  9x(OMW Z/9

)��5 ��D!�	 �3 (3  ���C ���KQ� +����, ��E k���	 ����KKQ�J�
"��,3 $���� 0�����K� .�K�������	 0������(� ��@���E $���� =���?3 1���2

4�0�21E J� 0E�&� �3 �%��� 0� ",3 u4r4� +� ��8 \6���C J3>
 3 �� $�� =�?3 `�� �E�3��E 0A���B�p� +1>	��, ����
 1� 0E�&�� 

�>��, �� J� \6C ���� �E ���"�,3 ���AB�p� .� (3 +�LB �� J3>
 ��3�
 �	���2 ��#	,3 JM��� "�,3 $��� $�� .3��E1	A��� ����
 �!
'� @2���"�,3 $�4�E ���3���C $�� .��	 0�� "�,3 ���q 0�E =('��

)���5 �� ����AB�p�D#N� ��4� �� ��>	��, ���
 01�O ��A���� 
�����E.����8 ����
 1�� ��E ����K�KQ� J4�<��� 0�< ���4�� �� 

",3 $�& =�?3 J4	�( .��	�3 (3  ���C ������C )���5 +�J� (3 
",3 � �� 0� ���	�� J3>1���3�
 (3 �2 ��� �E�P  ��8 \6�C JM���

0dC-� 1>	��, ����
 13��E \6�C J3>��� +�3 !",3 fZ13��E �
�	A�� ���
9xx �� $�2�&� ���� .)���5 �� =(' 0���� J��( 

V",3 $�� $�3� J�& .(3 @�E ��34� ���3 ��fx ��8 \6C ����
 ��#�3 @��3� u��� ���3�	E3 "F�, �� J��2 �� ��� ���	83 ."F��,

 �� @2�� "F�, +�B�3 (3 �AE �H54�  E�P �4O 0E @��3� +�3 ��E�� .
�@2���� 0��E [4��E�� u4��r4� +���3 "���F��� ������3�
 ���� �  ���8 J3>

 �P�E JM����2 �� $��� B�A8 @2��� Y�54� 0�� ����E �� >�� "��� W
�@��3� c�Q���4�.

-�/� �a! ��
>� `�� 0E  �8 \6C���3�
 (3 $��#	,3 �E ����24�� ���� (3����

��3�
 �4sC�2 ���
 � JM�����3��I +��,��E )4L���� .u4� ��
 >	�, ���
1	A�� ��(3  ���C ( +�*�� 0��/��� ����
 �J4�	!

��� �  �8 \6C � $��������8 ����3 �� ����� 0�AB�p� �HE���
 +.��
B�3 "d�* ��  ����  ��8 09�9x�����>	��, ����
 �� �'4��1�
���
 	A���9D������ $��#	,3  �8 �'4� .�O ����
 0�	�B3��A�

�3�E >1�K� �P� 0� �� ��� k.��34�F�3 �� 0�� ���,��E +�HE���� 0��
����F (3 ��4E :

���3�
 "���2 �� �8 0E JM���b
���>� J3>�3�E =(' W1 �8 ���3�C \6C b
���HE J3>��
 0���3��I +��)4Lb
�3�E =(' J��(1� 0E  �8 \6C �J3>���3�C.

�����3�3�E ��AB�p� +1>	�, ���
 1�O ��A�HE���I 0���.

���*� 
�$,b�  �! c� 3�T
)% �//� �,9�! (

)mM  9(SW Dx
)mM  9x(SW :Zx 
)mM  9(OMW Zx
)mM 9x(OMWDxx

�������	�
�������� � �� 
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