
Arc
hive

 of
 S

ID

dx.doi.org/10.22093/wwj.2017.72930.2322 66

����� � �� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 29, No. 3, 2018 

Evaluation of the Removal of Reactive Green 19 by 

Using O3/UV Advanced Oxidation Process 
 

B. Vahid 

Assist. Prof., Dept. of Chemical Engineering, Tabriz Branch, 
Islamic Azad University, Tabriz, Iran 

 (Corresponding Author) behrouz_vahid@iaut.ac.ir 

(Received Jan. 15, 2017      Accepted July 21, 2017) 

To cite this article : 
Vahid, B., 2018, “Evaluation of the removal of reactive green 19 by using O3/UV advanced oxidation process.” 

Journal of Water and Wastewater, 29(3), 66-77. Doi: 10.22093/wwj. 2017. 72930.2322 (In Persian) 

Abstract  
Recently, water crisis has been a global threat for most countries, particulately for midelist 
countries.  In this regard industrial wastewaters treatment is a vital to prevent unfavorable 
environmental consequences. Advanced oxidation processes are the preferred treatment process 
for the removal of resisitant organic pollutants without producing secondary wastes. In this 
research study, the removal of RG19 from aqueous solution was studied by O3/UV processes. A 
recirculation system equipped with an UV lamp and ozonation tank was applied for the 
degradation of model di-azo dye from textile industry. The RG19 concentration was measured 
using a spectrophotometer at 625 nm. Comparison of RG 19 removal by O3 and O3/UV showed 
that, under same operational condition, the combined process had more decolorization 
efficiency (DE%). Moreover, the experimental results revealed that the DE% increased by 
increasing the ozone amount and decreasing the concentration of RG19. The efficiency of 
degradation process was performed at the basic (alkali) condition due to the production of extra 
hydroxyl radicals. The pseudo-first order kinetic was observed for the dye decolorization. The 
consumption of electrical energy decreased per order using the O3/UV process at the desired 
basic pH; indicating adequate synergistic effect of the photolysis and ozonation. In addition, 
central composite design (CCD) approach was applied for prediction of the DE% at pH= 10 for 
independent variables including the RG19 concentration range (379.6-1220.4 mg/L), ozone mas 
flow rate range (2.5-7.2 g/h), and process duration time range (4.8-55.2 min). After 
investigating the effect of the operational parameters on the decolorization efficiency, a 
nonlinear CCD model was developed for prediction of DE%. The optimum operational 
conditions for the complete dye degradation at pH=10 was experimentally verified when: 
[RG19] concentration was of 524 mg/L, ozone mass flow rate was 7 g/h, and process time was 
54 min. The EEO declined at the optimized pH for the coupled process owing to the synergistic 
effect of ozonation and UV. 
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k3 �=� � #$��6� ���#�� �
 �� �	 �/� 6/�� 42 �� *��=pH �$\��	 ]3�� �����.

�C " #�<D*��:�!  [2� G���� �( ��� G�2! O�	 G�A��3A7  �C�2  G�� �! ��*�� G�!� �!� ;@� �*3D � G\]

�1	�(2� 
�� �����8����� %g���7� ���<2  ������0�� 4��5  ����K �� �����	

-0� �=U ���8� M� '=, �� ��7=8	 . � ���C��"�#$	����
������ 2��=���#	 	 7����G =���,�-��R� '7��	�F '�����d7

6��* ��0�� �� O��)	 (�	 ���� ��RY ��� 7#���C(=����T

(	 .��� �RY 
�����$� �� T�. =�8	 �� ���� !F��U  �j�	�����
0�2� ��� ���9	�, 3��P��/�)� �� �����2 d��2 7 _#�R����� �.

��������/��)� 
��� ������ �� %����D������8	 %F=�!��#��R(������
��UF���5"�#$	 3��9* ����(-�0�(Asghar et al., 2015) .

��V,  ���	���%��#�RF  �� ����C  ��U�R, T	�� "��#$	 �('
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� � '+�L '[k2�<(�[k 7(�=�, �� ��� �2.���V,  ����	���2 7��
�	7 �  #*0�B(T.�=5 � +7I	�Y 6�=,� -N=N- =, ��'�� ���

&U�� T�.(-��C �RY � �7UR,(	(� .=,��� �� =�5 7 ����	 

!0�7 ���$���0 &,� J(����0 7=�#�R� ��.��� ��RY %7]��

U��R, -����C(��R����V,   (� �� 7�COD &U���� T���.(-��0�
(Bashir et al., 2015) . �RY N�, 
��>7  �� f̀ ���	 ��/)���

����D��B(47�=#	 .-�0� +7I	 ��G��=���G������B���(�=��,	
�,�890 �[U 7 �I��, (!IG`��%=� ���D�(� ��G ��� � ���V�

	 TI#�	(, �2 =�2 �� �&,� ��G� ��� � ���i�� #,  � .� �� ���U7�'��?
>7  ��0�� ��/)����� � 2 ��� O[5�`� 
�%=� �� -�,�	 7 �

 �8	  � &,� �,�9* ��?����� !(��G =��,	��=���R2���0�=���
Y� 7�H �#G�<�-0� (Chong et al., 2010).

����G 
���V,  ���	 �=����� �  "�#$	 k 3 ��C���$#,��(��
D����,�F =���R2� 4�G��gW��� 7����  %g�4�B ������R27 =�T

(OH�)D�� �7=�������=,���RY =��,P������,  ����(��� ���i�� 7�

,=�	(�0�	(=���2 (Foster et al., 2011)	 �� . �� � ����� �!��

 "#�$!��%&!'(��)�� ����D��B� ��������/)����0 �X'��� �,�(
���� %��#��RF  ���� ������ D������R,#Y 
#����� T�R2� T���0�=�`��� �� 

(E0 = 2.07 V) �����$��`� J�%=� ���D�� .� �� ��� �2 �� �� =
T8	  �ZR2��%=��2= ��� =�,	 � 3]�<	 �� �,	*���4�I#,� 7 %�

�Y &,� %��$	 (�	 ����(He et al., 2007).�$� ��`� J�%=�� ���
D�(G7�#BD� d�2�7 !0����(O3���  � &,� ��0� !�=��!0�� 

�?��B<� 7 �� ����  T�� 4B��R27 =��8	  � T���� !��H���w
	 %���(`��	) ���3�7��$� ��2 -�0� 
B�	 45 ��  � .( �� J
`��%=� ��G �� %�/#0� � &�� ��=���� ,�(���<, T	2 (Xie et al., 

2012) 

)�(O3 + OH- → HO2
- + O2

)�(O3 + HO2
- → OH� + O2

•-+ O2

��� ,�(J�K�� d�� � %=� d/����G'����/)��`� ��%=� ���D�(
8	  � "�#$	��� !'(�� ��� �2 ��G�=����� �,�(-�0� (��&�� ��� .

d��UV ��,��G�2(�����Y 
#�RB���=�,�������(�� ���
 
1 Reactive Oxygen Species (ROS) 
2 Green treatment technologies  
3 In situ generation  

��	 _����G(���D��	) =��2�((Getoff, 2001)#,  � c�� ���?��� ��7 =
R2��Y�D�� ��  � ��� �� =�	 =(�D��	) ����('	 �2(d��� =,���

UV=�2 �[U � ���  � =�� d�2�7 ��� � �4B �����R27 =�T
D�����D��	) =,�� =����7�((Xu et al., 2011) .�� �4�B ���
����R27 =�D�� T���� �� %=��� =���R,#Y�R2� T���0�=���`��� ���

(E0 = 2.8 V) 4�BD�	 �� ��=�#R� ��� (Vahid et al., 2015).

)�(O3 + hv→ O• + O2

)�(O• + H2O→ H2O2

)�(H2O2 + hv→ 2•OH 

)�(H2O2 + 2O3 → 2•OH + 3O2

d�7gY �� /�#$	(����`� O[5�%=�� ,�#�0��D� =��,	 ����#�T
(Srithep and Phattarapattamawong, 2014)���� '�T����G x

(Dudziak and Burdzik, 2016)S�D���� � '�=�
(Shokri et al., 

2016)�G2 '�
(Souza and Feris, 2015),�, '�T�G T(Felis and 

Miksck, 2015) � '�����3`�#G T(Wang et al., 2014) � 7�
��R2� (Takahashi et al., 2013) �8	 ������ !(��G !�0���=��

2����(O3/UV IG�	 ��[Y +?,� -�.-0� �#G� 
��� �U ���  ���#2�  6�����<*�L �(����G� %���U����S�U d(

d���2�7 %=����� Y ��� �  ������G ���	� -G���<���	 =���(����� 7 =�����
d�2�7 �(�	 �G  � �2�	 +?,� �(J0�	 '=,�� �2 .-0� ��� (�

�$��J�`� 6���G  � %=���=��/�)���  ���� 7 ��	� �� ���#�<
��G�  �#2�  �� 4��8	�	 d(���� .=� ��� %���D� 4���8	 '%7]��  ���

�P�	�d�� -8�UV �  ��	  ��. �,	0 N�, 
(F��&,  � .�� �� -
%��� ����	 %=	� -0�(���� =�,�����5���(���U �,	�0 6��,(

Y�7  2 �� �#0��(Magbanua Jr et al., 2006).
/)��!0�� �� �AOPs ��� D���� T���G ��B��/�)� =���!�0�� �
��#	� Y������(�=�#	�PQ� -8��	  ��. �(F���'Y�i�-�0� %=

��������G ����2 4=	 '
�d��2�7 m�0� ��� =�� �������(\��G�=��
.-0�  ���� 5���(2����2�	 J��B(>7  �� ��w90 ��0Y^

-0� �� �2 D����� �� %�/#0�  � -D�&0 T�4=	 �0�&� 7����0�

4 Intrinsic reactions 
5 Response Surface Methods (RSM) 
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Fig. 1. Chemical structural bond of reactive green 19 
 45�*1��0 ��#2�  (�����  #*0��

��G��� �=� ��*(0=�&	 7 +���  �(-�0� ��#G�F  ��. %�/#0� � �	 
(Asghar et al., 2014) >7  .CCD ,�� �� � D���. T��. ��=��(��

��	���d����� �������0Y �����2 4=��	Wl#	 !��0�� ���2 � ��������
	����V<(XPQ� -8���	  ���. �(F��#,  � '����� 7 ��	� ��?����
�#�2�, � �	�� .-0� � �� ��i�� >7  
����� 
���� �� 7� -�0�

��#	� Y�	����V<(&����� �����G��=��/)���� �� � ��j�	 
���� �� 7� -��0� ���� �����9	 ���0Y  �=��I	 -��0� %=��� ���#G�F  ��2 

(Golka et al., 2004).
�  ���,  d�7gY 
���(�RG19 ������� �� ���V,  %��	 6�

!0�� 7�� 4=	��G��=��O37O3/UV  ���U �� �,	�0 6���
<*�L((0 �� *�� �P� 'xv0 .=�(��#	� Y ��������(T	��

D7� -j�k�G �	� '��V,  %�	 ������ '=�(	�U(���Z7pH D7���� �
� 2(��,  ���(��0 �� � �	(��� .-�G�F  ���. '%7]�� �0�#��6
�,  ���(�����,� %������#BD��B(��� ���������	 ���\����  ��!

��� "�#$	��(� ���(.=� &,  ��k 4=	 -�9*�(^CCD �����
Y�d����(O[�5 �	=�,�  =�C ��� 7��� ���� 
���� ����9	 !��

#0���(����	  �=I	 6��,  
���(�Y ��0���.��2 �= 

1 Response 
2 Experimental variables 
3 Ozone mass flow rate 
4 Flectrical energy per order 
5 Nonlinear model 

"13�� � ��.� �!
"1*1��.� 

��V,  %�	���UR, -��C �� 7��(TB��)�#2�  '(�����0 ���
)C40H23Cl2N15Na6O19S6('���� ;*���� % �����|=������'

nm ���λmax=D��BD�	 ��7 7(=��/���� �0 -2��� �� (��V
 =D���s&��.=� ���R27 =�=0 =�_��=C � �0� 7� �/D��0 =�6
�� =C � ��	 -2�� ��~� �=���* �	�� +���  � .=���d�� ��

.=� %�/#0� �9I	 �� 

"1"1�uJ�� (%&�7� '�76� 3�� � $!�u9&��S� '�! 

TB���,	0��� ,�(d�� � ��(UV � G�: �� �2 -����#�D
�,��	 d(=���.�� T	�� �,	�0 
���2�  6�RB�Y  ��#(m]�F

9#R	��(}xv0 7�#0� ��  �#2� �#G 6��,� T��,Wr &?� �� %=�� �
��	` ��UV-C  (TUV-T8, 30W) B�<��%=�� T���� ��� ��F .

 !0��� ����,� ��� 6(Lab-802, Ozomatic) D�� �� ��� 7 =�07���
�d$Y 6%=��2WW 8	 ��  �#2�  "2 ����� !(�I	 7 � �7���  �=(�

6 Color index number 
7 Sigma-Aldrich 
8 Merck 
9 Rectangular plexiglass reactor 
10 Stainless steel photoreactor 
11 Diffuser 
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Fig. 2. O3/UV experimental setup for the removal of RG19 
45�"1�,	0O3/UV  ���V,  %�	 O[5 ����RG19 

	�U(��� ��#�D  � +�F JR5 �� �0����U !����R2� ���7 7 �g�
���j��  ����,� ��� ��	�� ��  � .=� _�'d�D�4��8	 �� �#RG19 

���	 -��j�k ������0 7 
������ ����� !����(!��0�� ;$��<	 ����Y
����F��G(Max pressure 125 psi, 16.8 W, WaterSafe, Tiwan 

!��0�� ����V,  %���	 �[��U .=��	�  � >����F ���� �,	��0  ���� 6
�#	�#G7�#Bv0�(UV-2100, Unico, USA) %��=�,� F����7=�C �

 O[5 ��9��  �� %�/#�0� �(A0−At)/A0��� ��2 =�	� -�0�A07At

�� �����k� �j8D  � 4��8	 �[U J�7�[U  � 4��8	 �j8D ��
��G �� ;$<	�=�-0�.

T1HG, � I&�JK 
T1*1+&��S� $5;J%;� 	/��L� � $�7J%D '�! 

���	���d��������D�#�2(W������  ��	�� !��V���<(�����RB 
���,  -��j�k��� (����	 ���#�D  � +���F���� '(��	�U(���� � +���F

 -�0 7��=pH � ��2 ��� ��<, (��#�<���,  
��� (�� RG19  �
�� 4��8	(���G �� %�/#0��=�O3/UV I	  ���� �R �	=�,� O37

UV �� =����.��	 +?,� �I(TB�) ����7 (�,  =C � (�����X

�� ��� �� J��/��'��/��7��/�=�C � ��� D��#G .=�	� -�0���

1 Control experiments 
2 Decolorization Efficiency (DE) 

I#R	��,  %�	 _���!�0�� 7��UV �	(�� =�,��� 
#�RB� �� � 
Y��=,������(��$��� 	� '=�2 J�
���� � 2 >7  6���G�=��

/)��, �� ��-R.(Legrini et al., 1993)  
��G�2�� =���(��D��D�� T�=ROS 7�� �4B ������R27 =�T

���#����<'����,���(� � ���`�����R2������0�=�`� ���%=������ �� 

t(min) 
Fig. 3. Comparison of UV, ozone and O3/UV processes 
for decolorization of RG19 when ([RG19]=100 mg/L, 

ozone mass flow rate=2 g/h and pH=10). The inset graph 
demonstrates that the evalusted processes obey pseudo-

first order kinetics 
45�T1��=����G �R�I	UV 'O37O3/UV �,   � �� (���� 

RG19�7��Y %=��� �<, ����H  ����, . �=����G �� %=� �2� �
 -0� 47� ����	 ��� 6�#��0)mg/L ��� =[RG19]0'g/h �(�� =

 7 ��� (	�U��=pH(

D
E

(%
)
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`���	)3�a�((Khataee et al., 2016) ������ .���G 
�=��
2����(������U��I��	�� ��d��G ���� .=�� ��$#,� ���� �=��
0�#��47� �����	 ���� 6WY��7���	(�0 �� p��9�  � ��2 =���2��

d�7g��Y -��0�(Khataee et al., 2016)-���P . ����-����0
�,  ���(�(kdec) ���=pH � ��� ����, Jln(A0/A) J�R5 ��

 ) ��	�t��H  �����,) (�TB�� ��� %=��� �����$� (� � 7 =��� %�� 

47=U�I#R	 e�9* .-0� %=� �S� ���� _�H � %=	� -0��J��

V#R���(XJ0�	(R2Q 0.985)  �0�#��Y 6�Q� �  %=�� �&��< ��� =
	(�� .=�2 ��  �j�	��_� �P� 
��G�(�D�#G�0,�� 7 ���� ��	 '����D��
��/#0� ��� �I	 �� %��� �=�kdec ������� %=�	� -�0� 	�������/��

=C � .=� ��08	 

)�(100
k

)kk(k
%Synergy

3

33

O/UV

OUVO/UV ×
+−

=

��(6�1-�P �,  -��0 �� B��#BD� ���,� 7 (���� �� ���� �� (

����	  �=����GJ��$� ���� %=� �#G�F  2 �� �� ��V,  %�	 
Table 1. Decolorization constants and the usage of 
electric energy for different processes used for dye 

degradation 
EEO 

(kWh m-3 order-1)R2kdec 
(min-1)Process 

128.370.9950.0028UV
10.300.9980.0640O3

7.120.9960.1249O3/UV

D�#G�d��� !0�� ��V,  %�	 �UV  �pH ���-��P "��#$	
�� .��� %7]�kdec ��G !0���=�O3 �pH ����7������/�)���
��� (��	 �#�D  � +�F 7 ��V,  %�	���#�D  � +��F ���(�	�U(���

�� ����J����/�7����/��I�.� �� �$����P� xv�0 .=� %�� 

_� ��G�(�UV 7O3 �pH���7�%��� ��� �U�� � ���������	

 47=��U  ��7����� ������ J��/�7��/�=��C � .=��� ����08	
������� 
��#<�_� �P� 
��G�(�8	  ����� !�)��=pH %=��<	 (
 =�� !��8	  � ����� ���� k ����5 �� I#�R	 ����  _�4�B ���OH�

� 4��R	�$�JRG19 -0��� .d��� %7]��UV �8	  ����� !�

1 Pseudo-first order kinetic 
2 Correlation coefficients 

�	 �#&�(� =�,��� �� �R2��Y ��7 =�D�� =����  ��� �  %=�� =�4�B ���
4�G =�� ����D��	) =�2 T�((Poon et al., 1999).

T1"1( %&�7� 7, $-�;
�A '�!7J����Q 7;Zh-O3/UV |7 n� �

$5&7J5�� '}7K� 

��G��=��R2��0�=�� �����'(� 2����R2� 3����� =��,	 %=���2 =
�� �  	  2(F��  � ��2 =,� ��  � >7  
pH �����  `���4�B ���
�$��k %=��2 J��$#,� �(�.�OH�D���	 =(� .������  
�4B ��
�� D��R2� 3 =. T�0�=�	 `� ��(�� =�,��� �P��	  ����Y��=�,��

� �G�	7�2 h7��	 �,F7�Z%7��F 7����	��(\��I�5 =��,	 ���
,���(����� .=��B<� � �� 
�>7  
��� ���$���� ���V,  ����	 J

Y��=,���F +�G �� ��� .� �� ��� 2 �,F7����	 �#G�F  2(����
#,  � 7���G� �  4��8	 _?5 �?��, d(=��7D�� ��� ��?�	 �� 
�?D =
(��, ����(Tehrani-Bagha et al., 2010).���#	� Y ��P��	_�&
�����(D7� -j�k T	���RG19�� '(	�U(�7 7 ����7pH ��

��,   �=I	 ��� (�� �� =�����.����G ��	� �� ��I�=�� (�0 �� .=��
�$��`� J�%=� ��D�(!0��AOPs D7� -j�k ���V#�R� �&,� �(

����� .� ���	�� 
�d-�j�k  � �� ����� "��#$	RG19 +�?,�
��� .=,=� B�  � �2  ���T�<	�	 %=�(�	� '����,(-j�k �2 

Fig. 4. The effect of initial RG19 concentration on DE% for 
O3/UV process (ozone mass flow rate = 2 g/h and pH = 10). 
The depicted inset plot verify the pseudo-first order kinetics 

assumption 
 45�[1	 ��D7� -j�k ��PQ� �� ��V,  %�DE% =����G  �O3/UV 

)g/h �7 ��� (	�U (�� =��=pH o�G m0� �� ����H  ����, .(
.-0� %=� _0  47� ����	 ��� 6�#��0 

3 Chromophores 
4 Functional groups 
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��(6�1-�P �,  -��0 �� 7 (���� O�)	 ���� �� (B��#BD� ���,� _?5����	 �� ���� =����GO3/UV  �"�#$	 (����� !���� 
Table 2. Decolorization rate constants and electric energy consumption per volume and order of the O3/UV process at 

variuos operational conditions 
Initial dye concentration 

(mg/L) 
Ozone mass flow 

rate 
(g/h)

pH kdec 

(min-1)
R2 EEO 

(kWh m-3 order-1)

100 2 10 0.1249 0.996 7.12
500 2 10 0.0424 0.0992 20.98

1000 2 10 0.0171 0.985 52.01
100 1.5 10 0.0567 0.988 15.69
100 1 10 0.0359 0.990 24.77
100 2 7 0.0629 0.991 14.14
100 2 3 0.0401 0.989 22.18

Fig. 5. Effect of ozone mass flow rate on DE% for 
O3/UV process when ([RG19]0 = 100 mg/L and  

pH = 10) The depicted inset plot verify the pseudo-first 
order kinetics assumption 

 45�c1��PQ���� (	�U (�� ��DE% =����G  �O3/UV )mg/L 

��� =[RG19]07��=pH 6�#��0 o�G m0� �� ����H  ����, .(
-0� %=� _0  47� ����	 ��� 

��V,  %�	 ����� ������ (��	 �#�D  � +�Fl���	 �('=��2 =�C �
(���� �,  ����/������/��=�C � �	(���� -�8� .=�0 �!

�����(�	  �=I	 '��<	��(��  ���4�B ���OH D�� �� �	 =('���� 
��������G� � 
�4�BD�	 d���RG19 =�5 7!�0�7 ����$� �� J

�  �=I	 '&,����  
�4�B ������� 4��G��R2��0�=�G�2 �&,� ��(
,�#,  � 7 -���R�����? ����,  �	=���,�  (������� ���	 d����2(�=���� 

(Qiang et al., 2002)��G� .���d(�	�U(�� �������� � +��F
 �#�D�$��JRG19 ��G� � �	 d(TB�) =���� .(�#, 
�D�� �� �?�=
�� �4B ����R27 =�GH� T(	 �2(`� =�,����%=� �$� �  �� �� J

R, =��2 �	 %��� -�(���� (Bustos-Terrones et al., 2016) . �� 6
4�#�2 �#	� Y ��G  � _&	 %=��2��=��'��� T	�pH 4��8	 -�0� .

����������P� 
pH �� ��  �=�I	 '�����l����  �=�I	 7 =�� %��� �

�,  �	=,�  (����  � ���9	pH ���������D�5  � '=�	� -0� (
 � ���2pH����� ���#�2����=��I	 
d���2  �TB���) -��G������5 .(

k�IR	����  _�4�B ������R27 =�4��BD�	 ��� T���RG19  �
pH�����I#�R	 ����5 �� ���P�	�G7�#BD� _���(O3 �pH ���
0��=����  ����� !��(��RB-0� (Vahid et al., 2015).

	�� +��  ��d�,  -��0 '� ���(��0 ���#�������	 ���� 6
��� 47��	 -(=�2.-�P �����: 47� ����	 ��� -��0�W(min-

1)� �� %�/#0� ��� ����, J��H�TB�� ��� %=�� �� �� �����
47=��U  � 7 ����08	�.=,=��� ���S� � � ���� ���U�� ������
����,� ���2�

�#BD��B(&U�� T�. _&0(��  �����������(��G��=��/)���
� �� ��',	� (��G �2�0 �� =��#��6Y 47� ����	�7�����,� '=�2�

Fig.6. Effect of pH on DE% for O3/UV process when 
[RG19] = 100 mg/L  and ozone mass flow rate = 1.5 g/h 

The inset depicted plot verify the pseudo-first order 
kinetics assumption 

 45�d1��PQ�pH ��DE% =����G  �O3/UV )mg/L ��� =[RG19]0

7g/h ���� (	�U (�� = ��� 6�#��0 o�G m0� �� ����H  ����, .(
-0� %=� _0  47� ����	 

1 Apparent pseudo-first-order rate constants 
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��(6T1%�7=8	 TI#R	 ����l#	 ���� (�V<�	�� E�90 7
Table 3. Experimental ranges and levels of the independent variables 

Independent Variables Values under different ranges
+1.68 +1 0 -1 -1.68

RG19 initial concentration (X1) (mg/L) 1220.45 1050 800 550 379.55
Ozone mass flow rate (X2) (g/h) 7.52 6.5 5 3.5 2.48
Time (X3) (min) 55.23 45 30 15 4.77

�#BD��B(��� �������	 ��'�&	 �#	� Y(������ ���(���-�0� 7
�� ��,�  �=I	 3 �C���� +�`��$� �� J��=�C � `� ��� � %=��

) 4����8	 _��?5 =��5�7L��� (�����	 "(0  � .������_#��R ����,����� 
Y��#0�'WEEO ���D��	 ���� �	 -0�(��=(Bolton et al., 2001) 

)�(E5S  �!."	+(T
9 UV(W

�D��	  � �K`� 
Pel �7 7 ���� N��?	�7 3�7����K JR5 �� V4���8	 _�?5 ���

 -0� �#�D JR5 =5�7 7kdec JR5 �� -�P �=�min-1 	(�� .=��
� �� �U���
	�� �2(��G��=�����0 �� %=�� �#G�F  2�#������ 6

Y 47� ����	�7��	(�D��	 '=��2�	(=�,��� ������ � ���(���,��
�#BD���B(G���)	(��#, ��2 ����� %�/#�0��47=�U  � �� u�����7

����� .-0� %=� �S� � ���7 7��	`UV  �����,� ��� 7 ��Y '
�� ����� ����� J��'�/��7��3�7 ������ '��������� N���?	 


�7 7�������G ���#, .-0� ;$<	 =����� %=� ��08	 u�EEO 
d�2��,�  ���#BD��B(G�)	(��G  ��=��O3/UV ��� -��R, � 

��G��=����D���#G�7 ���� ��,�( �pH �����9	����	 ���<,(=����
 47=U)��� '(��#	� Y %7]�������(��G  ��2�� =���(T��. �P�

&U��(��EEO 47=U) =, ���.(
� �2�� 7�H �#B, 
��2 -0�EEO ����/)������ (��	 +��F

  � �#�D 7 ��V,  %�	��#�D  � +�F ���(�	�U(���  �pH ����7
��������G�=����� �,�(��� ��� �� J��/��7kWh m-3 order-1  

��/��� .=��� ����08	��������  �  �=��I	 
���� ����<	 !����( �
pH���7���G �� %�/#0� ��2�� =���(O3/UV ����G �� �#�<�=��
��� ,�(7�������� ����� J��/��7kWh m-3 order-1  ��/��
��� 47=U)������ .(�
pH R� �P���&	  ( �=�I	 ��� EEO ��G�=��
2����( � 7 � ��pH &���	 d�2 ��  �=I	 ��(���P� 
��H  � .=��

 
1 Semi-batch 

_� ��G�(�D�#G�7 ���� ,�( �pH���	 %=�<	 "�#$	(����. �
d�2 � 45 ��pH _�  �=I	 ��G�(�,��2 �	 d(����� ��2 =��

��G����,� d�G�)	(��G  ��2�� =���(	(.��� 

T1T1$L@7;q �(� =GW � 	/�.-CCD 

7 ���BCCD ��2�� 3 �C��(>7  �� �� �H( 	� 7�����
Y�d���(&� 7����0����G 6��  � .-0� =� �� 
d�7g�Y ��0 ��P� '

l#	�	�� ���V<(T	� D7� -�j�k �� �RG19 (X1)� '��(�	�U(
�7 7 ����(X2)��G �	� 7�=�(X3)(0 �� +�, .=�  ��G�Design 

Expert 7 ��������5���(��	���d�?� 7 �������8� 7 ����%��� T����
���� l#	  �=��I	 c=��� %�/#��0� %=��	� -��0�������m��0� ���� TI#��R	

	���d��D7��=�� �$#,� �.N���?	���	��� � dpH ������
�� ?,�  ��B�  � 7� �l#	 .=� +�TI#R	 �Xi�D��	 �� %�/#0� ��
�� 3 �Cxi� �D��	  � .=� =2��X0 �=I	Xi��2�	 ��9I,  ��X7
l���������Y ���Z��	 ���<, � (	�� E�9��0 7 �7=��5 .=������V��<(
l#	���������(47=U  ��-0� %=� �S� � (Körbahti 2007) . 

)�(x:  Y8ZY[
\Y

47=U�������� !���(�	�� ���  ��7 d��,  �	=�,�  (�����
��?�(�� �  %=� %=�<	 l#	 �������#R��7 �0Y �\�	 ��<,(.=��� 

k �D��	�9*�(������� e��� ��
��,  �	=�,�  =�C � (����� 7
��#	� Y���?�(�� TI#R	 =	� -0� (Khataee et al., 2013) 

)��(E%  b� � b�x� � b�x� � b�x� � b��x�x� �
b��x�x� � b��x�x� � b��x�x� � b��x�x� � b��x�x�

2 Center point 
3 Step change 
4 Dependent response variable 
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��(6[1���� ��2�	 J�B	 (5��� x���	Za �#2G  �����I	 7 w90) �0YDE%(
Table 4. Matrix of central composite design for 3-factors in 5 levels and the values of response (DE%) 

Run Order 
RG19 initial 

concentration 
(mg/L) 

ozone mass flow 
rate (g/h) Time (min) 

) ~&7X-(W��DE%(

Experimental1 Experimental2 Predicted 
1 379 5 30 93.89 94.55 94.48
2 800 5 30 71.42 71.09 71.27
3 550 6.5 45 97.67 96.91 97.29
4 800 7.52 30 97.89 98.32 97.94
5 800 5 30 71.21 71.43 71.27
6 1050 3.5 15 32.54 61.64 32.02
7 800 5 30 70.91 71.24 71.27
8 800 5 30 71.16 71.67 71.27
9 550 6.5 15 88.30 87.87 88.01
10 800 5 4.7 71.64 71.36 71.77
11 800 2.48 30 48.33 47.72 48.29
12 550 3.5 45 75.49 75.15 74.88
13 1220 5 30 53.82 54.53 54.02
14 1050 6.5 15 67.91 68.67 68.66
15 800 5 55.23 5.55 52.01 52.11
16 550 3.5 15 66.71 66.55 66.64
17 1050 3.5 45 46.45 45.79 46.12
18 800 5 30 71.05 71.44 71.27
19 800 5 30 71.15 71.56 71.27
20 1050 6.5 45 83.65 84.11 83.80

U ���V��(�H  �=I	�J�D��	  � ���+��, !�0�� �2 '���  ���G�
%=	� -0� �D��	 '=,���� TB� �����0�� ��-G 

)��(DE%  71.27 � 12.03	x� � 14.76x� � 5.85	x� �
3.82	x�x� � 1.47	x�x� � 0.26	x�x� � 1.05	x�x� �0.65	x�x� � 3.30	x�x�

%��� ����	����V��<(����� %=��� ����08	 7��	=��,�  =��C �
�,  (���� 47=U  ��-0� %=� %� 7�.��� ��2  ���%��� �� ���
47=UZ#,��?(	'���� �=I	�%��� �� %=�� ��08	 7 (��?� ��

4=	 p��� CCD ��=, �� p�9� �V�=�� � (��* ��. �2�J0�	 -
��� �  4=	�Y�d���(�,  �	=,�  (���� �	 ��<,(=���cJ���H
(V#R���W)R2(��%=	� -0� � �����}}/r-0� � ����R	 
�� �2
(��	 =����Q� .=���2 x,��� �7 ��D��,� )ANOVAX(������ ����V�� %� 

d�Y ���� 4=	 -���. 7 -8C ����	 d�	�� �#�R��7 ���l#	 (���� 
-0� >7  .ANOVA O��8,� T2 _�RI� �#0� 7� �� �  ��U�	 ��
(��	 ) :=���2�(O����8,� ) 7 -��0� �#��R��7 4=��	 ���� ���2 (�����(

1 Correlation coefficient 
2 ANalysis of Variance (ANOVA)

O����8,� d���	�� ���� ���2 (���� (��	 e�����	 ��� ����9*) �����
(�V<�	�� �.� �%=,�.((�	 -��P (,�	� 4=�	 -8�C ��2 ����

 �=I	aFZn �� ����� 47=�U  � �� ����� %=� > ��F  �=I	 �� ��
()$<	 ������ w90 .=��  �=I	aF�  ��	�� 
�d�� ������ ��

��/���� ��� ��2 =�	� -�0� �� � �� %=�� > ���F  �=�I	 �� �#�<
��� 47=U���� w90�����=C � 	() =�����/�-8�C ��2 (

4=	 ��Q� �  %=	� -0����	 =(=��2 (Sheydaei et al., 2014).��P�
 �� �#	� Y �� O[�5 �	=�,�  �?� �� %�/#�0� �� ���8� 7 ����� �Y T

�D��	��0 ��(=�

)��(P:  ` a8
b

∑a8b
c d 100		�i f 0	 

���H m��0� ����J����4=�	CCD ��	)���D ������7��'(����(
	�U() �����/��=C �D7� -j�k '(��RG19 )��/��=�C � (

��G ���	� 7�) =�����/�=��C �_��&	 ( �������G  � ����#	� Y 
�=���
O3/UV 	(=���(Marandi et al., 2011) 

3 F-value  
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Fig.7. Response surface plot for RG19 decolorization: 
Effect of initial dye concentration and time 
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Fig.8. Response surface plot for RG19 decolorization: 
Effect of ozone and time 
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