
dx.doi.org/10.22093/wwj.2022.353528.3280 25

����� � �� 	
�� Journal of Water and Wastewater 
��� ������ ����� ����� Vol. 34, No. 1, 2023 

Case Study

Journal of Water and Wastewater, Vol. 34, No. 1, pp: 25-48 
Performance of the Uncoated Titanium Anode in the 

Chemical Oxygen Demand Removal of Industrial 
Wastewaters; (a Case Study on the Electrochemical 

Treatment of the Textile Effluent at the Pre-Pilot Scale) 

S. Eftekhari1, Sh. Ghasemi2*, M. Hashempour3, A. Torkian4, M. Mirzai5, S. M. Borghei6

1.	MSc.	Student,	Environment	Group,	Dept.	of	Chemical	and	Petroleum	Engineering,		
Sharif	University	of	Technology,	Tehran,	Iran		

2. Assist.	Prof.,	Environment	Group,	Energy,	Water	and	Environment	Institute,	
Sharif	University	of	Technology,	Tehran,	Iran	
(Corresponding	Author)	sh.ghasemi@sharif.edu	

3.	Research	Fellow,	Water	Group,	Energy,	Water	and	Environment	Institute,	
Sharif	University	of	Technology,	Tehran,	Iran 

4.	Assoc.	Prof.,	Water	Group,	Energy,	Water	and	Environment	Institute,		
Sharif	University	of	Technology,	Tehran,	Iran	

5.	Instructor,	Water	Group,	Energy,	Water	and	Environment	Institute,		
Sharif	University	of	Technology,	Tehran,	Iran	

6.	Prof.,	Environment	Group,	Dept.	of	Chemical	and	Petroleum	Engineering,		
Sharif	University	of	Technology,	Tehran,	Iran	

 

(Received Aug. 16, 2022      Accepted Oct. 4, 2022) 
 

To cite this article: 
Eftekhari, S., Ghasemi, Sh., Hashempour, M., Torkian, A., Mirzai, M., Borghei, S. M. 2023. “Performance of  

the uncoated titanium anode in the chemical oxygen demand removal of industrial wastewaters; (a case  
study on the electrochemical treatment of the textile effluent at the pre-pilot scale)” Journal of Water and  

Wastewater, 34(1), 25-48. Doi: 10.22093/wwj.2022.353528.3280. (In Persian) 

Abstract  
In the current work, the capability of uncoated titanium anode in the electrochemical treatment 
of textile wastewater has been investigated with the aim of simultaneously benefiting from 
electrooxidation and electrocoagulation treatment processes. In the present work, the feasibility 
of using uncoated titanium anodes for wastewater treatment is studied in an electrochemical pre-
pilot set-up with polymeric casing and an electrical supply power of 150 W, operated under 
galvanostatic regime in batch mode, focusing on the current density as the main subject of 
assessment, and its performance is evaluated using metrics such as chemical oxygen demand 
removal and specific energy consumption. A noticeable finding of this work, is the flexibility of 
the set-up to combine the electrocoagulation and electro-oxidation mechanisms with the current 
density as the controlling parameter, leading to a remarkable decontamination capability, so that 
reductions in the total chemical oxygen demand as large as 75–80% in the neutral and 90–95% 
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in the acidic environments were achieved. At low current densities (< 100 µA/cm2), the anodic 
corrosion was limited and the electro-oxidation was the dominant wastewater treatment 
mechanism. At high current densities (> 100 µA/cm2), the anodic corrosion was accelerated and 
the dominant wastewater treatment mechanism was switched to electrocoagulation. Along with 
the chemical oxygen demand removal capability, the energetic cost-effectiveness of the set-up 
was a major concern, particularly from the industrial point of view, which was assessed in both 
neutral and acidic environments, and it was realized optimization occurred at 600 µA/cm2, so 
that the specific energy consumption and the rate specific energy consumption, were both 
minimized at this current density, in respective order, 8.9 kWh/kgCOD and 3.52 kWh/kgCOD/h 
in neutral, and 10 kWh/kgCOD and 2.34 kWh/kgCOD/h in acidic environments. 
 
Keywords: Advanced Oxidation Methods, Chemical Oxygen Demand Removal, 

Electrooxidation, Electrocoagulation, Titanium, Corrosion. 
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 ��� 4 $��1 & �� ��$ '�!�<5 ���Y.$���1��� ��*� �!�7!�.(Chen and 

Deng, 2012, Ge et al., 2004, Ozbey Unal et al., 2019, 
Safwat, 2020, Pirkarami et al., 2013, Gönder et al., 2019, 

El-Ghenymy et al., 2020, Murugananthan et al., 2004) .
�� 4 $�1 & t!*�� '�!<5 ���!- ����� ��	�- J	�& ��	^ ���� ����

MMO ���������2(7 �� m��21W� �	� ( �����1��� ����$ ����������#
 ��� �1O�<�� ����-/� �$! �*�� �#���1��� � A�=& J��	� ��� .�!��

��*� ��!��7� �� ����$ ����������# �� 4 $���1 & ���2N �� 4 Y1���� ���A1
���`- ����1(#�� ��	���!� ��N � - �1%�� �# ��Yb<� ��� ��

�<$�� ��$ �6��!O ���� '������x!=O '��	�7 �1 �$�� �� ����
 ����!- '���� 4 $��1 & �1� ��&�#��1��� x�!O �	���0� �	 � ^��

!7� J	� �� .�*� �!=& +��> ' ���� � �- J �<� �!�7� /���I ��
��N � 7!& ��	�� t�5 ��<<#*������� ��� $ ' �(25 �� ��� �`�	�

 �<	�� J1��� �_$��	� ������1��� � �!&MMO �#��� D!�(.� �!�, 
��!- ��d	� �� f!����*� .J	����<� �*����t��_$ ����Y1$� � ��<�

�� h!N �2q�� '����� 8	 B�!I ��_$ ��� �����L � �� A� ��d<�*
������ ������*.� A����=& �����<$�� �	�����������# �� x!����=O ������

 8�	 ^��� '��	�7 �1 ��$�� �� ���A1*� �# ���- �$! *�� �#���1���
 � ��!%$ �(25 B���L��D!(.� �!, ����=1>� � ���<	��N �� ���

 ���� ����2N �� ���A1��*� �'! ��*�� �#���1��� ���� J	���%& �� .���� ����!-
�� ��$ �2�"� �
<& �$ ��Y.$���1��� �$ '�!<5 �5!�$ ��� ��1K ���2� ���

 
2 Per- and Polyfluoroalkyl Substances (PFAS) 
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����L �� �1����$ ��$ v<�7 ��� �,�%&�� �2q�� J	� .�* V̂ !�(.� 
�� ��2(7 �� ���$ �6��!�O � �	� ( ����1��� D?�0$� ��� ��� $ +� ��

 .�*� 4 $�1 & 
������`- J	� ��) ��!- '��� �e� �� R 4 $�1 & �$ �	���#

 ��!�& ���1�6 h�� +�� '��*3� �- �$����* 8�	 '��� ( 	��- B!2
 �	� ( �����1��� � A��=&����������
� 4��� ����<� ������<	��N �� '�����

� A��=& ���#���1���'! ��*��  ����Y.$���1��� ������<� .���� �����	��� �
'!<#�& �M��<� ���� �� +I�K B�5?,�"��`-�t�_$ /��� ��� ��<�

4� �S$!S� �� ����!� �	�*�<� � A=& ����<	��N �$��!- h!�N ��
 8	�� �#��"� �7�� �	�� � A=& �� �����1����- �� �.���& B�!I

 �� .�*� ��"$ j���6 ��	� ( ���1��� �$���* ��%��� J	����`-�
���%<7 ���*��� ���� �4��
� J��	� @ ��0� ��	� ( �����1��� ����� 1���	���

4 $�1 & �$ �� ���A1*� ���=1>������� ��&� �� ��	� ( ���1��� � A=&
uO�� t!*�� ����<$�� �/UK �I� ��<	^ �`�	� �N�=� �e�$� �

�� �N�=� �e�$� '�� �)��K�� �� /UK ����COD ��N�.� �� $ � (
�`�	� �N��=� �e��$�) ��O�$ �`�	� �N��=� �e��$� ��	�7 �1����-

�� �(� A�=& ��$ �K�� �� ���� �*������� � A�=& ����	��� . ��	U�-
�	��� t�d$� �� ����- '�	�7 �1 �$�� �� � A=& ��� � ��pH ����

 � B��A1�� $ ����$� ���# �� 6COD ���� �� �m�21W� �$���� ���
 �� 8	 �� �� v- 4 $�1 & �6��!O '�� � �%*�0� J <T(� .�� t�d$�

 ���`- J	� t�d$� +K��� �� �h!N �"	��� @	����!�.
�� ��_$ �>� �� '�	�7 �1 �$�� �1����- ����`- J	� �� �`	� �!,

�� ���	��� ��1" �'!� ���- � 4
� +y��� ���(�<$�� �� A=& ��$
 ��� '���Y� � � A�=& ���$ '� � �$��!� ��`	� �N�=� �e�$� �SN��I

�e�$� '�!�& ��� ' f��%&�� � ������1��� �2 ��$�1- s!b�* �' �	�-
 ���7��) � A��=&���$!6 ������Y� �����^����<	 �����- ;��	�W& ����

�	���0� �(�	� ( ���1��� ���K '�	�7 �1 �$�� � t�7 D�Y1$� ���
 � 4���	e�$��� 4K������ �������<	��N 4
���* � � A���=& ;�����R 4����

 �<1��� �1���� '�	�7 �1 �$�� �� ��7 �2�� �� �(� ��	� ( ���1���
.(Sillanpää and Shestakova, 2017b, Martínez-Huitle and 

Ferro, 2006).
�����# �	� ����`- J	� �� 4#�K ;��R ��S$ 0���� � �*�<
� �!

 ��� ���&� ��� h!�N ������# ���� 4 $�1 & �$ �	���# �2# ���	��� /��
\(# ����1���- �� ���(� ��	�- +y���� � �!� �A # � ������& ��<$�� 

1 Expanded Sheet 

4� $��� + 20& �	�- B�	�_$ �y��� ��� �( ���1��� �< �� �� �	�7 ��
D�� �y��� �J " - B�	�_$ J1��U6 '!�� �� �	 � A=& �* ��� �� 1< 

�!%$ ��� ��<	�!��& �	 �.J	����<� � ��A& � �� 7!& ��� ��� $ �# ��6��
�	�- +y��� a�*� �� B����"� ����<$�� ���!�� ���� '�� � ��� ��!��

 ��� ��T$ .��� ��<��� ���7!� M���<� �� ��� �y��� � �A& ���*�<1��
��=1O� �1N�	 x!=O �� +��> ���`- J	� ���'� � B���> ���*�

��	� �$���* ��*� ���!- '��� 4 $�1 & �$ �� �	� ( ���1��� � A=&
� - �� �&��N �# �����0� ��) �!� �< �����&�}@ �0� �� ��I��

 � ���<O�}�&��'�	�7 �1 �$�� �� .(�� *� @ 0� �� �I�� ����
) J 	���- �� ����μA/cm�3}}<� �!��� � ����$ �6��!��O '���� � �(

��	� ( ����1��� � A�=& ;��R �<	��N u W�"& '! �*�� �#���1���
 '��	�7 �1 ���$�� �� .��� ���� ����� �1�" � )μA/cm�3}}>����$ �(

� A��=& ;����R ���<	��N ���� ����Y.$���1��� � ���1N�	 �	����N� �6��!��O
.�� +	�%& �	� ( ���1��� 

�:>�� � ��Z� �!
�:�:,� ��'B�� ��Z� 

���A1*� ��!� ��� B���%5 ���`�- J	� �� :��$� �!A�!�* � �*� �� 8	
)H2SO4(��) 4	��*� �#��� � ��I��NaOH(�� �*� 8� ���6�

(C2H2O4)������Y$ B�A�!����* �(Ag2SO4)�� �B��������# 4 ����*�1- 
(K2Cr2O7)�! 7 B�A�!* �(HgSO4)4 �*�1- �B^��1N 'e���� �

(C8H5KO4)r�� �#�� �� �S(�)|�	�6 4 $�1 & ��!& .('�(�|
�$����L �^!��N ��!��& �~}� ��S�����N �� ����� J �P��& D!��(.�

 ;� #�& ���!6 �� ��� ��$�� u W"& � 2��> '���) �1.<I ���e� �
.�� � 
& (�	� ( � 

�:�:%!�]B�� ^�8�_� 
����	��� ����`�- J	� ��COD ����- � t��O ����- ����� ����

 v�#?N� j�� ��� ��	� ( ���1��� � A=& �$���* @*!& ��� � A=&
 �1���~)Bridgewater et al., 2017(�!�1#�� �� ���A1�*� ��� �|�
�$�O ��COD 8� �$���� ��	��J <T(� m , .��� t�d$� ��d<*

 8 �A& �� ��� $ J1� �� �7 ��COD D!20���COD +#3������

 
2 Merck 
3 Closed Reflux Method 
4 Hach 
5 Soluble COD 
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'�(� �7 ��� �� R �� ���� ����!O ������ 'J�	� �� �!�_<� B�!�I
COD ���t�5 B�!ICOD D!20� � +�&��- .�*� +# 4�L�� ���

 ���A1*� �	� ( � ��� ����$�1*� ��COD ��� '� � � +��&��- ��� �#
��!� ��!� 8� �#�� � I!&�����!�1#�� �� ���A1�*� ���� s��b� 

�N��# �6�<�#� '�!& ����� ��$��� h�%b$� �����������COD +�#
.�<1�� 

m , ���� m , ��S1*� �� �d<* �y�� �!$ {<*c�������A<��
J #�- ��(��(Perkin Elmer lambda 25 uv-vis �)���A1�*� ���	��

�S$ �� ����� �# �� 	 �D�	� ��$��� ��$!($ ����� �� �*��� ��!����
��>�N ���� �$!($ ���� ��	COD �����$� ����� .��*� ��� 6pH ��

4����1� ��S1*�(Metrohm 827 pH lab �)!*y��>� ��� v  }3/}
���K��pH ������$� ������ �4������1� ��S1��*� �� � �	�$���*� ���� 6

)Metrohm 912 EC lab!* �y��>� ��� (v 3�� �$�!�O ��I��
$�*� ����0��	� ��� � �� ��mS/cm 3��/}�� �$�!�O ��I��

 �	�$���*� ������0� ��������1(# ��mS/cm 3������ .���� ���A1��*�
'�� ) ����� ���S���"	��� ��������& �� �d<���*Radwag, R2 �

����$� � 2��> ����& J	� .�� ���A1*� ('�1�
� ��& ��� 6|�} ��� t��6
 �>�3/}�2 � �� � B����"� ���� J <T(� .���� �� t�6 �-!��*�

 4 $�1 & ���1��������!��*��� � ��S1�*� �� ��6��!�O u W�"&
) a!l( ��� ��!$Olympus, Z61 .�� ���A1*� (J-�e �

�:�:	#')* 	"���� � ��F? ^�8�_� 
���`- J	� ����� ��� �!& ��K�� 8�	 �7���$ �.<�I ����- ��

����- ���S$� � �7��$) '��
& ��R ��2- ��� .��� ���A1�*� (�1�*�
�!O����$� � 4
� xD��7 �� ���- J	� ��� �� 63���� uW"�

.�*� � A�=& �$���* +# �� �	�($ +��� �� �	� ( ����1���3'��"$
.�*� ��� ���� 

��2- �� ���� �1O�* �$�� �� �� A=& D!2* �!�1#�� 8�	 �J2 -���-
4	e� �� ���A1*� +��> 8& ��<	��N ���c�!%5|�"O��/�1*! - �~

���*� �� ����0� ���� ���# ������) ���	UQ& M��%<� 8��	 ���� ����	�1� 
ARMA,APS-351	� ��� �('���& ��	�$�!�� �$�1- /?1O� J �P& ��+

V~} 7 ��'�	�A��(*� '�!&)W3�}� ���� � ��0� �� � (��

1 Total COD Including Solid Phases and Particulates 
2 Single-Pass 
3 Batch  

��,J�:���A1*� �7��$ �1.<I ���- B�=W"���� 

��& ��� A=& ��� 
Table 1. Characteristics of the textile wastewater 

used for treatment 

Parameter Unit Amount 
Chemical oxygen 
demand ppm 600 

pH - 7.5 
Electrical 
conductivity mS/cm 6.00 

Color intensity Pt/Co 1430 

�	� �(- 8	 � ���- 8$�& ��ND��) �(6��HF-8367 ��# ('��	� �
��� J �P& �	�$�!&L/min ~/3) �*� +=1� ����� �� +��|.(

+O�� ��# ��,��W� +��� ��� �!�1#�� ��7��O � ����� ����
D�	 �� ����1��� B�0AI ��!6 �� �� �
$ ��� ��� ��K��, ��<�*�

 +��)~f��W� J	� �!7� .( �� X5�� �� ��� ���� t��S<� D� * �!�
 ��!�O�� �!�1#�� m# �� ��"N �� �(- t!1<�!� ��� $ �C� �� ��!1#��

 �� k��b� �d 1$ �� � ���#f��W� �	��� ��� ���� �� ��O�!<�	 �!�,
 � ������1��� '���� � .�!�� �W- �!1#�� ����1��� � K�$ 4dK +#
 �!�0$ ��� ���
$ ��S<( �"$ ���� ��� �K��, ��5 � D!, J <T(�
 �� �(���,��W�� R �� K�$) ���_A0� �����1��� ���gN +��# ��# ��*�
 '��	�7 J �<T(� � �� ���1��� /?�&� �d 1$ �� � ��� �- �����1��� 

��<# .�*�� �!O +>��K �� �U6 

Fig. 1. Schematic of the electrochemical wastewater 
treatment set-up 

DE��c�	� ( ���1��� � A=& �$���* +# �� �	�($ 
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Fig. 2. 3D illustration of the electrochemical cell 
compartments and the electrode stack 

DE��c�* �	�($ .�����1��� �1�� ���(� �� ��� �K��, D!2* �� �� 

Fig. 3. Pictures of typical electrodes used in the 
electrochemical treatment system: A) anode; Ti mesh, 

B) cathode; stainless steel 304 mesh 
DE��c���A1*� �����1��� �	��=& ��� � A=& 41� * ��

L�N �	� ( ���1��� :�7��$ �?A4 $�1 & ��!& ��$ (�
B+ 1*� ��!& ��&�# (~}� 

��7��2I��A�=& D!2* B���%5 ���!�& v<�7 �� ��$ :�� ��$�
& $�1 �6 4	�|h�� ���WL ��mm �/}�!�& ���W�L ��mm 

|*�<� ��.�� ��cm |}×|��*�<� �K��� �� ������n�cm2

3}}} .>�� �K��� �����Kcm2��} ��������� '�� ���) ��$
�} ���&g�� �������!��& v<��7 �� ���&�# �(���$ �����1��*� +~}� ����

 D!��1A� ���W��Lmm |/}�!��& ���W��L ��mm 3����.�� �
*�<��<T(� � �$ ���"� ��<<#��7 J���1�*?- �� 8%�"� 8 J

�!& ���WL �� �����1����mm �/}.
��=&	�����1��� ��5!$�+�� ���4�dK .�*� ����"� +��>

2#�*���1��� D!2 ( ��	����U-	���K ��) ����- j���1��� ��#
���1������ (����� ��1N�6 ����> ' �� ����1��� �A7 �� �� +�"1�
 ���Kml ��} �*� A=& ��!� ���- �# �� �� ��L/min ~/3

Fig. 4. COD removal profile under the neutral pH for 
current densities in the range 100–2500 μA/cm�

(as indicated in the legend) 
 DE��c���# �$��COD �b 0� @	��� �� ���-pH ��<O 

'�	�7 �1 �$�� ����0� �� [FF �&μA/cm�|�}} 
(���!($ ��(<��� '��� ���5�)

�� e�l(- ' ����!q& ��$�� '���� .�!�� �	 �* 8 �� D!2�* '��� D�
 ���K~�$�C 0� ��) +(5 �� �# �*� �t�$ B�%*� ����N����_$ �� �

� �(@*!1� �$�� '��� J1N�6	�"��# ��5 J��y�7���� � ���� '��"$
 ���K~~$�C � ��'�"$ �# �*� ��<�� ��$ �<� �� �!7� ����gN ��

D!2* +O�� �� J#�*�*�.

�:�:`5��A� %W��ZC %Q�5A�� � %5�#�#��3BE�� 	#')* 1�! 
�� �����- � A�=& '!��� ����d& ��# +K����+���� ��2# B�!�I

 ����<	��N 4��	e� ���0& �	� ( �����1��� � A��=& �$�����* ����%���
 � A=& ���� �"O��/�1*! -L3�&� 2(5 ����1����- �0& ���-

 B�� �� ��d� �'!�� �� ���� ��� J  .&|��$!($ � �5��* �������
'������ �� ��A���I ������3��~}��}��}�3|} ����Y >��������

���`- ������.������- .�!�� �����1 �*�������� B���%5 ��$� ��:
�����0� �� '���	�7 �1 ��$�� 3}} ���&µA/cm2|�}} �pH �� ��

 �� t�O ���-) ��<O � K�$pH D��7 �� �K��b�3�� *� � ()pH 
D��.�](.

�	��� �� 4#�K �2# �$�� ��� J�	� ��� ���W$ ��# �!�� ;� &�&
A=&� ���1��� ��  Q& '���� �1.<I ���- �	� ( pH ��� �� �@	�

 �� .��� t�d$� �'�	�7 �1 �$�� B��  Q& � CP& �� �#�(& �� V�N�I ���<O
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���� '���	�7 �1 ���$�� ���<� �	���*�<� ������ �����W$ ���2K�� {	���1$
��<<#���� �� � ;*�<� ���U6� CP& ��� �7!& �� �vl* .�� ���A1*� �&

j���6 ���U�6� CP& x!�=O �� M��<� �� �# �	��pH ����2(5 ���
 ( ���1��� � A=& j����6 �`�	� ��� ����� �!7� �	� ��� ��<1%� ����

 �� �*� @ �0� ��%�� � CP�&(Moreira et al., 2017, Martínez- �
Huitle and Ferro, 2006) �	��� '��	�7 �1 ��$�� ��<� ��� �	��

 �� �*� @	���� �� ����W$ ��2K�� �� ��� �	�*�<� �"<	�6)pH 
D��.�~(���A1�*� ��	UQ& M�%<� .�$�� ����& ���� ���%��� �� 2��> �

4�	e� �� �$���* 4����N �� 8 &�1�*�! �$�1- � 8 &�1�*�!$�!��6 ����
�� �	��� �� �# ��# ������`- J	� �� 8 &�1*�!$�!��6 4	e� �� �

'�	�7 '���� �� �$���* �� 4#�K e�1�� � �� ���A1*� ��!W�� ��� ����
O�� .�� �%C �_$��!�u�A�!� � �� ����$� ��� ���� �%�*�0�/�� 6

 B���  Q& ��$�� ��� ��?�5 �x�O �"	��� @	��� �� ����COD �
t��7 ���# ��O�$ �`	� �N�=� �e�$� � �`	� �N�=� �e�$� +���
 '��	�7 ������� �� �<(L ���	��� 8	 J <T(� � �6��!O �� ���$

�<1�� � x��O �	��� �� �� �N�=� �e�$� �%*�0� ���� . ��� ��&
 '��	�7 4�	e� �� + ��$�1- +�	�N��- B��  Q& �� �x�O �$��� �bY$
 �N��=� �e��$�) �`�	� �N��=� �e�$� �%*�0� ���� � ���(5� ���C

�� ��bY$ ��� �& ��� �%*�0� �N�=� �e�$� �(��� /UK ��<	^ ����
 �� ��!W�� �$��� ����.�3'�� � �� �COD �'���� '�(� �& ��� /UK

) �� �� ����$E�(kWh/kg���)(

)[(E(kWh) = I � V(t)dt�
�

���`�- J�	� �� ��e�$� /�=� �� f�%&�� �� �# ��S	� �1����-
 ���N�.�����A1��*� ����� ����) ���O�$ �`��	� �N���=� �e���$� ����?5

E�,�(kWh/(���� ! )) ����	E�,�(kWh. h/kg���)J���	� .�!���� (
 ��� '��� �K�� �� ��� /�=� �e�$� '�� � �<.� �� �1����- ��� ����

 �K��COD ����# ����� t�^ �$��� ����0� �� ��� /UKCOD 
) � ��� t�OCOD�;	�L '�� � �� (1/e ' �� ��#)e��2	�� ���53

��� .�*� � Q1� �$!($ �� ���� � $ �,!��� '��� � �*� (��!� �!�_<�
�� '�� ��	���� ��� t�(&� �� v- 4 $�1 & �6��!O ��$ �*� �d<�*

d$��<5 �� �	��� z��� �� �%�$ '�� ���# �I�� � ��� t��'�! 

1 Euler's Number: 2.71828 

.�� �N�.� 4 $�1 & ('�� ��7 �	) J1N� J � �� '�� � 

�:P=Q � O5�B" 
���1$	{���`���- ����� '!����� �������t����d$������� �������A���=& �

���1��� ( ��	7��$ ���-�$ ��& � $�1 �W� �* �� �4 ��y��� ��	�
:�*� ��� 

�:�:	#')*�3BE�� %5�#�#�%aIC G#=� �� 
�:�:�:� 	#')* \�Z* %Q�5A�� `!�[COD 

�	��� �� D�� �2K�� �� �	� ( ���1��� � A=& ���*�����1 ��$��
 �� '�	�7pH �� �����W1$� '��	�7 �1 ��$�� �����0� .�� ��R ��<O

���Y� (#�) ��� z����μA/cm�3}} � (� �� ��I�O ����K ��
 mY�*) ��N� $ �.*!&	μA/cm�|�}} ���� D!�(.� �!�, ��� ��25

 �6��!�O '��� ���O D�1<# �� � J1N�	 B��.(+��� ������$��
 ���#COD �	��� D!, �� ��.��*� ��� ���� '�"$ '��(� �!�,

�# '�	�7 �1 �$�� t�(& �� ��*� ����"� +��> 8	 �� �	���1�� ��W�
����# �^�� ��$ �COD ���<	^ /U�K ��(5 ��# �# ���� �!7�

�� t�d$� ' �� J 	��- ���$ ��� ��	!$�C ��W� 8	 �' �� v- � �!�
 ���#COD �� ���� ��� ��# �<# ��_2R ��7!& +���> ����# ��25

 ������ V?����) � A��=& ���� 4#���K �� 1< ��* 4��	e� ���  Q& � ����<	^
 �*� (t�7 D�Y1$� �	���0�)Comninellis and Chen, 2010(.

����# '��	�7 �1 ��$�� �	���N� ��� ����$ �  Q& J	� ���� '��� 
' ���n � �1N�	B��A1� �&���1 �$�� t�(& �� ��� ��!� '�	�7 �� ��

$�����1(# ���}�� h�A&� �Y >� � ��	� J <T(� .�1N���� ��# �!��
 '��	�7 �1 �$�� ����0� ���� 3}} ��&μA/cm�3}}}���
$ ��K�	

���#COD �$��� ��d<- ��*������� �� �)'�� � J1��� �_$ ��
�	��� �&�o ��bO �� �(��'�� ��	� �1 �$�� �7	�'� �	��N� ��1N�	
'�	�7 �1 �$�� �� ���� �}} �&μA/cm�3}}} B��%C �K 8	 ��

�� �&�}�� �I�� ��$��!� ��bY$ V̂ ��(1K� ��# h!N � A=& �K .�*�
 �� �	� ( ����1��� � A�=& '�!�& J�	� ��$!6 �����Y� � �$����* �����

 ��# ��*� �!�=& +��> ��*� ;	�W& ����� �� �7��$ ���- ��<	^
 '�	�7 �1 �$�� ��μA/cm��}} �$^!�, �$���� B��� �� �� $ ��& 
.���� D!=K +��> 

7 �1 �$�� x!=O ��'�	� J 	��- ��� �`�	� ��� � ��&μA/cm�
3}} ��� � ������1��� ���� ��1(# '! *��	�?- �# ���d	� ��$ �`�	�
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��� '����� ����U6 �� v��- ���1K ���# ���*� �!��=& +����> ����<<# �����
 �$^!�, ������Y� � �	� ( �����1��� � A��=& '�!��& ���$��!� ���bY$ ����&

�$!6 ��I�� �� �;�	�W& ������ �� �7���$ ����- ��<	^ ��� �	��
�1(# �����&�}��*�� B�%C �� �I��'!� ���$ �2 ��$�1- �b�*

 �	� ( ����1��� � A�=& �����<	��N �� ��� ��� ��	�- ��#�0� ��� $
.�*� 

+�� �� ��� ����"� �S	� �2q���� A�=& ��1N� B��A& ��� ��
'�	�7 �1 �$��μA/cm�|�}} .�*� ' m .L ���2(5 �� L!&

��Y$ 8��(# ���� �2q���� J��	� � ���!��� �	� ( �����1��� ������<	��N �
� R ��!W���<$�� �� $ � ��$ �� '` ��#� �5��=& � � +��# ����

'���� �$ D�1<# �� ���O �6��!O k�	��& ��� M�>�� �� .��*� �	U�-
 �� ��"W� �' � A�=& �� 1< �* '�!�& �� �&��N �O�$ �� �$ �� '�	�7

 �2 (0& '�	�7������$ /�I ��N	���<�����-	1 8����$ ��# �!��
����� �
<&�2#���N	�� ���# �� �<��1K ���2� ���<����& ���PC B��

%$�7�A<���* '�!�& D!�(.� ��K ���$ ��� 1< ��A�=& $ �� ' �� �
� ���#���� .�<����� D�����& ��� '�!�&PC ��$�1- �� �!�%5 B�� +
v$��&c�- !3& $�1 ����� 4��# �����Y� J1�N� �*� �� ;7!� �#
6��!O�� �+�� � t���& B�!I �6 ��6��!�O B^!�=0����
�!gK	'!����� r?
1*� ���� �47�
�	1K ����$�1- �� +����

�1(# .�!� D!(.� �K �� 

�:�:�:b5� %�3)� 1c3"� 
+����� �N�=� �e�$� '�� � ���� /U�K �6�!�� ���� '�� � ����

'�	�7 �1 �$�� �� �� '�"$ �� m21W� ��� �� ����"� .��� ��# �!��
 '���	�7 �1 ���$�� ������0� �� 3}} ���& μA/cm�3}}} �e���$� �

���� �	����N� '���	�7 �1 ���$�� ���� ��`��	� �N���=� ���6���	� �� .�����	
 ��� $��!� e�1�� �	��N� �� ���$ �N�, �� �2q�� J	� ��A I!& �����

�� �S	� /�, �� � �$���* ��%��� �N��=� �2# '�	�7 �	��N� + ��
e�$� �� �� �� �# �*�J  .& �N�=� �) �<1�� ��<<#����.� 3.(

��� ��l(� ��O�$ ��� � A=& �5�* ��� t�5 ��2 20& ���6�	� ��
 :���*� ���<.� �� ���� �����	�1��� �e���$� /���=� �	����N�3c�!��7�

 �����<	��N ������ 4#�����K 4����� $��� �������� �� 1< ����* �	�������0�
 � A�=&(Comninellis and Chen, 2010, Martínez-Huitle and 

 
1 Trans-Passive 

Ferro, 2006) �|cM	���* ����� �	� ( �����1��� ������<	��N ���&
 ���) � A�=& �<	��N �O�$ ��� �� ('�	�7 �1 �$�� ��� ��) 8 1	����-

 ('���	�7 �1 ��$�� ����.(Drogui et al., 2007, Oturan and 

Aaron, 2014) .
�+���� J	������<����� '���"$ 4
��* ����� ������<	��N ���!��O

'�	�7 �1 �$�� �� �1K �N�=� �e�$� �� 8 1	����- ��� J 	��- �� $
 �N��=� �`�	� �e�$� �� �# �(*!� � �y�7 ���# .�*� '�	�7 ��

��μA/cm�|�}} �� ����"� �!� ��� D!�(.� �!�, ��N� �� ����$
��!� e�1�� �� $����� �� �$���* ��%��� ��# ��*� '�	�7 �1 �$�� J	

�� �6��!�O + ��$�1- ����# � 4 $��1 & ! �- �	^ J1N� J � �� + ��
4� �� z!>� �� ��6��!O �^�� ��$ �� '��� ��$! -.

�:�:�:	#')* �Q \� d�7*�� � 6#"�B#* %W��ZC %Q�5A�� 

���	��� ����6��!O�&�����$� ��$ '�� ����& ��� �� v�- �4 $��1 
 Q& � �� �1N�6�� � ��� '�� �� �%�$ ' �"��# B��  ��� .� '�!�<5

\(# +�� �� .�� ��0� ��6��!O ���� ����"� �	���N� ��� �# �!� 
1 �$���7 �� � �'�	����<	��N �� 4 $�1 & �6��!O � '�� ���# '��|

��� ��� - �	���N� �� A�=& �15�* J�	� J �� �( Y1��� f��%&�� .��<#
 /UK ��$ ���# � ����"�COD �����"� +�%> B�0A�I �� ����

�� .���� �!7� ��1�" � 4
�* V�(y�� '�	�7 �1 �$�� �	��N� �� ��&��%5
 �6��!O �<	��N /�I ���(5� '�	�7 �����!�.

Fig. 5. Specific energy consumption (kWh/kgCOD)
under the neutral pH for current densities  

in the range 100–2500 µA/cm2

DE� ec) �`	� �N�=� �e�$�kWh/kg��� �1 �$�� ����0� �� (

'�	�7 [FF �&μA/cm�|�}}��b 0� @	��� ��pH ��<O 
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Fig. 6. Corrosion loss (mass% or wt%) of Ti anodes 
under the neutral pH 

DE�Vc(t�7/'�� ���# �I��) �6��!O ���	��� 

@	��� �� �( $�1 & �$ �b 0�pH ��<O 

������	���=& ��6��!�O �2q�� �< 5 B�� CP& �� ��1
� r��
 +��� �� m�21W� �"	��� @	��� �� ���$ ���.��*� ���� ��y���

 +���cAv- �# �*� �&���Y� �6��!O �7�� �� ��$ �� f!���
 '��	�7 �1 ��$�� �� �	���� '�	�- �� 4�# +��� � ���� ��%C�cB

�7�� �� �$ �� f!���'�	�7 �1 �$�� �� �1N�" - �6��!OμA/cm�

|�}} �� .��*� ���� ��d<� ����1��� +���# t��
$� �� V?(5 �# �*�
 +�����cC�� ����	� ; ��* �K�!��$ /����,� �� ���# ���*� uW��"�

 ������ � ����� ����d	� ���$� � A��* �&��!��*� ��6��!��O �	���($
 +�� �� ' �-!�*��� ��cD��� ��1W � � ��<$�� ��R�� �.	�� �

%K�	����� '�"$ �� �� +�� �� J <T(� .����cE����- �	!=& �
�$�	�7 �1 �$�� �� ��� � A=& ���	� ��� ���	� B^!�=0� ��# �!��

�� �� A=& � �6��!O ��� ���� uW"�) �$� � A* B��!*� B�!I
��� �1��%$� /�n m# �� (�2N '�	�7 �1 �$�� �� .�$� ����-	J �&�

� .�!�� ��1(# �� �� B��!*� J	� 4dK ��#���# ���<# �� �	���=& J�	
� $ �� �&^�!* ��$��� �6��!O �2q�� x!=O �� �# �&�%C� ��J�o

��d	� ��B^!�=0� ��$� � A* B��!*� �	" ���<	� �2(7 �� .�<<#
 ��� �	" �"�� A=& B^!=0� �	 �<1�� �6��!O x!�=O �� '�!�&

�$�(6 �� �
$ � ��� �6��!�O ��<	��N '�� � ��	" �"���O���- �$� �
� A��=& ;����R ���<	��N" �"����� �!��7� �,���%&�� � A��=& ���<	��N

 ��� ��� �	� ( ���1��� �� �6��!�O ��<	��N 4
�*" � �"������ ��$�!&
 ."��*� ��Y� �N�=� ��	�1��� �e�$� 

Fig. 7. Overview of the Ti anodes corrosion in the 
electrochemical wastewater treatment set-up: A) 

preliminary corrosion under a low current density, B) 
advanced corrosion under a high current density, C) 

formation of white precipitates at the corroded regions, 
D) magnified view of part C, revealing a foamy slurry 
with micro-bubbles, E) wastewater tank after a high 
current density treatment revealing sedimentation of 

white precipitates 
DE�fc� A=& �	� ( ���1��� �$���* �� 4 $�1 & �6��!O B��C� �	�($

 ����-A'�	�7 �1 �$�� �� �&���Y� �6��!O (�-	J �B�6��!O (
 '�	�7 �1 �$�� �� 4 $�1 & +��#^���C�� �$� � A* B��!*� + �"& (

 ���� ���!O �K�!$ /��,�D���� ( �W� �-!�*��� � �	�($C�#
'�"$ �� ��<�� � �*� �� ��%K�	� �� ���(� ���R�� M	E���K 8$�& (

'�	�7 �1 �$�� �� ��� � A=& ���- ��	� �$� � A* B��!*� ���(� �� 
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4 $��1 & 41� * k >� �	� ( ���1��� �O�<� J <T(�c��� ��
 �2y����) �� ��<	�!��& ��0� �� ��<$�� + ��"& v%� 6 ��� �e��$�

�$!6 <#�� z�!$� D��.& ���C �	 � �����6��	� �� ��� � (�!�=1� ���
 �2y�����) �	� ( ������<$�� ��� ��� ���	 � 4 $���1 & '! ��*��� � ���7��

'!	 � ���� ���- 4 $�1 & ����*���
� �2q�� (�1 N�n ��"��� ��
�� �1K �# ��!� X0��- �) ��< �� J�	� '���_$ ;K��I '�� � ��<$�� 

����!-)Pourbaix, 1974(�(��� � ��y�� �(Baes and Mesmer, 

1976) ��2# )Kelly, 1982(M(7 �� �<���� *�$ �J	�����<� .�*�
 /�� �� �7!& �� J	� '����� � ��!�(5 ����	��� ��# ���`�- �d<�*

 � ��!�� ����- �	� ( ����1��� � A�=& ���� �( $�1 & �$ �� ���A1*�
*������	�- �(� $��� 4�"� �� ��n��<1� ���� ' �� N�n � ����$�

 �!�* ��� �&���Y� �*�- �y��� ���� �# ��?& ��*� ���O B^ s��,
 �*� ��� t�d$� ����� ��	�$�(6 V�N�I ����	<1%���!�7!� M���<� ��

 �� ��� �# ��$�������(<����	'��S"��`- ���*��������	���<
��>�� ��!(��.�<<# 

t��6���	� ���� z!��7� ) �����!- �����E–pH4 $���1 & 41��� * (c�
)+����� '�"$ ( ����0� �� �# ���pH ���<O J	��� ����- '��

+�� �$!6 �� 6 �!�7� D?�0$� � �6��!�O �C� �� 4 $�1 & �$!	 ���
 � (t��6��	� �� ���� ���� �	��($ �2 ��$�1- ���d<- �� +>��K) ����$ 

�!=0� �T$�<����#� ��	& � $�1 �� ��!� +I�K 4^ B�!I	����
�#� ��%�� .�!� ���!O �b* �� �� 

Fig. 8. A) Pourbaix diagram (E–pH) of Ti- H2O system at 25 °C with the assumption of Ti oxidation to 
anhydrous specious (Ti2O3 and TiO2), B) Pourbaix diagram of Ti- H2O system at 25 °C with the assumption 

of Ti oxidation to hydrous specious (TiO2.H2O and Ti(OH)3). Adopted from the Atlas of Electrochemical 
Equilibria in Aqueous Solutions (Pourbaix, 1974) 

 DE�gcA) ���!- t��6�	� (E–pH4 $�1 & 41� * (c���� �� �°C|� �� �1 N�n ��
� � �* B^!=0� �� 4 $�1 & �	��#� ��N ���3

; &�& ��)Ti2O3�TiO2� (B4 $�1 & 41� * ���!- t��6�	� (c���� �� �°C|� �1 N�n ��
� � �* B^!=0� �� 4 $�1 & �	��#� ��N ��

����| &�& ��);Ti(OH)3�TiO2.H2O�� @ 0� �� �	� ( ���1��� B^��.& v2,� �� �1N�6�� .((Pourbaix, 1974) 

1 Anhydrous 
2 Hydrous  
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�W�$ �� �1K ��� 4 $��1 & �	���#� ��� f!���� �# t��6�	� �� ��
 ) ���*� ������ /a����� � B^!��=0� +�����cB��6���	� �� � (

���$!6 ����d	� '������ �� ����<	�!��& ������0� �� 4 $���1 & �$!��	 �����
 *�M�� ��&E–pH +�� ���� �� $ �*� 4���N ' �� �2>��K �� 6

 '!�	 J <� ��� ����$ �2 ��$�1- @	���� �� �	���pH V?���# �	���
 '��	�7 �� 8�	����N ����<	��N � ��� ���6� .�*� �� 1K� �� *�
 �2N �	��#� �	 � '` �#� �5�=& � � ���� �2(7 �� �$ ��� ��

 ��� �!& �� 2��> V��&�oH+����# ��.��L!�pH D���(1K� ���� ����� ��
 �6��� �� �"��#��&��K��pH �� .�*� � .� ���<	��N J	� �C� ��

�$!6 z�!$� �!7� ��S	� /�, �� $ � (4 $��1 & �� � R) �S	� �$!	 ���
v�2l��# �� �� ���1��� @ 0� �� ����* ��  Q& �� ����� �"Y$ �$�!&

 ���2N �6��!�O �� 1< * � �� ��<	�!��& ��1N� ' B^!�=0� � B
���� �1���)Kelly, 1982, Pourbaix, 1974(.

'��"$ �7���$ �.<�I ���- x!=O �� �!7!� M��<� �*���
�� �# ��� 4
� �$!6 J	�& ���- J	� �� �$!	 ��� B�A�!�* +���� �� 

)SO*�+����0� �� ��}} �&mg/L 3}}}) �2# � (Cl+�� ������0� 
3}}} ��&mg/L  �}}}(�<1���.(Yaseen and Scholz, 2019) 

��6 J	� ��� ���$! � ����O ��& �,��6� CP��� ���U��1N� �����6��!�O

 ���� �1O�<�� 4 $�1 & ��$�.(Kelly, 1979, Liu et al., 2014, Liu et 

al., 2015, Prando et al., 2017) .

+���� �������*� '������(� � '���6�� ���`��- �� ���1N�6�� ���#
Q& t��6�	� B��  E–pH 4 $�1 & 41� *c'!	 �!gK �C� �� � ����

�� ��	� �2# � B�A�!* t��6��	� J�	� ��T$ ��2(7 �� .�!�� '��"$ ���
�� +�� '���� �# �*� J	� ��<�� �$!6 �� 6 ����2l��#/�$!	 ����

 �����<$��) B�A�!����* �!����gK �� 4 $�����1 & �� �����I�OTiSO*/�
TiO(SO*)��+ ) �2# � (�<$��TiOCl*�+ �� ��d	� ( �!� '��� �#
'���� �
$ �!gK '!	 �$!6 �� �1*�
N) �!%$ �	U- v�2l��# � �� ���

4 $�1 & 41� * ���� �!=& +��>c'!	 �!gK �� � � B�A�!�* ���
 D����7 �� ���2#|���*� ����� ���� �	���($ .(Vaughan and 

Alfantazi, 2004, Vaughan and Alfantazi, 2005).

��� J <T(� ��$!6 �� �1�*� ' ��# ��	� '�!�& �� ��# h!�N ����
+ ���$�1- ) ���$��� ����d	� v$���� ����$ ��������<$��TiO(SO*)��+ 

�TiOCl*�+ (������0� �pH ���1���6 �%���$ ������	�- ������ ����&
��Ti(OH)��/	/TiO�/ �� .�$��� ��2(7TiO(SO*)��+ �� ��
<& �

pH ���	��1" � ���/~��&���TiO�. H�O�%&��� +	������� �! 

�.��L!� �����# D���(1K�pH ������<	��N ���C� �� ���$ B�����d� ��
 J	����<� .�*� �!=1� s!b* J	� �& ��	� ( ���1��� ��	��#���N 

��  ���d� �2I�N?� �1 ���1��� @ 0� �� �# �!� ����> ��W$ ��$
 ���#pH�� h�A&� '!�	 �!�gK �� ��# �1N� ���2# � B�A�!�* ����

+���� ������ v�2l����# ���� 6 �`��	� ����) ���
$ � �� D!��20� ����� 

Fig. 9. E-pH diagram of Ti-H2O system at 25 °C in the 
acidic pH region for Ti oxidation to hydrous specious 
(Ti(OH)3 and TiO2.H2O), with the assumption of: A) 
presence of only Ti ions with an ionic activity of 10-6 and 
absence of any other ions, B) ionic activity of 10-6 for Ti 
and 0.1 for SO*�+, C) ionic activity of 10-6 for Ti and 0.1 
for Cl+. Adopted from (Vaughan and Alfantazi, 2004) 

 

DE�Sc��� t��6�	�E–pH 4 $�1 & 41� * c���� �� �°C|� �

����0�pH ��
� � �* B^!=0� �� 4 $�1 & �	��#� B�!I �� �� *�
 ; &�& ��) ���� /a��� � �1 N�nTi(OH)3�TiO2.H2O:��N �� (

A'!	 �!7� t�5 ( �$!	 �1	! 1#� � 4 $�1 & �7 �� �	���c3} 1 & ���� �4 $�
B�$!	 �1	! 1#� (�c3} � 4 $�1 & ����3/}) B�A�!* '!	 ����12*�+ �(

C�$!	 �1	! 1#� (�c3} � 4 $�1 & ����3/}) �2# '!	 ����Cl+.(
 �� �1N�6��(Vaughan and Alfantazi, 2004) 
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��,J�:�$!6 �� �1*�
N v�2l(# � �� 41� * �� + �"& +��> ���

4 $�1 & c�� � �$!6 �!gK �� �2# � B�A�!* ���pH .�� *� 
�� �1N�6��(Vaughan and Alfantazi, 2004) 

Table 2. List of possible species and complexes 
in the Ti-H2O system under the acidic pH in the  
presence of SO*�+ and 34+ ions. Adopted from  

(Vaughan and Alfantazi, 2004) 

Reactions #
Ti3+ + H2O→ TiOH2+ + H+ (1) 

Ti3+ + Cl– → TiCl2+ (2) 
TiOCl3

– + Cl– → TiOCl4
2– (3) 

Ti3+ + SO4
2– → TiSO4

+ (4) 
TiO2+ + SO4

2– → TiO(SO4) (5) 
TiOSO4 + SO4

2– → TiO(SO4)2
2– (6) 

Ti (OH)3
+ + HSO4

– → Ti(OH)3HSO4 (7) 

�# 4 $�1 & �� (B�A�!* ��d<� 4 $��1 & �6��!O � D?0$� �� � ��!� �N
�� v�2l��# '�� ��� �� .�!� v�(� � �$ B���d� �� ��pH ����

�1��" � k��(5 �� ���� ���
$ ����N ���  Q& D���(1K� ���� ���1���TiO� /
TiO�. 2H�O�� �	��N� .���	 

�2q�� ��$!6 �!�gK ��S	� � (�� �y�K 41�� * ��� @%&��� ����
�� ��<	�!��&)4 $��1 & B�A�!�* (c� �*�cD���7 �� �|.��*�

 ) 4 $��1 & B�A�!�* ��!�O �D���7 J	� �� ���6�Ti(SO*)�(��� �!�,
 4 Y1���($ ��	� ��!��$!6 ��� �	��� ��<$��TiO(SO*)�(SO*)�+ �
HSO*+�H/�TiO� / TiO�. 2H�O�����7� �� ���S(� �41��� *

����* �� ������<	�!��&4 $�����1 & B�A�!c�c� ����*� 8	�!A�!����*
)Ti(SO*)� − H�(SO*) − H�O) �<1���� (B^����.� �����(

�#�7!& �� �$!6 �_2R �� � ��pH �� ����Y� �� �A21W� �!�7� �<$�!&
 �<���� �1����.(Zhang et al., 2016, Kakihana et al., 2010, 

Dubenko et al., 2020) .
�4 $���1 & B�A�!��*IV ) 4 $���1 & B�A�!��* �� ���	Ti(SO*)�(�

� ��*� � � �� D?��0$� +����> ���!��- ���� D?��0$�) 8	�!A�!��*
�� *� � ^�� �	�����6 � �- �� ��# �*� (� �!> ��<<# ����� ����

 � �!& �2I�TiO��&�A�!* �<	��N �� t!*!� �<	��N ��3�*� 

)E(TiO2 + 2H2SO4→ Ti(SO4)2 + 2H2O

1 Sulfate Process 

)](TiO2 + H2SO4 → TiOSO4 + H2O

�� ��?5 ��&�A�!* �<	��N ��TiO����*� � �!& �2I� �/�� �#
 !��#� B^!=0�c�&�A�!�*|��<$�� +� $�1 & B�A�!�*TiO(SO*)

�� �!& ��� �$!�� )Gerasimova and Maslova, 2012(.B�A�!�*
&+ $�1 �A�!�* �4 $�1 & �� '�*�( 2- ���1O�* '` ��#� � �!���� ��#

�������1#� �#��� �� 4 $�1 & ' ��~���������1& �#��� �� �!A�!* ��

��� M>�� �$�)Gatehouse et al., 1993(.
���`- ���t�d$���� � �!& ��TiO�'��"$ ��&�A�!* �<	��N ��

���� +� $�1 & B�A�!* V̂ �� �# �$�TiO(SO*)!��#� ��
<& �cB�A�!�*
 B^!��=0� �� ���A , � ��!�%$ �<��#�� J��	� D?�O �� ���1N�6 +���

�$� ��!�#�c��_2R �� �&�A�!* ��� �!A�!�* m�21W� ���� ��<$�!&
 ��$� 6 +�� )Gardy et al., 2016, Kozma et al., 2019(V�� $�C �

��!O�!�#� J	� �� �	��cB�A�!* ��� �� �	��
$ ��1O��* �� ��<$�!&
TiO���� ��	 � �<<# ��d� �!*� ' ��� �� �	 �<$�(� �>�� B�!�I
�����6 �b��* ���� ����!A�!��* �2����5 �����TiO����$�!W� ���$! -

)Gerasimova and Maslova, 2012, Puhakka et al., 2007(.
� /�, ���S	 �� 4 $��1 & B�A�!�* 8�($ �� 4 Y1�� ���A1*� 4�

�$!6 �� +I�K B�% #�& �) � ��	������ (� �� ' ����� '�!�<5
) � A=& ������D!(.� �!, ��1W� � ��Y.$� k	�, �� ����*�(�*����

��� ��$� ����� �1�� ��&�# x�!�O 4�� �TiO����!O ����K ��	 ���
���6 �&�A�!* �2��5 ���'� � ��*� ����(Ropero-Vega et al.,  �

2010, Upton and Buswell, 1937) �1	� �*� �	���N� �� �	�� �#
 �# �����<	��N k	�, �� �$�!1� �0b* �U�7 ��	 � JS(���$ �1�� ��&

 ������ �Cw��� � � A��=& �� �!��> �0b��*.(Lee et al., 2019, 

Kulkarni and Muggli, 2006) .
B��!*� J	���D!(.� �!, �� 4 $��1 & �6��!�O �<	��N �� ���$

'!	 �!gK �	��� ��<$�� �1 ���� � �<1��� ��2# � B�A�!�* V̂ !�(.� 
) �� �#�TiO����!O �!�7� D�(1K� �<��� ��$��� ( ���6/��� ����

 ����(1K� ��Y$ ��S	� /��, �� .���� �!�7� �
$ �� �&�A�!* �2��5

 
2 Oxo-Sulfate, Sulphated Oxide 
3 Octahedral Titanium Centers 
4 Tetrahedral Sulfur Centers 
5 Intermediate Products  
6 Cluster 
7 Speciation 
8 Coagulation and Flocculation
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v�2l��# !�#� ���c�� ����- 4 Y1��� � A�=& �� 4 $�1 & �&�A�!*
�1W� k	�, + ��"& ��� ��#) ��N�6 ���	��$ ��	�%$ �� ���Y.$� � ����*

� �(�*� ���(� �&��!*��'!	 �!7� B�!I �� �`	� ��2N ����<$�� 
4 < �!� �J� �4� �5!$ X5�� �# ��7��$ ���- �� 4 �2# �	��N�3

v�2l��# �� !��#� ����c��1W� �� 4 $��1 & �&�A�!�* ���Y.$� � ����*
�$�(6 .�� ���!O ���<	^ � A�=& ;��R �<	��N x!=O �� �$� ����

 %��� �����Y.$���1��� �'! ��*�� �#���1���) �����c���� �('!��1<N��1��� 
- T 6������ �1"���2�� �� ���Y.$���1��� �# �d$ �� .�*� ���(�

 ̂  j�����- ;*�<� ���W$	���< ����y!�!# � ��a� z�!�$�)� ���
$�.� k2.� B��o�^ �	��< ������$�l*!* $!��*!�!�� � $!� �

� $�6����� 4��� ����(� ���*�;��*�<� ����<	^ � �� D!��20� ����� 
�� $.(Vepsäläinen and Sillanpää, 2020) .

J	��� � A=& B�� CP& ��� ���<	^ ��� j�� J	� ���(1K� �� ����
) � �� D!20� (�� � �$�.� �� 45�V̂ !(.� J�	� �0b�* �U�7 ��

$�.� �� 45�) � �� D!20��� ��0b�* �U�7 �� V̂ !(.� (�J�	�
��<	^ �1W� ��� �� �� �� ���� �%�$ �� � �!�� X�5�� J1�N� J �� ��

�
$ ($��!� ����-/� ���Y.$���1��� � A=& B�!I �� �J	����<� .
 ��COD ��K J	�1
� �� �^�� D!20��� �� �!=& '�!&��# �#COD 

��� �� ����7 ����K ��� D!�20� ���K �� J �� �� ��2# ��� ���� ��	
�($ ��<	^ �� +(5 4� $��� ��0� �� .��� �� �2q��� J�	� ���� ���

u W"& �_$ j�� ��� ���Y.$���1��� �1N��" - �	���#� ���� ��<$�� 
�%� /'!1<N��1��� �	 � '! *�� �#���1���c��# �*� '!1<N��1��� ��

�
$COD �� ��?1� �2# �� �	��� .�!� � A=& ���- �� �� ���
�1W� �� R � �!gK �� ��� ) ���COD ��$!($ ��� D!�20� �� �������

�& �� v- /�A� ����- +��Y� �� B��!*� +��# �< "$COD ��� +#
�$!($ ��� ����- �� ������ �(B��!�*� �� �
7!�& +���> 4�dK ����(�

 �� �&��A&COD ����$� 6.���$ '�"$ ��� �� J	����<� �� �!=& �!�
 �������<	��NAOP �����Y.$���1��� � ('! ���*�� �#���1��� V?�����)

�� 4� B�!I ��� � A�=& �� � ��!� D�.N �$���* J	� �� '��� .��$����-
+�� D�(1K� �2q�� �1%�� !�#� B��!*� �� 6c��� 4 $��1 & �&�A�!�*

 �� *� � I�O��	� & �� �1� ��&�# ��1N� ��	�%$ � $ �� � A=��	��$ 
�N�6 )Kulkarni and Muggli, 2006(.
��1K �<���(1K� J	� ���D�$�*��6������g& ��� ����>� ��z!

1 Synergistic Effect  

���� ����# �� ��# ���S	� D�(1K� .����$ '! *�� �#���1���COD 
��*� B��! ����# ���7!& ' ���� ���	�� ������<	��N '��� ��� '������ �

�%�/'!1<N��1���c��*� ���<	��N '!�1<N��1��� .�*� '!1<N��1���
 4�����N k��	�, �� + ���#��� � D����	��� ��� �!& ���� ���<1%� �����*

� - �	� ( ���1��� ��<.	 �2I� ����H�O���C� �� ���&�# �� �!&)
��� K��� ��- J��	� ���# �(D!��20� '` ���#� 8��	 @��*!& vl��* ������

 +	��%& + ��#��� � D���	��� ��� (���2N '! &��#) �$!	 �� ��&�#
�� �!�)Brillas et al., 2009(.

�� �$!	 �� ��&�# ��	 ���� ���- �� �y�7 �!O �$�!& V���(5 ���
 �!��� ��� �!& ����$ D?��0$� ���C� �� ���	 � �!��� �N���L� �����- 

)Stefan, 2018(�� ���6� . J	� ���d	� '���� �$���*H�O����&�#
� 
� V?��# ��N��L� � ���� �!�7� ����- �� D!�20� '` ��#�) ��*

 �N�# + �$�1-����'` �#� �� K� ��&�# �<#��|�� 
� � $ ��(��*
 �� D!���20� �	�����#� ���� N�n ����<� ����� �$!���	 ����� ��&�# ������

�M(8/9)//M8/ )������<$��Fe;//Fe�/ �Co;//Co�/ �
Cu�//Cu/�Ag�//Ag/+ %> J	� �� �((Oturan et al., 2010) �

�(5 �� ��� ��!�7� J	� �� .�*� ��"$ �N�L� ���- �� �6�� T - +� ��
 D��(1K� �' �� �!�7!� ��� � �$��.� ��I�<5 ����& � ���- �N��

�$!6 �!7� .�� $ �A1<� ' �� �2# �� �h!N B�=W"� �� �$!	 ��� 
����S	� /���, �����`��- 	�����'���"$���$��� ������<	��N ���#

�%�/'!1<N��1���c1�" � '!1<N��1��� @ �0� �� �� �	����# J	� ����
) �� *�pH ����K ����~��$��� ()Oturan and Oturan, 2018(

���- x!=O �� � $ �2q�� J	� �# �*�������`�- J�	� �� ����
�	��� ��)��� t��O ����- ��� ���� t�d$� ���pH h��I (���<O

�($ 4� '��# ��0� �� J	����<� .�<# �	����0� �� '���� ���� '�� � �
���� v$���� ���2# �!��,����	��������<	��N ����7 �#����"� ������

�%���/'!1<N��1���cA��=& ���<	��N �� '!��1<N��1��� �  J��	� �� �$�����*
�($ ��<O @ 0� .�� +y�> '�!& 

�� ' �� J1O���- �# ��S	� ���� � ��!��� �<��� � A� �$�!&
J�(��$ ���� � A�=& '�	�7/e���� ������� ����	��� ����� j?�& �

.�*� �	� ( ���1��� ��# �!�, '��(� �� ��� ������ J�	� ���`�-�
.$���1��� � '! ��*�� �#���1��� ���<	��N �� +>����K B�!��I ���� ����Y

4� ����� ��# ��*� ���K�� J	� � �<1�� ���- � A=& D�K �� '���

 
2 Oxygen Reduction Reaction (ORR) 
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�� �� 8�	 ��� ��	� ( ���1��� � A=& '�	�7/e��� ������ ���	���
.�<1�� �S	��	 �� B��A1� � �!O u1W� �b���� M��& h!N �<	��N 

���� � A��=& ���<	��N 8��	 '�	�7/e����� �������� ���2# B�!��I
 �	� ( �����1���CE(%)M����& ������.� ��!��
A�CE(%) = ?@A

?@ ×
100 ' �� �# ��*�QE�� �$����* ��� ���� k�	��& ��	�1��� e���

� �	UQ& M%<� k	�,QEF/UK '�� � �� �n�<1� �	� ( ���1��� e���
��� ����"� ��<	^�*� ��'! �*�� �#���1��� x!=O �� . �����.� 

��� h!�N ��	� B�!�I ��� ��*� ��� ��	(Moreira et al., 2017, 
Panizza and Cerisola, 2009) 

)�(CE(%) = F *×(
∆�� 
HI×JKKK)×L
M� × 100 

' �� �# 
+I�K) ��# ��W� ) '��	�7 ��LA) '���� �� (se���� '��(� �((

��	�1���QE��# B�!I ��	� ( ���1��� e��� '�(�QEF .�*�
 �����Y�∆COD	(ppm,mg/L) ���"��# B����  Q& �COD ���C� ��

�� '�"$ �� � A=& ���� � A=& ���- 4dK �� ��L �� �# ���V���
mg �� 4 �Y& �� � ��� +	�%&3}}} ) t�6 B�!I ��g�� �� ( .��	

 ��5~|��!� t�7O���5 � �*��'� � ���� ���5 ��<<#)z����.& �
��7 '��1����� ����� (��� �7 +���# 8�	����N �<�#�O��F����C

) �����N����� (J�!# .��*� k� >� '��� � �� z?�,� B�!�I ��
∆32P �� ���$ ��� �'! *�� �#���1��� �� ' e���� ������� '�!�&

.��# ���K 
����# ��# �	�d$ �� ���Y.$���1��� x!=O ��COD �� ����$

 �� �<�#�� 8	 ��	 �0b�* �U�7 ��C� �� ���2� ��!�%$ �	� ( ����1�
 ���b��� �� ����# B�!��I j����S$ '������ ����*� �	� ( ��� �<��#��
 ����� J	�S	��7 B�!�I ��
<& .�����$ �!�7� e��� ������ ��!
A�

 ���b��� J ��<� j����S$ e����� �� ���A1��*� �����Y.$���1��� ������ ��
 ��$ �� ���� ����"� �6��!O '�� � �� D��.� �	� ( ���1���QQR�� 

�b��� J <� �Y YK �� .�*� �� �� �� A�=& �<	��N e��� ������ ��7
 �	� ( ����1��� e���� .�!�� ����!O �6��!�O ��<	��N e��� ������

 k	�, �� �6��!O '�� � �� �n�<1�����.� �*� �%*�0� +��> �����N 

)�(QQR�� = STU
V

' �� �# 

m) �6��!O �� ���$ t�7 ���#g�(M���� ���!O �2N ��!� t�7
)g/mol ��/��� �(4 $�1 & ����z) ��� ��5�.��*� (4 $��1 & ����

 ���Y� �# ��Y���QQR��/QE��3/��=� ��<.� ��� ����� �1�	��$
 v$��� � �6��!�O ����� ���	�1��� �e��$� ���#��K �1�" � ���d	�

�1W� ��������b��� �� ���A1*� �# �*� �
	�� �1%�� .�!� ���!O � A=&
�� T - �	� ( ���1��� �<#�� ���� h!N ���<$�� 8�	 �� �6��!�O

 '!��	 z�!��$� �!��gK ���� ��� ���1��� v�2l����# � ���� '������ � ������*
+�� ���1�6 m , �� 6 �� ���(�� ��� ��6��!�O B^!�=0� �� ��

�* B�L��A���V?���) ��<<#z�������� (��� V��.b> ��7�� t��5 �� ��
 J�	� �� +�I�K '?�# �	!�=& �;� &�&�� �� ��� .�*� ���(� � .b>

t�
�� � � A� �B�%*�0� .�*� �W� 
�� � A�=& '�	�7 ������ ���	��� �� �� � - �2I� ���� J�	�

���`���-�����<	��N �� �� 8���	 ����� 4
���* 8��� �A& '������� t����5
 '! *�� �#���1���+# � A=& �� ��Y.$���1��� ����#)COD ( �!�� .

B�%*�0� ���`�- +�# '��� �%��$ B�!�I �� ��� '��"$∆COD 
���� ����� ������"� �� ���A1��*� � '! ��*�� �#���1���������.� ~�� �

�� � � �$�	�7 ������ ����!� ��� ��3}} ��� +I�K �I�� �!��
� ����Y.$���1��� 4
��* J1N���6 ����	��$ ���� ���7!& ���� ���1%�� ���# �� A��=& �

.�� $ �. %,� R 
���<	��N e����� �������� �%��*�0� B�!��I �� ����S	� /���, ��

 +�� k��b� {	�1$ ��6��!O3}���I�� +��� J	� �� .�!� ���!O
'�	�7 �1 �$�� �� ���(5� ��	�1��� e��� +# �� ��� ��# m�21W� ���

'�� B����"� a�*� ���*� ���� �6��!�O /��I V�( Y1�� ��d<*
�� ��	� �&��$ .�!� ���> �� �*� f�%<1*� +��> ���!($ J	� �� �# �	�
�<1�� :
c'�	�7 �1 �$��	μA/cm�3}} �	��� �6��!�O �� ��U6 ��� �

J	� �� .�*� ����#) ��!�� ��y�7 �6��!�O '��� � '�	�7 �1 �$��
 �(
* � � ��$ '��3�&|�I�� (�N��=� ���	�1��� e��� �� ���

'���	�7 �1 ���$�� t���(& �	����� ��� ��μA/cm�3}} ���<	��N 4
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��* � �!
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.(�N�=� ��	�1��� e��� �� �I�� 
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�� �	��* ����� a�1�*� �� ���	�1��� e���� ��#���K �S$�� � ��$�!&
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Fig. 10. Current (or charge) efficiency of the 
electrochemical corrosion in the course of 

electrochemical wastewater treatment 
under the neutral pH 

DE���c� �6��!O (e��� �	) '�	�7 ������ � A=& J K �

�b 0� @	��� �� �	� ( ���1���pH��<O 

'���	�7	μA/cm�3}}��#����"� J	�1��" � ���# ���*� ���!���
�� �� � A=& �� '! *�� �#���1��� �!=& '�!&��#.
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.����$ �!7� B�!I 

���:	#')*�3BE��1,#�� G#=� �� %5�#�#� 

����) �� �*� @ �0� �� � A=& �$���* ���	���pH D���.�~��* �(
7 �1 �$���$�	��# �� 0� �� ��� A=& ���2(5 ��<O @��!�%> +��> �� 

�1��� ) ��!�%$ ���!� J	�&�	��  �7 � $ �
$ �6��!O ��$ ��}} ��&
μA/cm��}} �(*�����$�� +�� �� .33���2(5 {	�1$ � A=& ��
���# �COD �	��� J	� ��� ��	� �� .�!�� ��6`	� �	������<$�� 

��$ �� �	��1�� �W� 8	 �!7���	� ���#COD 8	 ' �� v- �
���# J 	�- ��$ �� �	!$�C �W�COD �����"� ���<O @ 0� �� �#

 � +�	^� '�(� �� � $ �d<	� �� ��!� ��� J �5 �� ���� .���� �!�7 D��K

�� �_$ �� J <� �� �$���* ���2(5 �� A=& �	�
$ '�!& �_$ �� �# �*�
�$!($ J	�1
� �# ���K �� .�*� ��<O @ 0� �� �1
� �� *� @ 0� ���

 � A��=& '�!��& ��� ����<O @ �0� �� �����0� �� �������&�}���I��
�� � A=& '�!& �� *� @ 0� �� ��$� *� ���}�&���I�� �� �� $

 .�*� ��!� a�1*� 
���� �� �2q���� J��	� � ��L!& ���$!($ �6��!��O {	���1$ �� '�!��& ����

 +���) ��# !d1�73|cA�6��!�O t��7 ����# ��$!($ ��* ��� .(
�� '�"$ ��<O @ 0� �� �%�$ ��&�	�� �<�� �#��' +� �� '�!�&

 ��$!6 �1��" � �����	�- �� �� 4 $���1 & �$!�	 �����pH � �� ��*� ����
$� �1" � ��!
* .���$�� ' D?0 J	�����<� ����� ��1�" � v$���

 � A�=& 4�� $��� �#��"� �	���N� � �1���� �!�7� ���Y.$���1��� ��
� A=& '�!& ��� �� ��� ����"� �� .��� �%��$ ��<	��N J�	� ��� '�!�&

�� �	!Y& �� �_$ J	� �# ��S	� + �� ���	��� {	�1$ ��<#������� ���
+����) ���*� �� ��*� @ ��0� �� �6��!��O '���	�73|cB����	� .(

�� '�� � �# �!�QQR��/QEJ �� �X0� ��!� �$!($ �* �� ����3}
�&EF�	���N� (���<O @ �0� ��� �%�$) �I�� ��<.� ��� ��# ��1N�	 

� A��=& ���<	��N �1��" � � CP��& � �6��!��O + 
���& ' �n���<1� �� 
.�*� ('! *�� �#���1��� �� �%�$ ��Y.$���1���)

Fig. 11. COD removal profile under the acidic pH for 
current densities in the range 400–800 μA/cm�

(as indicated in the legend) 
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Fig. 12. A) Corrosion loss (mass% or wt%) of Ti anodes under the acidic pH, B) Current (or charge) efficiency 
of the electrochemical corrosion in the course of electrochemical wastewater treatment under the acidic pH 

 DE���cA( $�1 & �$ (t�7/'�� ���# �I��) �6��!O ���	��� ( �b 0� @	��� �� �pH ��� *�B(e��� �	) '�	�7 ������ ( 
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'�	�7 �� '�"$ ���"� ��� �e��$� '��� � ��� *� @	��� �� �# ���
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�A�w� �� � A=& ��� ���2(7 �� ���# ��$ � '�!&COD ����	��� ��
�< 
� ���� .� ��	� ( ����1��� � A�=& �$����* ���2(5 ���* e��$��
N�=����# �$��� B�� ��W$ .�� m	�.& �	� s�� �� ��O�$ �`	 
($ ��� $ �$!����# �� �I�O '�� � ' �� �& ���� ��COD +I�K 

Fig. 13. Specific energy consumption (kWh/kgCOD)
under the acidic pH for current densities in the 

range 400–800 µA/cm2
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��,J �:���	���e�$��N�=����`	 O�$�@	��� �� �	��� m21W� �	� ( ���1��� � A=& ������- 1.<I�7��$ �

Table 3. Evaluation of the rate specific energy consumption for the electrochemical treatment 
of the textile wastewater under various operational conditions 

j
(µA/cm2) pH ts (min) CRR (kgCOD/h)

(×10–4)
Et,s (kWh)

(×10–3)
Es,t

(kWh/kgCOD)
Es,r

(kWh/kgCOD/h)
100 7.5 ∞ – – – –
200 7.5 ∞ – – – –
400 7.5 47.8 4.75 4.21 10.50 8.85
600 7.5 23.5 9.66 3.40 8.85 3.52
800 7.5 28.4 8.01 5.00 13.00 6.24

1000 7.5 24.1 9.43 5.90 15.50 6.26
2500 7.5 ∞ – – – –
400 3.0 23.6 4.18 2.10 13.00 5.03
600 3.0 12.8 7.68 1.80 10.00 2.34
800 3.0 28.07 3.51 5.00 30.00 14.23

�*� ��� uW"� 
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