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Abstract  
The textile industry wastewater causes serious environmental problems due to its high toxicity 
and color. Therefore, it is necessary to find an effective treatment technology for removing 
organic dyes from wastewater. Cavitation is one such modern technique which has been 
considered for the treatment of complex pollutants because of its ability to generate highly 
reactive free radicals. Up to now, researchers have mostly focused on qualitative interpretations 
and related scientific techniques, and there has been no quantitative cost analysis for pollutant 
control in textile industries for decision making purposes. Future studies need to focus on the 
cost analysis of more processes in textile wastewater treatment, such as advanced oxidation and 
combined and biological processes. Thus, this research was conducted with the aim of 
investigating and comparing various single and combined processes using the hydrodynamic 
cavitation (in a single system and with a specific contaminant) to remove reactive black 5 dye. 
Hydrodynamic cavitation (HC) was applied by using an orifice plate with a 7 mm hole diameter 
at the inlet pressure of 4 bars. Single processes, photocatalysis, photolysis, adsorption and 
combined processes, cavitation + photolysis, cavitation + photocatalyst and cavitation + 
photocatalysis were investigated in dye elimination and each of them was optimized by 
changing the various parameters (pH, TiO2 nanophotocatalyst concentration, irradiation power 
and dye concentration) and their best efficiency was obtained. In addition, considering the cost 
of energy and the nanophotocatalyst consumed by the processes, along with the process 
efficiency, processes were ranked by defining the index of efficiency to cost ratio. In the studied 
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processes, efficiency increased as pH reduced, however, in the case of the photolysis process, 
efficiency increase at the highest level of the basic pH was significantly higher than acidic pH. 
Increasing the nanophotocatalyst concentration up to an optimum level resulted in efficiency 
increase. The decolorization rate increased as the irradiation power increased. The processes 
efficiency decreased with an increase in the initial concentration of the dye. In terms of 
efficiency, cavitation + photocatalysis, photocatalysis, cavitation + photolysis, photolysis, 
cavitation + photocatalyst, cavitation and adsorption processes, with the dye removal 
efficiencies of 83, 60, 52, 49, 43, 38 and 13% were placed first to seventh. This is while, 
considering both efficiency and cost consumption, photolysis process and then processes of 
cavitation + photolysis, cavitation and photocatalysis were ranked first to fourth, respectively 
with the best ratios. Hydrodynamic cavitation is a promising approach for dealing with 
industrial pollutants and the combination of this process with other advanced oxidation 
processes yields desirable results. Considering the parameters of energy and the cost of 
consumed nanophotocatalyst in the comparison of processes is very important and the output 
efficiency of the process should not be the only criterion. Paying attention to the substantial 
costs of nanophotocatalysts such as nanotitanium dioxide, combined techniques (e.g., the 
combination of cavitation with other advanced oxidation processes) lead to less consumption of 
nanomaterial and lower operational costs and are therefore cost-effective. 
 
Keywords: Dye, Hydrodynamic Cavitation, Nanophotocatalyst, Efficiency, Cost. 
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� ��e/jv#3") )��&� #N�) (Wang et al., 2017) . 
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(Holkar et al., 2016).
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2 Reactive Black 5 (RB5) 
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Table 1. Characteristics of RB5 

Reactive Black 5 (diazo)Name
Remazol Black BSynonym
C26H21N5Na4O19S6Molecular formula

991.82Molecular weight (g/mol)
C.I. 20505C.I. number

CB0419426C.B. number
CottonApplication class

AzoChemical class
17095-24-8CAS registry number

598λmax(nm)

� ��&���V��$ �(  4�`�� ���H I#�3!� ���1 
� 
	Z^� �0��
�������	 �+ #�B�� 
/��  � ��  �Z� ��3+ ��	�$ 
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Fig. 1. RB5 chemical structure 
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Fig. 2. Schematic representation of the experimental setup 
(V1, V2, V3: Control Valves, V4: Sample or Waste Valve - G1, G2: Pressure Gauges) 
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7 Extent of Decolorization 
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Table 2. Optimization of the photocatalytic process 

Graphs Levels Variable parameter and 
other constant conditions

50, 100, 200 

30 
60 
8

Photocatalyst concentration (mg/L) 

Dye concentration (mg/L) 
Power of irradiation (W) 

pH 

15, 30, 60 

30 
100 
8

Power of irradiation (W) 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

pH 

3, 4, 6, 8, 9, 11

30 
100 
60 

pH 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

Power of irradiation (W) 

30, 50, 100 

100 
60 
3

Dye concentration (mg/L) 

Photocatalyst concentration (mg/L) 
Power of irradiation (W) 

pH 
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Table 3. Optimization of the photolysis process 

Graphs Levels Variable parameter and other 
constant conditions

15, 30, 60 

30 
8

Power of irradiation (W) 

Dye concentration (mg/L) 
pH 

3, 4, 6, 8, 9, 11

30 
60 

pH 

Dye concentration (mg/L) 
Power of irradiation (W) 

30, 50, 100 

60 
11 

Dye concentration (mg/L) 

Power of irradiation (W) 
pH 
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��)P Ex
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Table 4. Optimization of the adsorption process 

GraphsLevelsVariable parameter and other 
constant conditions

3, 4, 6, 8, 9, 11

30 
100 

 

pH 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

 

50, 100, 200 
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30, 50, 100 

200 
3

Dye concentration (mg/L) 

Photocatalyst concentration (mg/L) 
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�lR iR) #�� ;� #�3	��J ���#��� <�� fm/Mf
�� #�N�)
vR/eM jR/emD"�+ �� .�J�	 D	�0J� #N�)pH #�3	��J I);��

�

3��@�� #�� 
��  ��J�	 D	�0J� �/+ ���Ml/Qe�) #�N�)pH 
������� ���l����J� �� .#�L/� D	�0�� �b��;� �0 lR���
QR MRR 

/����S���);� ���+�� #3	��J ���#��� ��0�� ���BMl/Qe� #N�)�


) #�vf/lQ ii/ef.�J�	 D"�+ #N�) 

�3�&� 
	���% �) 0�B���J + ������	 �+ ���+�� #3	��J *	����3� 

pH �� �����l��@��� ���� <iR��� ������ ��0�b�� ��L/� <�� lR
/����S���)B�� ����� ���#��� ��0�� *	��5�� <���Ml/Qe�� #�N�)

.)�) 
7��� 

�6�6L6=/%��D�K+>� + b+%��>"��K G2%K,D )$"�,� 


3�&� #� � . #$ �) �	���  �;��i.���� I#�% I)� � D	�0�J� �)
 ;� �������� #���+� �) ����QR
��MRR ��/�� S����)����B<���#����

 ;� ���+�� #3	��Jji/MR#N�) 
�Re/Mf ��J�	 D	�0�J� #N�)
 ��0��� 
� �#G� D	�0J� �)eRR ��/�� S����)�) ����� ����B #���+�

	 �0�F�� D	�0J� #3	��J ���#��� ���������� 
�  �J����0 
fM/MQ;� ���+�� ���� .#����� #��N�)pH �#����� ����� 
��� �;����

 ;�  �J�	 D	�0J� #3	��J ���#���jm/j�) #N�)pH �� �����MM
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)P ��Lx
3�&� #3	��J �;��0�B��J + ������	 �+ 
Table 5. Optimization of the cavitation + photolysis process 

Graphs Levels Variable parameter and other 
constant conditions

15, 30, 60 

30 
8

Power of irradiation (W) 

Dye concentration (mg/L) 
pH 

3, 4, 6, 8, 9, 11

30 
60 

pH 

Dye concentration (mg/L) 
Power of irradiation (W) 

30, 50, 100 

60 
3

Dye concentration (mg/L) 

Power of irradiation (W) 
pH 


�Mf/fl�) #N�)pH �� �����l
L�?� .#���#%D	�0�J� �� 
+
 ;� �0b�� �L/�lR
�QR MRR �/�� S���)���B<��� ���#���� ��0

 ;� �����+�� #��3	��JMf/fl
��� #��N�)QQ/ej Mf/eRN�)���� #
"�+�D.�J�	 ���B���+��J + ������	 �+ ���+�� #3	��J <�	�&� �)

 
��3�&� 
	���% �)pH ���� ������l���� ������� ����B���+��J ������ <MRR 
�/�� S���)��� ������ ��0b�� �L/�  ���BlR��/�� <����B ��� S���

� *	��5�� �� ����� ���#��� ��0�Mf/fl.)�) 
7��� �� #N�) 

�6�6N6G>/%��D�K+>� + b+%��>"��K G2%K,D )$"�,� 


��3�&� #�� � . #�$ �) �	�����  �;����j.����� I#��% I)� � ����
D	�0J� ;� ����B���+��J ���� ��0��QR
��MRR ��/�� S����)����B

 ;� ���#���me/il
�� #�N�)jf/ji ��J�	 D	�0�J� #�N�) �)
;� ���B���+��J���� �#G� D	��J�MRR 
��eRR ��/�� S����)����B

 
��  )�� I���" �0�F�� D	�0J� �� ���#���fR/jvoV�@� .#����
 ;� �")����H ����� D	�0�J� ��� 
�+ #%MQ
��iR�� <����b�� ;�

lv/em#��N�) 
���jf/jiD"���+ .���J�	 D	�0��J� #��N�)pH 
�) �� ���#��� D	�0J� � �%�) ��
�����) 
+pH ��� ����� ��"MM<

v l���#��� 
�� #3	��J ,�����vQ/jR<jf/ji Mj/vl#�N�)

� ;� �0b�� �L/� D	�0J� �� .#�� ��)lR
�QR MRR ��/�� S���
�) ���B<��0�� ;� ���+�� #3	��J ���#���Mj/vl
�� #�N�)vQ/iR
 Me/lv.�J�	 D"�+ #N�) 

J + ������	 �+ ���+�� #3	��J 
�3�&� 
	��% �) ����B���+��pH 
�� �����l��� ����� ���B���+��J���� <MRR ��/�� S����)����� <����B 
�@���iRb�� �L/�  ��  ���� ��0�������� ���lR/�� ����S����)
<���B ����� ������ ����b�� ���#���� ��0��� *	��5��Mj/vl#�N�)

.)�� I���" 
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3�&� #3	��J �;�����	 �+���B���+��J + ��� 
Table 6. Optimization of the cavitation + photocatalyst process 

Graphs Levels Variable parameter and other 
constant conditions

50, 100, 200 

30 
8

Photocatalyst concentration (mg/L) 

Dye concentration (mg/L) 
pH 

3, 4, 6, 8, 9, 11

30 
100 

 

pH 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

 

30, 50, 100 

100 
3

Dye concentration (mg/L) 

Photocatalyst concentration (mg/L) 
pH 

�6�6�
>'� 9� ,>����< 9��Sg,%`aD G:*+:s 

�6�6�6pH 

�P3( 
'=�M����TiO2*��Q��j���1)��) �)  pH  ��5��� ��"
*�	�H ���P�  ��A3� �O'� ��� ����) I;�� *	� ;� �� ��� .)��% *�	� 

�� �����B���+��J  :Z�$ ��"#3	��J �) I#	#H��t���� *	�����3�  
�) #3	��J ���#��� D	�0J�pH 
� �#��� *��� 
�T�$ �#�� #	#H 4�B)

 ������ ��0b��RB5  TiO2�) ���#���� D"��+  ��P� ��� ��pH 
��
� �;  ������� ��0b�� *�� 
GJ�) 4�B)TiO2��A3� ���� ��� ���� 
)Chong et al., 2015(.

0�B��J #3	��J �)<�) ���#���� D	�0J�pH 
�� �;��� #��B�� 4��B)
 .��!	)�� ��@�� 4���+ �#�" ���" ���� )Kodom et al., 2013(<

�) ����+ ��0�� 
� D	�0J� *	� 
��B�pH 
�+ #�% I#�	) 0��� �#���� 

�� *�	��H �9��� 4��B) .��!	)�� �#�% ,��+��;�� ��� ����" OH��)

 
1 Point of Zero Charge (PZC) 

.�!	)�� ��@�� ��0�� �)�� k���) �) �� C�� 
�  �#��� 
	��% ��"
 ������#��+� ����� RB5 ����.(Gore et al., 2014, Gharbani 

and Mehrizad, 2016) .
*�	�H ��#=� 
� 
$�� ��apK ) #�)f(���� RB5 (Wong et  <

al., 2015) #���� 
	���% ��O� �RB5 ;���B�� 
�� ����	 ��B��

�  I#���) �B�!B�� .��!B�� <�0�	�b�� ��"�� D	�0J� 4�B) �) ��"

 ]'����	���	 � I���A� :�e���� �����1 #������ ������ :���/'� ���B��)
(������	 �+
� *	����3� <.��!	)�� ��5��� ��L/� ��0��� 4�B) �) ��"

���� 
� I�A� :� �	 ��	 � ]'� #���) ���1 :� �7� �) 
+ 
E��
 �0�b�� 
+ ���b3" ����)
�� :� ��7� �) �) ����	 ��B��pH ���"

()��) ���1 ��5�� .�!B�� .��!	)�� ��=���� 
/�� )��� �" ���"OH�

�� D	�0J� #3	��J I);��  
�J�� ���1 #��	 )Goel et al., 2004(.

2 Cavity-liquid interface 
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3�&� #3	��J �;������B���+��J + ������	 �+ 
Table 7. Optimization of the cavitation + photocatalysis process 

Graphs Levels Variable parameter and other 
constant conditions

50, 100, 200 

30 
60 
8

Photocatalyst concentration (mg/L) 

Dye concentration (mg/L) 
Power of irradiation (W) 

pH 

15, 30, 60 

30 
100 
8

Power of irradiation (W) 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

pH 

3, 4, 6, 8, 9, 11

30 
100 
60 

pH 

Dye concentration (mg/L) 
Photocatalyst concentration (mg/L) 

Power of irradiation (W) 

30, 50, 100 
 

100 
60 
3

Dye concentration (mg/L) 
 

Photocatalyst concentration (mg/L) 
Power of irradiation (W) 

pH 

�6�6�6=/%��D�K+>�+*�* =t
u 

k����) �) .��GJ 6�'�� D	�0J� <���B���+��J���� ��0�� D	�0J�
.�!B�� ��@�� :Z$ ���� �� ����J �n��� ��5�� :Z$  �0b�� ��"


� .�!	)�� ��@�� 4�!@� 
� �73� �	�&� �) 
+ )��) I���" .��GJ ���"
 �0��b�� ����@�� 
��	07�  ���� )���%.(Thejaswini et al., 2017, 

Velmurugan et al., 2014) .

�� ����B���+��J ��5��� ]'�� �) ����b�� ��0��� D"�+ 4��B)

C�$ 
�+ ���� 
��O� �� #�+ #�� ;� D�� D	�0J�  ���T ��#% 
73�U��1�G��  ��� T�A� D"�+  ��#3+��H 
� �#�3	��J �#�% ) #�O�

 ��� �����B���+��J )��%.(Bamba et al., 2017; Arbab et al., 

2012).
����TiO2
���" �)��+ ��&� 89�� #��B�� ����� �J��u� ���"

 C��� 
��  �������	 �+ #�3	��J �) ���@�� ���A� #��B�� D	�0�J� ��
.�!	)�� ��73� �� ����b�� I);�� D	�0J� 
+ I#% .�GJ ��" ��� )��% 

)Eren, 2012, Bagal and Gogate, 2014(*	� 
+ I#% 
�A� 
��B� <
� D	�0J���;� ��3�G� ��#�=� +�@� ���B����"���� I# %�<)� ���	;�)

=��� ;� D�� �	)��3�&� #��( <
�)�7	� ����0� ���B���+ )���#�3_
��  �:��%�) #3"��V� #%� ���� �� �J�+ ���J �������	 �+ ��" 
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��)PTx
��� � 
$�� �� I#% ����� ��"#3	��J �")�J�`� 
3	0"  ���b�� ���#��� ��0�� 

Table 8. Ranking of investigated processes according to the ratio of output efficiency to cost consumption 

Ratio of 
efficiency to 

cost

Dye 
removal 

(%)

Cost (Coefficient of A)
Process Rank 

Total LampNanophotocatalystPump 

24.38 492.01 0.12 01.89 Photolysis 1

17.69 52 2.94 0.12 02.82Cavitation + Photolysis2

13.48 382.82 002.82Cavitation 3

1.58 83 52.44 0.12 49.5 2.82Cavitation + Photocatalysis4

1.16 6051.51 0.12 49.5 1.89 Photocatalysis5

0.82 43 52.32 049.5 2.82Cavitation + Photocatalyst6

0.1313 100.89 099 1.89 Adsorption 7

�������	 �+ )�#�(� p�G�� 89�� 
+ ��� )��%.(Raut-Jadhav et 
al., 2013) 

�6�6�6G �+D,< b�+D 

�� )��&� �@��� �#% D	�0J� �� �"�0b�� 0�B��J #3	��J ���#��� #���	
)Bendjabeur et al., 2018(<��	; T��A� <�")����H ���� D	�0J� ��

 �� C���� 
���  
���J�	 D	�0��J� ����� ��#��33+ \��	�O� ��#��1  
.�!	)�� ��� #��B�� ���@�� 4��+ �#�" ��" )��%.(Liang et al., 

2017) �
��0��� ���� �5�� �#% �) ����B���+��J #3	��J �) I ?9 
�����J �t #��B��  ����B���+��J *�V�b����� ����� k���) �) ��" 

� ��!B� �A$xI�A�MU��B�� ��D	�0J� 4!�% 
�� �73� 
+ #��	 �����
 
���� ��@�� U���1�G��  .��GJ �B��!	)�� ���" 
�	07� ��0��� D	�0�J�

�� )�%)Thejaswini et al., 2016(.

�6�6E6�Y:*� =t
u 

T�A� ;� �����/$ ���� ,��3� ��
I#�3	5� ��L/� �) D	�0�J� 4��B)
�z)��) #�3	��J ���#���� � � �� �A3� ��t (Mosleh and Rahimi,  <

2017) 89�� �0b�� ��5�� �L/� <�@��� �n��� ���t ��0�� \	 �)
*�	�H :Z$ .��!B�� 
���� ���� �n��� �� ��� ��" �� <)��%
I ?�9

 ���� :Z�$ D"��+ 89��  
�J�	 D	�0J� 0�B��J �5�`O� �L/�
�� �0b�� 
��� ��H �) �� #�3	��J ���#���� D"�+ �	�&� �) 
+ )�%

 �%�) #"��()Zhou et al., 2017(.
���t ���B���+��J���� ��0�� �)<!� )�#G����"�$ ������ :Z�0

1
Electron-cavity pair 

 �0�b�� ��L/� ��0�� D	�0J� �� *	����3� <��� ���t<S�) 
�� [���%
.�!B�� �)��J� �L/� �) �0b�� ��" �L/� 
� ���� ��5�� ��" ��"

*�	�H �L/� �) .��� ���+ �� ���!� ��@�� <I#3	5� ��5�� ��" ���"
���B���+��J���� ���!� �)�+ �#�H .�����  I#% .�^%� ����� �	��"

 ��� :Z�$ ���#���� �#��� *�	��H 
�� ��73� 
+ ��� �+ :Z$ )��%
)Ghows and Entezari, 2011(.

.��/O� 
�	;�!��	  D	�0�J� 89�� 
�B � �L/� ��0�� D	�0J�
 ��� 8�9�� 
�	;�!��	  �) D	�0J� *	�  I#% 4!�% 
�+ )��% �����

 )��% S��7�� ���#�3+ #� � �� �� �+��  ������	 �+ �Z�B <
�� 4��B)
 I);�� <)��) ���5�� 
�	;�!�	  
+ ��B�� <�) �  �n��� �)�� ���t

*�	�H ����) 
� ��� #"))Huang et al., 2013(.
�
�L/� �) ���#��� D"�+ I ?9 �� �� 5�� ��" D"��+ 
� ����

 ��L/� D	�0J� *�3E�"  I#3	5� �L/� 
� �#�B�� .�!	)�� ����
 Y��`� 
�� 4�	��� 
+ I#3	5� �����#��+� ;� 4N�� 
��  #� )���

 )�) ����� <#����) .�!	)��.(Rajoriya et al., 2017, Wu et al., 

2012) .

�6�6	2D� � )$"�,� G � 

. #$ �)vGB�'� )��� ��"#3	��J 4+ 
�� 
�$�� �� D" 2H *	� �) 

����� 
���O� {	�� ;� #3	��J �" �J�`� 
3	0"  ���b�� ���#���


��� 
3	0" 
� ���#��� 
����O� I��O� 
+ ��� �+T ��	�% .#�#% �#3�
� 
3	0"
;� ��	��u ���NA���� *��%�) ���) �) 
�� 
�$�� ��� .

 I;�#��� {�	�� ;� �J��`� 
���	��!B� ��	�$ ��0�� ���	�$ ����� ���
 S�7�� �"#3	��J ���� 
3	0" 
���O� <I)������ Y�`� ��0��  ����q��
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�� ����	� �) �J��`� ���� �9��� �� �/�+ �" ���1 ��� .#%
����
 
����A}�J .�	�<)�% #���+� �) ����� �)��H S��� ��" ����1

 ���	� �) �������AiR ��� )A�� �����leR .��� �) .��	�Mlmj<
�+�% ��?9� 
J�G� {�� ���B���+��J���� ���1 S?G���  ������
.(���% ����&� �+�% ;� 


��L�?� 
��+ ��'�����"���� )���% �� ;� [��H  0�B����J #��3	��J
 ����� *	���&� �� ������	 �+  0�B��J + ������	 �+ ��"#3	��J ��"

 
�� 
$�� 
+ ��� oV@� *	����3� .#3�J�� ���1 S�� �� . � 
��� �)
 
�3	0"  �n��� ��"������H 
��	�=� �) �J��`� ����B���+��J �����

 �&� ����� �"#3	��J ��� #�3	��J ��$ �( ���#���� 
�� ��&3� #�	���  
.)��� �A�+� 

*�	�H �)�!/�9 
3	0" 
� ������) ���� ��<����+�� ���")�!	 �
 ��#�G� #�N�) <�$��� �G3N �B� )��� 
	07� �) 
�� �;��� ���L3�

� �	������% )�����  �n����� ;� I)�A����� D"���+ #����� 41�#��� 
��� #��	�
)Rodrigues et al., 2014, Vergili et al., 2012(�)�+ 
3�&� �) .

 �#����� <
��3	0"������ #��	�� �����1 *	���� ������� (��"#��3	��J) ����"
���1 ��  �	���3% 41�#�� 
� �" #3���� �� ���"��!"�� ��� ��	��t

*	0b	�$ ��b	).#��% ����B���+��J ;� )#�7� I)�A���� .�P� ����
I���&� ���	  ������B���+��J #��3	��J �) �n �#���" #����+��H ;� ���)����

 6��'� I#�33+ #�A�� :��H �) )�$�� ��� )��%0" .*�	� ������ 
�3	
 
/�N�� 
'��  )��� ����  (���+�� ��"#3	��J) �B����� ����+��

 
�	�=� �b	#!	 �� #	�� <
�A`� ;� [H)�% 
�3	0" 
�+ ���+�� [q� .
 �3�	�H )��)����  ��� ��) 
� �� ����+ �
�� <#�") 
�A�`� ���L3�

� �$��� :?u�J �) )�$�� ��"�0b��
)��% 
��J�� ��+.(Holkar 

et al., 2016) .
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