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cal oxidation, electrochemical oxidation, sonochemical oxidation, solar energy applications, photo-
voltaic systems, pilot scale reactor, response surface methodology.
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l’énergie solaire, photovoltaïque, réacteur à l’échelle pilot, méthodologie de surface de réponse.
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 FIGURE 1.1 Schematic representation of conventional and proposed wastewater 
treatment
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1.2 Aims of the thesis

�$"� 1�+� %:� �$��� �$"���� ��� �$"� !")"&%4+"��� 1�!� %4��+�B1��%��� 1�� 4�&%�� �#1&"�� %:� 1� $62*�!

�"#$�%&%'6� #%+2����'� 1�� ���� 1�!� 1� 2�%&%'�#1&� 4*%#"��� :%*� �$"� �*"1�+"��� %:� 2�%*"#1&#��*1��

>1��">1�"*8��$"�"+4$1����>�&&�2"�%���$"�%@�!1��)"�4*"�*"1�+"��8��$���4*"�*"1�+"���$1)"��%�+%!�:6

�$"� ��* #� *"� %:� �$"� 4%&& �1���� 26� �*1��:%*+��'� �$"+� ���%� &"��� �%@�#� 1�!� +%*"� 2�%!"'*1!12&"

���"*+"!�1�"�8�.�%&%'�#1&��*"1�+"���>�&&��$"��#%+4&"�"��$"�!"'*1!1��%��%:��$"�4%&& �1���&%1!8��$��

144*%1#$��$% &!�2"�)�12&"�:*%+��$"�"#%�%+�#�1�!�"�)�*%�+"��1&�4%����%:�)�">��1��1��1&�"*�1��)"��%

�$"� !*1���#� 1�!?%*� ��"::�#�"��� ���'&"A��"4� 4*%#"��"�� 1#� 1&&6� 144&�"!� ��� 2�%*"#1&#��*1��� 4%&& �1��

"&�+��1��%�8� ��'8� V8�� 4*"�"���� �$"� +1��� "@�����'� >1��">1�"*� �*"1�+"��� 4*%#"��� 1�!� ���

��#%�)"��"�#"���1��>"&&�1���$"�144*%1#$�4*%4%�"!�����$����$"����1�!��$"�"@4"#�"!�2"�":���8

�%*��$"�!")"&%4+"���%:�1����A2�%&%'�#1&��6��"+���$"�:%&&%>��'��#�"���:�#�1�!��"#$�%&%'�#1&

%25"#��)"��1*"�:%*"�""�7�

[ �)1& 1��%��%:��")"*1&�����>��$��$"�1�+��%�#$%%�"��$"�+%���144*%4*�1�"�����:%*

�$"� �*"1�+"��� %:� �$"�>1��">1�"*� #%��1����'� �$"� 2�%*"#1&#��*1��� 4%&& �1��� � #$� 1�

��.�8

[ ,":�����%��%:��$"�%4��+1&�#%�!���%��7�4%&& �1����#1�1&6���1�!�%@�!1���#%�#"��*1��%��

:%*��$"�+%���144*%4*�1�"��6��"+�#$%�"��1��4*"�*"1�+"��8

[ �& #�!1��%��%:��$"���.��!"'*1!1��%��+"#$1���+�26�+"1���%:��$"�#$%�"�����8

[ �)1& 1��%�� %:� �$"� 2�%A#%+41��2�&��6� ��%@�#��6�� 2�%!"'*1!12�&��6�� %:� �$"

4$%�%#$"+�#1&&6�4*"�*"1�"!��%& ��%�8

[ �*%4%����%�� %:� 1� '"�"*1&� ��*1�"'6� �%� !")"&%4� #%+2��"!� 4$%�%#$"+�#1&� 1�!

2�%&%'�#1&��6��"+�:%*��$"��*"1�+"���%:���.�8

[ �)1& 1��%��%:��$"�4"*:%*+1�#"��%:�#% 4&"!�4$%�%#1�1&6��#A2�%&%'�#1&��6��"+�1��&12

�#1&"�:%*��$"�!"'*1!1��%��%:���.�8
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[ �44&�#1��%��%:��%&1*�4$%�%#$"+�#1&A2�%&%'�#1&�#% 4&"!��6��"+�1��4�&%���#1&"�:%*��$"

�*"1�+"���%:���.�8

1.3 Outline of the thesis

�$����$"�������%*'1��B"!����E�#$14�"*����$"�: �!1+"��1&�1���"#$�%&%'�#1&�1#$�")"+"����%:�"1#$

#$14�"*�1*"�*"4*"�"��"!������'�V8�8�����$"�:�*���#$14�"*������1�!��$"�#%�#"4��%:�#% 4&��'����A

.�%&%'�#1&�4*%#"���1*"� ���*%! #"!8��$14�"*���:%# �"��%��1��"@4&%*1�%*6��� !6�%���%�%#$"+�#1&�

"&"#�*%#$"+�#1&�1�!�4$%�%#$"+�#1&�%@�!1��%��4*%#"��"��!"'*1!��'�1�+%!"&�4%&& �1�����A1+��%AEA

+"�$6&A�A2"�B�+�!1B%&%�"����.��8��$���#$14�"*� ���%*'1���"!�1*% �!��$*""�+15%*� �%4�#�7� ���� �$"

 FIGURE 1.2 Schematic representation of the state of the art of wastewater treatment and 
innovation aspects of this thesis.
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2�%!"'*1!12�&��6�"�$1�#"+"���%:���.��>1��">1�"*� ���'� &�*1�% �!��������26��$"�"&"#�*%#$"+�#1&

%@�!1��%��� %����� 1�%!"�� 1�!� ������ �$"� #%+41*��%�� %:� �%+"��!)1�#"!��$%�%#$"+�#1&��@�!1��%�

�*%#"��"������$"��1+"�4 *4%�"8��$14�"*���:%# �"��%���$"�!"'*1!1��%��%:���.��26�+"1���%:��$"

$ν?�"�����?�2(air)�1�!�$ν?�"�����?�2�2��6��"+�� ���'�1��1*��:�#�1&��**1!�1��%���% *#"8����#$14�"*

G�1�'"�"*1&���*1�"'6��%�!")"&%4�#%+2��"!�4$%�%#$"+�#1&�1�!�2�%&%'�#1&��6��"+��:%*�2�%*"#1&#��*1��

>1��">1�"*��*"1�+"������4*%4%�"!8��%*��$"�#$%�#"�%:��*"1�+"�����$"�:%&&%>��'�4%�����>"*"��1C"�����%

1##% ��7��$"�2�%!"'*1!12�&��6�%:��$"������1&�4%&& �1�����$"�#$"+�#1&�1�!�2�%&%'�#1&�#$1*1#�"*����#��%:

�$"�4$%�%�*"1�"!��%& ��%�����$"�!":�����%��%:��$"�%4��+1&�4*"�*"1�+"�����+"��1�!��$"�"::�#�"�#6�%:

�$"�#% 4&"!�*"1#�%*8��%&&%>��'��$�����*1�"'6���>%�C��!��%:�#%+2��"!��6��"+��>"*"�!")"&%4"!� ���'

���1&&�#1�"���++%2�&�B"!�1#��)1�"!��& !'"�# &� *"�:%*��$"�2�%&%'�#1&���"4�1�!�:%*��$"�4$%�%#1�1&6��#

4*"�*"1�+"��� $ν?�"3+?�2 (air)� %*� $ν?�"3+?�2�28� .%�$� #% 4&"!� �6��"+�� >"*"� � ##"��: &&6

"+4&%6"!�:%*��$"��*"1�+"���%:���.�8��$14�"*����&& ��*1�"���$"�!")"&%4+"���1�!�%4��+�B1��%���1�

4�&%���#1&"��E�&���%:�1�#% 4&"!��6��"+�:%*�>1�"*��*"1�+"��8�����$���#$14�"*�1�#% 4&"!��%&1*A2�%&%'�#1&

�6��"+�1��:�"&!�4�&%���#1&"�>1��!"��'�"!��2 �&!��1�!�"@4"*�+"��1&�*"� &���1*"�4*"�"��"!8����1&&6���

#$14�"*�E��1��62*�!��$%�%#1�1&6��#A�$%�%)%&�1�#��6��"+��������>1��!"��'�"!������1&&"!��1�!��"���

*"� &���1*"�4*"�"��"!8��$"������#%������%:�1��1 �%�%+% ��!")�#"�>��$�! 1&�%4"*1��%�7� �����$"

4$%�%#1�1&6��#� �6��"+�� >$�#$�  �"�� �$"� ��� *1!�1��%�� �%� 4*%+%�"� �$"� !"'*1!1��%�� %:� %*'1��#

4%&& �1�����1�!�*"�1��"!��$"����*1!�1��%�8�������$"�4$%�%)%&�1�#��6��"+�#%�)"*����$"�)���2&"�*1!�1��%�

���%�"&"#�*�#��6��>$�#$����!�*"#�&6� �"!�26��$"�*"#�*# &1��%��4 +4�%*������%*"!����1�21��"*6�:%*�%�$"*

4 *4%�"�8
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1.4 Advanced Oxidation Process

�!)1�#"!� �@�!1��%�� �*%#"��"�� ������ 1*"� 1�� 1��*1#��)"� 1&�"*�1��)"� :%*� �$"� �*"1�+"��� %:

#%��1+��1�"!�'*% �!��� *:1#"��1�!�>1��"�>1�"*��#%��1����'�$1*!&6A2�%!"'*1!12&"�1��$*%4%'"��#

� 2��1�#"��1��>"&&�1��:%*��$"�4 *�:�#1��%��1�!�!����:"#��%��%:�!*��C��'�>1�"*�X�"'*����"��1&8�VWW�\

.1$�"+1���"��1&8�VWWG\�.%&�%��1�!��1�"*�VWWG\��%::+1���"��1&8�VWW�\��%2"*��%��VWWEY8�

�&�$% '$����� �"�!�::"*"��� *"1#���'� �6��"+��� 1&&� 1*"� #$1*1#�"*�B"!�26� �$"� �1+"� #$"+�#1&

:"1� *"7�4*%! #��%��%:�����*1!�#1&�8��$���*1!�#1&��1*"�"@�*1%*!��1*�&6�*"1#��)"��4"#�"����$"6�1��1#C

�$"�+%���41*��%:�%*'1��#�+%&"# &"��>��$�*1�"�#%���1���� � 1&&6� ��� �$"�%*!"*�%:�V6]V9��-1� �-1

X�%�'�"�VWW	Y8�

 FIGURE 1.3 Schematic representation of the outline of this thesis.
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����*1!�#1&��1*"�1&�%�#$1*1#�"*��"!�26�1�&%>��"&"#��)��6�%:�1��1#C�>$�#$����1� �": &�1��*�2 �"�:%*

1��%@�!1��� �"!����>1��">1�"*��*"1�+"���1�!��%��%&)"�4%&& ��%��4*%2&"+�8��$"�)"*�1��&��6�%:�������

1&�%�"�$1�#"!�26��$"�:1#���$1���$"6�%::"*�!�::"*"���4%���2&"�>16��:%*�����*1!�#1&��4*%! #��%���$ �

1&&%>��'�1�2"��"*�#%+4&�1�#"�>��$��$"��4"#�:�#��*"1�+"���*"D �*"+"���8

�12&"� V8V� �$%>�� �$1�� ����$1�� �$"� $�'$"��� �$"*+%!6�1+�#� %@�!1��%�� 4%�"���1&�� >$�#$� ��

4"*$14��>$6����A21�"!�%@�!1��%��4*%#"��"��$1)"�'1��"!��$"�1��"���%��%:�+1�6�1!)1�#"!�%@�!1��%�

�"#$�%&%'6�!")"&%4"*�8����1!!���%���+%���"�)�*%�+"��1&�#%��1+��1����*"1#��V�+�&&�%���%�V�2�&&�%�

��+"��:1��"*�>��$������$1��>��$��3��1�#%�)"���%�1&�%@�!1���X��8����VWW
Y8

�%�"�7�

a��% *#"7������1�!2%%C�VWW�

^��")"*�$"&"����#1&# &1��%������1D "% ���%& ��%���� ''"����$1���$"�%@�!1��%��4%�"���1&����?��-����V8WV�1�!��%�
�8
8��% *#"7�� &B2"*'"*�"��1&8�VWW	8

�$"�%@�!1��%��*"1#��%�����)%&)��'�$6!*%@6&�*1!�#1&�1�!�%*'1��#�� 2��*1�"������%*��$_����

1D "% ���%& ��%����+16�2"�#&1���:�"!�>��$�*"�4"#���%��$"�*�#$1*1#�"*��%�X.%��+1���"��1&8�VWW
Y7

1��12��*1#��%��%:�$6!*%'"�

(1.1)

2��1!!���%��*"1#��%��

TABLE 1.1 Oxidation potential of several oxidants in water

Oxidant Oxidation potential (eV)a

�OH 2.80*

O(1D) 2.42

O3 2.07

H2O2 1.77

Permanganate ion 1.67

Chlorine 1.36

O2 1.23

8���F���� �8 ���+→
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(1.2)

#��"&"#�*%���*1��:"*�

(1.3)

�44&�#1��%��%:�����!"4"�!��%��4%&& ���'�&%1!�%:�>1��"����""���'8�V8G�8�

��&6�>1��"��>��$�*"&1��)"&6��+1&&��$"+�#1&��@6'"��,"+1�!����,��#%��"�����≤��8�'�&-1��#1�

2"�� ��12&6��*"1�"!�26�+"1���%:��$"�"��"#$��D "��X��!*"%BB��"��1&8�VWWWY����#"�$�'$"*���,�#%��"���

>% &!� *"D �*"� �$"�#%�� +4��%��%:� �%%� &1*'"�1+% ����%:�"@4"���)"�*"1#�1���8�=1��"��>��$�+%*"

+1���)"� 4%&& �1���� #%��"���� #1�� 2"� +%*"� #%�)"��"��&6� �*"1�"!� 26� +"1��� %:� >"�� %@�!1��%�� %*

��#��"*1��%��X�1��B1)��%��"��1&8�VWW	\�� #C�VWWWY8

����1*"� � 1&&6�#&1���:�"!�%:�!�::"*"���>16��1##%*!��'��%��$"�*"1#��%��4$1�"��$%+%'"�"% �

%*�$"�"*%'"�"% ���%*��%��$"�����'"�"*1��%��+"�$%!���#$"+�#1&��"&"#�*%#$"+�#1&���%�%#$"+�#1&��%*

4$%�%#$"+�#1&�8��$"�+1��� �"!�����1*"� �$%>�� �����'8� V8�� 1�!� 1*"�2*�":&6�!"�#*�2"!�2"&%>� �%

4*%)�!"�1�2*�":�C�%>&"!'"�%:�"1#$�%�"�%:��$"+���$1��>�&&�2"� �": &�>��$����$"�:*1+">%*C�%:��$��

�$"���8

 FIGURE 1.4 Suitability of water treatment technologies according to COD contents 
(source [Andreozzi et al. 1999])
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1.4.1 Sonochemical oxidation methods 

�%�%#$"+�#1&��@�!1��%���"#$��D "�� ������$1)"� *"#"�)"!� #%���!"*12&"� 1��"���%�� 1�����

2"#1 �"��$"6�&"1!��%�*14�!�!"'*1!1��%��%:�#$"+�#1&�#%��1+��1�������>1�"*�X�*1�#%�6�1�!��"�*�"*

VWWE\� �$"*%�� "�� 1&8� �VY8� ���� ��)%&)"� �$"�  �"� %:�  &�*1�%��#� >1)"�� �%� 4*%! #"� 1�� %@�!1��)"

"�)�*%�+"��� )�1� #1)��1��%�� �$1�� 6�"&!�� &%#1&�B"!� +�#*%2 22&"�� 1�!� � 4"*#*���#1&� *"'�%��� ��� �$"

1D "% ��4$1�"8�

�&�*1�% �!��1*"�>1)"��1��:*"D "�#�"��2"6%�!�$ +1��$"1*��'��:*%+��<�B��%�12% ��V��B8

=$"��&�D �!��1*"�"@4%�"!��%��$"�"�$�'$�:*"D "�#6�)�2*1��%����2%�$�4$6��#1&�1�!�#$"+�#1&�#$1�'"�

%## *� 1�� 1� *"� &�� %:� 1� 4$6��#1&� 4$"�%+"�%��� C�%>�� 1�� #1)��1��%�8��1)��1��%�� ��� �$"� :%*+1��%��

'*%>�$��1�!�� !!"��#%&&14�"���+4&%��%���%:�+�#*%�#%4�#�'1��2 22&"�����&�D �!�����'8�V8E�8

 FIGURE 1.5 Main Advanced Oxidation Process
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�$"�#%&&14�"�%:��$"�"�2 22&"��&"1!���%�� *4*����'&6�$�'$�&%#1&��"+4"*1� *"������%���o��

1�!�4*"�� *"�����1�+%�4$"*"���X�!"> 6���VY8��$"�"�"@�*"+"�#%�!���%����1*"�)"*6��$%*�A&�)"!

2 ��$1)"��$%>���%�*"� &������$"�'"�"*1��%��%:�$�'$&6�*"1#��)"��4"#�"�8��$"�>1�"*�)14% *�1�!��2���

�$"�#1)��1��%��2 22&"�� �!"*'%��$"*+1&�!���%#�1��%���%�6�"&!����������1�!�����*1!�#1&��1��>"&&

1����1�%+�8��2�2����:%*+"!�1��1�#%��"D "�#"�%:�$6!*%@6&�1�!�$6!*%4"*%@6&�*"#%+2��1��%��% ���!"

�$"�#1)��1��%��2 22&"�8�

����$"�#1)��1��%��4*%#"�����$*""�*"'�%���:%*��$"�%## **"�#"�%:�#$"+�#1&�!"'*1!1��%��*"1#��%��
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 FIGURE 1.6 Sound motion related to bubble growth and implosion
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 FIGURE 1.7 Three reaction zones in the cavitation process (source: [Adewuyi 2001]).
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 FIGURE 1.8 TiO2-semiconductor photocatalytic process. Scheme showing some 
photochemical and photophysical events that might take place on an 
irradiated semiconductor particle.
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• Effect of the initial hydrogen peroxide concentration
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• Effect of the initial iron concentration
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1.5 Integration of photochemical and biological processes for 

water treatment
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 FIGURE 1.9 2D and 3D chemical structure of the 5-amino-6-methyl-2-benzimidazolone
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EXPLORATORY STUDY OF

SONOCHEMICAL, ELECTROCHEMICAL

AND PHOTOCHEMICAL OXIDATION

PROCESSES

2.1 Introduction
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Chapter 1 presented an overview of AOP and coupled AOP-biological systems for water
treatment; Among different AOP, chapter 2 focuses on sonochemical, electrochemical
and photochemical oxidation of AMBI. This chapter is organised around four major topics:
(i) the biodegradability enhancement of AMBI wastewater by use of ultrasounds, (ii) the
electrochemical oxidation, on Pt anodes, of industrial wastewaters containing AMBI, (iii)
the study of some heterogeneous and homogeneous photocatalytic AOP and (iv) the eco-
nomical comparison regarding the energy cost of the tested AOP. Among different proc-
ess evaluated, we decide to go further into the study of the iron photo-assisted processes,
since the homogenous character of these systems provides, with reasonable limitations,
good engineering conditions for coupling them with a complementary biological treat-
ment. 
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2.2 Sonochemical degradation of AMBI
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2.2.1 Experimental 

2.2.1.1 Reagents and materials
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2.2.1.2 Ultrasonic reactor
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2.2.1.3 Chemical and biological analysis
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 FIGURE 2.1 Ultrasonic reactor
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2.2.2 Results
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 FIGURE 2.2 Effect of ultrasonic input energy on the sonochemical degradation of AMBI 

wastewater. [AMBI]o = 5.0 mmol l-1.
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 FIGURE 2.3 Sonolytical degradation of AMBI wastewater at 90 W followed by HPLC 
analysis and UV/Vis spectra of the different picks. 
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2.3 Electrochemical degradation of AMBI: toward an 

electrochemical-biological coupling 
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2.3.1 Experimental

2.3.1.1 Electrolytic cell
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2.3.1.2 Chemical analysis
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2.3.2 Results

2.3.2.1 Effect of the initial AMBI concentration in anodic degradation
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2.3.2.2 Current density and temperature
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 FIGURE 2.5 Effect of initial AMBI concentration on the amount eliminated within the first 

15 min of electrolysis on Pt electrodes, at 25 mA cm-2 and 70 oC.
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 FIGURE 2.6 Electrolysis of five-fold diluted industrial wastewater at different pH values. 

25 mA cm-2 and 70 oC. The inset shows the variation of Cl- concentration 

upon electrolysis at the natural initial pH (6.3). [AMBI] = 5.0 mmol l-1.
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 FIGURE 2.7 Electrochemical degradation of synthetic wastewater at different pH values. 

25 mA cm-2 and 70 oC.
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2.3.2.4 Variation of oxidation state indicators upon electrolysis
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 FIGURE 2.8 Electrochemical treatment of five-fold diluted industrial AMBI wastewater. 

25 mA cm-2 and 70 oC. Evolution of AMBI and TOC concentration.
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2.3.2.5 Average oxidation state of electrotreated solutions
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 FIGURE 2.9 Chemical and biological characteristic of wastewater upon electrolysis. 

Initial concentration: 5.0 mmol l-1 AMBI, 25 mA cm-2 and 70 oC.

TOC

CODTOC
AOS

)(4 −=

-1

-0.5

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60 70 80

Electrical charge (Ah l-1)

A
O

S

-0.3

0

0.3

0.6

0.9

1.2

1.5

1.8

0 60 120 180 240 300 360

Time (min)
B

io
d

e
gr

ad
ab

ili
ty

 (
B

O
D

5
/C

O
D

) 
an

d 
T

o
xi

ci
ty

 (
1/

E
C

5
0
)

AOS

BOD5/COD

1/EC50



Chapter 2: Exploratory study of sonochemical, electrochemical and photochemical oxidation processes

50

2.3.2.6 Biological characteristics of electrotreated solutions
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2.3.2.7 Evaluation of the biodegradability of electrotreated solutions in a FBR
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2.4 Photochemical degradation of AMBI 
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 FIGURE 2.10 Biological degradation test of the electrolysis effluent in a FBR.
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 FIGURE 2.11 Picture and schematic representation of the suntest simulator
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 FIGURE 2.12 DOC evolution of AMBI containing wastewater as function of irradiance 

time in the Suntest. Study of some APO. [AMBI]o = 3.0 mmol l-1.
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 FIGURE 2.13 Emission spectra of the UV-lamp used in the Suntest and the different 
absorption cross-sections of the H2O2, TiO2 and Fenton systems.
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2.5 Comparison of sonochemical electrochemical and photo-

chemical processes

2��
�����
��
�������		�������������
����
�������������������������
�����������
�
�����

��������
�� 
	� ������� ����
��� #
�����$� ������� ��
�
����$� ������ ���� �� ������� 
	� ���
�����

	���
��� ��� ���������� �� �����(���������� �����
�
��� �������� � ��������
��$� �		������ 4������� �
���$


������
��5�����������$��
���
�$���	���6�����
���������5	������������
�������!������6��3���
�������

������	���
����������
�����$���
�
��������
	���������
������
��������
��
����������&&;���

+
�����������
�
�������
������
��
	�3"-$��
��
����
��
����������&&;����
�
�����	�����(
	(

�����$������
�������,����������,����������
����
	��
�����������
����5,,!"6��,,!"������������������

����������8��
������
����58A�6���4������
���������
��������������
��
	����
����������=����
��


����
	����������������3 5������6�
	��
���������������$�����������������������$�������������
	

������
������
�$��� 

(2.5)

������-��������������
����58A6�
	�����3"-���������M���������
�����5���������$��6�
	���������

���� ����� �� 5���6��=i� ���=f� ���� ���� ����������� 	������
���������
���
	�=���� ���� 	���
��
	�����

�
����������
�8��

+���,,!"�
	������
�
��������$�������
��������������
�
(.���
����
������������������

�����������������������������������������C+��������D��+���	
��
�������������
����������� �5�6

"������������
���������������$��
������������������
���	
�����������$������������������������5��6

3���
����
������
�����8��������������
�����	�������
������������������������
����������+����
������

�
�����������������5���6�,�������
�������
��
	��������
���
����4�������������������������������

	
���������������
�����������������������
���������������������������5��6�+���������
	������������������

���0����������������
������1�I0Y�����8A��5��6�+����������
������$������������������������������

�
�������������
��
	�@�B�
	���������:"=��

EE O⁄ P t 1000××
V 60 Ci Cf⁄( )log××
--------------------------------------------------=



Comparison of sonochemical electrochemical and photochemical processes

57

+��� ��������� ������� �
��� 
	� ���� -�
�
(.���
�� ������$� ;@� I0Y� �-3$� ��� ��
��� &�B� 
	� ���

������
����������������������J�B�
	������
�
��������������������2���
������
��
������������
	

��������������
�$���������
�	���������	�
�����������������
����
	�����$�������
�
(.���
�����������

�����
�����������
�������������
�����
���������������������9
����������������������	
������

�����������
��5���������
��C@�1�;��D6�

+�������
���
���������		�����������������������$��
�������������������������
�������
��
	

������3"-��������$�
����
�����
��������������	���������
������
�������������������������������

�������������$���������	
�������
���������������������$�������
�
��������$�������������
������4����

������ <������������ ���� ���������
�� ��� ����� ����� 
	� ������ �
���� ������
�� �
� ���� 
�� ��
�
���������

�����
��� �
��� ���������� ��� ��
�
���� ����
���� ����� �
�������� 
	� ���������
�� ��� ������ ����
��

��������������������
������������
������
���������+�������
������
	����
����������(���
�
�
��

��
�
�����
���
���������������������������$�������������8�
�����������������������������������������

��E
��	�����
��
	�����
����������
���
	���
�
������������
���������
�����������9���������&&1��

3��
����� �
� ������ ��������$� ���� 3-"� ��
����� �E���� ������� ����� ���� ������
��������� ��

������
�����������$����������3"- �

Q 0
���� ������� �
��� ��� ���$� ������ ���������� ��� ���
������ ��
�
���� ����� 5���

�����
������1��������������@6�

Q +��������
������������������������������
���������

TABLE 2.1 Electric energy cost estimates for various AOP for the
degradation of AMBI containing wastewater. [DOC] initial = 800

mg C l-1.

System Degradation time
(h)

Energy demand
(kWh m3)

Volumic costs 
(US$ m-3)

Sonochemical 2 1266 165

Electrochemical 5 540 70

Photochemical
(photo-Fenton)

4 500 65
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IRON PHOTOASSISTED

DEGRADATION OF AMBI

3.1 Introduction
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Chapter 2 explored sonochemical, electrochemical and photochemical degradation sys-
tems; Chapter 3 focuses on the degradation of AMBI by means of the hν/Fe(III)/O2(air)
and hν/Fe(III)/H2O2 systems using an artificial irradiation source. The transformation of
AMBI photoinduced by Fe(III) is mainly attributed to three simultaneous process: direct
photolysis of the [Fe3+---AMBI] complex, the attack by �OH radicals generated by the
photolysis of the Fe(OH)2+ and by the Fenton-like reactions. The effect of AMBI, Fe3+ and
H2O2 for the degradation of AMBI wastewater in the photo-Fenton process was dis-
cussed and optimal conditions were found. 
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3.3 Results

3.3.1 Iron photoassisted - oxygen system (hν/Fe(III)/O2) system

3.3.1.1 Characterisation of AMBI and Fe(III) in aqueous solution
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K1= 2.7 x 10-3 (3.6)

K2= 1.3 x 10-8 (3.7)

K3= 6.0 x 10-4 (3.8)
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 FIGURE 3.1 Absorption spectra of AMBI (1 mmol l-1) in water at room temperature as a 
function of pH.

 FIGURE 3.2 AMBI protonation
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 FIGURE 3.3 UV-Vis spectra of aqueous solution of AMBI (0.2 mmol l-1), and several 
mixtures of AMBI and Fe(III), where the ratio R=[Fe(III)]/[AMBI] varies 
between 1 and 6.
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3.3.1.2 Fe(III) photoinduced degradation of AMBI in aqueous solution under air 

atmosphere
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 FIGURE 3.4 Spectral evolution for a mixture [Fe(III)]o = 0.8 mmol l-1 and [AMBI] = 0.2 

mmol l-1.
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 FIGURE 3.5 Concentration profile of AMBI, DOC and Fe(II) during photodegradation 

experiment in a suntest. Both [AMBI] and [Fe(III)] = 1.0 mmol l-1.
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 FIGURE 3.6 Kinetics of AMBI disappearance as a function of irradiation time in a suntest 
at different conditions: «O2» means under O2 atmosphere: «He» means 

under Helium atmosphere; «isopropanol» means under 10 mmol l-1 

isopropanol was added. Both [AMBI] and [Fe(III)] = 1.0 mmol l-1.
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3.3.1.4 Degradation pathway of AMBI by hν/Fe3+/O2(air)
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 FIGURE 3.7 Proposed pathways of AMBI degradation by the iron photoassisted 
reactions, inspired from [Catastini et al. 2002].
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3.3.2 Photo-Fenton system (hν/Fe(III)/H2O2)
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3.3.2.2 Effect of the initial Fe3+ concentration on degradation of synthetic and 

real wastewater using two different illumination systems
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 FIGURE 3.8 Effect of initial AMBI concentration on the amount of AMBI eliminated in 
the first 15 min of photo-Fenton treatment.
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 FIGURE 3.9 The rate constant of photo-Fenton oxidation of synthetic and real AMBI 

wastewater at different Fe3+ concentrations using two different illumination 
systems.
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3.3.2.3 Effect of H2O2 concentration on degradation of synthetic and real waste-

water using the Suntest
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 FIGURE 3.10 The rate constant of photo-Fenton oxidation of AMBI containing wastewater 
at different H2O2 concentrations.
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 FIGURE 3.11 Simplified schematic representation of photo-Fenton degradation of AMBI
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COUPLED PHOTOCATALYTIC-
BIOLOGICAL PROCESS AT LAB SCALE

4.1 Introduction
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Chapter 3 evaluated the iron photoassisted degradation of AMBI; Chapter 4 focuses on
coupling iron photoassisted process with a biological system at lab scale. In this chapter
a general strategy to develop combined photochemical and biological systems for biore-
calcitrant wastewater treatment is proposed. For the development of this strategy, the fol-
lowing points were taken into account: the biodegradability of the initial pollutant, the
chemical and biological characteristics of the phototreated solutions, the definition of the
optimal pretreatment time, and the efficiency of the coupled reactor. Following this strat-
egy, two kinds of combined systems were developed using for the photocatalytic pretreat-
ment hν/Fe3+/O2 (air) or hν/Fe3+/H2O2 and in both cases immobilized activated sludge
culture for the biological step. Both coupled systems were successfully employed for the
treatment of AMBI.
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 FIGURE 4.1 General strategy for coupling photochemical and biological water 
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4.2 Experimental

4.2.1 Materials and procedures
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 FIGURE 4.2 Coupled photochemical and biological flow reactor
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4.2.3 Chemical and biological analysis

)��� ����&�	��� 
������� ����� 	�� ��	�� ���	��"� C�3"� 3�C"� �AI3"� ��C"� M����=������

(	���!����(	�	�&� ����"� �	������ ���� �2�2� ����&�	��  ���� ����	(��� 	�� �����	
������ ���	���� ��

��������������#�

4.3 Results and Discussion 
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 FIGURE 4.3 DOC degradation by the photoreactor, the bioreactor and the overall 
coupled system as a function of the of photo-treatment time. 
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4.3.1.2 Treatment of a real wastewater with the coupled system 
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TABLE 4.1 Initial DOC removed (%) by the individual and overall coupled
reactor in the treatment of a real AMBi wastewater. 

[AMBI] = 2.0 mmol l-1

Conditions Initial DOC removed (%) by

Initial [Fe(III)] (mg l-1) Phototreatment 
time (min)

Photoreactor Bioreactor Coupled system

2.00 480 28.4 30.8 59.3

16.8 240 17.6 63.2 80.8

16.8 480 36.4 55.5 91.6
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4.3.2 Integration of photo-Fenton (Fe3+/hν/H2O2) and biological processes
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4.3.2.1 Chemical and biological characteristics of photo-treated solutions

C	����������!��	�3��(���*C�3-"�3��
	�����&!���C�
����*3�C-"��	���!	�����&!��

C�
����*��C5-�����������C523�C����	�� ����
�������������������������������������������

��������
�����������(	���!����(	�	�&�����&�����	���������� ���� ������)�(���7������ ������������

�������������
������(����������������������������������
�����

TABLE 4.2 Characteristics of initial and photo-Fenton treated
AMBI containing wastewater
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4.3.2.2 Evaluation of biodegradability of photo-treated solution in a Fixed Bed 
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 FIGURE 4.4 Toxicity (�) and Average Oxidation State (�) evolution of real wastewater 
during the phototreatment as a function of time.
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 FIGURE 4.5 Biodegradation of synthetic AMBI wastewater. (a) before and (b) after 1 
hour of photo-treatment. (A,�) First, (B, �) second and (C, �) third 
biodegradation cycle after photodegradation. 
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TABLE 4.3 Performances of the coupled photochemical-biological system
reactor operated in semi-continuous mode for AMBI
degradation.
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4.3.3 O2 vs. H2O2 as electron acceptors in the photo pretreatment 
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 FIGURE 4.6 Initial DOC removed (%) by the individual and the whole coupled system in 
the photochemical-biological flow reactor treating AMBI. Phototreatment 
times were 2 and 5 h, respectively with and without H2O2. In both cases 
AMBI was completely eliminated in the photochemical part of the treatment.
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4.4 Conclusions
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COUPLED SOLAR-BIOLOGICAL

SYSTEM AT FIELD PILOT SCALE

5.1 Introduction
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Chapter 4 described the development of two photochemical-biological systems at lab
scale (1 litre); Chapter 5 illustrates the development and optimization, at pilot scale (60 li-
tres), of a coupled system for water treatment. In this chapter a coupled solar-biological
system at field pilot scale was designed, erected, and experimental results are presented.
The strategy to develop this system implicates, the choice of the most appropriate solar
collector and the most efficient AOP, the optimization of AOP, the monitoring of the chem-
ical and biological characteristics of photo-treated solution and the evaluation of the per-
formances of the coupled solar-biological flow system. Experimental results indicate that
coupling solar-biological processes at pilot scale is an effective approach to the treatment
of real industrial wastewater.
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5.2.1 Coupled solar-biological system at pilot scale

4�	� �!	
�������� +�
� �����	�� ���� �
��� �� �����	�� 
����5*���������� �	������ ����� ��
� *		

�	
��	�.�*����������	���	�����G=-E,�4��
�
)
�	���
���(���	��*)�����������=���*�����9����

����	�������=��������*���	�������
�����
����	����-��,��,�,�

5.2.1.1 Solar reactor
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5.2.1.2 Biological reactor
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 FIGURE 5.1 View of the CPC used for the solar driven experiments at the EPFL

 FIGURE 5.2 Solar reflection on the CPC collector (source: [Robert and Malato 2002]).
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5.2.2 Parabolic-trough concentrator
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 FIGURE 5.4 Coupled solar-biological flow reactor at pilot scale installed at EPFL.
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 FIGURE 5.5 The Parabolic-Trough Concentrator at the Plataforma Solar de Almeria.
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5.3 Results

5.3.1 Choice of the solar photoreactor: Comparison between medium and 

low concentrating solar collectors in hν/Fe3+/O2 degradation of AMBI
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 FIGURE 5.6 View of the solar radiometer.

nGUV ,

nDUV ,



Results

107

��!�	(�I	��
��	���	������	������
�	�������	2���7G7
�	���	E:0	 
�	���	6$�;	��!������
�	��

���	 �����
���	 ;�	 �
��	 ������	 ���	 +�������	 
 	 6$�;	 ��!������
�	 ��	 ��������	  ����	 
�����	 ���	 ���

��� 
�������	���	4���	��������	����	�	����	�
������	�+����	�4���	�
	*�*'-'	���	*�*''-	�	5	+J�'	 
�	���

7�7	���	 ���	��7	�����
���	 ��������,���	 ;�	
����	 �
	�5�����	 ����	 �������	���	 �
	��

��	 ���	����

�����
�
!�	�
��	
����	 ���
��	����	��+��	���
	���
���%	

K ���	������	
 	 ���	7�7	�
	�������	�
��	��  ���	���	������	:0	�������
��	;�	�
�������	�

�
����������!	����!�	��+�	����	
 	���	��7	���� ���	
��	���	������	:0	�������
��

K 3��������	 �������	 �������	 
��	 ��	 ���	 �36	 8�����
	 ���	 $����
	 '..@9	 ��,�����	 ����	 ���

!�
���	�������
�	��	��!���	����	���	������	�������
�	�����!	���	���	����	

>����	��,����!��	
 	���	7�7	�����
�	��,�	����	���,�
���	���
����	8$����
	��	���	'..I&	�����

��	���	-**'9%	�
�	���� �������!�	����������
��	���	�����������	�
���	���	���	
������
���	 ����������

7
��������!	 �����	 
����,���
���	 ���	 7�7	 �������	 ��	 ���	 ����	 �����
�
!	  
�	 �	 �
�����	 �
����

��
�
!����	����������	���������	������

 FIGURE 5.7 Linear transform of kinetic curves of iron-photoassisted degradation of 

AMBI in a CPC and in a PTC. [AMBI]o = [Fe3+]o = 1.0 mmol l-1.
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5.3.2 Comparison of different solar photocatalytic treatments using a CPC
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 FIGURE 5.8 Evolution of AMBI concentration as a function of the accumulated solar 

energy. Study of some photocatalytic systems. AMBI (1.0 mmol l-1), H2O2 (25 

mmol l-1), TiO2 (1 g l-1) and Fe3+ (1.0 mmol l-1).
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5.3.3 Optimization of Fe3+ and H2O2 concentration on the solar photo-

Fenton degradation of AMBI using Response Surface Methodology
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TABLE 5.1 Experimental plan design and results obtained for the

optimization of Fe3+ and H2O2 concentration in the photo-

Fenton degradation of AMBI wastewater (5 mmol l-1; DOC =

480 mg C l-1) using a CPC reactor.

Experiment 
number

Coded variables Natural variables Response

Conc. Fe3+ H2O2 pumping 

rate
Conc. Fe3+ 

(g l-1)

H2O2 pumping 

rate (ml min-1)

kapp 

(l kJ-1)
' '�** *�** 	*�-* *�*@ *�*-
- �'�** *�** 	*�** *�*@ *�*'
# *�(* *�)I 	*�'( *�'' *�*-
" �*�(* �*�)I 	*�*( *�*' *�**
( *�(* �*�)I 	*�'( *�*' *�**
@ �*�(* *�)I 	*�*( *�'' *�*'
I *�** *�** 	*�'* *�*@ *�*'
) *�** *�** 	*�'* *�*@ *�*'
. *�** *�** 	*�'* *�*@ *�*'

y 0.012 0.007x1 0.006x2 0.005x1x2 0.002x1
2

0.007x2
2

–+ + + +=
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 FIGURE 5.9 Optimization of Fe3+ and H2O2 concentration for solar photo-Fenton 
degradation of AMBI using Surface Response Methodology. Three-
dimensional representation of the response surface for the apparent initial 
rate constant (kapp). 
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5.3.4 Chemical and biological characteristics of photo-treated solutions 

using hν/Fe3+/H2O2
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 FIGURE 5.10 AMBI concentration and average oxidation state (AOS) evolution as a 
function of accumulated energy for the degradation of 60 l of real AMBI 

wastewater. AMBI (1 mmol l-1), Fe3+ (0.1 mmol l-1) and H2O2 (10 mmol l-1)
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 FIGURE 5.11 Evolution of AMBI and DOC concentration during the solar photo-Fenton 

and biological treatment. AMBI (1.0 mmol l-1), Fe3+ (0.1 mmol l-1) and 

H2O2 (10 mmol l-1). 
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5.3.6 Economical considerations
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 FIGURE 5.12 DOC degradation by solar, biological and coupled treatment as a function of 
the initial organic load in the coupled reactor. The insert values represent the 
solar energy accumulated necessary to attain the complete transformation of 
AMBI.
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5.3.6.1 Annual available ultraviolet radiation at EPFL
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 FIGURE 5.13 Solar UV radiation during a typical sunny day 
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 CONTINUATION FIGURE 5.13 Solar UV radiation during a typical sunny day 
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 FIGURE 5.14 Maximum (empty points) and average (full points) global UV radiation for 
each month at EPFL in 2002.
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TABLE 5.2 Cost calculations for AMBI wastewater pretreatment with photo-
Fenton system
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5.4 Conclusions
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HYBRID PHOTOCATALYTIC-
PHOTOVOLTAIC SYSTEM

6.1 Introduction
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Chapter 5 described the development, optimization and performances of a coupled pho-
tochemical-biological system at pilot scale. In Chapter 6 a Hybrid Photocatalytic-Photo-
voltaic System (HPPS) was designed, erected, and tests results are presented. HPPS
consist of one device with dual operation: The Photocatalytic system uses the UV radia-
tion to promote the degradation of organic pollutants, and retained the IR radiation. The
Photovoltaic (PV) system converts the visible radiation into electricity, which is directly
used by the recirculation pump or is stored in a battery for other purposes. The suggested
design aims to achieve an autonomous and environmental friendly method for the treat-
ment of biorecalcitrant pollutants. 
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The HPPS system is actually following a patent procedure at the EPFL
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 FIGURE 6.1 Schematic representation of the photovoltaic effect in a PV cell
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 FIGURE 6.2 Relative spectral response for a typical c-Si module compared to total solar
spectral irradiance (source: [King and Kratochvil 1997]).
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6.2 Experimental

6.2.1 Hybrid Photocatalytic-Photovoltaic System (HPPS)
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 FIGURE 6.3 Schematic representation of the HPPS

 FIGURE 6.4 Picture of the HPPS installed at EPFL - Switzerland
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6.3 Transmittance of different materials suitable for the manu-

facture of the HPPS

;�	 
����	 �
	 
�����/�	 ���	 ��� 
������	 
 	 ���	L��3�	 ���	 ��
�
��������	 �����
�	����	 ��

����
�����	 ����!	 ���	 ��!��	 :0������������!	 ���������	 ��!	 @�(	 ��������	 ���	 :0G0��	 �������	 
 

�������������	 
 	 ��  �����	����������	 E����/	 ���	 ���5	 �������	 ���	 ��!����	 :0	 �������������&

��,���������	 ���	 ��!�	 �
��	 
 	 �����	���������	��+��	 �����	 ���!�	 �
�������	 �� �������	  
�	 ����

����
���	 ����� 
���	 ���	 ���!�	 
 	 �
��������	 !����	 ���	 ���5�!���	 �������	 �
�������	  �
�	 ���

��
�
�����	�
���	
 	,����	6�����
����	�����	���������	�������	����������!	����� �����
��	
 	��������

���	�������	�����������	��	����	��	+�����!	���	��
�������	�����!	
���

��	
������
��

�
�	 ����	 �5����������	��	 �
���������	 ��
	��
�
��������	 �����
��	 ����!	 �
��������	 !����

�L��3D�	���	���5�!���	�L��3���

 FIGURE 6.5 Transmittance of different materials suitable for manufacture the HPPS
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6.4 Photovoltaic power
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 FIGURE 6.6 Photovoltaic power of the PV panel: (PV) panel alone, (HPPSG) with a
commercial glass photoreactor, and (HPPSP) with a Plexiglas photoreactor
in the new HPPS system. Comparison with the sunlight irradiance at EPFL-
Switzerland, October 7th 2002.
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6.5 Comparison of a CPC and the HPPS systems for the photo-

catalytic degradation of AMBI
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