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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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couplés, oxydation biologique, oxydation électrochimique, oxydation sonochimique, application de 
l’énergie solaire, photovoltaïque, réacteur à l’échelle pilot, méthodologie de surface de réponse.
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1�� 4*%4%�"!� �6��"+� ��� �$��� �$"���� :%*� �$"� �*"1�+"��� %:� 2�%*"#1&#��*1��� ��! ��*�1&� >1��">1�"*� 1*"

4*"�"��"!������'8�V8V8

 FIGURE 1.1 Schematic representation of conventional and proposed wastewater 
treatment

Preliminary
treatment

Preliminary
treatment

Primary 
treatment

Primary 
treatment

Secondary 
treatment

Secondary 
treatment

Tertiary 
treatment

Tertiary 
treatment

AOPAOP Biological 
treatment

Biological 
treatment

Biodegradable 
wastewater

Non-biodegradable 
wastewater

Water reuse

Biodegradable 
wastewater



Aims of the thesis

5

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� ��� �$"�%*!"*�%:�V
6]V
9��-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��%��% ���!"
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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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1.5 Integration of photochemical and biological processes for 

water treatment
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dX
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1.6 Study case: AMBI a biorecalcitrant water pollutant
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 FIGURE 1.9 2D and 3D chemical structure of the 5-amino-6-methyl-2-benzimidazolone

NH

NH

CH3

NH2

O



References

27

-�����
�������������������������
	������������������
������
���������������
����+�������1

+���39�2��
���������
���������������������������
������������
����

����
��������5��������
���

�":@!=":�����
6��3��
�
�����
�����)���(A���������

����
��������������",=:��&&;�$�
����1�B

��
�@�B�
	�:"=���������������
����1���
����&�
���$���������������3���������������������
�������

������

����
���
��
	�39�2����������������������
�
�������������

���������.���
���
�%����
��

,���� ��
��� ���
���������� 	��
������� �
�
���
��$� ��� ���� ��������� 
	� �
(����������� ��
� �
����


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

��

����
��������
	�39�2��
��������������������

1.7 References

Adams C D, Kuzhikannil J J (2000). Effects of UV/H2O2 preoxidation on the aerobic biodegradability
of quaternary amine surfactants. Water Research 34 (2) 668-672.

Adewuyi Y G (2001). Sonochemistry: Environmental Science and Engineering Applications. Ind. Eng.
Chem. Res. 40 (22) 4681-4715.

Andreozzi R, Caprio V, Insola A, Marotta R (1999). Advanced oxidation processes (AOP) for water
purification and recovery. Catal.Today 53 (1) 51-59.

Bahnemann D, Cunningham J, Fox M A, Pelizzetti E, Pichat P, Serpone N (1994). Photocatalytic
Treatment of Waters. Aquatic and Surface Photochemistry. Helz G R, Zepp R G, Crosby D G, Ed.
Lewis Publishiers, Boca Raton. p 261-316.

Bandara J, Mielczarski J A, Lopez A, Kiwi J (2001). Sensitized degradation of chlorophenols on iron
oxides induced by visible light comparison with titanium oxide. Appl. Appl. Catal. B. 34 321-333.

Bandara J, Morrison C, Kiwi J, Pulgarin C, Peringer P (1996). Degradation/Decoloration of
Concentrated-Solutions of Orange-II - Kinetics and Quantum Yield for Sunlight- Induced
Reactions via Fenton Type Reagents. J. Photochem. Photobiol. A 99 (1) 57-66.

Bauer R, Waldner G, Fallmann H, Hager S, Klare M, Krutzler T, Malato S, Maletzky P (1999). The
photo-fenton reaction and the TiO2/UV process for waste water treatment - novel developments.
Catal.Today 53 (1) 131-144.

Beltran F J, Encinar J M, Gonzalez J, F. (1997). Industrial wastewater advanced oxidation. Ozone
combined with hydrogen peroxide or UV radiation. Water Research 31 (10) 2415-2448.

TABLE 1.3 Physicochemical characteristics of the wastewater under study

DOC

(mg C l-1)

BOD5

(mg O2 l-1)

COD
(mg O2 l-1)

Cl- 
(mg l-1)

NH4
+ 

(mg l-1)

PO4
3-

(mg l-1)

NO3-

(mg l-1)

pH

4368 136 18105 6265 6.8 0.9 0.0 9.3



Chapter 1: Introduction and background of the thesis

28

Beltran-Heredia J, Torregrosa J, Dominguez J R, Peres J A (2001). Comparison of the degradation of p-
hydroxybenzoic acid in aqueous solution by several oxidation process. Chemosphere 42 351-359.

Benitez F J, Acero J L, Gonzalez T, Garcia J (2001). Ozonation and Biodegradation Processes in Batch
Reactors Treating Black Table Olives Washing Wastewaters. Ind. Eng. Chem. Res 40 (14) 3144 -
3151.

Blake D (2001). Bibliography of work on the heterogeneous photocatalytic removal of hazardous
compounds from water and air. Update number 4 to October 2001, NREL/TP-510-31319.
National Technical Information Service (NTIS), U.S. Department of commerce, Springfield, VA
22161.

Bolton J R, Cater S R (1994). Homogeneous photodegradation of pollutants in contaminated water: an
introduction. Aquatic and Surface Photochemistry. Helz G R, Zepp R G, Crosby D G, Ed. Lewis
Publishiers, Boca Raton. p 467-490.

Bossmann S H, Oliveros E, Gob S, Siegwart S, Dahlen E, Payawan L, Straub M, Worner M, Braun A
(1998). New evidence against hydroxyl radicals as reactive intermediates in the thermal and
photochemically enhanced Fenton reactions. J. Phys. Chem 102 5542-5550.

Bozzi A, Yuranova T, Mielczarski E, Mielczarski J, Buffat P A, Lais P, Kiwi J (2002). Superior
biodegradability mediated by immobilized Fe-fabrics of waste waters compared to Fenton
homogeneous reactions. Appl. Catal. B. 42 (3) 289-303.

Brillas E, Casado J (2002). Aniline degradation by Electro-Fenton(R) and peroxi-coagulation processes
using a flow reactor for wastewater treatment. Chemosphere 47 (3) 241-248.

Buyuksonmez F, Hess T F, Crawford R L, Paszczynski A, Watts R J (1999). Optimization of
Simultaneous Chemical and Biological Mineralization of Perchloroethylene. Appl. Environ.
Microbiol. 65 (6) 2784-2788.

Canton C, Esplugas S, Casado J (2003). Mineralization of phenol in aqueous solution by ozonation using
iron or copper salts and light. Appl. Catal. B. 43 (2) 139-149.

Chen R Z, Pignatello J J (1997). Role of Quinone Intermediates as Electron Shuttles in Fenton and
Photoassisted Fenton Oxidations of Aromatic-Compounds. Environ. Sci. Technol. 31 (8) 2399-
2406.

Comninellis C, Pulgarin C (1991). Anodic oxidation of phenol for wastewater treatment. J. Appl.
Electrochem. 21 703-708.

Comninellis C, Pulgarin C (1993). Electrochemical Oxidation of Phenol for Waste-Water Treatment
Using SnO2 Anodes. J. Appl. Electrochem. 23 (2) 108-112.

Conseil Fédéral Suisse (1998). Ordonnance sur la protection des eaux usées (OEaux) 814.201 du 28
octobre.

Contreras S, Rodriguez M, Chamarro E, Esplugas S (2001). UV- and UV/Fe(III)-enhanced ozonation of
nitrobenzene in aqueous solution. J. Photochem. and Photobiol. A. 142 (1) 79-83.

CRC Hanbook of Chemistry and Physics (CRC Handbook). 1985. Edited by Weast R C, Astle M J and
Beyer W H. CRC Press, inc. Boca Raton, Florida.



References

29

Cuzzola A, Bernini M, Salvadori P (2002). A preliminary study on iron species as heterogeneous
catalysts for the degradation of linear alkylbenzene sulphonic acids by H2O2. Appl. Catal. B. 36
(3) 231-237.

Dahananjeyan M, Kiwi J, Albers P, Enea O (2001). Photo-Assisted Immobilized Fenton Degradation up
to pH 8 of Azo Dye Orange II Mediated by Fe3+/Nafion/Glass Fibers. Helv. Chim. Acta 84 3433-
3441.

De Laat J, Gallard H (1999). Catalytic decomposition of hydrogen peroxide by Fe(III) in homogeneous
aqueous solution: mechanism and kinetic modeling. Environ. Sci. Technol.Environ. Sci. Technol.
33 2726-2732.

Dhananjeyan M R, Mielczarski E, Thampi K R, Buffat P, Bensimon M, Kulik A, Mielczarski J, Kiwi J
(2001). Photodynamics and Surface Characterization of TiO2 and Fe2O3 Photocatalysts
Immobilized on Modified Polyethylene Films. J. Phys. Chem. B. 105 (48) 12046-12055.

Diller R, Fornefett I, Siebers U, Bahnemann D W (1996). Photocatalytic degradation of trinitrotoluene
and trinitrobenzene: influence of hydrogen peroxide. J. Photochem. and Photobio.  A. 96 231-236.

Do J-S, Chen C-P (1994). Kinetics of in situ degradation of formaldehyde with electrogenerated
hydrogen peroxide. Industrial & Engineering Chemistry Research 33 (2) 387-394.

EEC (1992). List of Council Directives 76/4647, European Economic Community, Brussels, Belgium.

Enea O, Pulgarin C (2000). Strategie de caracterisation et de traitement des eaux residuaires
industrielles: quel role pour la catalyse, l’electrocatalyse ou la photocatalyse solaire? Entropie
(228) 16-21.

Esplugas S, Gimenez J, Contreras S, Pascual E, Rodriguez M (2002). Comparison of different advanced
oxidation processes for phenol degradation. Water Research 36 (4) 1034-1042.

Esplugas S, Ollis D F, Eds. (1993). Process integration development: Reactor kinetic models for
sequential and biological oxidation for water treatment. Chemical Oxidation Technologies for the
Nineties IV. Lancaster, Technomic Publishing Company.

Fallmann H, Krutzler T, Bauer R, Malato S, Blanco J (1999). Applicability of the Photo-Fenton method
for treating water containing pesticides. Catal.Today 54 (2-3) 309-319.

Faust B C, Hoigne J (1990). Photolysis of Fe(III) - hydroxy complexes as sources of OH radicals in
clouds, fog and rain. Atmos. Environ. 24A (1) 79-89.

Fenton H J H (1894). Oxidation of tartaric acid in presence of iron. J. Chem. Soc. Trans. 65 899-910.

Fernandez J, Bandara J, Lopez A, Buffat P, Kiwi J (1999). Photoassisted Fenton degradation of non
biodegradable azo dye (orange II) in Fe-free solutions mediated by cation transfer membranes.
Langmuir 15 185-192.

Francony A, Petrier C (1996). Sonochemical degradation of carbon tetrachloride in aqueous solution at
two frequencies: 20 kHz and 500 kHz. Ultrasonics Sonochemistry 3 (2) S77-S82.

Fujishima A, Honda K (1972). Electrochemical photolysis of water at a semiconductor electrode. Nature
238 (7) 37-38.

Gallard H, De Laat J (2000). Kinetic modelling of Fe(III)/H2O2 oxidation reactions in dilute aqueous
solution using atrazine as a model organic compound. Water Research 34 (12) 3107-3116.



Chapter 1: Introduction and background of the thesis

30

Gernjak W, Krutzler T, Glaser A, Malato S, Caceres J, Bauer R, Fernandez-Alba A R (2003). Photo-
Fenton treatment of water containing natural phenolic pollutants. Chemosphere 50 (1) 71-78.

Ghaly M Y, Hartel G, Mayer R, Haseneder R (2001). Photochemical oxidation of p-chlrophenol by UV/
H2O2 and photo-Fenton process. A comparative study. Waste Management 21 41-47.

Ghauch A (2001). Degradation of benomyl, picloram, and dicamba in a conical apparatus by zero-valent
iron powder. Chemosphere 43 (8) 1109-1117.

Haber W G, Waiser J (1934). The catalytic decomposition of hydrogen peroxide by iron salts. J. Proc.
Roy. Soc. London A147 332.

Herrera F, Lopez A, Mascolo G, Albers P, Kiwi J (2001). Catalytic decomposition of the reactive dye
UNIBLUE a on hematite. modeling of the reactive surface. Water Research 35 (3) 750-760.

Hess T F, Lewis T A, Crawford R L, Katamneni S, Wells J H, Watts R J (1998). Combined photocatalytic
and fungal treatment for the destruction of 2,4,6-trinitrotoluene (TNT). Water Research 32 (5)
1481-1491.

Hoffmann M, Martin S, Choi W, Bahnemann D (1995). Environmental Applications of semiconductor
catalysis. Chem. Rev. 95 69-96.

Hoigne J (1997). Inter-calibration of OH radical sources and water quality parameters. Water Sci. and
Technol. 35 (4) 1-8.

Horan N J (1990). Biological Wastewater Treatment Systems. Theory and Operation. Chichester,
England, Jhon Wiley & Sons Ltd.

Kim S-M, Geissen S-U, Vogelpohl A (1997). Landfill leachate treatment by a photoassisted fenton
reaction. Water Sci. and Technol. 35 (4) 239-248.

Kiwi J, Lopez A, Nadtochenko V (2000). Mechanism and kinetics of the OH-radical intervention during
fenton oxidation in the presence of significant amount of radical scavenger (Cl-). Environ. Sci.
Technol. 34 (11) 2162-2168.

Kiwi J, Pulgarin C, Peringer P (1994). Effect of Fenton and Photo-Fenton Reactions on the Degradation
and Biodegradability of 2-Nitrophenols and 4- Nitrophenols in Water-Treatment. Appl. Catal.  B.
3 (4) 335-350.

Koubeck E (1975). Photochemical induced oxidation of refractory organics with hydrogen peroxide.
Ind. Eng. Chem. Process Des. Dev. 14 348.

Krutzler T, Bauer R (1999). Optimization of a Photo-Fenton Prototype Reactor. Chemosphere 38 (11)
2517-2532.

Ku Y, Wang W, Shen Y-S (2000). Reaction behaviours of decomposition of monocrotophos in aqueous
solution by UV and UV/O3 processes. J. of Hazardous Materials B72 25-37.

Ledakowicz S, Solecka M, Zylla R (2001). Biodegradation, decolourisation and detoxification of textile
wastewater enhanced by advanced oxidation processes. J. of Biotechnology 89 (2-3) 175-184.

Legrini O, Oliveros E, Braun A M (1993). Photochemical Processes for Water-Treatment. Chem. Rev.
93 (2) 671-698.

Luck F (1999). Wet air oxidation: past, present and future. Catal.Today 53 (1) 81-91.



References

31

Mantzavinos D, Lauer E, Hellenbrand R, Livingston A G, Metcalfe I S (1997). Wet Oxidation as a
Pretreatment Method for Wastewaters Contaminated by Bioresistant Organics. Water Sci. Sci.
Technol. 36 (2-3) 109-116.

Martienssen M (2000). Simultaneous catalytic detoxification and biodegradation of organic peroxides
during the biofilm process. Water Research 34 (16) 3917-3926.

OECD (1996). Guidelines for testing of Chemicals, test 302B.

Ollis D F (2001). On the need for engineering models of integrated chemical and biological oxidation of
wastewaters. Water Sci. Technol. 44 (5) 117-123.

Ollis D F, Ekabi H A (1993). Photocatalytic purification and treatment of water and air. Amsterdam.

Ollis D F, Pelizzetti E, Serpone N (1991). Destruction of water contaminants. Environ. Sci. Technol. 25
(9) 1523-1529.

Oturan M A (2000). Ecologically effective water treatment technique using electrochemically generated
hydroxyl radicals for in situ destruction of organic pollutants: Application to herbicide 2,4-D. J.
of Applied Electrochemistry 30 (4) 475-482.

Parra S, Malato S, Pulgarin C (2002). New integrated photocatalytic-biological flow system using
supported TiO2 and fixed bacteria for the mineralization of isoproturon. Appl. Catal. B. 36 (2)
131-144.

Parra S, Sarria V, Malato S, Peringer P, Pulgarin C (2000). Photochemical versus coupled
photochemical-biological flow system for the treatment of two biorecalcitrant herbicides:
metobromuron and isoproturon. Appl. Catal. B. 27 (3) 153-168.

Pichat P, Guillard C, Amalric L, Renard A C, Plaidy O (1995). Assessment of the Importance of the Role
of H2O2 and O-2(O-) in the Photocatalytic Degradation of 1,2- Dimethoxybenzene. Solar Energ
Mater Solar Cells 38 (1-4) 391-399.

Ponce de Leon C, Pletcher D (1995). Removal of formaldehyde from aqueous solutions via oxygen
reduction using a reticulated vitreous carbon cathode cell. J. of Applied Electrochemistry 25 (4)
307-314.

Prousek J (1995). Fenton reaction after a century. Chem. Lisy. 89 11-21.

Pulgarin C, Invernizzi M, Parra S, Sarria V, Polania R, Peringer P (1999). Strategy for the coupling of
photochemical and biological flow reactors useful in mineralization of biorecalcitrant industrial
pollutants. Catal.Today 54 (2-3) 341-352.

Pulgarin C, Kiwi J (1995). Iron Oxide-Mediated Degradation, Photodegradation, and Biodegradation of
Aminophenols. Langmuir 11 (2) 519-526.

Pulgarin C, Kiwi J (1996). Overview on Photocatalytic and Electrocatalytic Pretreatment of Industrial
Non-Biodegradable Pollutants and Pesticides. Chimia 50 (3) 50-55.

Pulgarin C, Peringer P, Albers P, Kiwi J (1995). Effect of Fe-ZSM-5 Zeolite on the Photochemical and
Biochemical Degradation of 4-Nitrophenol. J. Mol. Catal.  A. 95 (1) 61-74.

Pulgarin C, Schwitzguebel J P, Peringer P, Pajonk G M, Bandara J, Kiwi J (1995). Abiotic Degradation
of Atrazine on Zero-Valent Iron Activated by Visible-Light. Abstr Pap Amer Chem Soc 209 (APR)
232-ENVR.



Chapter 1: Introduction and background of the thesis

32

Reisz E, Schmidt W, Schuchmann H P, Sonntag C (2003). Photolysis of Ozone in Aqueous Solutions in
the Presence of Tertiary Butanol. Environ. Sci. Technol. In press.

Reyes J, Dezotti M, Esposito E, Villasenor J, Mansilla H, Durnan N (1998). Biomass photochemistry-
XXII: Combined photochemical and biological process for treatment of Kraft El effluent. Appl.
Catal. B. 15 (3-4) 211-219.

Robertson P (1996). Semiconductor photocatalysis: an environmentally acceptable alternative
production technique and effluent treatment process. J. Cleaner Prod. 4 (3-4) 203-212.

Rodriguez M, Abderrazik N, Contreras S, Chamarro E, Gimenez J, Esplugas S (2002). Iron(III)
photoxidation of organic compounds in aqueous solutions. Appl. Catal. B. 37 (2) 131-137.

Rodriguez M, Kirchner A, Contreras S, Chamarro E, Esplugas S (2000). Influence of H2O2 and Fe(III)
in the photodegradation of nitrobenzene. J. Photochem. Photobiol. A 133 (1-2) 123-127.

Rodriguez M, Sarria V, Esplugas S, Pulgarin C (2002). Photo-Fenton treatment of a biorecalcitrant
wastewater generated in textile activities: biodegradability of the photo-treated solution. J.
Photochem. and Photobio.  A. 151 129-135.

Rodriguez M, Timokhin V, Michl F, Contreras S, Gimenez J, Esplugas S (2002). The influence of
different irradiation sources on the treatment of nitrobenzene. Catal. Today 76 (2-4) 291-300.

Rupert G, Bauer R, Heisler G (1993). The photo-Fenton reaction-an effective photochemical wastewater
treatment process. J. Photochem. and Photobio.  A. 73 75-78.

Safarzadeh-Amiri A (2001). O3/H2O2 treatment of methyl-tert-butyl ether (MTBE) in contaminated
waters. Water Research 35 (15) 3706-3714.

Safarzadehamiri A, Bolton J R, Cater S R (1997). Ferrioxalate-Mediated Photodegradation of Organic
Pollutants in Contaminated Water. Water Res. 31 (4) 787-798.

Sagawe G, Alexander L, Lübber M, Bahnemann D (2001). The insulated solar Fenton hybrid Process:
fundamental investigations. Helv. Chim. Acta 84 3742-3759.

Sarria V, Deront M, Peringer P, Pulgarin C (2003). Degradation of a biorecalcitrant dye precursor present
in industrial wastewaters by a new integrated iron(III) photoassisted-biological treatment. Appl.
Catal. B. 40 (3) 231-246.

Sarria V, Parra S, Adler N, Péringer P, Pulgarin C (2002). Recent developments in the coupling of
photoassisted and aerobic biological processes for the treatment of biorecalcitrant compounds.
Catal.  Today 76 (2-4) 301-315.

Sarria V, Parra S, Invernizzi M, Péringer P, Pulgarin C (2001). Photochemical-biological treatment of a
real industrial biorecalcitrant wastewater containing 5-amino-6-methyl-2-benzimidazolone.
Water Sci. Technol. 44 (5) 93-101.

Scott J P, Ollis D F (1995). Integration of chemical and biological oxidation processes for water
treatment: review and recommendations. Environ. Progr. 14 (2) 88-103.

Scott J P, Ollis D F (1996). Engineering Models of Combined Chemical and Biological Processes. J.
Environ. Eng. 122 (12) 1110-1114.

Scott J P, Ollis D F (1997). Integration of Chemical and Biological Oxidation Processes for Water
Treatment: II. Recent illustrations and experiences. J. Adv. Oxid. Technol. 2 (3) 374-381.



References

33

Scott M A, Hickey W J, Harris R F (1995). Degradation of atrazine by fenton’s reagent: condition
optimization and product quantification. Environ. Sci. Technol. 29 2083-2089.

Sulzberger B, Canonica S, Egli T, Giger W, Klausen J, Gunter U (1997). Chimia 51 (12) 900-907.

Sun Y F, Pignatello J J (1993). Photochemical-Reactions Involved in the Total Mineralization of 2,4-D
by Fe-3+/H2O2/UV. Environ. Sci. Technol. 27 (2) 304-310.

Sychev A Y, Isak V G (1995). Iron compounds and the mechanisms of the homogeneous catalysis of the
activation of O2 and H2O2 and of the activation of organic substrates. Russian Chemical Reviews
64 (12) 1105-1129.

Tang W Z, Huang C P (1996). 2,4-dichlorophenol oxidation kinetics by Fenton’s reagent. Environ.
Technol. 17 1371-1378.

Theron P, Pichat P, Petrier C, Guillard C (2001). Water treatment by TiO2 photocatalysis and/or
ultrasound: Degradations of phenyltrifluoromethylketone, a trifluoroacetic-acid-forming
pollutant, and octan-1-ol, a very hydrophobic pollutant. Water Sci. and Technol. 44 (5) 263-270.

UNESCO (2003). Water for people, water for live - UN World Water Development Report. Paris,
UNESCO.

US.EPA (1998). Handbook on Advanced Photochemical Oxidation Processes. Cincinnati, Ohio 45268,
U.S. Environmental Protection Agency.

Walling C (1975). Fenton’s reagent revisted. Acc. Chem. Res. 8 125-131.

Yeber M C, Freer J, Martinez M, Mansilla H D (2000). Bacterial response to photocatalytic degradation
of 6-chlorovanillin. Chemosphere 41 (8) 1257-1261.

Zepp R G, Faust B, Hoigne J (1992). Hydroxyl radical formation in aqueous reactions (pH 3-8) of iron(II)
with hydrogen peroxide. The photo-Fenton reaction. Environ. Sci. Technol. 26 313-319.



Chapter 1: Introduction and background of the thesis

34



CHAPTER 2

Victor Sarria Ph.D. Thesis 35

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.

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000

Time (min)

C
/C

o

90 W

30 W



Sonochemical degradation of AMBI

39

+��� ������
���� 
����
���
�� 
	�39�2� ��� &��A� ���� 	
��
��
� ��� ������ 
	� #-*=� ��
� ���

chromatograms 
������
����������������IM!M�����������
	�����
�		���������8��������������
����.���

��1��2�������	�������������
��������
�
��������������8�
	�39�2$���������������
�������
	�1�&��������


�������������
	�	
���������������
������
	�
����
���
���+�����������
���
�������8������1�������$

�
�	����������
����
����
���
��
	�39�2��������
�����	
�����
��
	������������������
�������+��

IM!M�����
���������
���
	��������������
������

��
��
����������
���������
����
�����IM�����
�$

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

%���
��
	��":5!=":�
������
��������������������
�������
�
	��������������������
	�����'

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

����
��������
	�39�2

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

 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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 FIGURE 2.4 Electrolytic cell
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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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2.3.2.3 Effect of pH
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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.
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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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2.4.2 Results
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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
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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)

���� �2��
�
����
����������������������������
�
���������
����
���
��
	�39�2$��������������

�
� 8�
�� ���� ������
��� 
	� 39�2� �4��
��� �
����
�� ��� �� 	�����
�� 
	� �#�� .���� 1��� ��������� ���

�������
��
	�����IM����
����
����������
	�39�2����
�		�������#��������������
	���&��G�&����2��.���

1����������
��������
�
��������������������
	���
���
���������
�����52-6$���
���������������
�
�		�����

��������
	�39�2���������4������������������
����
��A
��(A��(=��������������������������
���
��

���������39�2�������������
�
�		������	
�������
�
�����
������# �39�2���
������
�
��
�
����


539�2#?6�	
���

Fe
3+

H2O+ Fe(OH)
2+

H
+

+→

Fe
3+

2H2O+ Fe(OH)2
+

2H
+

+→

2Fe
3+

2H2O+ Fe2 OH( )2
4+

2H
+

+→



Results

65

+�����
�����
	��
�
(��
�
����
��
	�39�2� ��� ����������
� ��� ����.����1��$�������������


�������������
�
�		������	
����
	�39�2�

3� �7�� ������ 
	� J�F� ���� ����� �������
� �0������ ��� ���� ���1��� +��� �
�
��
�
����
� 	
��

39�2#?�������

�����������#�<�J�F��������������
��������	
���39�2�����������������������#

>�J�F��2�����������$�+���IM������������������
	�����39�2�������������
����
������
�1@����$������

�������������
�

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

��������� ��� ����������� =
���
������ ����$� ��� ������������ ���� �		�������� 
	� .�52226$� �
� ��
�
��� ���

��
�
(
����
���
��
	�39�2����������
�������

 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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4.2.2 Coupled photocatalytic-biological flow reactor
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 FIGURE 4.2 Coupled photochemical and biological flow reactor
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4.2.3 Chemical and biological analysis
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4.3 Results and Discussion 

4.3.1 Integration of Fe(III)/hν/O2(air) processes with a biological treatment
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4.3.1.1 Assessment of the optimal pretreatment time for synthetic wastewater
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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
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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 

Reactor (FBR)
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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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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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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
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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.
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 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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5.3.5 Performances of the coupled solar-biological flow system
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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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 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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5.3.6.2 Assessment of solar treatment cost 
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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



Chapter 6: Hybrid photocatalytic-photovoltaic system

128

8��� ��+	��	���	-**-9�	��	����	��	��	���	����� ����
�	
 	����+��!	�����	8����
�	��	���	-**'&	����
�	���

���!����	-**#9�	;�	�
��	�������
��	�����	���	�	!����	:0	��!��	����������
��	

7
�������!	���	����!
	��4����������	������	�5��
�����
�	
 	�
���	����!
	�
���	�
��������	�


�	�
����������	��
�
���	!����	

���	�
��	�
��
�	���������
��	
 	�
���	����!
	���	 ��	 ���	  �����	
 	 ��������	��
�
,
�����

��0��	 ���	 ��
�
��������
�	 >,��	 ���	 ����	  ��	 
�����	 �����	 ���	 ����	 �	 !�
���!	 ��������	 ��

��
�
,
�����G�������	�
�����
��	83
������	���	$���
	-***9�	�����	���	��
,���	�
��	����������	���

�������	 ����!
	  �
�	 ���	 ����	 �
�����	 ��,���������	 �����	 ���	 �
	 ���
���	 
�	 ��
�
,
�����G

��
�
�����
���	�
����	�
������

���	��
�
,
�����	��0�	��
����	�
�,����	�����!��	���	�
��	��������	����!
	�
����	
�	���

������	�������
	���
	����������
�	���	�����	�0	�������!	��
�+	��	���	��
�
,
�����	�����	����	����	�
������


 	��
	�
���	
 	���������	
 ���	���
��	�����
�	���	���
��	�����
�	���!	@�'��

 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
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 FIGURE 6.5 Transmittance of different materials suitable for manufacture the HPPS



Photovoltaic power

135

6.4 Photovoltaic power
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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-
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 FIGURE 6.7 Comparison of the CPC and the HPPS system
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6.6 Conclusions
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GENERAL CONCLUSIONS

General conclusions
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