
Análisis y destino de residuos farmacéuticos en 
aguas subterráneas, superficiales y residuales 

Rebeca López Serna 

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra
o marc aliè a TDX o al Dipòsit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentació de 
la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB 
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual únicamente para usos 
privados enmarcados en actividades de investigación y docencia. No se autoriza su reproducción con finalidades de lucro 
ni su difusión y puesta a disposición desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza 
la presentación de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta 
reserva de derechos afecta tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de 
partes de la tesis es obligado indicar el nombre de la persona autora. 

WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the 
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the 
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital 
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not 
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it’s obliged to indicate the name of the author.



�

��

�

�

�

�

�

�

�

�
�

�

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

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

�

�

�������������������

�
�

�

�

��������������
�� �!�����������������"������
 ��������
��#��������������������	�$���
���
�!����
��
#�����������
��%�"���������������

&��!����
�
�
��'��������
(������
�
��%�"�����
#�����������
��%�"���������"�����



�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

��

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

�����������

��
��
�������������
���
�����
�

�
����
����������
�

 ��!�"��
����#
�����
�

�

�����
���"��
�
��
�
����
��
��	�
���

��������������
� ��!�"��
����#
�����
�

����

$��
�%��&�'��
�

�

�

�

�

�

�

�

�

�

�

�

�

�

#
�����
(�)������*���

�

+����
,�
�
�
�
�
�
�
�
��
-�.��
��
�������/
���
���0"��
�+����
��
�
����
����������
�
 ��!�"��
����#
�����
�

�������,�
�
�
�
�
�
�
�
��-�
��1�#
�����
���0"�����2�!"��	
�����
����-�������
�������
���
2��.�34'24�

4�3�������
,�
�
�
�
�
�
�
�
��
-����
�����!�5�
���0"��
���2�!"��	
�����
24$.��



�

6�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

7�

�

�

�

�

�

�

�

�

�

�

�

�

��'�����
"��
"�������
"����������0�"�����
�
"�
���
�(��

"��
�����8����
�
��
�9��
���
�(��

/���������
�
���"���"��

)��!���*��
����

�

�

�

�

�

�

�



�

:�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

.'+�� +.'2'� �;4+;$�%� '.� <�� $.�%2=��;� >$�42�'� �� %�� �? ��� �2@�@42.$�� ;+;$>����
�;$� .%� �2@2'+.$2;� �.� 42.@42�� .� 2@@;A�42;@� �.�2�@+.� %;'� �$;?.4+;'� 4.��> ��
4>%�**B3:677�C<2��?�4;@';%2�.$32@>.@2;��*�*�'4�$4.�4'��**D3***:7(�?�%��#.4���$.3
�;4+;$�%� ��$�� %�� �;$��42E@� �.� �.$';@�%� 2@A.'+2>��;$� F��23�**G(� #.'3�**G3
**:B�DH� ?�  @�� #.4�� ��$�� $.�%2=�$� .'+�@42�'� #$.A.'� .@� .%� .I+$�@).$;� F#.'3�**G3
**:B�DH�



�

B�

�+��#$� , $-.)��

�

� �� 	�"�
��
� 
	�
���� 
� ��"� �������"� �� �"�"(� �� ���0"��� �
��1� #
����� ����
9
���� �
��� �
� ���������
�� �� �
��&
�� �� ������
��� �� �� ��
��
����� �� ������
�
������
�� ��� 2��.�34'24(� /� �
� ���0"��
� ���
� ����!�5� ���� �
� �����
�� J�� �� 9
� �
���
���
��� ����� �� ��
�
8�� �� ��!"��	
����� J�� 9� �
��&
��-� >�
��
"� 
� ��"� ��"� ���� ���
� �
�

/��
-�

� >�
��
"��
���K��
��
���
-�#
��
�
�L
"��&/M3<�����(�"���!�"��
����
������"�
���
�
�� �
�  ��!�"��/� �0� #
�9� F$����  ����H(� J�� ���"�	���� J�� ��!�"� ��
� N������
�
���J�����
(��
���������������0��
�����
���
�����-�

� �	�
��������"� �
���K��
���� �����
��� �
� ��!�"��
����#
�����
� F #H(� �
���
-�
.��
��
���/
��(�����"�������
��������
����
����0��������"���
��"�����-�

� �?� ���� "���"��(����9
"� 	�
��
"� 
� ����"���"� ����
O��"� �� �
� "	���
� /� ����
�
��
��
� ��� ��0����� ��
��"�� 4
��"� /� ��� '�!����� ���
"
"(� ��� 4������� 2�!"��	
����� /�
�"
������� F42�H-��� ��"���"��"�/�
� ��"��
"
��"-�?
�9
/
�"��������"��
����
����������0��
�
/C����"��
�(���
�	������9����9
���"���������-�

%
� ���"������� �� "�� ������
��� 9
� "���� ��
� ��/� ���
� N������
�

�
�K���
C�
���
�C��"��
��J��"����������
�K-�

�

�

�

�

�

�

�

�

�

�

�



�

G�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

� �

�

�

�

�

�

�

�

�
�
�



�

D�

/-# �$�

�-� 2@+$;� 442E@�>.@.$�%� ���

�-�� �P��
��"����������
���
��"���	��"����������
������
��P����� ���
�-�-�� �P��
��"�J���
�"� �*�
�-�-�� ��������"�����
�"0���
����� ���

�-�� +�
�
������������
�������
	�
"� �:�
�-�-�� +�
�
��������
	�
"��"���
�"� �:�
�-�-�� ���
����&
����� �D�

�-�� %	�"�
���������
�����
����0P��
��"� �7�

�-6� ����"��
�
���������������
�����������
���
��"�0
��
�K�����"���
	�
� �:�

�-7� )�"��0��
�����/���8��!�"����
��"�"� �G�

�-� �.'�$$;%%;��.��Q+;�;'��.��@R%2'2'��.��R$��4;'�.@��> �� 6��

�-�� 2������������ 6��
�-�-�� ��"���� 6��
�-�-�� ��3��
�
����������"��
�F���������
�����/�
�"�
�����H� 66�
�-�-�-�� �K����"������� 6:�

�-�-�� ��P��"�"���"������
�� 6G�
�-�-�-�� 4���
��	�
0�
�����J����"��P���
�������
��!
�
�0��
��
�F ���
�<�	9�
��0���
���%�J����49���
��	�
�9/(� <�%4H� 7��
�-�-�-�� 4���
��	�
0�
�J���
�� 7:�

�-�-6� A
���
����� 7G�

�-�� ��"��
��������"���
��"� :*�

�-�� ��"��"�������"���
��"� ��B�

�-� .'+ �2;'��.��$.'.@42���.��R$��4;'�.@��> �'��.�2;��#2.@+�%.'� ��D�

�-�� 2������������ �6��

�-�� ��"��
���������"��"���
��"� �6D�

�-�� ��"��"�������"���
��"� �D7�

6-� 4;@4% '2;@.'�>.@.$�%.'� �*7�

$.�.$.@42�'�#2#%2;>$R�24�'� �*D�

�@.I;'� �6��



�

�*�

��-�4����"��"���������"�����"��K����"��(��(���/C��6(�8���������"�"��������
�"�
�
�
����"���
"�0�"���3J�����
"� �6��

��-�%�"�
���
��!�
���
"� �BB�

��-�%�"�
���+
��
"�/���	��
"� �G��
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

01  -.�)#&�� 2-�+$-$����

�



�

���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

���

010 (������������������������������������������
�������������������

 ��0P��
���"����
�"�"�
���
�J�����
������&
�
����
���!�����(���
	��"����(���
�
�����(�
����	
�����/C�����
�����
��0���
�-�%�"�0P��
��"�"�N�����/������&
���������
�����
�� �
� 0���
� �� ����
����"(� ��"� ��
�"� �������� �� �� ��"� 0P��
��"(� �� ���8����� ����
N������"-�%�"�0P��
��"������"��"�����&
��"���N��
���"��������	
��"���!�!�-�.��"��
S������ �
"�(� ��� "�� ����0��
��� /C������0��
��� J�����
���(� 
��"� �� "�� ���"���
���
����� �
�-� %
�
���!��
������� 0P��
���!
��
�������
� �
��
���
�&
���"��"(����� "�����
"�P���
����
��������
��
����
����	���
���
�"�����
-��

%
�����"���
�0
��
�K����
�9
�"������
����
"�����"���
"�J��9
���"��
�����������������P"�
�P�����
���!�������
������"�S�����"�
O�"-�'�����
�	�(��
���"����������"���J���
��!
�����
�����(�"����� ��"��
�""��"
�����
��"� ��"� ����"� �
���������������������������"����
��0P��
��"-�.���*�*(�@������K���
�F�GTH(�.����
�F�DTH�/�)
����F��TH�
�
�
�
�����
"����
BDT�������
���	���
�-�����������
��(��	���"����"
������(��
"���
�"�����
��������G7T�
���
�����
����������
�(�����
�
�������
��"��������T�������"���������
����"���"���

O��U�V-�

2�0���"��� �
��	���
�."�
O��
��������
�����/���������"�'
���
���"� "�������"����
����
����"� N��
9�"���
�
���"� ���� ���
� �� ."�
O
� ���� ��"� 
O�"� �DD�� /� �**:(�
��"��
�����
���������
"���"�"���
��
"��0����
"�F���H������
�
�����9
���
��"�/���
(���
���
"� �
"� 0
����
"(� N����� �
�
� ��"� 
����������"� J�� "� �
���!����� ��P����
����
���"�
�"� ������� 
� �*� ���� ���� �
�
� �-***� 9
���
��"� /� ��
(� /� ��"� 
�����	�
O�"�"� J��
�"�������� �� �-�D� 
� *-B���������� �
�
� �-***� 9
���
��"� /� ��
-� .���
/��� 
������ "�
�����8��������"�9�����"�!�"�J���
"
������G��
��������������
�
��-***�9
���
��"�/�
��
-�."���"���(�
��P"���
��
�������"���� ����!���
�(� ������� �
� 0���"���
� F�������
�����
�
��-***�9
���
��"�/���
����**:H(��
�
�����F�7����������
�
��-***�9
���
��"�/���
�
���**:H���
����������F�:����������
�
��-***�9
���
��"�/���
����**:H(�
��	�
���S������
0P��
��"�
��
�!��
���������"�
�"�
�0
����
-�;���"�0P��
��"���/����"�����"�"�����"�

�����0�
�
�����"� ��� "�����"� F"���
����� ������ 
�� ������0��H(� ��"� 
�"��������"3
9��������"� F"���
����� ������ 
�� ���
&�
�(� 
���
&��
�� /� �����
&�
�H(� ��"�

���
	�	
��"� F"���
����� ������ 
�� 
����� 
����"
��������H(� 
���
"�P����"�
F0���
���
����� ������ 
�� "
����
���H(� 
�����
�K����"� F0���
���
����� 
� �
�
��0�����
H(� 
��������"�"� F0���
���
����� ������ 
�� �����
&��H� /� 9��������
��"�
F"���
�����������
��
�
���!
"�
���
�/�"��!
"���
H(��������������
�
��-***�9
���
��"�/�
��
����**:�"�������
�6*�������"����"�U�V-��

.�� �
� ��	��
� �� "���"��
� �
� !�������� �� �
"� !��
"� �� �*� �� ��"� ���������"� 
���!�"��P"�
!�����"��
8�����
��K���
����
�������������***3�*�*���."�
O
-�

�



�6�

��	��
� �-� .!����������� �W� �� �!
""� !�����"��� ��"� �*����������"� 
���!�"��P"� !�����"�
�
8�����
��K���
���."�
O
����
�������������***3�*�*�



�

�7�

@����"�
��(�9
/�J������������
(�J����"�����
����"�N�����"�"������
��K���
�
���"��
���
���K����
��
�����/�������
���������"���-�

.����
�J�����
"�(����"������"���������"������0P��
��"���."�
O
�������
�
���������
�� ���"���� ����� �� .����
� ���
��� �
"� S����
"� ��"� �K�
�
"� U�V(� 9
� ��"��
��� J�� ��
���"���� �� 0P��
��"� �� ."�
O
(� N��"
��� ������ ���� �
�
� �-***� 9
���
��"� /� ��
(� "�
������
� ��/� ���
� ��� �������� �� .����
� �� �����"�� ���� ��
8�� ��� ��"��(� �
�
� �
�
�
/����
����� ��"�	����"� ��
�K�����"(� ����N��������� ��"�
��������"�"(� 
�"��������"� /�
!
"����
�
���"����0K����"(�J��"���
�����
�������������������	����-�

%�"� 0P��
��"� �
�������"��!����
���������9��
��(�/���"��"�S�����"� �
���� ��"�J��"�
N����� �
8�� ���
� ����� ��"� J�� ��(� "��� ������
��"� �� �� ����
������ �����
����
���
��"���	��"-�

%�"��"����"�0
��
�K�����"������
��
�&
��������
������
���
!K"�����0���"����
"-�
A�� ��	��
� �-� ."� 	��
����� 
"������ J�� �
� ����������� �� 0P��
��"� �� �
�""�
����"���
��&
��"�"�P������������
�
�/�����
�"
����	S���
O��
�������
�����(�������
�
�
"��"��������"����
�"�����
������J����
"��
�
����������
�����������-�'�����
�	�(�
��
�0�
������"��"�
���
�����
������������	���
����0P��
��"�������	
�����
�""�������
�
�����������"����
8����"�������2���
�/�49��
-�2�0���"������"����
�2���
����"��
��
J�� "��"� "����"� ����� ������ �
����
�"� ��/� �!
�
"� �(� ���� 8����(� 
����������"(�
���!��
������!�"���"�
"����	
"����
"�
	�
"�"���0���
�"����
�"��
/��"�J��
J����"�
������
��"����
�"
�	������"��
����"��
8����
�
�����-�%
��������
�����
�����"��"����"�
0
��
�K�����"��
�
�
��
�&
��������
������
��P�����"�����
�������
�N�����������
�
��� �� ��"� �
����"� "������"� 
� ��
�
������ 0
��
����	���-� ������ 
� J�� ���9
"�
"��"�
���
"� ��� "��� ��
����&
�
"� ���� �� ������ ����� "�� N���
�
"� �� 0���
�
�����	��
���� 
���!
(� ����
����� 
� ��
!K"� �� �
� ����
-� ���P"(� ���9�"� "��"�
���
"�
0
��
�K����
"� ��� "��� ������
���� 
�"�����
"� ���� �� ���"����� F��
���� �
� !�
� ��

�����"��
����� "� ��
�H� 9
��
� �� ������� "
�	����(� ���
������� �� �� ���"����� /�
0��
�����"���N���
��"�
���
!K"����
"�9�"-���
9��J�(��
�����
�����
�������
"�9�"�
�� �
����"� ��
�
��"� �����	
�� �"����"� 0
��
�K�����"-�  �
� 0���� 
������
�� ��
����
���
����� ����
�����
�� ���� 0P��
��"� "� ��� ��
���
��� �"�9�� F
� ��
!K"� ���
�
!
��(������/C���
��
"��
H���������
"�"���
��"����
���
�
"(�
"���������"�"��!
""�
U6V-� .�� ��"� �
�""� �����"� N�"��� ����
����� "�"��
"� �� ����
�
� �� "�� ����� ��
0P��
��"(�
��J�����"�����"�9
���"�������"-������
"�J������8���������"�."�
��"�
 ����"� F..  H(� "���� N�"��� �����
��!
"� !�����
��
"� 
� ��!�� ���
�-� .�� �� �
"�� �� ."�
O
� �
�

"���
�����"���P�������������'2>$.(������
������"������	��
����
"�0
��
��
"-�?�"�J�(�
�� ��"�S�����"�
O�"(�9
�	
�
����0��&
� �
� ��
���J���
"�����
O�
"�0
��
�K����
"�����
�"���"
����&
�"� �� �
� !��
� ������
� �� "�"� ��������"(� �"�� "�� ����������� 9
"�
� "��
�����
����� U7V-� �
�
���
�
��"����������� ��"� �"����"� 0
��
����	���"�����
� ��!
��
�
��������"� "��� ���	��
� 
���!��
�� 0
��
�K����
� ��� ����N�����	��
-� ���P"(� ��"� �"����"� ���
����
��
���
���������������"����
�0���
���������
�����
������!�"���������"-�



�

�:�

'� ���"���
� J�� �
� ������
����� 
� 
��
� ����
���
� FX�-***� 	�
��"� 4�"��"H� ������ ����

���"� �J��������"(� ���� �����"�� 
"�� �
"� ���&
"� 	��
�
"� ���� "�� ��
�
�
"�

���
�
���-�$"���
��"������"������ U:V���"����J��
� �
�9��
����"9
��"������
����
����(� �� :�-�T� �� ��"� �
������
��"� ��"� ���
� 
�� ����� �� �
� �
"��
(� �� ��-GT� ��"�
�!��!� 
� �
� 0
��
��
(� �� ��-7T� ��"� �9
� ���� �� �
!
��� �� ����(� /� �� �-7T� �"�
��� ��"�
	�
��
� �� �
"
-� '���� �
� ���
�� �� ��"� ���"�
��"� "��� ���"����"� �� J�� ��"� 0P��
��"�
�����
�� "�� ������
����� �
O���"� �
�
� �� ����
�����-� +�
"� �
� N
���
����� ��
0
����"���!
��"����������������"	�(����"�����������
����N�����0�����!
�����
���������/����
���������	�"�"���������"�U:V-�;���"����	�"�������"����/�����"����
����"�������
���
��"
��"������0�����&
��"����
�
	��������
�/�����	������
	�
��"���
��
��
�
�
(� 
"�� ����� 0�	
"� �� �
� ��� �� 
��
��
����
��� UBV-� %�"� 0P��
��"� �"
��"� ��������
�
!����
��
(� �� ����� 
����!�"� �� �
� 
�����
����� 
���
�(� "��� N���
��"� 
�� "����
�����
���(�����"��K�����"������&
��������0�����&
��(������9�"��
"�"-�'���
"�"�"�
���
"�
"��� 9����0��
"(� ����� ����"� 0������� 
� �
"� �
������
"� ��� "���(� ��"��
���� ���
�
������
�
�0����
�"�9
��
���
	�
�"�����P�
���
	�
"�"���0���
�"����
�
"-�.��"��
"�(�"��
"� ��
�
� �� "�"�
���
"� ���� ���
� �	�
�
�����
�� �����	��
(� ����� �
"
�� 
� �
� �
��
�

�����
��
-������
��
/���
�����"��"����"�"���"�����"���
	�
�/(���������
���(������"��
��N�!�
��"������
����!�
������"9�������
���!�/�
��
�&
���
�����
"�
	�
"�"�����P�
"������
��"� ������"� �� 
	�
� "���0���
�-� �"�(� ������ 
� "�� 	��
�� ��� !��
�����
�� /� "��������
�� ��

	�
(�
�������"���
	�
�������
��������
�����
�����"�������"��"�����
���
��"-�

���� ����
���(� �
��
/����
����� ��"�0P��
��"�J��"�������
����������
������9
��
�
"
�����!�
���������
"�."�
����"�����
���
"����	�
"�$"���
�"�F.��$"H�UGV-�4����
"�N����
��P"�
��
������
�"�������-�-����"�
�������������(��
"�.��$"�����
��������
�
"��� �� ��
�
�����"� 0�"���"(� J������"� /� �����	���"(� J�� ��"����/�(� �� 	�
�� ����
(� �
�
�
�	
�����
���
������
"�
	�
"��"���
�"-�@����"�
��(����"�P��"���
�������"O
�
"�
�
�
� �
� �����
����� �� "�� ����� �� ����
���
��"-� ���
��� ���� �� ��"� ��
�
�����"�
9
����
�"(�����
�
������"����
���(�"�������	
��
��	�
�
���������������	P�������
�
"�
	�
"� �"���
�"����P"������D*T-�@����"�
��(��� �������
�������� ��"� 0P��
��"�
���
��� "�� ��
�
������ "� ���������-� ���� "����/� 0��
&� �
�
� 
�	���"� �� ���"(� /�
��
�"�
���� �
�
� ����"(� 9
������ ��� 	�
�� �"������������ 
���
� �� "�� �
�"
-� .�� �
�

���
���
�(� /� �
�
� !&��P"(� �
"� .��$"� ����
�(� �
���K�(� ���� �K����
"� 
!
�&
�
"� ����� �
�
���
��
�����  A� �� �
� �&���0��
����(� J�� �	�
�
�� �
� �
���
� ��	P���
� ��� �����
�
� �� ��
��
�
�����������	���-� �� ��
�
�����������������"��"��K����"(����� ��	
�� 
��"������
9
"�
� �� G*T����P"(� �� ��"� �"����"� 0
��
����	���"� ���� 
	�
-� ���
"�� 0��
�� ���� �
�����

���!�� �� 0����
����� ���� ����
�
(� ���� �����
�� ��"���"� ��������"� �� �	�
�
�����
�
���!�"��������"������
�
���������� A����&���-�.����
�J�����
"�(��
�
���"��"����"�
N���
��"���������	
��"�����0���
������8�	
��(�"�����(������"�
����P���������
�(���
�
�"���8�	
����� ���� ���� ��	
�� ���
��� �� ��
�
������ �� �
"� .��$"(� ���!��
���� �
�
�
�
��8
�����!�"���0P��
���������P"�
���"�
� �
�"
���
�J��
��
����
�
����
���
��
���
��
�
�����-�



�

�B�

In
ge

st
a Tr

an
f. 

Pr
od

. I

Su
el

o

D
ru

g 
m

an
uf

ac
te

rs

Ex
cr

ec
ió

n

Ph
cs

ED
AR

s

D
es

ec
ho

Ve
rt

ed
er

o

Es
tié

rc
ol

Fi
sh

fa
rm

H
um

an
 d

ru
gs

Ve
te

ri
na

ry
dr

ug
s

In
ge

st
a Tr

an
f. 

Pr
od

. I

Ex
cr

ec
ió

n

Ph
cs

Tr
an

f. 
Pr

od
. I

Ph
cs

Tr
an

f. 
Pr

od
. I

I

Tr
an

f. 
Pr

od
. I

II

ET
A

Ps

Pr
od

. T
ra

ns
f. 

1

Ag
ua

s 
S

up
er

fic
ia

le
s

In
du

st
ria

s
fa

rm
ac

éu
tic

as

Ag
ua

 s
ub

te
rr

án
ea

Fa
un

a 
ac

uá
tic

a

Fá
rm

ac
os

Pi
sc

ifa
ct

or
ía

s

Fá
rm

ac
os

 d
e 

us
o

hu
m

an
o

Fá
rm

ac
os

 d
e 

us
o 

ve
te

rin
ar

io

Pr
od

. T
ra

ns
f. 

1
Fá

rm
ac

os

Pr
od

. T
ra

ns
f. 

1
Fá

rm
ac

os
Pr

od
. T

ra
ns

f. 
2

Pr
od

. T
ra

ns
f. 

3

��	��
� �-� ;��	�� /� �"����� �� ��"� 0P��
��"� /� "�"� ��������"� �� ��
�"0���
����� �� ��
����
�����-�



�

�G�

%�"�0P��
��"�9
��"����
����
�����	���
��"����
���
O�"�������
�"����
��!
�����
8
�
��"���
����
"�
	�
"�"���0���
�"�����
�
�
������
�����"�����
���
��"����!�����
�"�
UDV-� �� �"
�(� �� J�� /
� �� ��"� 
O�"� Y:*(� ����	�"�
"� /� ��N�����	�"� ��&
���� 
� N��"
��
������
�����"�����
���"���
���0P��
��"�����
	�
�������
(����0��9
"�
���
��K�
�
�
�P"� �
��� ��
���� 0�� ���� �����
� !&� �������
�
-� �"�(� �� �DB7� /� �DBB(� "�����"�
������
���� ��"� P����"� ���0������� /� "
��������� 
� ��!�� ��
&
� �� 
	�
"� ��
�
�
"� U�*V-� ���(� ���
��"�
��(����0��9
"�
���"�
O�"�ZD*(�J���
�����
���
��������
	�
�����0P��
��"���&��
�
"�������
���������
���������
�����
��UBV-�."��������!���
�
�
���������"�����"���
��"���
��� 0P��
��"�����0���"� ����
�������"�
�����
�"��� ������������-��"�(�
���"��������� �**���� �
� '>'� F������� 	�
����������
�� 	�����H� U��V��������� �
����
�"�
����
��"���0P��
��"�/�����"���������"�������
�����"��
������G*T����
"���"��
"�
�� ��D� �
��"� �� 
	�
� �� ��"� ..  -� %�"� 0P��
��"� �P"� ���S����� ����
��"� 0�����
0P��
��"�"������
(�9�����
"�/�
����������"-�;����"��������"�����������**:��
���K����
�
� '>'����������������
����"�����
��"����G�0P��
��"���0����"���.��$"(�
	�
"�
"�����P�
"�/�"������"-�%
"���
""���
�K����
"�������
��
����������"(�
�
�	K"���"�/�
���3
��0�
�
�����"(� �	��
���"� �� ������"(� ��
���J�
��"(� 
������K�����"� /� 9�����
"�
"�����"-�

%
���"����"�"���"��
�!
���"�"�����"�����"���
���0P��
��"���
	�
"��"���
�"���
.��$"�"�
O��
"(���!
���"����"����
�����"��
�2�K���
(�
	�
"�"�����P�
"����
�
"��
8���
�
����
����#
�����
�F."�
O
H(�/�
	�
����
�������
���
��
�����
���
�������"���� �
�
����"��
�2�K���
-�%�"��"���
��"��������"�"�P��
����
������"������"������
�����������
�
���"����"�"-�

4���� �
�
� ��"� ��P"� ����
���
��"� ��	��"(� �� ������������ �� ��"� 0���"�
����N�����	���"� �� ��"� 0P��
��"� F��N����
�� ����!���
�(� ��N����
�� �� �&��
"(� ��N����
��

	��
(� ��N����
�� ������
(� ��"�������� �������
(� ���
�����
����(� �
	��0��
����H� "���� ��"�
"�"�!�!�"�"������
���U��V-�%�"�0P��
��"(���
�!&����������
�����(���������
����
����
���� ���� ��	
��"��"� !�!�"� J�� �"
�����
�� "�� !��
� �� ��"�����"� ����
���
��"-� <
/�
J�� ���� �� ����
(� J�� 
��J�� ������
��"� 
� ��!�� ��
&
� F8����(� �� �
"� 
	�
"�
����
�����
�"(������������	�%3��[�\	�%3�H(���"�0P��
��"�"��������"��"�����
���!��
��
��9����
��
8
"��������
����"(�"�����"O
��"��
�
�����
���
����������"�"������	���"�
U��V(����J���"����0�����
���N����
����"K-�."��"���	
��"��"������
�(���������
���(�!�"�

0��
��"� ���� ����
������ �����
� ���� ���"-� ���� ����� �
��(� �� 0������� �� "�� �
���
�&
(�
�
���K�� ���� �������� J�� "� ���������� 
� �
� �
��
� ���0��
� /� J�� �
� ���
�����
����� "�
�
	��0�J�� 
� ����
� J�� "� 
"����� �� ��
-� ."�� 0������ ���� �����
�� �
�"
����
0���"�
����������
�	����
&����"�
���"������9
��
��
�
�����
��
(�
��J�����"�K����
����
���� ������� ���� �� ����
�������� 
�����
�� ����
���
��-� ������ 
� "�� �!
�
�
"��������
�� /� !��
�����
�(� "� �� ����� 
��P����� �� ������� �� "��"� ����
���
��"� ����
N�����
(� 
"�� "� 9
�� ������
��� 0P��
��"(� �� �
"� 
	�
"� ����
�����
�"� �� ����� ��
�����-� %�"� ��	
��"��"� 
��P����"� "��(� ���� ��� �
���(� "���
����� !����
��"� 
� "�"�
0���"-� 2�!"��	
���"� �� �
�  ��!�"��
�� ��� ."�
��� �� ]
"9��	���� 9
�� ������
��� ��



�

�D�

�
�
"� ��
� ��
"� �� 
������"�!�"� ��� J�� ���� "�
�� �
����&
���� "�	��0��
��!
���� "��
�"
������-�%
��
�
�!&��P"��!
�
���"���
���"���	��"�/����
"�9�����
"����
"�
	�
"�
�"���
�"�������
��
"�������
"�
����������!
"�/��
"���
��
"�9�����
�"(�"�9
���
����
���
������
���������
�0����&
���������"�/�����"���	
��"��"�
��P����"�N��"��"�U�6V-�.��
	��
�(� ��"� 0P��
��"� ����� ��������� �
���� 0����&
����� ����� �
"������&
����� ��
��0���"���"(����
��
���(���������
���(���"�"���!�"���������������U7V-�;����"������
���
� ��!�"��
���� �
�U�7V�N��"��
��
�����9
�
������"�
�
	�
��"���
����
�
�
����������
�
����"���0���"���	
�"���'���
-�%
�N��"������"�������	�����
����6���
"�
�����
�	����
��"���
�"��7�0P��
��"�0����������"�������
"�
�"
�	����-�%
�9�����
��!����	"����
0������
�
�������
"�
�"
�	���������"���"�����G-7�/�����	��%3�(������
��N���
���
��!�� ��
�K������ �� ��
"�
� 9��
��-� %�"� "�����"� ��"��
�� J�� ��"� ��!�"� ��
�!����	"���� �����"� �� �� 0����� �� �
"� ��"� P�
"� �����
�� �
� 0������
�� �� ���9
�
����9
-� ."�
� ��"�
� ���!�"��
�� 
�
�
� �� ������
�� �
��"� �� ����N����
�� �� �
� ���	
�
�"�J��P����
��N
��
��U�:V-��"	��
��J���
"��������
����"���"��0P��
���������
�
"�
9
����
��������
"�
	�
"�"���0���
�"���0�����
�
"�����0����"���.��$(�"����
�
�"�
�� 
���
�� �� �������
������ /� �� �K	���� �� 
�����
����� �� �
� ���
� ����
� F����
�
�����
�����H-��"�(�����!����"�N��"��"�
�
	�
������������
����"����-G�\	�%3��N9���������
�
�
/���
���!��
�(������"���
�����
��/���
�0������
���
�����
������P"�
��
(����J������
���"�����
"�����	��
"�/�!�������
��
"-�+
���K��"�����
�����9
�
������"�9
/�"�����"���
���
������N��"�����"�
�����
�"��������0�
��U�BV-�.�������0�
��"���
�
������P�����
/�
���0��	�"�����U�GV-�.���
"�
	�
"�"���0���
�"(��
"��������
����"��PN��
"��������	
��
�
�� 	� %3�� U�DV-� U�*V� �������� J�� �
� ����9
� 
������"� N��"�
� 
� �����0�
��� ���
��� ��
����
"�
�
"��"
�����
�
���0���"�
���
����"��
��������"���O��"���������
�
	
��
"�
��
�����
���
��������
���������
����7�	�%3�-���	���"���!"��	
���"�"�	����J���������
����"�
�������"��
����(����"���	����"
����� ��"�
����������!�"���
�"�/������� ��"�0P��
��"�
�P"� ���S����� ���
��"(� ����� �
�"
�� ��"�������� �������
� �� �
� !��
� 
��P���
� /�

�0����"� 
� �������
����"� �
���
8
"� ��������	� %3�� U��V-� %�"� ��	
��"��"���� 
��P����"(� ���
��"�
��(��
���K����"��
�����
/��������������
�
	�
��
�
�!�!��-��"������8����(���"�
9��
��"��������
� �
"�
	�
"�����
�����
�"��
�
�������
	�
�������
-�<
/�!
���"�
"�����"�J����"��
��J�������"����
�
�
(���
	�
����
����������������
&
"���"��"�
�����"��"���"���J�����N�"���	��
�����
���"�����U�*(���V-�.����
�J�����
"�(�
���
���
9�/� ���	S�� "������ 9
���"��
������ ���
���� ������� "���� "�� "
���� U��V-� '��� ��
�	�(� �
�

�"���
����
��"��������"��������"�
��
���
���"������
�����"���
��"�
�!�"�"�������

�����
�����"���N��"�����"����
�	
����
�����
�"�
"�"�"�
���
"-�'�9
����"
���(�����
��� �
���(� �P"� ��!"��	
����� �
�
� ������
�� ��"� 0���"� �� ��"� 9��
��"� �� N��"�����"�
���
��� ������"� ������	
��"� 
� �
8�"� ��!�"� �� 0P��
��"(� 
"�� ����� 
��&��
"� �� K"��"�
U�6V-� ���P"(� ���9�"� ��!"��	
���"� 9
�� "����
��� "���� �� ������
�� �
�
� ��������
�"�"����
� 
���������
-�  �� "������ �������� �*� 
����������"� ��0���"� �� 0����"� ��
.��$"(� 
	�
"� "���0���
�"� /� "������"� U��V-� ��	���"� ����������	�"� ���� J�� "�� �
"�
�������
����"� �� 
����������� "��� �
/��"� J�� �
� �������
����� �����
� ��9�������
�
F�������������������������
���(��24H�����
�"�������
����
(�"�8�����
���"����



�

�*�

"����!
� J�� 0
!���� 
� �
"� �
����
"� �P"� �"�"���"-� ���� 8����(� �� �24� �� �
�
����������
(�J��"�0���!
������
���D*T��� �
"�4
��/���
���� F�
����
"������
"�����
�
���
�����(� /� �
��	��� 
�����
���� �P"� ���S�� �� ��"� ..  H(� "� *-*:� �	� �%3�� U�7V-�  ��
"������ �������� J�� �
� �������
����� ���
� �� ����������
(� 
����������� ���S�����
��"�����(� �
� D*� �	� %3�� �� 0����"� �� .��$"� U��V(� 8�"��� ���� ����
� ��� �24� �
�
� ��
4
��/���
���-� .�� �**:� U�:V� "�	����� �
� ������������� �� ��� ��!�� �������(� �
�
��0
��
��!�	��
���
� U�BV-� Q"�
� "� ��
� �
�
� �� �
� 0
��
����	�
� /� ��
� 0���
� ��
0P��
��!�	��
���
� U�GV� J�� "����
� �
� ���
�
� �� ��������"� 0
��
�K�����"� �� ��
����
��������
"�"���"����9��
��"���
���
�"(�/�"�����
����"������"���"�"��
"�U�D3
��V-� '� ��
�	
� �� �
� �������(� !
��
����(� ����������� /� ��!������ �� 0���"�

�!�"�"���0P��
��"���������
�����-�%
���0
��
����	�
(����
����(�"������������
�P"�
�����(�J��"����
��
����
�
���0P��
��"���������
������
���
!K"�����
�J����
���
�/�
���
�J�����������
�����U�DV-�

�

�-�-� �P��
��"�J���
�"�

 �
����K���
�J���
��"�
J�K��
�J�����"�"���������� �����"����
	��"����
�-�."��(���
��"� �����"��"� ��	P����"(� ����
����� ������ ��
���� �� �
� ���K���
� 9
/� 
�� ���"� ���
P����� �� 4(� �(� '� ��@(� ���� ��
���� "�"����/��"� ��"�����"� 0���
���� ��� ���
���-� %
"� ��"�
��P	�"� "����
�"� �� ��
� ���K���
� "��� ��
�
��"� �"����"� �
�����K����"-� .N�"���
�	�
"��
�
���
"�0��
���"�"�������
��������������%(�/�$���'-�

@���
�����
���"���"��
�� �
"���"�
"�������
�"� 0�"���3J�����
"-� �
�N�������"�
J��	��
������
������
���&����
��&
�
���"���"��"�	�
��"(�������"�����"������
���"(�����
9
��
� �
����9
� F������
����N���	���(� ���� F^HH(� /� �����9
��
� �
� �&J����
� F������
���
�!�	���(�����F3HH-�.�����
��
��(�"�����(��
��&��
�J�����
����
���"��
�������"(�����
����
���(�
���"�0���"�"������"
�(�/��
���&����
��&
�
����	��
�
�"����
!K"-�'�����
�	�(�
��"� �"����"��
�����K����"�"��������
�����
��
���0������
��������
�����
������
"�"��
"������	���"-����� ����
���(� �
�J���
���
��8�	
�����
��� ������
������
�!��
�����"�
"�"�!�!�"-����9
"����K���
"������	��
����
���!
"�"���J���
�"(����������8����(� ��"�

����P����"� FJ�� ��"��������� �
�� ��	
�� 
� �
"� ������
"H� /� ��"� 	�S����"-� .�� ��"�
��	
��"��"� !�!�"(� K"��"� ����
����� ��"��
�� ��
� J���
���
�� ���S�-� �"�(� ����"� ��"�

����P����"� �
���
�"� "��� %� /� ����"� ��"� 	�S����"� �-� %�"� ����
"(� J�� "��� ������
"(� "���
J���
�"(� /� 
� ������ ��"���	��� ���� ��"� ��"� �
�������"� �� ��� "��"��
��� J���
�-� '��
��
	��
��"� ��
� ����
� ����� ��
� �
!��
�� ���� 0���
� �� 	�
��(� "�� "�� 	�
���
����"����� 
� �
��
��� ���9
(� ���� �� ��"� �
�������"� "�"��
��� ��
8
��
� /� "� �����
(�
�����
"�J�����������
8
��
��
��/�����
���������"������
-�

�P"����
����
�����
"����	
"�J��
���
�����"�P�����"��"���J���
�"-�4
��"��
��J��
��"� �
�������"� �� ��
� ��"�
� ���	
� ��	
�� ������
�"� 0�"���J�����
"� "����
�"� ����



�

���

��0��
����"�"�������
�"������	��
"�U��V-��"�(���"�����"�"�����"���������(���
����"���/�
N������(�����
�����0
!�������������"��
�������"�0����
������-�."����"���
����
9�9����J�� ��"��
�������"� �
�����
��"���"����!
������ "�"��
"������	���"(�
���� 8����� ���� �
"� ����
"-� ���P"(� ��"��� J�� ��"��
�� ��0���"� 
���!��
�"�
0
��
����	��
"(���"������"��"�J���
�"��������0�����
���K������N����
�-�%
��
�������
�
���"��
��������8����-�4�����"���
������
�
�����"��
��������
�0���
��
�K���
���
"�� "�
��� 
���8�"� ��
�
&
�
"(����"� �� ��O�"� �
������ ���� �0���
����"� �� ��"�

O�"� :*-� %
� 0���
� �N���	��
� �� �
� �
�������
� "� �
� ��
�K����
� F���� ������
�"�
��
�J����&
��"H� /� "��� 0���"� "����
���"-� %
� 0���
� �!�	��
(� "��� ��
�	�(� "� �
�
��
��	K���
(����!��
�����
"��
�0���
����"�����"�������"���
����"�
�����"��
�
��
"�
��8�"� ��
�
&
�
"-� @�� ��"�
��(� ��
� !&� �� �� ������ 9��
��� �
� �����
� "�
�������!���� �� !�!�� 
�� �
�������� ��N���-� ���� ��� �
���(� �����"�� ��
"� �
� 
�����"��
�����
N���"�!
�����
������������(���������
!�
��
�"�0���"��	
��!�"-�

%�"� ��
������"� �� 0P��
��"� J���
�"(� ����� "�� �
���K�� J���
�"-� ���� �
���K�� "�
�������������
������"�J���
�"���0P��
��"����J���
�"�F����8����(���
����
&���/�
�
���"������
�"��������"��"����J���
�"�J��"�����
�"0���
��"�����
������"�J���
�"H-��

�"
0�����
�
���(����9
"����	
"�J���
�"�"�"�����&
��
S��9�/�������
��
��"-�."���
�������"�
�J��"��"�
�
�����J���
��"���0����(�������"����"��"���"�"�"���"����!
�
"���
"�
���
���(���"�����������J����
�����
����	
�"��"
����������������
�!&(���"�
�"
/�"��������"���0
��
�����P���
(�0
��
�����K���
(����N�����	�
�/���
����	�
(�"���!
����

��
���"���������
��&��
��
�K���
�U��(��6V-�

<
"�
� �
� 0�9
(� ��"� "�����"� �� ����
���
����� ����
�����
�� ���� 0P��
��"(� 9
��
���"���
���	��
�������"��
�������"�����"������"��"�J���
�"����8���
���-�'���
��
�	�(� ������ 
� "�� ��0���� ����
������ ���� ��"� "�"��
"� �����	���"(� K"��"� �����
��"��
�� �"����"� /� �������
����"� ��"�
�"� �� ��"� ����
�������"�����
�����
�"-�
���P"(� �
�
� �"����� J���
�� ���� ���� 
"���
�
� ��
� ����N����
�� ��"����
-� �"�(� ����
8����(���'3�����
��������"��
��
/�����N����
��������
��������"���	
��"��"�
��P����"-�
U�7V-� ���� ����� "��(� �� �
� 
���
���
�� �����&
�� 
� 
�
���� "�����"� J�� ���"���
�� ��"�
�
�������"�����"�0P��
��"�J���
�"�������"����"���0���"-�

.���� �
����������� �
���"��� �"�"� "� �����/���� ��
�
8����������
����������3�"�����
�
�����K����� �� !
���"� 0P��
��"� J���
�"� �� 
	�
"� "���0���
�"� �� �
� ����
� ��� ����
>�
�
�J��!��� F'��� �� ."�
O
H(� /� �� 
	�
"� �"���
�"� �� ���
�
� /� "
���
� 
� �
"� �������
�"�
.��$"�
"���
�
"-�

�

�-�-� ��������"�����
�"0���
�����



�

���

��������� �� ��
�"0���
����� �� ��� 0P��
��(� "� ��� �K��������/� 
������ J�� �����/� �����
"�����������	��
���
��
����������0P��
��(�/
�"
���
"��������"�������	���(�J���������
0�"���-�%�"���������"�����
�"0���
�����	��
��"���
"��
���
����&
��������0P��
�������
��	
��"���������(�"���
��P"�������
��"���
������"-�

@�� ��"�
��(� �
� ��
"�0��
����� �� ��"� ��������"� �� ��
�"0���
����� �� ��� 0P��
��� ��
��
������"�/�����"�"����������"����"�"�������
�
-�.��
�	���"��
"�"(��
"��
�����"����
��
����"���9��
��������"�
����/����
��� �
"�������	�
�
������� �
"���
��
"���
��
�
������ �� �� �� ����
�����-� +
���K�� ���� �
�"� �� �
"�� �� J�� 0P��
��"�
��0���"� 	���� ��"� ��"��"� ��������"� �� ��
�"0���
����-� �"�� ���� 8����(� �
�

���
����
��������
� /� �
� 0�����
����
��������
� "��� ��
������"� ��� ��
��&��� F���

�
�	K"���� ��� "�����H� 
"�� ����� "����������"��������
��"� �� �
� ������
����0�
&��
�
U�:(��BV-�;����8����(���9����N��3������0���/����
���N�3������0���"���"����������"����
��
����"���9��
������������0��(������
���K��������	�
�
�������0
	�"�
���!�"���
�
"�.��$"�U�GV-�

�����	�
�
����������0P��
��"�"������������
����������	��
(�J�����
���0�"��
���K"�(�
"�������������
�"����0P��
���"�9
�����
��&
�������
�"0���
�����"����������"�U�DV-�

 �
�!&�����������9��
��C
���
�(��
����K���
����	��
�����
�"�"�
���
�0
��
�K����
�F"�
����(� �
� ���K���
� 
�����"��
�
H� "� "�����
� 
� ��
� "��� �� �
�����"� ���J�����
"-� ����
8����(� �
� �����
����� �� ��"� 0P��
��"� �� �
� ����
� �� 9�"� "� 	����
�
� ���� ��
��
����"���9�P�����U�G(�6*(�6�V-�Q"�����"�"��������������
"��J�������/��N��
����(�
��������� �� �����
� 9���������
� ��� 0P��
��(� ����������� 
����K���
"��P"� ���
�"� J�� ��"�
�����"��"��
��-�?����"	������
"�������8�	
����(����"�"�������
���
�"0����
������
	����� ���
�� 
�� �����"��� �
��� �� ��
������"(� ����� ���� 8����� 	��������&
����� ��
"��0
�
����-� 4��� ���(� ��"� ��
������"� �"���
��"� "��� ��"� "�0��������� 9����0�����"� �
9����"�����"�������
�
�"�������
��"�
���
!K"����
�����
�/C���
"�9�"-�;��
��
�
����"���
�
���S�� �� �
� ��
����&
����� "� �
� ���������� 
� �
� �K����
� �� 
���!��
�� 0
��
�K����
� ���
0P��
����
��!�-�@����"�
��(�"������"�����"�
"�-���9�9�(�����8������
"����3���	
"(�
���� �0�������(� "��� 
���!
"� "���� ��
"� �
� 
���!
����� ��
�����
� ���
��� ��"� "�"��
"�
����P����"�����"������"��"��
���
�C��"���
������C"-�'������3���	
"���"�0���
��"������
��0��0���
����������0���
��_���"�
�������P"����"�������
������0�"0
���
(��0�"0
���
�U6�V(�73
0�������
���(���-�U�:V-��

��
�����������
"���������"����
�.����
��������"��	��/�F.�.�H���.����
�/��
������

������	�������"��
�����F���H�����"�..  (���"������"�/�0�����
"�����"���
������"�/�"�"�
������
8"� �� N������� ����
�� "�
�� �� ��"� 
��9�!�"� �� 
�����&
����� �� !��
� �� ��"�
����"�������"�0P��
��"-�+
���K��"������������
���
��"�����"
��"��
�
�
�	��
"�
"�"�
���
"����
��
"����
��"���������
��
�����
�-��



�

���

%�"� 0P��
��"(� ����� "�� ��
"�0��
��"� �� ��
���� ��
""� "	S�� "�� ����������� �� N�������
�
8�� "�� 0���
� ���	��
�� U6�V(� "� ����(� �"����!
���(� N������� �
8
� F`� 7TH(� ����� "� ��
�
"�(� ���� 8����(� ��� 
��
����0K�(� �
� �
��
�
����
(� �� ��
��
�� /� �
� 
���!
"�
���
_�
N�����������
�
���� �
8
� F:3�DTH(� ����� "� �����/�(� ���� 8����(� �� ��
�
���(� �
�
"��!
"�
���
(� �
� 0���
������
� /� �� �������
&��_� N������� ��
��!
���� 
��
� F6*3:DTH(�
���������8����(��
�
������
(��
�
��������
(��
����
��"��
�/�������������_�/�N�������
��
�
FaB*TH(�������
���"�!
�
(�����8����(��
�
����
���0�(��
�	
�
�����
(���	�
���
&���/�
�
����
������
-�%
�+
��
�����"��
���"�������
8"���N����������
�0���
�
�����"��
�
���
��
�"���������0P��
��"���
"�"���"����
�K�����-��

+
��
��-�������
8"���N��������� �
� 0���
�
�����"��
�
�����
�"��������� 0P��
��"�
��
"�"���"����
�K������

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

���3���4�536����� 	
��5�� ����4�5�4��4�
4���4������� �4�4�4��5

R�������b���	����
���� ��� ���
������b���� c� ������
�������b�� c�c� ������
������� �c�� ������
��b������� � !� ������
4��b��� �� ���
"������� c��� ���
R������������	����
���� !c� ���
#b#�������� ����� ������
$��d�	������ c��c� ������
�������� �� ���
#�����b� ���%� ���
4�������b���� c�� ������
����b��� c ������
&���eb���� ����cc ���
'����be��� !c ���
&b����������� �� ���
(�������� c���� ������
�������b� ��� ���
)����b����� c�� ���
����b������ c� ���
*��������� ���� ������
4��b������ �%��� ���
������d�� ���� ���
���e������� ���f� ������
���������� ���� ���
4������b����� ��c� ������
4�������e����� ���%� ������
4����������� c� ���

�
5�
�6
��
��
���

�5
�
��

�
��5

�
5�
��
��
�

�4���5���4���4�
��3����

7�
��

5�
��

4�
��
��

3�
��
��

�
���

�

�������5������

�
���

��
���

��



�

�6�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

+������������ 	
 ���
����������� �
 ������
��������� 	
��
 ���
���������� �
 ���
���������� 	
 ���
������� �� �!��
 ���
����������� "
 ���
#������� �� ����� ���
$��%����� �� !
��
 ������
$���������� �
 ���
&�%��������
 ���
'���������� �� (	�
 ������
)��%������� �
�"
 ���
)%����%�*%�� �
 ���
+��������,�% 	���	 ���
�%��%������� 	�(
 ���
&�%��������� 
 ���
��*�%������� !
 ���
���%��%������� !	 ���
)��%�������� �
�"
 ���
)%�����*%�� �
��
 ���
����%������ �
 ���
���%,������� 	 ���
��������� �
��
 ���
��-����� 	
��
 ������
�����*%�� 
�� ������
��%������� �
�"
 ������
.��%����%�������� !� ���
/�������� (0�( ���
1%���������� 
��
 ���
2����*%�� !0� ���
2�������� !
�	
 ���
3���*%�� !	0! ���
+�%�*���� 4� ���
1%�*%������ 4
0	 ���
$���*%���� �
 ���
���������� " ���
�������� 	
�"
 ���
'������ 5�	 ���
+����%��� �
 ���

�������	
�	 '��������� 
 ���
6��%������� 	 ���
�������������� 	�!
 ���
6��������� 4(	 ���
	�����%��%����� ((�!
 ���

��
������	
���	

7�
��
�	

��
��
��
��
�	
�8
�
��
	

��

��

��

��
�	



�

�7�

;�"�!
�����
��
��
�
������(�
��J����������(��
��
/���
�����"�0P��
��"�����"������
�
�
� ��
"���N�����������
�
�����
8
� F"�����(� ����:� /��DTH-� %�"� �"�
��"(� "�P��
9���	K�
������"��������"����
"����
"���"���
""-��"�(�"�����P"��"�������0����
��
�
"���
������"����
�����"�
��
��
(��
����	������"�"��9
���
���"���
�����
������"���
��"�����
�������"�
��P����"���
"�"��!���������
"�
	�
"��"���
�"-��

.�� U�:(� 6�V(� "�P�� ������
��"� �
���K�� ��"� ��
������"� N���
��"� /� "�"� ������
8"� ��
N������� ���
��� �� �"�� ��
�K������ �� ��� 	�
�� �S���� �� 0P��
��"� �� �"�� 9��
��� /�
!����
���-� ."� ����"
��� 
����
�� J�� ���� ��"� �����"�"� ��
������"� J�� �����
0���
�"� ���
��� �
� ��
����&
����(� ����
����� "���� ��� �J�O�� �S���� �� ���"� "�
N���
��-� ���� 8����(� �
� �
��
�
����
� ���� ��
�"0���
�"� �� ��� ��
������"� U66V(�
���� "���� ��"� �� ���"� "��� �
"�!
���� N���
��"(� �
� �*(��3��9����3�*3��3
��9����N��
��
�
����
�/��
��*(��3��9����3�*3��3��N��
��
�
����
-�

 �
�!&�N���
��"����
"�
	�
"��"���
�"(���"�0P��
��"�/�"�"���
������"���	
��
��
"�
	�
"�

�����
�"� �� 
� �
"� .��$"� F��	��
� �H-� .�� 
���"� �
"�"(� ����� "�0���� "��"����"�
��
�"0���
����"-� @�!�"� ��������"� �� �����
�"0���
����� ����� 0���
�"� 
� �
����� ��
0P��
��"���"�"���
������"���
"�����
�
������"����
������!
���
��
��������
����
"���
�
"�.��$"-�'����"��������(���
��
�
����"��0������"���!
�
�
��
������
��������(�
�&���� F����"�"� J������"H� �� �
��
�����  A� F����"�� 0�"���H(� ��!�"� ��������"� �����
0���
�"-� ���
��&
��� �� ��
�
�����(� �� 0����� �� �
� .��$� "� !������ 
� �
"� 
	�
"�
����
�����
�"-��9�(�"����"������������0P��
��"�/����!
��"(������"����8�����
����"�"� �����	���"� �� J������"(� ���
��� ����
������ ���� �������	
��"��"� �� �
���!�"�
�
���
�������"��"����
��
���
�&
(�
"���������
�"0���
����"�0���J�����
"������
���
���
��
��
�����"��
�-�."�
"�
	�
"�
�����
�"�"��������&
�
"������0������
	�
����
��-�
�
�
� ���(� "��� "�����
"� 
� ����"�"� �� �"��0������ F�����(� �&���(�  AH(� /� ���� ��� �
���(�
��!�"� ��������"� �� ��
�"0���
����� ����� 0���
�"(� "�
���� ��"� 9��
��"� N��"��"�
�����
����
����"-�

.��	��
�(�"��"���������"���������"�����
�"0���
��������������"����
�
��
"�(�/�"��
�����0��
����� "�������
� �
�
�
��S
�/� �
�����"
(�J�� "�����N��"
�� ����J��
�����
��������"�
����
�
	�8
� �������
8
��-�@����"�
��(� �����"���� ��"���������"�N�"�����/�
����"�"�����"�����"���
���
	�
"�����
�����
�"����������������U6737�V-�%�"���"�
S�����"���
�
8�"�
�
��&
���
���K��
	�
"����
��"-���	���"��� ��"�"�����"�
������"(� U7�3
77V�/� U7:V�
�
��&
������������"��� ��
�"0���
�������
	�
"� �"���
�"-�.�� �
����������� �
�
��"����"�"���"�����
���"���
�������!
����S��������������"�����
�"0���
����(�
���9�"� �� ���"� ���� �������
� 
���!��
�� 0
��
�K����
� ��
���(� 8����� ���� ��"� 0P��
��"�
�
�����
	�
"�"���0���
�"����
�����
��������.���(�
�����"�����
�����"��
���K���
(�
"��
�������
	�
"�"�����P�
"����
�
"��
8���
�����
����#
�����
�F."�
O
H-�

%�"���������"�����
�"0���
�����0���
��"(��������"��
����
���N����
��/���"�"����
�
���������(� J�� �����
�� "�� �����"�� "������"� 
� �
� �� ��"� 0P��
��"� �
��-� ���9�"�



�

�:�

��
������"(� �
������ �����"�� 
���!��
�� 0
��
�K����
� ��� �
��-� ���� ��� �
���(� ��"�
��������"� �� ��
�"0���
����� ����
�� "�� �����"� �� ����
� � �� �
� !
���
����� ��� ��"	��

�����
������"������"��"��
��(��PN���"
������J�����9�"�0P��
��"����"�N���
��
��"��0���
����	��
�(�"����J��"���
����&
��N��"
����U7BV-�

4���� �
�� "��
�(� 9
/���/� ����"� ��0���"� "���
��&
��"� ��"������"� �� ��
����� 
� ��"�
0���"���N���"�������
�"���"��"������"��"-�.�����"�"�9
����!
���
��
�������"
/�"�
"�����
����
"(�
�	
"(� ����0��"(�/���������"�P��"��
�
�!
���
�� ��N����
��
	��
�/�������
-�
+
���K�� "� 9
�� �"
��� ';'� �9�����"�"� /� 0�����
����� ��"� �
�
� ����
�� ��"����
	����N����
�� �� 
�	���"� 0������!
��"� U�DV-� %�"� �"���
��"� �������"� 9
"�
� 
9��
� �� �
�
!
���
��������
�����N����
������"�0�����������"���������0�
��(��
���N���/���"�0���
��"(�
���� 8����(� ���"����/�� ����
"� ���� "�
�����
"� �� J�� ����� ��"��
�� ��N����
��

	��
� /� ������
� �
/��"� J�� ��"� �����"��"� �
��"(� /� ��� "� ����� N������ �
�
	����N����
��/�0���"����
	K����"�U7GV-�

�

019 .����������
��
����������
��������

�-�-� +�
�
��������
	�
"��"���
�"�

%
"�
	�
"��"���
�"����������"�9�"����
��"(�
	�����
"(������������������"�!
��
��"�
����"�"� ����"���
�"-�.�����9�"��
�""���!�
"����"
������(� �
��
/����
����� �
"�
	�
"�
�"���
�"����K"���
"������"���
�"�"��"�
�	
��"������	S����
�
��������!�������
"�"����
��
�
������ ����
���-� .�� %
����
�K���
(� "���� �� ������ 
�� �7T� �� �
"� 
	�
"� �"���
�"�
���	��
"� �
"
�� 
� ��
!K"� �� ��
��
"� �� ��
�
������ F���� !
��
��"� ��!�"� �� ��
�
������
�
�H-�.��A�&��
(���DBT����
	�
��"���
������
�"�"��"�
�	
�
�"�����
���
�	��������
�����
������U7DV-�%
��
/����
������R0���
�"��"
9
��
���/��
�2���
(��
������"�"��
"�
�� ��
�
������ �� 
	�
"� �"���
�"-� ���� ����� �
��(� �� 2"�
�(� 
������� ��� 7*T� ��� 
	�
�
�"
�
� �� 
	��������
� F�� ������� �� ����"� �S����"� �� �**GH� ���"�"�� �� 
	�
� �"���
��
������&
�
-� '��	
���(� "� �� �
�"� ��� ������ ���� �
/��� ������&
����(� /� 
"�� ���� �����"��
�������
�
�������	�
��
�
����������
	�
����
���
��
�������
	�
��"���
��U:*V-�

.��@���
�K���
�/� �
� �����.����
(�"����S�����"����.��$"��������
�"�J�����	�(�
���
���"�"��
"���
��
��
����
��(��
"�
	�
"��"���
�"���������
"�����"��S���"����
��"-�
2����/�(� ���� ��� �
���(� 
	�
"� �"���
�"� ���K"���
"(� 
"�� ��������������� �������"� �
����"���
"(�"�����J���
"��
�
����"���
"���K"�
"�"
������
����"�������0������
������
���
���
��
(�/�K"�
�"
��
�
&����������"������
���
�����
���!�"�
���
��"���!�����-�
.���
"�������
���(��
"�����"���
"�����"��������P����
�
����!�
����"�"�
	�
"�
��"���
!����
"� �� �� "�"��
� �� 
��
��
����
��� �������
�� �� �����"�� 9
��"� �
�	�� �� "�� ���
��
��
�
�����-�.��
�	���"��
"�"(��
���K�����	����
	�
������!�
-�.���S���"�������
�����
�J�O�"� "� �����(� �� ���9�"� �
"�"(� 
� 0�"
"� "K����
"� ��/�� ��������� "� ��
"�
�
�
�������
����
��
�����"��������.��$��P"����
�
-��



�

�B�

+����
���(��� ��
�
�������� �
"�.��$"����"�
�����"��
�
"�������
�
"� ��
�
������
����
���(�"����
����/�����
���(��"����!
���-�@����"�
��(�"����"�
��������
"���
��
� �
�
� �� ����
�
�����(� ���"�"���� �� �"�
"�(� �"
��
�����(� ��
��&
����� ��
0��8��/������
�������	�
"
"-�

.����
�
����������
�������"�"�����
����������
�������
	�
��"���
��J���
������
���"���� ����� ��"� "�����"� �P"� �"
��"� ���
�� ���"��
�"� �� �� 0����� F����"��
������
���"�����
���������
��
H�/���"�
���"(�	�
"
"�/�����"�"�����"���	��"�0��������
�
"���0���-�'�����
�(������"(���"��
���
�"����"��
��"���0���
��"�/�����J������"���
���
�
"
�
����
�
������"����
���-�

.�� ��
�
������ "����
���� ���"�"�� �� �
� ���!�"���� ���	�"�!
� �� �
� �
���
� ��	P���
�
��"���
��"
�����
����
"�
���
�
"(�	��
�������"��"����
"������
"�
	�
"-� �
���
�
"� �K����
"� �P"� �����"� "� �
� �� 0
�	�"� 
���!�"� F4�'(� ��������
�� �����
���� 	�����H-�
4��"�"����������8���������
��"��"�/�����"�"�J���"
�����N�	�����"���������
	�
�
�
�
������!�������������������	������
�	
����������
���
���
���	P���
(�/
�"
�����
�	�
�
����������	��
�������
�"�������� U:�V-� '�� "���"O
�
���
�
���(�"�
� �K����
�"�
�
�
&��������
�������"��
����
������!����K������F�N��P�����H������������������/�����
���
�"��K"�F����"��������
��������0��
����H(�/���"��������������K������
������	���	
"�
F�"�����0��
����H-� %
�����
"
� 	��
�
(� "� "�
�
�
� F����"��������
��� "�����
�����
"����
��
H� ��� 
	�
� ��
�
�
� 
��"� �� "�� �"�
�	
�
� �� "�� ��������
� 
�� ��
�
������
����
���-�;��
��K����
(�����
�����S�(�������"�����
�	��
"�.��$"(�"�������
��#$(�
�����
���������
����
���-�

.�� ��
�
������ ����
���� ��� "�P� ��������� �����9
"� .��$"(� ���� 
���
����� N�"�� ��
�
������
������������
����
�"���������
����-������
��
��
���
�����0�����
����!��
�J�����-� .�� �
� 
���
���
�(� "� �"
��� ��
���� �� 
	�
� !
� 
� "�� !����
� "���� ��"�"��
"�
0�P	��"� F"��
���"(����
"(� ���"����
8�� 0��8�(�
����0"������
�(���-H(���!
�
� "�� ������&
�
�
�
�
� ��	�(� ��
�	
���
���0��"(���-�4��"�"���� ��
�
�����"�
������
�"� ����� 0����
�����
F���� �
����� 
���!�(� �����3� �� ����
3� 0����
����(� �"��"�"� ��!�"
H(� �����
����� �� �������"�
F����������	���/�0�"0���H(��"��0������F���
��������(� A(��&���H(���-����9�"������"�
"���"����
�"�
���"����S����������&
��"����
"�."�
�������+�
�
���������	�
����
���
F.+��"H-�'��"������&
��P"����������"������
���(��
��"��0������"�"������
�S����
��
�
�
/�"���������
�����������0����-�

'	S����0���"�
����"� U77(�:�3:7V(� �
�0��
��
��� �
������
������� 0P��
��"����
�����
��3��
�
������/�����
�
����������
����"���	��
���
"�
����
8�(�������"�(���
�	���"�
�
"�"(�"�"�
���
"����8�	
�
"��������
������"�	����������"���"��0
��"�����
����"�0P��
��"�
���
��� "�
"� �
�
"� U::(� :BV-� ."� ���
��� �� ��
�
������ "����
���� ����� �
"�
����
�����
�"� �� �����
����� �� 0P��
��"� 
����
�� /
� "
� 
� ��
!K"� �� ����"�"� ��
����	�
�
����C�����
�"0���
����� /C�� 
�"������-� %
� !��
����&
����� "� ���"���
� �����
����
�����"��"������"��"����
���
�&
��
/����
��
������/����
�-������������



�

�G�

�
� �K����
C"� �������
�
C"� �� �� ��
�
������ ����
���(� "�� ��� 9����(� �
� 0������
� ��
�����
����������8��
�"���	�
������
-��

A�����9����
�-�U:GV�9
��������
��������������
��!�"����������	�P0��
���/�������
�
��
�"����-��Q"�
������/��:6�.��$"������������
��
-�.��	��
�(���"���0����"���K"�
"�"���
"������"� 
� ��� ����
�
������ /� 
� ��
� "�����
����� ����
��
� "	���
� �� ��
�
������
"���
�
���(� J���� �
��
/���
�����
"(� �� �����������66(� ���"�"����4�'(� /� ���� �*�
�"�
��(� "��� ��
�	�(� �� �#$-� %
� S����
� �
�
� ���"�"���� �� 	��
�� �� ����"�"� ��
�"�����0��
����3�����0��
�����/������
��������
����(���
�	���"��
"�"(��� �
��������
�����
"�����P�
�����0�"0
������
����
�
����������"
�"����-�

%�"�"�����"�"�9
�� ��!
���
��
�������0���"�K���
"����
O�(�/��� ��	
�"������
��
�
��/���"�
�"(������������
�
����
�	
�
�����"�����
�"������������"�
�����
�"(�
"��
��������
�P����"����
����
�"��� 0������
�����-�.����
����
�"��"�S�����"(���"���
��"��P"� ������
��"� "��� ��"� ��
�
��"� '$+� F�� ��	�"(� '����� $������� +��H� /� �� <$+� F��
��	�"(�</��
�����$"�����+��H-��

.�� '$+�"��� �����������J���� 0
�	�����
������� "�"��
-����9�"�
����"(� ����
���"�U:D(�B*V(�9
����"�!
���J�����'$+��
�	���������
��
�
�
��
���������0���"�����"���
�������	
��"��"(�
"��������
���"���
���"���"������������������J�������
������
��
� �
�
���
�� �
/��� �
�
� �����
�� N���������"(� 
��P"� �� J�� 
�� ��"��� ������
����������
���
��8���"�
�
�������"�����"���"�"��"���-�."��"����
"�����������0���/�
�������0�
����������0�����UB�V(���/
������
�����"���	�
�"������
"�����������������
�
�
����
�"���0��
-�'�����
�	�(�"������
�
���
0��
��
�����"���"������"��"(����������
8�����
���
���N���/�
��"��0
���N
&���UB�(�B�V-�

.��<$+�"��������������J����
	�
�"�P����������"�"��
-�%�"�
����"(�UB6V�/�UB�V(����
������
������
���
�����"�	��0��
��!
�����<$+�/��
������
������������0�
���/���"���
3
���J�
��"� 
������(� ����������(� 
��������� /� "��
���-� '��� ��
�	�(� UB7V� 
��� UB:V�
��"�!
����J���
�
����"	������
������
�����0����������������"��(���<$+����
�"��
"�������
�"����������!��
����
-��

�� �������
����� "� ��"��
� ��
� �!�"���� ��������&
�
� �� �
"� 0������
"� �� �����
�����
���
�������
�
���������
"�.��$"(�����0
����
"���
�K����
"-�

.����
����
�
�
�	K"���"�/�
���3��0�
�
�����"(���������
8��������
����������!
��
�����
�� ��� F��
�
���H� /� �� DDT� FP����� "
��������H� ��4�'(� /� ������ 6�T� F������
���H� /� �� DDT�
F
��
����0K�H� ���#$-� �
�
� �����"��"� ��!"��	
��"� �� 
���"� "�"��
"(��#$� "�����
N9����� ��
� �
/��� �
�
���
�� �� �����
����� J�� 4�'-� ��	���"� 0P��
��"� ����� ��
�����0�
��(� M�����0��� /� P����� �0�P����(� N9������� ��� �
�	�� �� !
��
�����
�� ��
�����
��������
�����
�
�����"�"����
���"��
"�
���
�����-��

%�"�
��������������"��
������
�	����!
��
�����
����	��
��
�����-�%
"�!
���"�����"�
!
��
������*T� F"���
�����
H�/�DGT� F�0
����H���4�'�/������7� F
����������
H�/���D6T�



�

�D�

F�0��N
���H����#$"-�'���������� ��"��*������"��"� ��!"��	
��"(� �
�
����������
(�9
�"����
��!"��	
�����
���"�"�"��
"(�����������
����0������
"��������
��������
"��P"�
��
"�
��4�'�U:GV-�

�
�
����
"������"��	��
���"���������"�/����	
"��"�J��P����
"(��
�!
��
�����
������"��
�	�"�
�� �
"� 0������
"� �� �����
����� "��� �
���K�(� �� 	��
�(� �
"�
��� 
�����"(� ���� �
���
��"�!
�"�J��N�"����
�0������
��������
������P"��!
�
����#$"(�N������
�
��
�
�
��
�
����
(���/�"�!
���"�����"�0������
8�"���
���"��
"�"-�'���
�
����"����������
����"������"��"��P"���"�"���"�U:GV-�

%
"� 0������
"� �� �����
����� �
�
� ��"� 
���9�"�
������"� 0����� ��0����"� 
�� G*T(� ���� �
�
N������� �� �
� �
�������
� /� �� !
�"
��P�-� %�"� !
���"�����"� "�P�� ���� 7*� /� :*T(� "
�!��
���
"�N������"��������!
�"
��P��FG6T���4�'H(����
�
���
�F�7T���4�'�/��DT����#$H�/�
�����
&���FDT���4�'H�U:GV-�

+���� ��� 
������� "� �0��� 
� �
� �����
����� �� 0P��
��"� �� �
� 0
"� 
���"
(� ����
�
����
"����������0����������� ��0����(�"������
��
���"���	����"�� �
������
�����"����
�
����"�"� �� 
�"������� "���� �� 0
�	�(� /C�� ����"�"� �� �	�
�
����C��
�"0���
�����
�����	��
-�����"�
��
&��(�"�
������
�����"��
��0��
�
���������������
�����
�
����-�

;�����0�J�����"�"�������"���
���
�.��$���������"�"��
�������
����
�
�F��0����H�/�
��"� "
���
"� F0����� /� 0
�	�H-� � ����"� 
����"� 9
�� ��!"��	
��� "��"� ��"���
��"��"� ��
��
��(� ����������
���� ������������"� �� 
�"������� /� ����	�
�
����� 
� �
� �����
�����
	���
��F+
��
��H-���"����"�!
�����"�N��
�J���
�
�"�������"������0
�	�����"���	�
��
������
���
��
�
� �
��
/���
��� ��"� 0P��
��"(���9�9�(�"���� ��"�
����������"������0��N
���(�
���0��N
���(��0��N
����/� ���0��N
���(� ��"�
���9�����"�!�"�9�����������
���
�/��� �	��
����
��������"�0��0���
��(���"��
�����������
8��������
���������
�"���������������
����
:*T-�."���"�������0���
���
����(�
�
�"�"��
�
����"���
"�9����0����
"-�@����"�
��(���"�
0�����"���
�"������������!�����
��"��
���K��
���
� ����
�����������"�P���
�����
�
"� F	��
����H� �
�	
"� �	
��!
"� �� �
� "���0���� �� �
"� �K���
"� �� �
� ����
"
-� .�� "��
�
"�(����<�����
�
8�����
�.��$����������
�P���	�
���
���"��S��������
��"��(�����
����
�J�����
"�(�K"�����!
��
����9��9
����
���������.��$"�UBBV-��

�

�-�-� ���
����&
�����

�	�
����
���"�
	�
� ���"�0���������"	��
�������
�
�"�����"����
�"��� ��"	���
�
�
��"�9��
��"(�"�����(�"�
��
��
�
������"����9��
��-���"���"�0���"���
	�
�"��� �
"�

	�
"�"�����P�
"(���"��
	�"(���"��
��
��"(���"����"(���"��
�
�"(���
	�
�
���"0K���
(���
	�
�
�� ���!�
� /� �� 
	�
� ��� �
�-� .�� 0������� �� �
� �
���
�� ��� 
	�
� �����&
�
(� �� ��
�
������
��"
���� "�P� ��0���-� @���
����(� �P"� �� ��
� �K����
� �� ����0��
����� "� �"
�
-� ��
"�
�
����
�
(������
�
����������(�
����
���������&
������
"�.+��"(����"�"�����
��



�

�*�

Tabla 2. Fracción con respecto a la carga en el efluente, de la eliminación durante el 
tratamiento secundario biológico, la adsorción al fango, y la no eliminación y por lo tanto 
descarga con el efluente, de fármacos durante el tratamiento en las EDARs. 
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Development of a fast instrumental method for the analysis of pharmaceuticals
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a b s t r a c t

This work describes the development, optimization and validation of an analytical method for the simul-
taneous detection and identification of 74 pharmaceutically active compounds (PhACs), from various
therapeutic groups, in both environmental (ground and surface water) and wastewaters (WW). The
method is based on the simultaneous extraction of all target compounds by solid phase extraction
(SPE), using a hydrophilic–lipophilic balanced polymer followed by ultra high performance liquid chro-
matography (UHPLC) tandemmass spectrometry (MS/MS). Two selected reaction monitoring (SRM) tran-
sitions have been monitored per compound in order to fulfil the EC guidelines, as well as to ensure an
accurate identification of target compounds in the samples. Quantification is performed by internal stan-
dard approach, applying 24 specific isotopically labeled compounds. The main advantages of the devel-
oped method, besides the selectivity and reliability of the results, is its high throughput. All
compounds are extracted in a single step and the instrumental analysis lasts 5 min (NI mode) + 8 min
(PI mode), allowing fast throughput of samples. The limits of detection range from 0.01 to 50 ng L�1,
depending on the matrix, for most of the compounds. Finally, the method developed has been applied
to the analysis of pharmaceuticals in the Ebro river basin (NE Spain).

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Although pharmaceutically active compounds (PhACs) are not
new contaminants, the information concerning their concentration
and environmental fate has only been reported in the last years
(Halling-Sørensen et al., 1998; Ternes, 1998; Kümmerer, 2001;
Kolpin et al., 2002; Thiele-Bruhn, 2003; Moldovan, 2006; Sarmah
et al., 2006; Duong et al., 2008). Commonly used prescription
and over-the-counter pharmaceuticals are typically found in sur-
face and groundwater samples at concentrations lower than
1 lg L�1 (Katz and Griffin, 2008). These concentrations are gener-
ally considered too low to pose an acute risk for humans; however,
it is still unknown whether other receptors in non-target organ-
isms, like aquatic organisms, are sensitive to individual pharma-
ceutical residues, or their mixtures. Studies have shown that
combinations of pharmaceutical compounds exert a much stronger
toxic effect than could be expected from the weak toxic effects

related to exposure to each compound individually (Cleuvers,
2003; Carlsson et al., 2006; Katz and Griffin, 2008). Moreover,
the consumption of pharmaceuticals is steadily increasing all
around the world; therefore the situation regarding their occur-
rence and levels concentration in the environment is expected to
get worse (Heberer, 2002; Heberer and Feldmann, 2005; Reem-
tsma et al., 2006; Snyder et al., 2007; Chefetz et al., 2008; Katz
and Griffin, 2008).

The prerequisite for proper monitoring and risk evaluation is
availability of sensitive multi-residue analytical method for the
determination of pharmaceutical compounds in complex environ-
mental matrices. The detection of pharmaceuticals at the level of
ng L�1 has been made feasible by the advances in mass spectrom-
etry (Calisto and Esteves, 2009; Kümmerer, 2009a,b). At the same
time, the extraction techniques have become more simple, fast
and inexpensive, providing the enrichment of analytes of interest
from complex matrices such as wastewater or sewage sludge.
However, the growing number of samples to be analyzed in labo-
ratories carrying out monitoring studies requires employment of
high-throughput methods. Because of these reasons, great effort
is going into the development of fast and, at the same time, reliable
multicomponent methods capable of analyzing simultaneously
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several tens of compounds belonging to different therapeutical
groups. One of the options, increasingly being used in environmen-
tal analysis, is ultra-high performance liquid chromatography
(UHPLC) that employs columns packed with sub-2 lm particles,
which enable elution of sample components in much narrower,
more concentrated bands, resulting in better chromatographic res-
olution and increased peak capacity.

This paper describes development, optimization and application
of a sensitive and fast method for the determination of pharmaceu-
ticals using UHPLC–MS/MS (triple quadrupole). In comparison to
several other methods based on UHPLC–MS/MS for the analysis of
pharmaceuticals in water (Batt et al., 2008; Kasprzyk-Hordern
et al., 2008; Van De Steene and Lambert, 2008; Huerta-Fontela
et al., 2010; Morasch et al., 2010; Sui et al., 2010; Wu et al., 2010)
this method offers improvements in terms of number of com-
poundsmonitored (74 PhACs), shorter chromatographic runs, more
reliable quantification due to application of larger number of isoto-
pically labeled internal standards (IS) and applicability to different
aqueous matrices (groundwater, surface water, wastewater).

The pharmaceuticals included in this method belong to differ-
ent families and were chosen because of their high consumption
in Spain, previously reported occurrence in the environment, re-
ported low elimination in wastewater treatment plants (WWTP)
and ecotoxicological relevance. The method has been proved valid
for environmental waters (ground (GW) and surface water (SW))
and sewage water (WWTP effluent (WWE) and influent (WWI)).

2. Material and methods

2.1. Chemicals

All chemicals used are listed in the Supplementary material.
Both individual stock standard and isotopically labeled internal
standard solutions were prepared on a weight basis in methanol
(MeOH), except fluoroquinolones which were dissolved in a
water:methanol mixture (1:1) that contained 0.2% v/v hydrochlo-
ric acid. Special precautions have to be taken into account for tet-
racycline antibiotics, which have to be stored in the dark in order
to avoid their exposure to the light, since it has been demonstrated
that they are liable to photodegradation (Eichhorn and Aga, 2004).
Fresh stock solutions of antibiotics were prepared monthly due to
their limited stability while stock solutions for the rest of sub-
stances was renewed every three months.

A mixture of all pharmaceuticals was prepared by appropriate
dilution of individual stock solutions in methanol–water (25:75,
v/v). A separate mixture of isotopically labeled internal standards,
used for internal calibration, was prepared also in methanol–water
(25:75, v/v).

2.2. Sample pre-treatment

The same method was used for groundwater, river water,
WWTP influent and effluent. Amber glass bottles were used for
sample collection. Water samples were filtered through 1 lm glass
fiber filters from Whatman (Fairfield, Connecticut, USA) followed
by 0.45 lm nylon membrane filters from Teknokroma (Barcelona,
Spain). Na2EDTA (0.1% (m/v)) was added to all samples after filtra-
tion. The addition of this chelating agent improves the extraction
recovery of some antibiotics, (Zhu et al., 2001; Yang et al., 2004,
2005; Batt et al., 2006; Hernández et al., 2007; Gros et al., 2009).
For the pre-concentration of water samples, a Baker vacuum sys-
tem (J.T. Baker, The Netherlands) was used. A volume of 500 mL
of surface and ground waters, 200 mL of WWTP effluent and
100 mL of WWTP influent were loaded onto Oasis HLB cartridges
(60 mg, 3 mL) from Waters Corporation (Milford, Massachusetts,

USA), at a flow rate of approximately 5 mL min�1. After sample
pre-concentration, cartridges were rinsed with 5 mL of HPLC grade
water and were dried under vacuum for 15–20 min, to remove ex-
cess of water. If not eluted immediately, the cartridges were frozen
and kept at �20 �C. Nevertheless, the elution was typically per-
formed within 2 days in all cases. Elution consisted of 2 consecu-
tive volumes of 4 mL of MeOH each. Extracts were evaporated to
dryness under a gentle nitrogen stream and reconstituted with
0.5 mL of methanol–water (25:75, v/v).

Afterward, 75 lL of a 0.5 ng lL�1 standard mixture containing
18 internal standards for the analysis in positive ion (PI) mode
and 6 internal standards for the analysis in negative ion (NI) mode
(see Table 1), were added in the extract for internal standard cali-
bration. Addition of isotopically labeled internal standards in the
final extract compensate for possible matrix effect (ion suppression
or enhancement), but does not compensate for any of the possible
procedural losses (extraction, evaporation). In order to check for
the recovery efficiency the extraction of spiked samples (same ma-
trix) was regularly performed before each set of real samples.

Finally, all the extracts which presented turbidity (most of
cases, extracts of WWTP influents) were filtered through 0.22 lm
PTFE filters (Membrane solutions, USA) 13 mm of diameter in or-
der to avoid chromatographic problems. PTFE is known to be very
inert with all type of polarities. In fact, no significant differences
were observed in preliminary trials with and without filtering ex-
tracts coming from spiked solutions. In any case, any loss of target
compounds due to adsorption on precipitate or adsorption on PTFE
filters, was corrected by the internal standards present in the
extract.

2.3. UHPLC–MS/MS analysis

The chromatographic separation was performed using an
Acquity UHPLC and a reversed-phase column BEHC18 (2.1 mm �
100 mm, particle size 1.7 lm) both from Waters Corporation
(Milford, Massachusetts, USA). For MS/MS analysis, Acquity UHPLC
was connected in series with an Acquity TQD, a triple quadrupole
MS equipped with a ZSpray source (Waters Corporation (Milford,
Massachusetts, USA)).

Compounds analyzed in the PI mode were eluted with a mobile
phase consisting of (A) acetonitrile (ACN) and (B) 0.1% aqueous for-
mic acid. The elution started at 10% A and then was linearly in-
creased to 75% A in 6.2 min, further increased to 100% A in
0.35 min and kept isocratic for 0.5 min. The total time of chromato-
graphic analysis (including re-equilibration) was 8 min. Com-
pounds analyzed under NI conditions were eluted by (A)
acetonitrile:methanol (1:1, v/v) and (B) 10 mM ammonium ace-
tate. The elution gradient was linearly increased from 20% A to
80% A in 1.3 min, then increased to 90% A in 0.7 min and kept iso-
cratic for 2 min. Total run time, including the conditioning of the
column to the initial conditions was 5 min. In both modes, the flow
rate was 0.4 mL min�1 and the injection volume 20 lL. Column
was thermostated at 30 �C and samples were preserved in the
injection station at 15 �C.

For quantitative analysis a method of electrospray ionization
tandem MS (ESI–MS/MS) was developed. For most of compounds
two selected reaction monitoring (SRM) transitions between the
precursor ion and two most abundant fragment ions were
monitored (full list of SRMs and instrumental conditions are given
in Table 1). This allows accomplishment of the requirements set by
the European Union (EU) regulations (EU Commission Decision
2002/657/EC) related to identification and confirmation of contam-
inants analyzed by LC–MS/MS. Just for ibuprofen and ketoprofen,
due to their poor fragmentation, only one transition was
monitored. One transition was also monitored for the isotopically
labeled standards.
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Table 1
Target compounds, optimized MS/MS parameters, corresponding internal standards and MLD in HPLC grade water.

Compounds No. Precursor
ion (m/z)

SRM 1 CV–CE–Dwell
time

SRM 2 CV–CE–Dwell
time

Rt (min) SRM1/
SRM2

Corresponding
internal standard

MLD in HPLC grade
water (ng L�1)

Salicylic acid 1 137.10 [M�H]� 93.03 25–10–0.013 65.04 25–25–0.013 1.20 13.14 Hydrochlorothiazide-d2 1.54
Hydrochlorothiazide 2 296.12 [M�H]� 205.03 30–20–0.013 268.97 30–15–0.013 1.42 1.06 Hydrochlorothiazide-d2 2.40
Hydrochlorothiazide-d2 (IS) – 298.11 [M�H]� 269.97 30–15–0.013 – – 1.42 –
Furosemide 3 329.18 [M�H]� 205.08 35–20–0.013 285.08 35–15–0.013 1.98 1.07 Ibuprofen-d3 1.17
Clofibric acid 4 213.13 [M�H]� 127.00 20–15–0.013 85.00 20–10–0.013 2.04 4.15 Clofibric acid-d4 0.11
Clofibric acid-d4 (IS) – 217.27 [M�H]� 131.09 20–15–0.013 – – 2.04 –
Pravastatin 5 423.45 [M�H]� 101.13 30–25–0.013 321.39 30–15–0.013 2.11 1.15 Naproxen-d3 1.62
Naproxen 6 229.22 [M�H]� 170.13 15–15–0.013 185.14 15–5–0.013 2.16 1.30 Naproxen-d3 0.37
Naproxen-d3 (IS) – 232.30 [M�H]� 173.19 5–15–0.013 – – 2.16 –
Ketoprofen 7 253.26 [M�H]� 209.16 15–5–0.013 – – 2.17 – Naproxen-d3 1.20
Chloramphenicol 8 321.17 [M�H]� 152.00 25–15–0.013 257.07 25–10–0.013 2.17 1.89 Ibuprofen-d3 0.05
Phenobarbital 9 231.17 [M�H]� 188.23 20–10–0.013 85.15 20–10–0.013 2.18 2.49 Phenobarbital-d5 1.30
Phenobarbital-d5 (IS) – 236.25 [M�H]� 192.99 23–10–0.013 – – 2.18 –
Bezafibrate 10 360.22 [M�H]� 274.12 25–15–0.013 154.01 25–25–0.013 2.24 2.55 Clofibric acid-d4 0.13
Butalbital 11 223.20 [M�H]� 180.14 20–10–0.013 85.00 20–10–0.013 2.33 4.47 Phenobarbital-d5 0.72
Pentobarbital 12 225.23 [M�H]� 182.22 25–10–0.013 85.06 25–10–0.013 2.46 16.58 Phenobarbital-d5 0.55
Diclofenac 13 294.16 [M�H]� 250.04 15–10–0.013 214.11 15–20–0.013 2.47 28.52 Diclofenac-d4 0.30
Diclofenac-d4 (IS) – 298.18 [M�H]� 254.07 15–10–0.013 – – 2.47 –
Indomethacine 14 356.20 [M�H]� 312.18 15–10–0.013 297.14 15–20–0.013 2.52 2.93 Ibuprofen-d3 0.44
Ibuprofen 15 205.22 [M�H]� 161.15 15–5–0.013 – – 2.57 – Ibuprofen-d3 0.50
Ibuprofen-d3 (IS) – 208.23 [M�H]� 164.16 15–5–0.013 – – 2.57 –
Mefenamic acid 16 240.24 [M�H]� 196.18 30–15–0.013 192.11 30–25–0.013 2.60 19.09 Ibuprofen-d3 0.18
Gemfibrozil 17 249.27 [M�H]� 121.09 20–10–0.013 127.06 20–10–0.013 3.01 11.18 Ibuprofen-d3 0.07

Compounds analyzed by PI mode
Salbutamol 18 240.17 [M+H]+ 147.99 15–20–0.013 222.07 15–10–0.013 1.02 1.58 Albuterol-d3 0.02
Albuterol-d3 (IS) – 243.21 [M+H]+ 151.02 20–20–0.013 – – 1.02 –
Famotidine 19 338.10 [M+H]+ 188.89 15–20–0.013 259.04 15–10–0.013 1.06 1.37 Cimetidine-d3 0.04
Atenolol 20 267.23 [M+H]+ 144.98 25–25–0.013 74.00 25–25–0.013 1.07 1.11 Atenolol-d7 0.03
Atenolol-d7 (IS) – 274.31 [M+H]+ 79.04 25–25–0.013 – – 1.07 –
Cimetidine 21 253.20 [M+H]+ 94.99 15–25–0.013 159.00 15–15–0.013 1.10 1.16 Cimetidine-d3 0.03
Cimetidine-d3 (IS) – 256.20 [M+H]+ 162.00 15–15–0.013 – – 1.10 –
Sotalol 22 273.23 [M+H]+ 255.03 15–10–0.012 213.06 15–20–0.012 1.17 1.74 Atenolol-d7 0.19
Ranitidine 23 315.20 [M+H]+ 175.98 20–15–0.012 130.03 20–25–0.012 1.17 1.42 Ranitidine-d6 0.03
Ranitidine-d6 (IS) – 321.27 [M+H]+ 176.09 20–15–0.012 – – 1.17 –
Acetaminophen 24 150.10 [M+H]+ 109.99 20–15–0.012 65.00 20–30–0.012 1.28 6.14 Acetaminophen-d4 2.46
Acetaminophen-d4 (IS) – 156.13 [M+H]+ 114.02 30–15–0.012 – – 1.28 –
Metronidazole 25 172.08 [M+H]+ 128.00 15–15–0.012 82.03 15–25–0.012 1.33 1.62 Ranitidine-d6 0.06
Codeine 26 300.25 [M+H]+ 215.06 40–25–0.012 165.01 40–40–0.012 1.49 1.07 Codeine-d3 0.12
Codeine-d3 (IS) – 303.28 [M+H]+ 164.97 40–40–0.012 – – 1.49 –
Sulfadiazine 27 251.08 [M+H]+ 155.93 20–15–0.012 91.99 20–25–0.012 1.60 1.61 Sulfamethoxazole-d4 0.12
Lisinopril 28 406.34 [M+H]+ 84.02 25–25–0.012 246.08 25–25–0.012 1.66 13.38 Atenolol-d7 0.10
Nadolol 29 310.00 [M+H]+ 201.00 30–25–0.011 254.00 30–25–0.011 1.77 1.66 Atenolol-d7 0.04
Trimethoprim 30 291.21 [M+H]+ 230.08 30–25–0.010 123.03 30–25–0.010 1.90 1.23 Carbamazepine-d10 0.03
Pindolol 31 249.00 [M+H]+ 116.00 25–20–0.010 144.00 25–25–0.010 1.90 5.06 Atenolol-d7 0.01
Norfloxacin 32 320.08 [M+H]+ 276.26 30–15–0.010 301.94 30–20–0.010 1.96 1.67 Ofloxacin-d8 0.70
Ofloxacin 33 362.15 [M+H]+ 318.18 30–20–0.010 261.11 30–30–0.010 1.96 1.28 Ofloxacin-d8 0.09
Ofloxacin-d8 (IS) – 370.24 [M+H]+ 326.04 20–20–0.010 – – 1.96 –
Oxytetracycline 34 461.06 [M+H]+ 426.64 25–20–0.010 442.62 25–15–0.010 2.00 1.04 Demeclocycline 0.62
Ciprofloxacin 35 332.09 [M+H]+ 314.14 40–20–0.010 230.99 40–40–0.010 2.02 1.76 Ofloxacin-d8 8.98
Fluoxetine 36 310.15 [M+H]+ 148.18 20–10–0.011 91.17 20–50–0.011 2.02 2.10 Fluoxetine-d5 1.39
Fluoxetine-d5 (IS) – 315.15 [M+H]+ 153.16 20–10–0.011 – – 2.02 –
Danofloxacin 37 358.14 [M+H]+ 82.02 35–40–0.010 340.23 35–25–0.010 2.09 2.22 Ofloxacin-d8 0.49
Sulfamethazine 38 279.15 [M+H]+ 186.03 20–15–0.009 155.86 20–20–0.009 2.15 1.48 Sulfamethoxazole-d4 0.13
Enrofloxacin 39 360.21 [M+H]+ 315.87 35–20–0.009 342.41 35–20–0.009 2.17 19.48 Ofloxacin-d8 0.04
Tetracycline 40 445.19 [M+H]+ 410.03 25–20–0.009 154.10 25–25–0.009 2.19 1.18 Demeclocycline 0.41
Phenazone 41 189.10 [M+H]+ 76.93 25–35–0.009 56.04 25–25–0.009 2.25 1.13 Phenazone-d3 0.77
Phenazone-d3 (IS) – 192.14 [M+H]+ 59.05 30–25–0.009 – – 2.25 –
Timolol 42 317.23 [M+H]+ 261.11 20–15–0.009 244.16 20–20–0.009 2.29 2.88 Atenolol-d7 0.01
Metoprolol 43 268.27 [M+H]+ 74.00 20–20–0.009 116.09 20–20–0.009 2.43 1.23 Atenolol-d7 0.06
Clenbuterol 44 277.14 [M+H]+ 202.94 15–15–0.009 259.07 15–10–0.009 2.45 1.83 Atenolol-d7 0.04
Demeclocycline (IS) – 465.23 [M+H]+ 448.07 35–15–0.009 – – 2.45 –
Spiramycin 45 843.57 [M+H]+ 174.34 50–40–0.009 142.43 50–35–0.009 2.60 4.64 Azithromycin-d3 1.04
Azithromycin 46 749.00 [M+H]+ 158.00 40–35–0.009 591.00 40–35–0.009 2.65 2.18 Azithromycin-d3 0.36
Azithromycin-d3 (IS) – 752.75 [M+H]+ 116.05 40–50–0.009 – – 2.65 –
Chlortetracycline 47 479.09 [M+H]+ 154.07 30–30–0.009 461.99 30–20–0.009 2.78 1.72 Demeclocycline 1.14
Sulfamethoxazole 48 254.12 [M+H]+ 155.93 20–15–0.009 92.03 20–25–0.009 2.87 3.79 Sulfamethoxazole-d4 0.18
Sulfamethoxazole-d4 (IS) – 258.16 [M+H]+ 95.98 20–30–0.009 – – 2.87 –
Carazolol 49 299.25 [M+H]+ 115.95 25–20–0.009 221.93 25–20–0.009 2.95 3.45 Atenolol-d7 0.03
Doxycycline 50 445.13 [M+H]+ 427.77 30–20–0.009 154.01 30–30–0.009 2.96 15.73 Demeclocycline 0.75
Tilmicosin 51 869.74 [M+H]+ 173.71 50–45–0.009 696.53 50–40–0.009 3.08 2.03 Azithromycin-d3 0.95
Enalapril 52 377.36 [M+H]+ 234.04 25–20–0.009 117.02 25–35–0.009 3.23 2.20 Enalapril-d5 0.09
Enalapril-d5 (IS) – 382.32 [M+H]+ 239.08 20–20–0.009 – – 3.23 –
Propranolol 53 260.28 [M+H]+ 116.08 15–15–0.010 74.02 15–20–0.010 3.28 3.05 Atenolol-d7 0.02
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3. Results and discussion

3.1. UPLC–MS/MS analysis

3.1.1. Optimization of chromatographic separation
To optimize the chromatographic separation, a serial of preli-

minary experiments were performed, testing different mobile
phases like H2O, 0.1% formic acid (FA), 10 mM ammonium formate
and 10 mM ammonium acetate as aqueous mobile phases, while
ACN, 0.1% FA in ACN, MeOH/ACN and 10 mM ammonium acetate
in MeOH/ACN as organic phases.

The optimal separation, best peak shape and higher intensity (in
terms of intensity of the analyte signal, measured in number of
counts per second) of the 57 compounds (and 18 internal stan-
dards) analyzed under PI was achieved by using ACN as organic
phase and water with 0.1% FA as the aqueous phase.

For the analysis of 23 substances (17 compounds and 6 internal
standards) under NI mode, the optimum separation was obtained
with a mixture of ACN/MeOH (1:1, v/v) as organic phase and
10 mM ammonium acetate in water. Although the addition of that
modifier to the aqueous phase decreases slightly the signal, the
peak shape improves considerably. For both modes, several
gradient designs (different flow rates and slopes) were tested in or-
der to get the maximum separation of every compound in a shorter
run time. The optimized gradients (see Section 2.3.) resulted in
5 min chromatographic runs for NI mode and 8 min for PI mode.
Column temperature was also optimized and 30 �C, controlled by
a thermostat, was chosen as the temperature giving the best chro-
matographic performance (shorter and stable retention times,
good peak shape).

Representative chromatograms for some of the compounds de-
tected in a real river sample are illustrated in Fig. 1A and B for PI
and NI mode, respectively.

3.1.2. Optimization of MS/MS parameters
Optimum ionization mode as well as the parent ion and the

more abundant fragment ions were chosen for each compound
and internal standard trying to get the maximum sensitivity

and selectivity. Selection of parent ions and optimum ionization
mode for each compound was performed by FIA (Flow Injection
Analysis) of 10 lg mL�1 individual standard solutions in MeOH/
H2O (25:75, v/v) in full-scan mode at different values of cone
voltage (CV). Out of the 74 pharmaceuticals investigated, 57 (plus
the corresponding 18 internal standards) showed higher response
in PI mode and 17 (plus the corresponding 6 internal standards)
in NI mode. Compounds analyzed under NI mode included most
of the analgesics and non steroidal anti-inflammatory drugs, bar-
biturates, furosemide, chloramphenicol and some lipid regulators.
In all cases, [M�H]� for NI and [M+H]+ for PI mode were selected.
Further identification of the most or the two most abundant frag-
ment ions (depending on whether it was an internal standard or a
regular standard, respectively) was selected in daughter scan of
the previously selected parent ion at several collision energies. Fi-
nally, the optimum collision energy (CE) was selected for every
daughter selected in MRM mode. Table 1 shows the SRM transi-
tions selected, with the optimum CV, CE values for each analyte
and transition.

3.1.3. Criteria followed for quantitative analysis
Two SRM transitions between the precursor ion and two most

abundant fragment ions were monitored for each compound. The
first one was used for quantification purposes (quantification tran-
sition) whereas the second one was to confirm the presence of tar-
get compounds in the samples (confirmation transition). In this
way, the number of identification points (IP) needed to confirm
the detection of target analytes, according to the EU regulations
(EU Commission Decision 2002/657/EC), are achieved (4IP, 1 for
precursor ion and 1.5 for each transition product). The only excep-
tions were ibuprofen and ketoprofen, for which only one SRM tran-
sition could be recorded, due to their poor fragmentation.

Besides the monitoring of the SRM transitions, other identifica-
tion criteria were used for quantification:

(a) Difference in LC retention time between every compound
and its corresponding internal standard within ±2% in both
calibration curve solutions and samples.

Table 1 (continued)

Compounds No. Precursor
ion (m/z)

SRM 1 CV–CE–Dwell
time

SRM 2 CV–CE–Dwell
time

Rt (min) SRM1/
SRM2

Corresponding
internal standard

MLD in HPLC grade
water (ng L�1)

Betaxolol 54 308.32 [M+H]+ 72.00 30–25–0.010 116.02 30–20–0.010 3.40 1.27 Atenolol-d7 0.01
Erithromycin 55 734.58 [M+H]+ 157.96 35–30–0.011 82.99 35–50–0.011 3.51 2.62 Erythromycin-13C-d3 1.57
Erythromycin-13C-d3 (IS) – 738.75 [M+H]+ 162.04 15–30–0.011 – – 3.51 –
Tylosin A 56 916.71 [M+H]+ 174.19 45–35–0.011 101.03 45–50–0.011 3.66 3.03 Azithromycin-d3 0.14
Carbamazepine 57 237.14 [M+H]+ 194.07 27–20–0.011 165.01 27–40–0.011 3.83 35.29 Carbamazepine-d10 0.06
Carbamazepine-d10 (IS) – 247.17 [M+H]+ 204.05 25–20–0.011 – – 3.83 –
Paroxetine 58 330.23 [M+H]+ 69.99 30–30–0.011 192.07 30–20–0.011 3.87 2.36 Carbamazepine-d10 0.03
Flumequine 59 262.12 [M+H]+ 244.07 25–15–0.013 201.91 25–30–0.013 3.98 1.92 Carbamazepine-d10 0.51
Propyphenazone 60 231.18 [M+H]+ 56.01 30–30–0.013 189.03 30–20–0.013 4.04 1.55 Phenazone-d3 0.03
Clarithromycin 61 748.71 [M+H]+ 158.00 20–25–0.013 83.01 20–50–0.013 4.13 1.81 Azithromycin-d3 0.05
Enoxacin 62 321.13 [M+H]+ 303.01 35–20–0.014 232.16 35–35–0.014 4.20 7.65 Ofloxacin-d8 4.44
Lorazepam 63 321.07 [M+H]+ 302.94 25–15–0.014 274.84 25–20–0.014 4.20 1.34 Diazepam-d5 1.42
Roxithromycin 64 837.80 [M+H]+ 158.12 20–35–0.013 679.76 20–20–0.013 4.21 2.48 Azithromycin-d3 0.03
Josamycin 65 828.76 [M+H]+ 109.05 40–45–0.016 174.01 40–30–0.016 4.44 1.24 Azithromycin-d3 0.02
Loratadine 66 383.24 [M+H]+ 337.11 35–25–0.016 267.15 35–35–0.016 4.49 2.23 Cimetidine-d3 0.04
Nifuroxazide 67 276.11 [M+H]+ 120.98 35–20–0.017 92.97 35–40–0.017 4.79 12.32 Carbamazepine-d10 1.15
Diazepam 68 285.18 [M+H]+ 153.96 40–25–0.017 193.04 40–30–0.017 4.93 1.17 Diazepam-d5 0.16
Diazepam-d5 (IS) – 290.13 [M+H]+ 198.08 40–30–0.017 – – 4.93 –
Glibenclamide 69 494.00 [M+H]+ 369.00 25–15–0.027 169.00 25–40–0.027 5.61 1.05 Glyburide-d3 0.19
Glyburide-d3 (IS) – 497.00 [M+H]+ 372.00 25–15–0.027 – – 5.61 –
Atorvastatin 70 559.37 [M+H]+ 440.02 25–20–0.027 250.03 25–40–0.027 5.61 1.48 Carbamazepine-d10 0.18
Tamoxifen 71 372.36 [M+H]+ 72.03 30–25–0.027 129.00 30–25–0.027 5.67 34.47 Carbamazepine-d10 0.01
Phenylbutazone 72 309.24 [M+H]+ 120.02 25–20–0.032 160.03 25–20–0.032 5.95 2.04 Phenazone-d3 0.49
Mevastatin 73 391.35 [M+H]+ 159.03 15–27–0.053 185.10 15–25–0.053 6.41 1.00 Carbamazepine-d10 1.01
Fenofibrate 74 361.00 [M+H]+ 233.00 25–20–0.143 139.00 25–25–0.143 7.46 1.10 Fenofibrate-d6 0.17
Fenofibrate-d6 (IS) – 367.24 [M+H]+ 138.93 30–30–0.143 – – 7.46 –
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(b) The relative abundances of the two selected analyte SRM
transitions in the sample must be within ±20% of the two
SRMs ratio in the analytical standards.

Time of retention and relative abundances of the SRM transi-
tions monitored for each compound are also given in Table 1.

3.1.4. Dwell time and acquisition windows optimization
Due to the large number of monitored transitions, acquisition

windows were evaluated in order to decrease the number of tran-
sitions registered at the same time, and consequently, increase the
sensitivity. Thus, a sufficient chromatographic separation was

required to get efficient acquisition windows. At the same time,
these had to be long enough to be trustworthy in case of a change
in the retention time. Finally, 2 min long windows were estab-
lished both for PI and NI.

Afterward, for every window, dwell time was optimized. Dwell
time is the time the detector devotes to register every transition in
every monitored cycle. This time must be long enough to obtain a
sufficient intensity but, at the same time, it should not be too long
in order to have short cycles and thus, to have sufficient points per
chromatographic peak (from 10 to 15) to get a precise quantifica-
tion. This is especially critical in UHPLC analysis where peak
widths are very small. The criteria were to assure at least 12 points
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Fig. 1. Chromatograms of some of the compounds detected in T3 for (A) positive and (B) negative mode.
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of acquisition in the narrowest peak. Dwell time values for every
compound are shown in Table 1. Total scan time was of 0.5 and
1 s for NI and PI, respectively.

3.2. Method performance

Extraction recoveries for target compounds were determined
for all different matrixes by spiking samples (n = 3) at two levels
of concentrations, 20 ng L�1 and 100 ng L�1 for HPLC grade water,
GW and SW and 50 ng L�1 and 500 ng L�1 for both WWE and
WWI. Concentrations after the whole procedure, calculated by
internal standard approach, were determined for all the spiked
samples as well as a triplicate of every corresponding non-spiked
sample. The concentrations obtained for non-spiked samples were
subtracted from the ones for the spiked samples. Comparing the
resulting concentrations with the initial spiking levels, extraction
recoveries, for every compound in each type of water, were calcu-
lated. Complete numerical data is given in Table S1 (Supplemen-
tary material).

SPE recoveries achieved were in the range of 50–150% for the
80%, 76%, 65%, 61% and 57% of target compounds in HPLC grade
water, GW, SW, WWE and WWI, respectively. See % SPE recoveries
in Table S1A (Supplementary material). Thus, although there was
an impoverishment in the SPE efficiency as the matrix got more
complex, the SPE recovery values were still acceptable. Some polar
compounds, such as salbutamol, famotidine, atenolol, cimetidine,
sotalol and ranitidine, as well as some strongly hydrophobic com-
pounds, such as atorvastatin, tamoxifen, phenylbutazone and mev-
astatin showed poor SPE recoveries. However, the low recovery
was not considered an obstacle for their reliable determination,
as their sensitivity and reproducibility were good enough (see
MDLs in Table S1B (Supplementary material). Nevertheless,
although an internal standard approach is used for the calculation
of the recoveries, in cases where the retention time for the
compound and the corresponding IS do not coincide in spite of
having a similar structure, matrix effect can also influence the
determination of the extraction recoveries.

Regarding sensitivity, method detection limits (MDLs) and
method quantification limits (MQLs) were determined, for envi-

ronmental and wastewater samples, as the minimum detectable
and quantificable amount of analyte with a signal-to-noise of 3
and 10, respectively. Spiked GW, SW, WWE and WWI samples
(n = 3) as indicated above were used for their calculation.

As it can be seen in Table S1B (Supplementary material), MDLs
achieved ranged from 0.01 to 5 ng L�1, for most of compounds in
HPLC grade water, GW, SW and WWE. For WWI, sensitivity fell
but was still acceptable with limits between 0.01 and 50 ng L�1

for the majority of compounds. MDLs and MQLs were calculated
as a signal-to-noise (S/N) ratio of 3 and 10, respectively, from the
chromatograms of real-water samples spiked at the lowest valida-
tion level tested, using the quantification transition. Instrumental
detection and quantification limits (IDL and IQL) were also esti-
mated. Those ones were estimated as S/N = 3 and 10, respectively,
from the chromatograms of standard solutions at the lowest con-
centration level used for the calibration curve.

To ensure a correct quantification, method and instrumental
precision were determined as relative standard deviation (RSD),
from solutions (n = 5) of 100 ng L�1 spiked HPLC grade water sam-
ples, processed with the method here described (method repeat-
ability). The resulting extract solutions were injected every other
day (instrumental repeatability). RSD achieved ranged from 0.2
and 5 % for method repeatability, and from 0.1 and 10% for instru-
mental one, for most of the compounds (see Repeatability in Table
S1C (Supplementary material)).

Regarding quantitative performance in terms of dynamic range,
linear response generally covered three orders of magnitude.
Calibration curves were generated using linear regression analysis
and over the established concentration range of 0.1/0.5–
250 lg L�1, (depending on the compounds), gave good fits
(r2 > 0.99) (see Linearity in Table S1C (Supplementary material).

Influence of matrix effect in the quantitative LC–MS/MS analysis
is widely observed and studied phenomenon (Gros et al., 2009;
Jelić et al., 2009). The ESI source is highly susceptible to other com-
ponents present in the matrix, which may result in a signal sup-
pression or enhancement leading to erroneous results. If relevant
ion suppression (or signal enhancement) occurs, appropriate quan-
titative approaches should be applied for its correction and/or min-
imization in order to get an accurate quantification. In order to
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Fig. 2. Sampling location.
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Table 2
Range (minimum and maximum) and mean concentration in ng L�1 for target pharmaceuticals in surface water in the Ebro River basin (NE Spain).

Therapeutic group Compound Min (ng L�1) Max (ng L�1) Mean (ng L�1) Frequency (%)a

Ebro river Tributaries Ebro river Tributaries Ebro river Tributaries Ebro river Tributaries

Analgesics and antiinflammatories Ketoprofen <MQLb <MQL 106.0 132.5 517.38 53.51 69 62
Naproxen <MQL <MQL 89.11 109.3 29.79 70.15 85 69
Ibuprofen 4.91 <MQL 43.21 541.9 23.91 96.45 92 100
Indomethacine <MQL <MQL 13.56 62.54 9.84 62.54 38 31
Diclofenac <MQL <MQL 34.39 153.9 14.91 58.34 77 85
Mefenamic acid <MQL <MQL 3.32 9.96 2.28 3.63 100 92
Acetaminophen <MQL <MQL 384.5 872.5 282.4 499.4 62 77
Salycilic acid <MQL <MQL 325.0 446.7 230.8 294.4 100 85
Propyphenazone <MQL <MQL 4.30 48.63 2.66 18.91 92 77
Phenylbutazone n.dc n.d. n.d. n.d. n.d. n.d. 0 0
Phenazone <MQL <MQL <MQL 25.90 <MQL 11.98 8 77
Codeine <MQL <MQL <MQL 193.7 <MQL 86.84 46 62

Lipid regulators Clofibric acid <MQL <MQL <MQL 6.03 <MQL 6.03 31 31
Bezafibrate <MQL <MQL 3.02 25.50 2.60 12.69 46 62
Fenofibrate <MQL <MQL <MQL 1.23 <MQL 1.11 62 85
Gemfibrozil 1.22 0.91 21.14 212.3 10.48 46.00 92 100
Mevastatin <MQL <MQL <MQL <MQL <MQL <MQL 38 31
Pravastatin 1.29 1.18 7.47 39.10 3.69 8.57 100 100
Atorvastatin <MQL <MQL <MQL 53.72 <MQL 28.90 69 92

Psychiatric drugs Paroxetine <MQL <MQL <MQL 225.0 <MQL 212.5 8 46
Fluoxetine <MQL <MQL 12.00 23.80 10.01 10.87 69 77
Diazepam <MQL <MQL <MQL 2.68 <MQL 2.68 8 31
Lorazepam <MQL <MQL 11.63 46.13 11.63 31.31 54 46
Carbamazepine <MQL <MQL 8.97 53.80 6.93 29.12 85 38

Histamine H2 receptor antagonists Loratadine <MQL <MQL <MQL <MQL <MQL <MQL 38 23
Famotidine <MQL n.d. <MQL n.d. <MQL n.d. 8 0
Ranitidine <MQL <MQL <MQL 109.0 <MQL 86.47 8 38
Cimetidine <MQL <MQL <MQL 10.70 <MQL 10.70 23 31

Tetracycline antibiotics Tetracycline <MQL <MQL 228.0 86.90 72.74 69.65 46 31
Doxycycline <MQL <MQL 47.70 20.20 20.70 14.06 54 69
Oxytetracycline <MQL <MQL 37.10 26.50 18.58 14.44 92 92
Chlorotetracycline 5.51 <MQL 59.30 13.70 18.13 9.57 38 38

Macrolide antibiotics Erithromycin <MQL <MQL 15.70 51.60 12.91 26.16 92 85
Azithromycin <MQL <MQL 19.73 36.70 19.73 32.81 23 38
Tilmicosin <MQL <MQL 109.0 227.0 45.78 87.75 85 69
Roxythromycin <MQL <MQL <MQL 0.32 <MQL 0.32 31 54
Clarithromycin <MQL 1.26 11.64 36.93 5.17 8.76 100 100
Josamycin <MQL <MQL <MQL 0.52 <MQL 0.52 77 69
Tylosin <MQL <MQL 0.72 0.77 0.72 0.77 54 31
Spiramycin <MQL <MQL 242.0 488.0 63.10 129.7 92 85

Sulfonamide antibiotics Sulfamethoxazol <MQL <MQL <MQL 55.01 <MQL 29.26 15 54
Sulfadiazine <MQL <MQL 23.48 18.43 23.48 16.45 46 31
Sulfamethazine <MQL <MQL <MQL <MQL <MQL <MQL 31 31

Fluoroquinolones Danofloxacin <MQL <MQL 207.0 154.0 72.46 61.16 92 85
Enoxacin 7.18 <MQL 140.0 104.0 27.31 35.96 92 85
Ofloxacin 5.24 4.84 105.0 99.60 19.70 37.17 100 100
Ciprofloxacin <MQL <MQL 115.0 93.30 32.57 38.96 100 100
Enrofloxacin 13.10 14.90 178.0 110.0 38.90 39.55 100 100
Norfloxacin <MQL <MQL 84.60 89.80 22.09 25.52 92 100
Flumequine <MQL <MQL <MQL 30.29 <MQL 18.87 69 62

Other antibiotics Trimethoprim <MQL <MQL 3.67 29.90 3.67 17.40 38 54
Nifuroxazide <MQL <MQL <MQL <MQL <MQL <MQL 8 8
Chloroamphenicol <MQL <MQL <MQL <MQL <MQL <MQL 23 38
Metronidazole n.d. <MQL n.d. 30.20 n.d. 23.80 0 23

Beta blockers Atenolol <MQL <MQL 1238 11020 1031 2789 31 69
Betaxolol <MQL <MQL <MQL <MQL <MQL <MQL 8 31
Carazolol n.d. <MQL n.d. <MQL n.d. <MQL 0 8
Pindolol <MQL <MQL <MQL <MQL <MQL <MQL 8 15
Nadolol <MQL <MQL <MQL <MQL <MQL <MQL 8 15
Timolol <MQL <MQL <MQL <MQL <MQL <MQL 15 15
Sotalol <MQL <MQL 5.70 423.4 5.70 215.8 38 62
Metoprolol <MQL <MQL 4.27 33.88 4.27 11.51 23 46
Propranolol <MQL <MQL 39.17 14.17 39.17 9.64 15 23

Beta agonists Salbutamol n.d. <MQL n.d. <MQL n.d. <MQL 0 15
Clenbuterol <MQL <MQL <MQL 3.42 <MQL 3.42 15 31

Barbiturates Butalbital <MQL <MQL <MQL <MQL <MQL <MQL 8 15
Pentobarbital <MQL <MQL <MQL <MQL <MQL <MQL 8 15
Phenobarbital <MQL <MQL <MQL <MQL <MQL <MQL 8 8
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evaluate the degree of ion suppression or enhancement in each tar-
get compound, matrix effects in all types of validated samples
(GW, SW, WWE and WWI) were evaluated by comparing the peak
areas from the analysis of spiked real samples (after subtracting
the peak areas in the corresponding non-spiked samples), with
peak areas from HPLC grade water spiked at the same level. Thus,
the percentage of signal suppression was calculated as follows:

% Signal suppressioni ¼ 100� ðððAMi � ABiÞ100Þ=AHiÞ ð1Þ
where AM is the peak area of the spiked real sample, AB is the peak
area of the corresponding blank, and AH is the peak area of the
spiked HPLC water. In our case, it is clearly observed an increase
in the suppression effect as the matrix becomes more and more
complex. Thus, the 43%, 68%, 77% and 84% of compounds showed
suppression in its signal in GW, SW, WWE and WWI, respectively.
However, the impact of the matrix is different for every compound.
See % signal suppression in Table S1A (Supplementary material). It
should be noted that ion suppression/enhancement is different for
every sample analyzed even among the same type of samples.
Therefore, it is of high significance to use an approach to correct this
matrix effect when analyzing real samples. In our study, the
approach used was internal standard calibration. Twenty-four iso-
topically labeled compounds were selected as internal standard
for the 74 target analytes, ensuring that all the therapeutic groups
and, within them, every family of compounds were represented
by at least one suitable internal standard. Out of the 24 IS, 23 cor-
responded to isotopically labeled compounds of pharmaceuticals
included in the present study. The assignments of internal stan-
dards can be seen in Table 1.

3.3. Monitoring results

To demonstrate the applicability of the developed method, river
water samples from the Ebro basin (NE Spain) were analyzed.
Twenty-six sampling sites were selected covering the whole Ebro
River Basin (13 at the Ebro River (designated as RX) and 13 at the
main tributaries (designated as TX)). River water was collected
downstream of six major WWTPs and other vulnerable sites,
according to the proximity to big cities or industrial areas like Mir-
anda de Ebro, Vitoria, Logroño, Pamplona Zaragoza o Lleida. See Ta-
ble S2 (Supplementary material) and Fig. 2. Samples were collected
during the winter 2009–2010 (December 2009 and January 2010).
Concentrations found were summarized in Table 2 and Table S3
(Supplementary material).

A wide spectrum of PhACs is detected and the levels were gen-
erally in the range of tens to few hundreds of ng L�1. Highest aver-
age and maximum concentrations were detected for analgesics and
anti-inflammatories such as naproxen, ibuprofen, acetaminophen
and salicylic acid with max concentrations of 109, 541, 872 and
447 ng L�1 respectively. Other compounds detected at levels
higher than 100 ng L�1 were psychiatric drug paroxetine, antiulcer

ranitidine, fluoroquinolone and macrolide antibiotics, b-blocker
atenolol, antihypertensive hydrochlorotiazide and diuretic
furosemide. Lipid regulators gemfibrozil, atrovastatin and prava-
statin were detected in all samples with average concentrations
lower than 50 ng L�1. Compounds occasionally detected (mainly
at sampling sites downstream of big urban centers at T3, T12,
T15 and T21), or those not found were presented in italics in Table
S3 (Supplementary material). This group is composed of analgesics
indomethacine and phenylbutazone, the lipid regulators clofibric
acid and mevastatin, psychiatric drug diazepam, histamine H2
receptor antagonists, antibiotics nifuroxazide and metronidazole,
beta blockers betaxolol, carazolol, pinadolol, nadolol, timolol and
propranolol. None of the barbiturates was detected at level higher
than MQL.

The results obtained are rather similar to those reported in two
previous studies (Gros et al., 2007, 2010), although the average
concentrations are generally higher that the previously reported.
Main reason is that the present study involves more sampling sites
(26 in the present study vs. 9 in the previous ones) including
several hot-spots, which may explain higher maximum and mean
concentrations detected for the majority of compounds. However,
the general pattern of most frequently detected compounds and
their geographic distribution are similar to the previously
observed.

Regarding to the spatial distribution along the Ebro River, sam-
pling points T3, T12, T15 and T21 were the points where com-
pounds are detected at the highest concentrations. Two of them,
T12 and T21 are located downstream of important population cen-
ters (cities of Pamplona and Lleida, respectively), while T3 and T15
are important industrial areas. All four sampling points belonged to
the Ebro tributaries. In general, the tributary rivers showed higher
concentrations for the majority of compounds analyzed, which was
attributed to the lower flows and consequently lower dilution fac-
tors, as it is shown in Table S2 (Supplementary material). Another
observation was that the concentration of pharmaceuticals in the
main course of the Ebro River remained stable along the river for
most of compounds with no significant increase in concentration
from its source to the mouth, even downstream of urban centers
such as Logroño (R6) or Zaragoza (R18). The standard deviation
for the concentrations found along the Ebro River was lower than
50 ng L�1 for most of compounds. A possible explanation to this
is increase in dilution along the Ebro river (the average flow during
the sampling period was around 100 m3 s�1 in the upper part of
the river and more than 300 m3 s�1 in the lower course) and natu-
ral attenuation.

4. Conclusions

Application of multi-residue methods provide wider knowledge
about the occurrence of pharmaceutical residues in the environ-

Table 2 (continued)

Therapeutic group Compound Min (ng L�1) Max (ng L�1) Mean (ng L�1) Frequency (%)a

Ebro river Tributaries Ebro river Tributaries Ebro river Tributaries Ebro river Tributaries

Antihypertensives Enalapril <MQL <MQL 0.99 6.84 0.70 4.18 77 69
Hydrochlorothiazide <MQL <MQL <MQL 571.3 <MQL 203.3 62 62
Lisinopril <MQL <MQL <MQL <MQL <MQL <MQL 8 46

Diuretic Furosemide 1.90 1.66 14.60 139.0 8.62 39.60 77 100

Antidiabetics Glibenclamide <MQL <MQL <MQL <MQL <MQL <MQL 8 31

To treat cancer Tamoxifen <MQL <MQL <MQL 19.57 <MQL 11.41 46 46

a frequency of detection – level above MDL (method detection limit).
b MQL – method quantification limit.
c n.d. not detected.
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ment, necessary for further understanding of their removal, parti-
tion and ultimate fate. However, simultaneous analysis of com-
pounds from diverse groups with different physico-chemical
properties often imposes a compromise in the selection of
experimental conditions for their extraction, LC separation and
MS detection. The multi-residue analytical method described here-
in is based on single-step SPE followed by UHPLC–MS/MS detec-
tion and allowed simultaneous analysis of 74 multi-class
pharmaceuticals in different types of environmental as well as
sewage water (river water, ground water, WWTP influent and
effluent). The main advantage of the presented method is its high
throughput due to the use of fast chromatography (UHPLC). In
addition, with the use of a high number of isotopically labeled
compounds (24) as internal standard, the method increases also
in reliability in comparison to other published methods. The meth-
od yielded detection limits in the low ng L�1 range for both
environmental and wastewaters, what is essential for proper mon-
itoring of the target compounds in those matrices. Application of
the method to the analysis of river water samples showed a wide-
spread occurrence of pharmaceuticals in the Ebro river basin, with
levels in the range of hundreds of pg L�1 and tens of lg L�1

depending on the compound and the sampling point, with highest
concentrations and frequencies in tributary rivers with low flow
rates and low dilution factors.
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a b s t r a c t

The present work describes the development of a fully automated method, based on on-line solid-

phase extraction (SPE)–liquid chromatography-electrospray–tandem mass spectrometry (LC–MS–MS),

for the determination of 74 pharmaceuticals in environmental waters (superficial water and groundwa-

ter) as well as sewage waters. On-line SPE is performed by passing 2.5 mL of the water sample through

a HySphere Resin GP cartridge. For unequivocal identification and confirmation two selected reaction

monitoring (SRM) transitions are monitored per compound, thus four identification points are achieved.

Quantification is performed by the internal standard approach, indispensable to correct the losses during

the solid phase extraction, as well as the matrix effects. The main advantages of the method developed are

high sensitivity (limits of detection in the low ng L−1 range), selectivity due the use of tandem mass spec-

trometry and reliability due the use of 51 surrogates and minimum sample manipulation. As a part of the

validation procedure, the method developed has been applied to the analysis of various environmental

and sewage samples from a Spanish river and a sewage treatment plant.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is estimated that approximately 3000 different substances

are used as pharmaceutical ingredients worldwide today. However,

only a small subset of these compounds (∼150) has been investi-

gated in environmental studies. The worldwide average per capita

consumption of pharmaceuticals per year is estimated to be about

15 g, but in industrialized countries the value is much higher and is

estimated to be between 50 and 150 g. After administration, most

pharmaceuticals are not completely metabolized. The unmetabo-

lized parent drugs and some metabolites are subsequently excreted

from the body via urine and faeces [1] reaching the Wastewater

Treatment Plants (WWTPs) via wastewater. Reports have shown

that many pharmaceuticals do not degrade during municipal con-

ventional wastewater treatment [2–8] being, therefore, discharged

to the receiving waters. Recent data indicate that, as much as, 80%

of the total load of pharmaceuticals entering a WWTP may be dis-

∗ Corresponding author at: Department of Environmental Chemistry, IDAEA-CSIC,

C/Jordi Girona 18-26, 08034 Barcelona, Spain. Tel.: +34 934006172;

fax: +34 932045904.

E-mail address: mpeqam@cid.csic.es (M. Petrović).

charged into surface water [9,10]. Disposal of unused or unwanted

medications to the toilet or household waste is another route of

their entry to the environment.

The concentrations of individual compounds in surface waters

are typically in the range of several tens to hundreds of ng L−1,

although concentrations at the �g L−1 level are also reported for

some compounds and specific sites [11]. Generally, these concen-

trations are lower than typical maximum concentrations (in the

tens of �g L−1) reported for some industrial contaminants (e.g. sur-

factants, plasticizers), but due to their continuous introduction into

the environment and bioactive properties, pharmaceuticals may

pose a risk to the aquatic organisms and ultimate to humans. One

of main concerns is contamination of groundwater through surface

water filtration and landfill leakage [1].

Generally, very little is known about the long-term effect and

behaviour of pharmaceutical residues in the aquatic environ-

ment [12], and in groundwater in particular [13]. In addition,

environmental risk assessment is often carried out for individual

pharmaceutical compound (active ingredients), while pharmaceu-

tical compounds are typically detected in mixtures with other

anthropogenic contaminants [11]. Studies have shown that combi-

nations of pharmaceutical compounds exert a much stronger toxic

effect that could be expected from the weak toxic effects related to

0039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2010.09.046
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exposure to each compound individually [14,15], i.e., the combina-

tion of drugs that share a common mechanism of action exhibits

synergistic effects [16].

Therefore, monitoring of wide-range pharmaceuticals in surface

and ground waters is as a prerequisite for proper risk assess-

ment. Nowadays, a large number of analytical methodologies,

mainly using liquid chromatography–tandem mass spectrometry

(LC–MS/MS), are already available for pharmaceutical determi-

nation in both environmental and wastewaters [17–19] being

antibiotics the most widely studied group [20–22]. Majority of

the methods employ rather tedious and time-consuming sample

preparation based on off-line solid-phase extraction (SPE). How-

ever, the growing number of samples to be analyzed in laboratories

carrying out monitoring studies requires employment of high-

throughput and fully automated analytical techniques. Because of

these reasons, great effort is going into the development of fast,

cost-effective and “greener” alternative methods for environmen-

tal analysis. Over the past several years, there has been an increase

in the use of automated instruments that integrate extraction,

purification and detection step (i.e. on-line solid phase extraction

systems such as SymbiosisTM and Prospekt-2 systems manufac-

tured by Spark Holland). On line SPE followed by LC–MS/MS that

has been used to analyze trace emerging contaminants in water,

such as drugs of abuse, pesticides, and hormones [23–27]. With

respect to the analysis of pharmaceuticals in aqueous environmen-

tal samples several papers were published recently [24,27–29]. For

example [28], used on-line SPE in the analysis of six pharmaceutical

indicators in water, while [29] reported on the application on line

SPE for the analysis of macrolide antibiotics.

In this work, a reliable, fully automated method for the

determination of 74 pharmaceuticals in environmental waters

(groundwater (GW) and superficial water (SW)) and wastewa-

ter (WWTP effluent (WWE) and WWTP influent (WWI) has been

developed, validated and applied to real samples. Target com-

pounds, which are listed in Table 1, belong to different medicinal

classes and were selected based on their high human consumption,

ecotoxicological relevance and ubiquity in the aquatic environ-

ment, according to the information found in the scientific literature

[30–42].

The objective of this work is to develop an analytical method

for simultaneous analysis of a large number of target compounds

belonging to different therapeutical classes, that will have clear

advantages and improvements over existing methods in terms of (i)

minimum sample manipulation; (ii) maximum sensitivity; (ii) reli-

ability, and (iv) selectivity and thus to fulfil the stringent criteria

set by the EU regulations (EU Commission Decision 2002/657/EC)

[43].

The developed method was successfully applied to the analysis

of pharmaceutical residues in WWTP as well as river and drinking

water samples.

2. Material and methods

2.1. Chemicals

All pharmaceutical standards were of high purity grade (>90%)

and are listed in the Supplementary data 1.

Both individual stock standard and isotopically labelled internal

standard solutions were prepared on a weight basis in methanol

(MeOH), except fluoroquinolones which were dissolved in a

water–methanol (H2O/MeOH) mixture (1:1) containing 0.2% (v/v)

hydrochloric acid, as they are slightly soluble in pure MeOH [44].

After preparation, standards were stored at −20 ◦C. Special pre-

cautions have to be taken into account for tetracycline antibiotics,

which have to be stored in the dark in order to avoid their expo-

sure to the light, since it has been demonstrated that they are liable

to photodegradation [45]. Fresh stock solutions of antibiotics were

prepared monthly due to their limited stability while stock solu-

tions for the rest of substances was renewed every three months.

On the other hand, compounds with number (see Table 1) 26, 5, 10,

12 and 8, were obtained as solutions in acetonitrile (ACN), while 67

and 65 were dissolved in MeOH, at a concentration of 1 mg mL−1.

A mixture of all pharmaceuticals was prepared by appropriate

dilution of individual stock solutions in MeOH/H2O (25:75, v/v).

Working standard solutions, also prepared in MeOH/H2O (25:75,

v/v) mixture, were renewed before each analytical run. Working

solutions were prepared in amber glass vials while standard mix-

tures were prepared in volumetric flasks wrapped with aluminium

foil, in order to prevent the exposure of tetracycline antibiotics to

light. A separate mixture of isotopically labelled internal standards,

used for internal standard calibration, was prepared in MeOH and

further dilutions also in MeOH/H2O (25:75, v/v) mixture.

HPLC grade MeOH, ACN, water, hydrochloric acid 37% and

formic acid 98% were supplied by Merck (Darmstadt, Germany).

Ethylenediaminetetraacetic acid disodium salt dehydrate (thereon

Na2EDTA) was 99% from Sigma–Aldrich (Steinham, Germany).

Nitrogen for drying 99.995% of purity was from Air Liquide (Madrid,

Spain).

2.2. Sample pre-treatment

The method was optimized using groundwater, river water,

WWTP influent and effluent. Amber glass bottles pre-rinsed with

ultra-pure water were used for sample collection. Water samples

were filtered through 1 �m fiberglass filters from Whatman (Fair-

field, Connecticut, USA) followed by 0.45 �m nylon membrane

filters from Teknokroma (Barcelona, Spain). Na2EDTA 0.1% (m/v)

was added to all samples in order to form complexes with inor-

ganic elements. As it is indicated in [19], this addition improves

in a great extent the extraction efficiency of tetracycline, macrolide

and fluoroquinolone antibiotics. This could be explained by the fact

that these compounds can potentially bind residual metals present

in the sample matrix and glassware, resulting in low extraction

recoveries [46–50]. The amount of Na2EDTA added was the same

for all types of water analyzed and was considered to be sufficient

to enabled formation of complexes with inorganic compounds in

all types of matrices, even in waters with high mineral content.

Finally, 200 �L of a 0.05 ng �L−1 standard mixture containing 37

surrogates for the analysis in positive ion (PI) mode, and 14 surro-

gates for the analysis in negative ion (NI) mode (see Table 1), were

added in every 100 mL of sample for surrogate control and internal

standard calibration.

2.3. On-line trace enrichment

Preconcentration of the samples and its chromatographic sep-

aration was performed using an automated on-line SPE–LC device

SymbiosisTM Pico from Spark Holland (Emmen, The Netherlands).

The base of the SymbiosisTM Pico system is a high-end HPLC sys-

tem with a high performance injector that handles sample volumes

from 10 �L up to 10 mL fully automated. This equipment also counts

with the AliasTM autosampler that includes positive headspace

pressure, extensive wash routines for minimal carry over and 2

injection modes, offline and online SPE. Offline mode was only

used in the optimization procedure to assess the recovery by com-

paring the peak areas obtained in the on-line analyses of spiked

waters samples with those obtained from the injection of standard

mixtures of the analytes in MeOH/H2O (25:75, v/v) at equivalent

concentrations.

A meticulous experiment design was carried out to optimize SPE

(see Table 2A and B). Three different disposable trace enrichment
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Table 1
Target compounds organized in their therapeutical groups and their assigned surrogates.

Therapeutic groups Compounds Number CAS Number Corresponding surrogate

Analgesics/anti-inflammatories (12) Ketoprofen 1 22071-15-4 Ketoprofen-13C-d3

Naproxen 2 22204-53-1 Naproxen-d3

Ibuprofen 3 15687-27-1 Ibuprofen-d3

Indomethacin 4 53-86-1 Indomethazine-d4

Diclofenac 5 15307-86-5 Diclofenac-d4

Mefenamic acid 6 61-68-7 Mefenamic acid-d3

Acetaminophen 7 103-90-2 Acetaminophen-d4

Salicylic acid 8 69-72-7 Salicylic acid-˛-13C

Propyphenazone 9 479-92-5 Antipyrine-d3

Phenylbutazone 10 50-33-9

Phenazone 11 60-80-0

Codeine 12 76-57-3 Codeine-d3

Lipid regulators and cholesterol lowering stain drugs (7) Clofibric acid 13 882-09-7 Clofibric acid-d4

Bezafibrate 14 41859-67-0 Bezafibrate-d4

Fenofibrate 15 49562-28-9 Fenofibrate-d6

Gemfibrozil 16 25812-30-0 Gemfibrozil-d6

Mevastatin 17 73573-88-3 Carbamazepine-d10

Pravastatin 18 81093-37-0 Pravastatin-d3

Atorvastatin 19 134523-00-5 Atorvastatin-d5

Psychiatric drugs (5) Paroxetine 20 61869-08-7 Paroxetine-d4

Fluoxetine 21 54910-89-3 Fluoxetine-d5

Diazepam 22 439-14-5 Diazepam-d5

Lorazepam 23 846-49-1

Carbamazepine 24 298-46-4 Carbamazepine-d10

Histamine H2 receptor antagonists (4) Loratadine 25 79794-75-5 Loratadine-d4

Famotidine 26 76824-35-6 Famotidine-13C3

Ranitidine 27 66357-35-5 Ranitidine-d6

Cimetidine 28 51481-61-9 Cimetidine-d3

Tetracycline antibiotics (4) Tetracycline 29 60-54-8 Demeclocycline

Doxycycline 30 564-25-0

Oxytetracycline 31 79-57-2

Chlortetracycline 32 57-62-5

Macrolide antibiotics (4) Erythromycin 33 114-07-8 Erythromycin-13C-d3

Azithromycin 34 83905-01-5 Azithromycin-d3

Tilmicosin 35 10850-54-0

Roxithromycin 36 80214-83-1 Clarithromycin-N-methyl-d3

Clarithromycin 37 81103-11-9

Josamycin 38 16846-24-5

Tylosin A 39 1401-69-0

Spiramycin 40 8025-81-8 Spiramycin-d3

Sulfonamide antibiotics (3) Sulfamethoxazole 41 723-46-6 Sulfamethoxazole-d4

Sulfadiazine 42 68-35-9 Sulfadiazine-d4

Sulfamethazine 43 57-68-1 Sulfamethazine-d4

Fluoroquinolones antibiotics (7) Danofloxacin 44 112398-08-0 Ofloxacin-d8

Enoxacin 45 74011-58-8

Ofloxacin 46 82419-36-1

Ciprofloxacin 47 85721-33-1 Ciprofloxacin-d8

Enrofloxacin 48 93106-60-6 Enrofloxacin-d5

Norfloxacin 49 70458-96-7 Norfloxacin-d5

Flumequine 50 42835-25-6 Flumequine-13C3

Other antibiotics (4) Trimethoprim 51 738-70-5 Carbamazepine-d10

Nifuroxazide 52 965-52-6

Chloramphenicol 53 56-75-7 Ibuprofen-d3

Metronidazole 54 443-48-1 Metronidazole-hydroxy-d2

�-Blockers (9) Atenolol 55 29122-68-7 Atenolol-d7

Betaxolol 56 63659-18-7

Carazolol 57 57775-29-8

Pindolol 58 13523-86-9

Nadolol 59 42200-33-9

Timolol 60 26839-75-8 Timolol-d5

Sotalol 61 3930-20-9 Sotalol-d6

Metoprolol 62 37350-58-6 Metoprolol-d7

Propranolol 63 525-66-6 Propranolol-d7

�-Agonists (2) Salbutamol 64 18559-94-9 Albuterol-d3

Clenbuterol 65 37148-27-9 Clenbuterol-d9

Barbiturates (3) Butalbital 66 77-26-9 Phenobarbital-d5

Pentobarbital 67 76-74-4

Phenobarbital 68 50-06-6

Antihypertensives (3) Enalapril 69 75847-73-3 Enalapril-d5

Hydrochlorothiazide 70 58-93-5 Hydrochlorothiazide-d2

Lisinopril 71 83915-83-7 Atenolol-d7

Dirutics (1) Furosemide 72 54-31-9 Furosemide-d5

Antidiabetic (1) Glibenclamide 73 10238-21-8 Glyburide-d3

To trat cancer (1) Tamoxifen 74 10540-29-1 Tamoxifen-(N,N-dimethyl-13C2)
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Table 2
Experiments tested during the online SPE optimization procedure.

Type of water Type of cartridge Sample extraction volume (mL) Wash volume after extraction (mL)

(A) Online SPE experiments in

HPLC grade water

HPLC grade water HySphere Resin GP 1 1

2

2.5 1

2

5 1

2

PRLP-s 1 1

2

2.5 1

2

5 1

2

Oasis HLB 1 1

2

2.5 1

2

5 1

2

(B) Online SPE experiments in

real aqueous samples

GW HySpere Resin GP 1 1

2

2.5 1

2

5 1

2

SW 1 1

2

2.5 1

2

5 1

2

WWE 1 1

2

2.5 1

2

5 1

2

WWI 1 1

2

2.5 1

2

5 1

2

cartridges were evaluated for their efficiency in the on-line SPE of

the target pharmaceuticals from water: Oasis HLB (macroporous

copolymer of divinylbenzene and N-vinylpyrrolidone, 30-�m par-

ticle size) from Waters Corporation (Milford, Massachusetts, USA),

PLRP-s (cross-linked styrenedivinylbenzene polymer, 15–25-�m

particle size) from Spark Holland (Emmen, The Netherlands), and

HySphere Resin GP (polydivinyl-benzene, 5–15-�m particle size)

also from Spark Holland (Emmen, The Netherlands). In order to

evaluate which of these three cartridges yielded higher recov-

eries of target compounds, HPLC grade water was spiked with

100 ng L−1 of each target compound. The experiment is summa-

rized in Table 2A. After cartridge conditioning with 2 mL of MeOH

and 2 mL of water (flow rate 5 mL min−1), three different sample

loading volumes (1, 2.5 and 5 mL) were tested. The flow through the

cartridge was in all cases 1 mL min−1. Afterwards and prior to the

elution, cartridges were rinsed with HPLC grade water at a flow rate

of 5 mL min−1 to complete the transfer of the sample and remove

interferences such as inorganic salts. Two wash volumes (1 and

2 mL) were tested in order to optimize it. Upon completion of each

SPE protocol, the trapped analytes are eluted from the cartridge to

the LC column. Two elution modes can be chosen in SymbisisTM Pico

device: a “focusing” approach where a pre-selected quantity of sol-

vent or mixture of solvents can be chosen; or a so called “standard”

approach, where the full chromatographic gradient passes through

the SPE cartridge before being led to the LC column. Due to the

elevated number of target compounds and their different chemi-

cal properties, the last option is the more appropriate one because

of the wide range of polarity given by the mixture of the mobile

phases during the gradient. So, the chance of a successful elution

is higher. The full eluate is conducted to the LC column where the

chromatographic separation and the subsequent detection by the

mass spectrometer are carried out. In meanwhile, during the elu-

tion, a new cartridge is put in place and pre-concentration of the

next sample is simultaneously performed. This kind of configura-

tion allows short cycle times, which in our approach are 30 and

37 min (the duration of the chromatographic run time) for NI and

PI mode, respectively.

Once selected the cartridge which yielded the best SPE recov-

eries, the same extraction and wash volumes trials were carried

out on real matrices (GW, SW, WWE and WWI) previously spiked

with a standard mixture of target analytes at environmentally

realistic concentrations: 20 and 100 ng L−1 for GW and SW, respec-

tively, and 50 and 500 ng L−1 for WWE and WWI, respectively (see

Table 2B). SPE recoveries as well as the method detection limits

(MDLs) achieved in each case where the parameters observed to

choose the more suitable extraction and wash volumes.
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According to the results obtained by preliminary trials,

HySphere Resin GP cartridge, 2.5 mL of sample extraction volume

and 1 mL of cartridge wash after extraction, were selected for fur-

ther experiments and analysis of water samples.

2.4. LC-ESI-(QqLIT) MS/MS analysis

For chromatographic separation, an analytical column was

used: a reversed-phase Purospher Star RP-18 endcapped column

(125 mm×2.0 mm, particle size 5 �m) from Merck (Dramstadt,

Germany) [19]. For MS/MS analyses, SymbiosisTM Pico was con-

nected in series with a 4000QTRAP hybrid triple quadrupole-linear

ion trap mass spectrometer equipped with a Turbo Ion Spray

source from Applied Biosystems-Sciex (Foster City, California, USA),

where mass spectrometry detection is carried out. 4000QTrap is

controlled by means of the Analyst 1.4.2 Software from Applied

Biosystems-Sciex (Foster City, California, USA) and a companion

software appendix for controlling the SymbiosisTM Pico from Spark

Holland (Emmen, The Netherlands).

The chromatographic conditions were adapted from an analyt-

ical method previously developed and described elsewhere [19].

For PI mode, this involves a flow rate of 0.3 mL min−1, and ACN/0.1%

(v/v) formic acid as mobile phases. The proportion of the organic

solvent was programmed to increase from 5 to 95% in the first

20 min and then to 100% in the following 2 min; afterward the

column was readjusted to the initial conditions. These conditions

were held for 10 min to allow re-equilibration of the column before

the next injection. The total time of chromatographic analysis (and

cartridge elution) is 37 min. In this mode 57 pharmaceuticals are

analyzed. For NI mode, this involves a flow rate of 0.2 mL min−1, and

ACN:MeOH (1:1, v/v)/H2O as mobile phases. The proportion of the

organic solvent was programmed to increase from 20 to 80% in the

first 15 min and then to 90% in the following 2 min; afterward the

column was readjusted to the initial conditions by programming

the amount of organic solvent to 20% in 3 min. These conditions

were held for 10 min to allow re-equilibration of the column before

the next injection. The total time of chromatographic analysis (and

the cartridge elution) is 30 min. In this mode 17 compounds are

analyzed. In both modes, the injection volume was 20 �L.

For quantitative analysis, the ESI-MS/MS method was modified

and adapted from [19]. For most of compounds two SRM transi-

tions between the precursor ion and two most abundant fragment

ions were monitored (full list of SRMs and instrumental conditions

are given in Supplementary data 2). Only one transition was moni-

tored for the isotopically labelled standards since they are added in

a concentration elevated enough (100 ng L−1) to be reliably quan-

tified in its more intense transition. In order to obtain additional

confirmation, especially for compounds showing poor fragmenta-

tion, an Information Dependent Acquisition (IDA) experiment was

performed, with SRM as the survey scan and an Enhanced Product

Ion Scan (EPI), at three different collision energies, as dependent

scan. The obtain spectra were compared with library data based on

EPI spectra at the three collision energies used. This allows broad

accomplishment of the requirements set by the EU regulations

(EU Commission Decision 2002/657/EC) [43] related to identi-

fication and confirmation of pharmaceuticals in LC–tandem MS

analysis.

Improvements of the existing MS/MS method included: (i) a

total of 51 isotopically labelled compounds (37 in PI and 14 in NI

mode) were added before the SPE, (ii) an additional compound, the

antibiotic flumequine, was included; (iii) a second transition has

been tuned for the hydrochlorothiazide, lisinopril, acetaminophen,

pravastatin and norfloxacin. For all these ones, the selection of par-

ent ions and optimum ionization mode were performed by infusing

100 �g L−1 individual standard solutions in full-scan mode at dif-

ferent values of declustering potential (DP). In all cases, [M−H]−

for NI and [M+H]+ for PI mode were selected. Subsequent identifi-

cation of the two most abundant fragment ions (one for surrogate

standards) and selection of the optimum collision energies (CEs)

and collision cell exit potentials (CXP) for each one was carried out

in the product ion scan mode, also infusing standard solutions of

each individual substance.

In order to obtain enough points per peak to fulfil the European

Directive and, at the same time, to get the highest sensitivity pos-

sible, the dwell time values were adjusted to 12 in PI (providing a

total scan time of 2.15 s) and 31 ms for NI (with a total scan time of

2.12 s), with pauses between ranges of 2 (PI) and 5 ms (NI).

3. Results and discussion

3.1. Solid phase extraction

Three parameters were optimized for the performance of the

method in environmental waters (groundwater and superficial

water) and sewage water (influent and effluent to a waste water

treatment plant (WWTP)): the type of cartridge, the sample extrac-

tion volume and the wash volume after extraction. SPE recoveries

and method detection limits (MDLs) were the criteria used to make

the more appropriate choice for every parameter.

Type of cartridge optimization: Table 2A shown the experimen-

tal set up. Extraction recovery of each compound was compared

among all the experiments realized for every type of cartridge. For

hydrophilic compounds, such as salbutamol, famotidine, sotalol,

ranitidine, cimetidine, HySphere Resin GP cartridges are clearly the

best performing cartridge. As the hydrophobia increases, the dif-

ferences among the performing of the three cartridges decrease.

For the most hydrophobic compounds (betaxolol, paroxetine,

propyphenazone), Oasis HLB cartridges are the ones with better

performing, nevertheless, differences with the other two cartridges

compared are not significant, especially with HySphere Resin GP.

In general, in PI as well as NI mode, the best recoveries (near

100%) were obtained for HySphere Resin GP, for a higher number of

compounds. In Fig. 3 extraction recoveries of some representative

compounds are shown.

Sample volume optimization: In comparison with conventional

methods, where hundreds or even thousands of mL of sample were

needed [7,19,51–53], in the present method, much smaller sam-

ple size (units of mL) was needed since the whole eluate goes into

the analytical column. Three extraction volumes have been tested

(1 mL, 2.5 mL and 5 mL). In general, volumes that gave best SPE

recovery were 1 and 2.5 mL for PI mode, and 2.5 mL for NI mode.

In Fig. 4A extraction yield of some representative compounds is

shown.

The next step included experiments with real samples in order

to check the influence of the matrix on the required sample vol-

ume, and consequently on SPE recoveries and MDLs. Less complex

matrices, such as GW and SW showed the same tendency seen

in experiments with HPLC grade water (as the hydrophobicity

of compounds increases the required volume decreased). For the

most hydrophobic compounds, 1 mL was the one that gave the

best results. For samples with a complex matrix (WWE and WWI),

preference of smaller volumes (1 and 2.5 mL) was even more pro-

nounced. That can be due to signal suppression in the ESI because of

the matrix (see Section 2). The bigger volume of sample is extracted,

the higher amount of matrix is trapped in the cartridge that sub-

sequently gets to the ESI source. In Fig. 4B and C, SPE recoveries

comparing extraction volumes were represented for GW and WWE

waters, respectively. In general, 1 and 2.5 mL were the volumes

that provided the best recoveries in environmental samples (GW

and SW) as well as in sewage waters (WWE and WWI) with no

big differences between them, so finally, 2.5 mL was selected as the
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Fig. 1. Chromatogram in positive ESI mode of a HPLC grade water sample spiked with a mixture of standards at 500 ng L−1 after being underwent to the online-SPE extraction

through GP, 2.5 mL of samples 1 mL of wash.

Fig. 2. Chromatogram in negative ESI mode of a HPLC grade water sample spiked with a mixture of standards at 100 ng L−1 after being underwent to the online-SPE extraction

through GP, 2.5 mL of samples 1 mL of wash.
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Fig. 3. Cartridge election (HPLC grade water, extraction volume 2.5 mL, wash volume 1 mL).

sample extraction volume, in PI mode as well as in NI one, for all

type of samples, since it yielded better MDLs.

Wash cartridge step optimization: Two cartridge wash volumes

of water were tested (1 mL and 2 mL). In spiked HPLC grade water

samples (experiment in Table 2A), polar compounds gave better

SPE recoveries with 1 mL (Fig. 5A). This is consistent with the fact

that the solvent used for washing is water, and part of the polar

compounds will run with it. For them the less washing volume used

the best. For the rest of compounds this parameter is not so influ-

ential. In real samples (Table 2B), the same tendency was observed

(see Fig. 5B and C). In general, washing with 1 mL of water resulted

in best recovery for a higher number of compounds and was chosen

for further analyses.

3.2. ESI-(QqLIT) MS/MS detection

Optimization of MS/MS parameters: In the present method, a total

of 51 isotopically labelled surrogates (37 in PI and 17 in NI mode)

were included which controlled all the steps the samples under-

went, in comparison with only 10 internal standards added to the

sample after the SPE, just before the LC–MS/MS analysis in [19]

where only the matrix effect can be corrected. For a small number of

compounds, the corresponding isotopically labelled compound was

not commercially available or their price was extraordinarily ele-

vated. An additional compound, the antibiotic forbidden for selling,

flumequine is now included in the method. A second transition has

been tuned for the hydrochlorothiazide, lisinopril, acetaminophen,

pravastatin and norfloxacin improving the reliability of the method

compared with [19] where only one transition was registered for

those compounds.

Thus, the resulting method includes 125 substances (74 com-

pounds and 51 surrogates), 94 of them (57 compounds and 37

surrogates) monitored in the PI mode and 31 (17 pharmaceuti-

cals and 14 surrogates) in NI mode (Figs. 1 and 2). Transitions

between the precursor ion and the two most abundant product ions

for each target analyte were recorded for all compounds with the

only exception of ibuprofen, phenobarbital, flumequine, ofloxacin,

carbamazepine and fenofibrate, for which only one product ion

could be obtained. In total, 146 transitions in positive ionization

mode (corresponding to 57 compounds and 37 surrogates) and

47 transitions in negative ionization mode (17 compounds and 14

surrogates) were recorded in one single retention time window

(Figs. 1 and 2). It should be remarked the fact of that elevated

number of transitions were recorded in one single retention time

window, without losing sensitivity, due to the setting of appro-

priate values for the dwell time and pause between mass ranges.

Adjusting the dwell time to an appropriate value is a key parameter

to monitor large number of transitions in the same time segment

and still obtain enough points per chromatographic peak (>15),

which is very important for a precise quantification. Dwell time

in NI (31 ms) was higher than in PI (12 ms) because the number

of transitions was lower, so the detector can devote more time in

monitoring every transition in each cycle. Nevertheless, the ioniza-

tion in PI is better than in NI mode, so the sensitivity for both modes

is similar.

3.3. Method performance

Extraction recoveries for target compounds were determined

for all different matrices by spiking samples (n = 3) at two levels

of concentrations 20 ng L−1 and 100 ng L−1 for HPLC grade water,

GW and SW and 50 ng L−1 and 500 ng L−1 for both WWI and WWE.

Those levels were chosen as typical low and high concentrations for

most of compounds in those types of waters. For each type of water

samples, recoveries were determined by comparing the concen-

trations obtained after the whole procedure, calculated by internal

standard calibration, with the initial spiking levels. As real sam-

ples (ground, surface and wastewaters) already contained target

compounds, non-spiked samples were analysed in order to deter-

mine their concentrations, which were afterwards subtracted to

the spiked samples. Due to huge quantity of data, and in order to be

easily observed, validation parameters are presented in figures (see

Figs. 6 and 7). Complete numerical data is given in Supplementary

data 3. Two types of SPE recoveries are provided. Absolute recov-

eries, determined by comparing the peak areas obtained for spiked

water samples in the on-line SymbiosisTM Pico mode of work-
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Fig. 4. Extraction volume election (GP cartridge, wash volume 1 mL).

ing, with those achieved from the injection of standards mixtures

of the analytes in MeOH/H2O (25:75, v/v) through off-line mode

at equivalent concentrations. Relative recoveries were calculated

afterwards by comparing absolute recoveries for every compound

and its respective surrogate.

Absolute recoveries achieved were in the range of 50–150% for

the 70%, 73%, 61%, 42% and 36% of target compounds in HPLC grade

water, GW, SW, WWE and WWI, respectively. See Supplementary

data 3A. Thus, it was clear that as the matrix was more complex, the

extraction performance and/or the mass spectrometry detection

got worse. For polar compounds, as salbutamol, atenolol, cime-

tidine, famotidine low absolute SPE recovery is obtained (10.1%,

46.0%, 14.4% and 29.2%, absolute recovery in HPLC grade water,

respectively). The poor affinity for the cartridge and/or the removal
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Fig. 5. Cartridge wash volume election (GP cartridge, extraction volume 2.5 mL).
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Fig. 6. Relative SPE recoveries organized in ranges for HPLC grade water, GW, SW, WWE and WWI.

from it during the cartridge wash step was the reason of those low

absolute recoveries, as no matrix was involved. For chlorampheni-

col, the absolute SPE recoveries were 87.1%, 82.5%, 78.9%, 28.9%

and 16.3% for HPLC grade water, GW, SW, WWE and WWI, respec-

tively. In this case, a clear influence of matrix on the extraction

and MS/MS detection occurred. Anyhow, when the SPE recoveries

were corrected by the ones for the corresponding surrogates, the

percentages of compounds with relative SPE recovery around 100%

increased significantly. In this manner, the 92%, 81%, 81%, 68% and

72% of compounds showed a relative SPE recovery between 50 and

150%. Thereby, 111.2%, 117.4%, 97.6% and 122.5% were the rela-

tive SPE recoveries, for the same polar compounds named before,

respectively. And, 98.0%, 99.2%, 76.1%, 74.4 and 89.8% were the rel-

ative SPE recoveries for the chloramphenicol in HPLC grade water,

GW, SW, WWE and WWI, respectively. Consequently, poor per-

centages of absolutely recovery were not considered an obstacle

for their reliable determination in water, as their sensitivity was

fairly good for being corrected by the corresponding surrogate. The

overall method precision, calculated as the relative standard devia-

tion (RSD) was satisfactory, with RSD values ranging from 1 to 30%

for most of the compounds in all matrices.

Regarding sensitivity, Method Detection Limits (MDLs) and

Method Quantification Limits (MQLs) were determined, for envi-

ronmental and wastewater samples, as the minimum detectable

amount of analyte with a signal-to-noise of 3 and 10, respectively.

Spiked GW, SW, WWE and WWI samples (n = 3) at the two level

of concentrations indicated before were used for their calculation.

As it can be seen in the Fig. 7 and Supplementary data 3B, MDLs

achieved ranged from 0.01 to 5 ng L−1 for most of compounds in

HPLC grade water, GW and SW, and from 0.01 to 20 ng L−1 for the

majority of them in wastewaters.

To ensure correct quantification, precision of the chromato-

graphic method, determined as relative standard deviation (RSD),

was determined from repeated injections (n = 5) of a 100 ng L−1

spiked HPLC grade water sample during the same day (repeata-

bility) and on different days (reproducibility). RSD achieved were

lower than 20 and 30% for most of compounds for intra- and inter-

day analysis, respectively.
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Fig. 7. MDLs organized in ranges for GW, SW, WWE and WWI.

Regarding quantitative performance in terms of dynamic range,

linear response covered, giving good fits (r2 > 0.99), four and even

five orders of magnitude for the majority of compounds. Cali-

bration curves were generated in HPLC grade water and linear

regression analysis was used over the concentration range of

0.01–10,000 ng L−1. Only, glibenclamide, phenyl-butazone, propy-

phenazone and diclofenac showed a narrower linear response from

their MQLs to 500 ng L−1. Thanks to that wide range of linearity, no

sample dilution is needed for highly concentrated samples before

performing the analysis in order to get a concentration inside the

lineal range. For quantification purposes, the internal standard cal-

ibration approach was used, performing thirteen-point calibration

standards daily, and the possible fluctuation in signal intensity was

checked by injecting a standard solution at two concentration levels

after each 8–10 injections.

Influence of matrix effect in the quantitative LC–MS/MS anal-

ysis is a widely observed and studied phenomena [19,25,54]. The

ESI source is highly susceptible to other components present in

the matrix, which may result in a signal suppression or enhance-

ment leading to erroneous results. Natural organic matter, salts,

ion-pairing agents, non-target contaminants have shown to be

responsible for ion suppression. The more complex is the matrix

the stronger matrix effect will be present. Therefore, any ana-

lytical method where MS is used as detection technique should

include a matrix effect study, especially if it deals with complex

samples, as in the present case, wastewaters. If relevant ion sup-

pression (or signal enhancement) occurs, appropriate quantitative

approaches should be applied for its correction and/or minimiza-

tion in order to get an accurate quantification. The most common

approaches consist of the use of suitable calibration, such as exter-

nal calibration using matrix-matched samples, standard addition

or internal standard calibration with structurally similar unlabelled

pharmaceuticals or isotopically labelled standards, as well as dilu-

tion of sample extracts [55–58]. In order to evaluate the degree of

ion suppression or enhancement in each target compound, matrix

effects in all types of validated samples (GW, SW, WWE and WWI)

were evaluated by comparing the peak areas from the analysis of

spiked real samples (after subtracting the peak areas correspond-

ing to the native analytes present in the sample), with peak areas

from spiked HPLC grade water. In the absence of matrix effects,

analyte peak areas should be similar in both HPLC grade water

and real samples. Nevertheless, when matrix effects occurs the

signal intensity for the analytes decreases (ion suppression) or

increases (enhancement). Matrix effect was quantified comparing

the areas of compounds in spiked matrix samples with the areas

obtained in spiked solvent. The effect was expressed by percentage

of signal suppression (positive value) or enhancement (negative

values). It is clearly observed an increase in the effect as the matrix

becomes more and more complex. However, the impact of the

matrix is different for every compound. Two extreme examples

were bezafibrate, for which rather low effect (−1.07%, 5.72%, 39.06%

and 34.51% of matrix effect in GW, SW, WWE and WWI, respec-

tively) is observed, in comparison to phenobarbital for which a

much stronger effect was evidenced with 10.90%, 24.54%, 57.48%

and 84.85% ion suppression for the same samples. It should be

noticed that ion suppression/enhancement is different for every

sample analysed even among the same type samples. Therefore, it

is of high significance to use any of the aforementioned approaches

to correct ion suppression in order to avoid inaccurate quantifica-

tion and underestimate levels of compounds when analyzing real

samples. In our study, the approach used was internal standard

calibration. In general, a corresponding isotopically labelled inter-

nal standard was selected for each compound (51 surrogates for

74 target analytes). Thus, all the therapeutic groups and within

them every family of compounds count with at least an internal

standard. The assignation of an appropriate internal standard for
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Table 3
Average concentrations and relative standard deviation (expressed in brackets) for target pharmaceuticals in drinking water, superficial water (2 points) and effluent

wastewater in the Llobregat River basin (NE Spain).

Therapeutic groups Compounds Concentration (ng L−1)a

Point #1 – Llobregat

River upstream to the

spill point

Point #2 – Llobregat

River downstream to

the spill point

Point #3 – drinking

water

Point #4 – WWE

tertiary treatment

Analgesics and

antiinflammatories

Ketoprofen n.d. 3.18 (1.56) n.d. 57.73 (0.55)

Naproxen 81.05 (0.27) 67.38 (0.27) n.d. 72.17 (0.33)
Ibuprofen 186.68 (0.33) 134.75 (0.32) 3.71 (0.15) 43.57 (0.60)
Indomethacin 16.27 (0.18) 37.75 (0.29) n.d. 93.88 (0.52)
Diclofenac 89.53 (0.25) 176.78 (0.31) n.d. 421.50 (0.26)
Mefenamic acid n.d. 6.76 (0.30) 12.82 (2.24) 17.38 (0.63)

Acetaminophen 307.00 (0.59) 146.67 (0.91) n.d. 77.83 (1.77)
Salicylic acid 208.17 (0.07) 333.17 (0.61) 201.20 (0.23) 674.33 (0.26)
Propyphenazone 3.25 (1.11) 11.10 (0.68) n.d. 22.55 (0.88)

Phenylbutazone n.d. n.d. n.d. n.d.

Phenazone 5.90 (1.57) 40.27 (0.58) n.d. 56.30 (0.28)

Codeine 45.85 (0.8) 109.68 (0.41) n.d. 350.12 (0.45)
Lipid regulators Clofibric acid 8.40 (0.36) 24.25 (1.10) n.d. 22.43 (0.16)

Bezafibrate 15.89 (0.34) 67.32 (0.47) 0.11 (2.24) 217.50 (0.50)
Fenofibrate 23.85 (0.36) 82.08 (0.49) n.d. 293.67 (0.64)

Gemfibrozil 1.90 (0.39) 2.14 (0.57) n.d. 8.58 (0.54)
Mevastatin n.d. n.d. n.d. n.d.

Pravastatin n.d. n.d. n.d. n.d.

Atorvastatin 2.99 (1.19) 2.39 (1.10) 27.60 (2.24) 2.71 (1.32)

Psiquiatric drugs Paroxetine n.d. n.d. n.d. 7.30 (0.91)

Fluoxetine n.d. <LOQ 2.74 (2.24) 15.87 (0.25)

Diazepam n.d. 6.52 (0.64) n.d. 18.92 (0.23)

Lorazepam 22.58 (0.14) 41.27 (0.23) n.d. 114.92 (0.26)
Carbamazepine 31.28 (0.29) 58.43 (0.30) n.d. 156.83 (0.24)

Histamine H2 receptor

antagonists

Loratadine 3.68 (1.68) 2.51 (0.80) 10.48 (1.14) 6.99 (1.08)

Famotidine n.d. n.d. n.d. n.d.

Ranitidine 33.87 (0.40) 61.23 (0.70) n.d. 197.67 (1.20)
Cimetidine 17.33 (2.45) n.d. n.d. 32.05 (1.17)

Tetracycline antibiotics Tetracycline n.d. 29.00 (0.91) n.d. 171.47 (1.06)

Doxycycline n.d. n.d. n.d. n.d.

Oxytetracycline n.d. n.d. n.d. 42.12 (0.86)

Chlorotetracycline n.d. n.d. n.d. n.d.

Macrolide antibiotics Erythromycin 50.38 (0.55) 174.73 (0.42) n.d. 677.00 (0.28)
Azithromycin 14.73 (0.34) 71.67 (0.70) 17.00 (0.58) 1031.67 (0.53)
Tilmicosin n.d. n.d. n.d. n.d.

Roxythromycin n.d. n.d. n.d. 3.90 (0.43)

Clarithromycin 42.60 (0.27) 88.83 (0.35) 3.67 (0.22) 237.83 (0.23)
Josamycin 1.82 (0.60) 0.81 (1.56) 1.41 (0.77) 3.03 (0.58)

Tylosin n.d. n.d. n.d. 7.17 (0.57)

Spiramycin 39.90 (0.44) 68.32 (0.44) 20.54 (0.92) 141.58 (0.33)
Sulfonamide

antibiotics

Sulfamethoxazol 39.70 (0.23) 78.38 (0.37) n.d. 140.48 (0.46)

Sulfadiazine n.d. 13.40 (1.17) n.d. 20.38 (0.56)

Sulfamethazine 1.68 (2.45) 112.27 (1.55) 4.08 (2.24) 373.84 (1.92)

Fluoroquinolones Danofloxacin n.d. n.d. n.d. n.d.

Enoxacin 4.83 (1.56) 4.65 (1.57) 16.04 (0.96) 8.27 (1.13)

Ofloxacin 23.28 (0.24) 75.017 (0.48) 15.30 (0.73) 276.67 (0.46)
Ciprofloxacin 8.32 (0.79) 28.02 (0.90) 13.28 (0.68) 151.25 (1.43)
Enrofloxacin 5.82 (0.56) 40.12 (0.84) 18.93 (0.79) 255.67 (0.35)
Norfloxacin 15.83 (0.31) 15.17 (0.86) 32.88 (0.94) 63.72 (1.02)
Flumequine n.d. n.d. n.d. n.d.

Other antibiotics Trimethoprim 16.43 (0.24) 33.53 (0.34) 0.51 (2.24) 65.92 (0.37)
Nifuroxazide n.d. n.d. n.d. n.d.

Chloroamphenicol n.d. n.d. n.d. n.d.

Metronidazole n.d. 44.88 (0.92) n.d. 211.83 (0.74)

Beta blockers Atenolol 38.40 (0.43) 63.17 (0.48) n.d. 117.82 (0.56)
Betaxolol n.d. n.d. n.d. n.d.

Carazolol n.d. n.d. n.d. n.d.

Pindolol n.d. n.d. n.d. n.d.

Nadolol n.d. n.d. n.d. n.d.

Timolol n.d. n.d. n.d. n.d.

Sotalol 15.28 (0.30) 44.32 (0.94) n.d. 91.98 (0.30)
Metoprolol 54.47 (0.15) 327.40 (1.91) 38.48 (0.30) 96.8 (0.25)
Propranolol n.d. 14.94 (0.39) n.d. 51.60 (0.30)

Beta agonists Salbutamol n.d. 4.87 (1.70) n.d. 27.05 (0.30)

Clenbuterol n.d. n.d. n.d. n.d.

Barbiturates Butalbital n.d. n.d. n.d. n.d.

Pentobarbital n.d. n.d. n.d. n.d.

Phenobarbital n.d. n.d. n.d. n.d.
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Table 3 (Continued )

Therapeutic groups Compounds Concentration (ng L−1)a

Point #1 – Llobregat

River upstream to the

spill point

Point #2 – Llobregat

River downstream to

the spill point

Point #3 – drinking

water

Point #4 – WWE

tertiary treatment

Antihypertensives Enalapril n.d. n.d. n.d. n.d.

Hydrochlorothiazide 3.26 (0.16) 7.96 (0.32) 1.26 (0.05) 33.53 (0.28)
Lisinopril n.d. n.d. n.d. n.d.

Diuretic Furosemide 50.98 (0.50) 173.72 (0.63) n.d. 1120.33 (0.88)
Antidiabetics Glibenclamide 0.46 (1.55) 1.72 (0.87) 3.51 (1.00) 13.13 (0.14)

To treat cancer Tamoxifen n.d. n.d. n.d. n.d.

a values below the limit of detection and below the limit of quantification were considered 0 to calculate the mean value and the RSD.

substances without a specific one, was based on the similarity of

their chemical structures and/or their retention times. In Table 1

and Supplementary data 2, internal standards used for each sub-

stance, which in this method work as surrogates, are indicated. In

this way, the limitation in the number of internal standards pre-

sented in [19] was clearly overcome.

3.4. Monitoring results

To demonstrate the applicability of the developed method, two

river waters from the Llobregat River (NE Spain), one WWE and the

effluent of a drinking water treatment plant (DWTPE) were ana-

lyzed River samples correspond to Llobregat River (NE Spain) in

two strategic sites up- (point #1) and downstream (point #2) to the

point of discharge of treated waters form one WWTP respectively.

Point #2 coincides also with the entrance to the DWTP, which was

located a few kilometres downstream to the point #2. Point #3

corresponds to the effluent of DWTP (drinking water) and point

#4 the WWE after the tertiary treatment which was recirculated

towards the discharge point (Fig. 8). Samples from all four points

were collected twice a week during three consecutive weeks (six

samples per point) during November 2009. The object of this sam-

pling was monitoring the feasibility in the reuse of WWE after a

tertiary treatment. Despite the point #3 did not correspond to a

specific type of water validated for this method, it was considered

similar to a groundwater because of their poor matrix and the low

levels of pharmaceuticals expected.

Average concentration for the six samples per point is summa-

rized in Table 3. Levels detected were in the range of hundreds

of pg L−1 to low tens of ng L−1 for drinking water, and up to

low hundreds of ng L−1 for surface water. Levels in wastew-

ater effluent samples were from units to hundreds of ng L−1

depending on the compound or even thousands of �g L−1 in

some cases such as the antibiotic azithromycin and the diuretic

furosemide. Data from the most frequently detected and at

higher concentration compounds is presented in bold. Antibi-

otics, analgesics and anti-inflammatories were the most ubiquitous

compounds. The azithromycin and diclofenac must be remarked

among them, respectively. As expected, higher concentration were

shown at point #4 (WWE after the tertiary treatment). For the

diuretic furosemide, this concentration was especially elevated

(1120 ng L−1), but after the spill into the river, the concentration

decreased in a great extent (173 ng L−1). Anyhow, that concentra-

tion was still higher regarding to the one in the river upstream in

the point #1 (51.0 ng L−1). This tendency was observed for most of

compounds. So it can be said that, after the discharge of effluent

Fig. 8. Sampling location.
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the dilution effect is quite effective, but anyway, the perturbation

can be observed. However, the decrease in the levels of concentra-

tion after the discharge into the river is not the same for all the

compounds, even taking into consideration the quantity already

present in the river upstream. Thus, in addition to the dilution

which is physical phenomenon which should affect all compounds

in the same extent, other process like adsorption to sediments or

suspended solids, biodegradation or even photodegradation must

be taken into account. Anyhow, levels of pharmaceutical at the

entrance of the DWTP (point #2) were low and after the treatment

at DWTP (point #3) drinking water contained undetectable or very

low concentrations for most pharmaceuticals, with the exception

of salicylic acid that was detected at 200 ng L−1.

Compounds occasionally detected or detected at low levels even

at point #4 were presented in italics. For some of them, quantifica-

tions were only possible at point #4. But after the discharge into

the river the levels decreased under the limits of quantification

or even detection. The macrolides tylosin and roxythromycin, and

the cycline oxytetracycline were some examples of that. The pres-

ence of compounds, whose quantification at point #2 was still got,

could be attributed exclusively to the discharge from the WWTP.

In those cases, purification in the DWTP treatment was responsi-

ble for reducing their levels down the limit of quantification and/or

detection, (e.g. 20–30 ng L−1). 23 compounds were not detected in

any sample at any point of sampling.

4. Conclusions

The fully-automated multi-residue analytical method devel-

oped, based on on-line SPE–LC–MS/MS allowed the analysis of

74 multiple-class pharmaceuticals in two environmental types of

water as well as waste water (influent and effluent to a WWTP).

Since the SPE is carried out fully automated, on-line and simulta-

neously to the chromatographic separation and mass spectrometry

detection, a minimum sample manipulation is involved, and there-

fore a clear decrease in the error introduction is achieved. In fact,

filtration is the only sample pre-treatment required. In this way,

the method increases in reliability in comparison with conven-

tional off-line methods. To this feature also contributes the fact that

most of compounds count with a specific isotopically labelled com-

pound as surrogate (quasi isotopic dilution approach). The method

yielded detection limits in the low ng L−1 range for both environ-

mental and wastewaters, what is essential for proper monitoring of

the target compounds in those type of samples. Moreover, regard-

ing to selectivity, the method fulfil the stringent criteria set by the

EU regulations (EU Commission Decision 2002/657/EC) [43]. Other

advantages of this method is its high throughput (total analysis

time is 30 min in NI mode and 37 min in PI mode) and the wide

linear range for most of compounds, which avoids the necessity of

diluting the samples for determining compounds present at higher

concentrations. It must also be remarked the small size of sample

needed, 2.5 mL per ionization mode (total of 5 mL), what relieves

the storage problems so usual in analytical laboratories. Applica-

tion of the method to the analysis of drinking, surface and effluent

wastewaters showed a widespread occurrence of pharmaceuticals

in such matrices, with general levels, when detected, in the range of

units and tens of ng L−1 for drinking and river water, respectively,

and tens and hundreds of ng L−1 in wastewaters.
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a b  s t r a c t

The  work  describes the  development and validation  of an  analytical  method for  simultaneous determi-

nation  of  58  pharmaceuticals  and 19 metabolites and transformation products in environmental waters.

The  method is  fully  automated and  consists of  a  direct  injection  of  a  small volume  (several mL) of water

sample  to  an  on-line  system composed  of TurboFlowTM chromatography  for  the extraction and clean-up

followed  by  liquid chromatography–electrospray-tandem  mass  spectrometry  (TFC-LC–ESI-MS/MS).  The

feasibility  and  limitations  of  the technique in  the analysis of  environmental and  wastewaters is discussed.

The  main advantages  include  high  throughput,  minimum sample manipulation,  low error introduction,

high  selectivity,  sensibility  and reliability. The method  provided  a  tool for  the determination  of  a  high

number  of active  metabolites  and  transformation  products and was successfully  applied in the analysis

of  samples  from  the river  Ebro  basin.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pharmaceuticals are detected in the environment in the

ng L−1–�g L−1 range [1],  that may  not pose much acute risk, how-

ever little is known about long-term effects and other receptors in

non target organisms that could be sensitive [2]. Just a small portion

(less than 10%) of the 3200 pharmaceuticals registered in Europe

and North America have been measured in environmental samples.

According to Howard and Muir [3] of 275 pharmaceuticals detected

in the environment, 92 were rated as potentially bio-accumulative

and 121 were rated as potentially persistent. Nevertheless, even

those ones with relatively short environmental half-lives can

be considered “pseudo-persistent” in the environment, due to

their continual introduction into surface waters via  wastewater

treatment plant (WWTP) discharges [4].  Moreover, even though

individual concentrations of any pharmaceutical compound might

be low, the combined concentrations from compounds sharing

a common mechanism of action could be  substantial [2,5,6].  In

addition to  that, there must be taken into consideration that the

compound may  pass through several processes of transformation

∗ Corresponding author at: Catalan Institute for  Water Research (ICRA), C/Emili

Grahit,  101, Cientific and Technologic Park of Girona University, 17003 Girona, Spain.

Tel.:  +34 972183380; fax: +34 972183248.

E-mail address: mpetrovic@icra.cat (M.  Petrović).

and degradation from the moment of intake, or even before, from its

synthesis, until it arrives the environment. The term “degradation”

here refers to the elimination of the parent compound without any

knowledge whether the compound is mineralized or  transformed

in something else [7]. Products include both metabolites excreted

via urine or  faeces, and transformation products (TP) which can be

formed by physico-chemical and biological processes in WWTPs

or water works and/or in the environment, from parent pharma-

ceuticals and/or their metabolites released [8]. While substantial

data exists regarding the occurrence and ecotoxicology of parent

pharmaceuticals, much less is known about their metabolites and

TP, whose existence is even unknown in most of cases. Very few

pharmaceutical metabolites and TP are studied or monitored in the

environment, so there is a need to strengthen the research in this

area [8].

Therefore, the development of multi-residue analytical meth-

ods that will permit simultaneous monitoring of parent compounds

and their metabolites and TPs is crucial to properly assess the risk

posed by the presence of pharmaceuticals in the environment. This

is of great importance as a synergistic effect of different pharma-

ceuticals on aquatic life might occur and has to be  investigated

[9]. Due to the very low levels of pharmaceuticals that may  be

present, an analyte pre-concentration procedure is compulsory in

order to obtain the desired levels of analytical sensitivity, which

often requires relatively large sample volumes (100–1000 mL)

to be processed [10,11].  As awareness of more sustainable and

0021-9673/$ – see  front matter ©  2012 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.chroma.2012.06.078
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environmentally friendly practices continues to grow, laboratories

have also begun to look for ways to improve inefficient laboratory

procedures and move towards “greener” alternative methods for

environmental analysis. On-line sample pre-treatment is emerg-

ing as an effective approach with low or  no solvent and chemical

consumption [12] for the analysis of  trace contaminants, such as

drugs of abuse [13],  pesticides [14] and pharmaceuticals [15] in

water, or in other matrixes like food [16]. The development of

on-line methods have additional clear advantages compared to

off-line procedures, such as  reduced sample manipulation (and

subsequently lower probability of error introduction), smaller sam-

ple volume requirements (very welcome to relief storage problems)

and, higher sample throughputs (and consequently an increase

on the number of samples per unit of time that can be ana-

lyzed). All of which further improves the quality of the analytical

data reported [17].  Most of the methods found in  the literature

for the analysis of pharmaceuticals in water, counts with liquid

chromatography (LC) and detection by tandem mass spectrometry

(MS/MS) [18–22].

The work presented here consists of  a meticulous and successful

development of a  method for 58 pharmaceuticals and 19 metabo-

lites/TPs, 8  of  them with remaining pharmacologic activity, in

environmental waters, by direct injection of  small sample volumes

(units of mL)  on online TurboFlowTM-LC–MS/MS. Up to authors

knowledge this is the first time that on-line pre-treatment based

on turbo-flow chromatography (TFC) is applied to environmental

aqueous samples. A discussion about the feasibility of bidimen-

sional chromatography, not only for the cleanup of that type of

matrixes, but also for the pre-concentration of  aqueous samples is

included.

2. Material and methods

2.1. Chemicals

All pharmaceutical and TP standards were of  high purity grade

(>90%) and are listed in  Supplementary data 1.

Both individual stock standard and isotopically labeled internal

standard solutions were prepared on a  weight basis in  methanol

(MeOH), except fluoroquinolones which were dissolved in a

H2O/MeOH mixture (1:1) containing 0.2% (v/v) hydrochloric acid

(HCl), as they are slightly soluble in pure MeOH. After preparation,

standards were stored at −20 ◦C. Stock solutions were renewed

every 3 months. On the other hand, compounds with numbers

(see Table 1) 69, 72, 73, and 74 were obtained as solutions in

acetonitrile (ACN), 20 and 23 were dissolved in MeOH, at a  concen-

tration of 1 mg  mL−1,  and 22 dissolved in a mixture MeOH/H2O (1:1,

v/v). A mixture of  all pharmaceuticals was prepared by appropriate

dilution of individual stock solutions in  MeOH/H2O (25:75, v/v).

Working standard solutions, also prepared in MeOH/H2O (25:75,

v/v) mixture, were renewed before each analytical run. Work-

ing solutions were prepared in amber glass vials while standard

mixtures were prepared in volumetric flasks wrapped with alu-

minum foil to prevent the exposure to light. A separate mixture of

isotopically labeled internal standards, used for internal standard

calibration, was prepared in  MeOH and further dilutions also in

MeOH/H2O  (25:75, v/v) mixture.

HPLC grade MeOH, ACN, acetone and H2O, HCl 37%, trifluoro

acetic acid (TFA) 99.8% and formic acid (thereon FA) 98% were sup-

plied by Merck (Darmstadt, Germany). Ethylenediaminetetraacetic

acid disodium salt dehydrate (Na2EDTA) was 99%, ammonium

acetate (thereon NH4Ac) was 98% and ammonium hydroxide

(NH4OH) was 28%, all of  them from Sigma–Aldrich (Steinham,

Germany). 2-Propanol 99.9% was obtained from Carlo Erba Reactifs

(Val de Reuil, France).

2.2.  Preparation of mobile phases

Several mobile phases were tested for the TFC extraction, as  well

as LC elution. The optimized ones are listed in Supplementary data

2. Six of them (a–f) were aqueous based, covering a large range of

pH from 2 to 8, obtained by  adjusting the pH of  water with diluted

solutions of NH4OH. As  organic based mobile phases, MeOH, ACN

and mixtures of  both were tested along with  different proportions

of weak acid modifiers.

2.3. Sample pre-treatment

The optimization of  the method was  carried out using spiked

HPLC water, while optimized method is validated using ground-

water (GW), river water (RW), influent waste water (IWW)  and

effluent waste water (EWW). Monitoring of river samples from

Ebro River basin was  carried out to demonstrate the applicability

of the validated method. Amber glass bottles pre-rinsed with ultra-

pure water were used for sample collection. Due to the low sample

volume requirements (7.5 mL), samples, even from extensive mon-

itoring programs, can be  easily stored in the freezer at  −20 ◦C  until

they will be analyzed. In  this fully automated methodology, sam-

ple handling is  limited to a filtration step (performed to eliminate

the particulate matter present in the samples), an addition of an

acid/base modifier (0.1% FA + 0.02% TFA for the aliquot analyzed

under positive electrospray ionization (ESI pos), or  10 mM NH4Ac

for the aliquot analyzed by  negative electrospray ionization (ESI

neg)) and 2%  MeOH (to minimize the loss of the analytes through

adsorption onto the surface of the glassware), and the fortification

with a  surrogate mixture at  100 ng L−1.  Regarding the filtration step,

water samples were passed through 1 �m  fiberglass filters from

Whatman (Fairfield, CT, USA) followed by  0.45 �m nylon mem-

brane filters from Teknokroma (Barcelona, Spain).

2.4. TFC clean up  and LC  separation

The online extraction and clean-up of the sample took place in

a Thermo Scientific TranscendTM TLX system (Waltham, MA,  USA),

which consists of  a  CTC PAL Autosampler maintained at 10 ◦C, two

quaternary high-pressure Accela pumps, one for online extraction

(loading pump or TX pump) and one  for analytical separation (elut-

ing pump or LX pump), and 2 six-port switching valves controlled

by Aria OS software. The system configuration is  shown in  Fig. 1.

After its optimization, further explained in Sections 3.1 and 3.2,  the

validation and the determination of the real samples consisted of

two sample injections, one  of 2.5 mL  in  ESI pos mode and  other of

5 mL  in  ESI  neg mode. Thus, the total sample needed was  7.5 mL.

The injected sample was  passed through the TurboFlowTM column

(TFC column) at  a  rate of 2 mL  min−1,  by the loading mobile phase

which was  0.1% FA + 0.02%TFA in ESI  pos and 10 mM NH4Ac in ESI

neg run. The column used for the extraction (TFC column), were

actually three columns connected in  line, Cyclone P, C18-P XL and

Cyclone MAX. All  of them, with dimensions 1.0 mm  ×  50 mm,  and

purchased from Thermo Fisher Scientific (Waltham, MA,  USA). Dur-

ing the phase of  extraction, the switching valves were positioned as

shown in  Fig. 1A. TFC columns are filled with big particles of  30 �m.

Thus, the interstitial space among them will be quite large and high

flow rates will be able to be used keeping low back pressures. Those

particles contain pores which are functionalized with different

chemistries depending on the type of  column. TurboFlowTM tech-

nology consists of  two  phenomena. The first one, a  physical one, is

inherent to the turbulent flow itself and consists of a  diffusion phe-

nomenon. Working at  high flow rates, small molecules (<2000 Da)

will diffuse into the pores, unlike the big  ones (>8000 Da) which

will not  have enough time and will be  flushed directly to the waste.

The second mechanism is chemical and involves bonding to the
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Fig.  1. Schematic set-up for the turbulent-flow chromatography (TFC).

functional groups. Therefore, only the small molecules with appro-

priate chemistry will keep retained inside the particles pores and

bond to the functional groups. The rest will be flushed by the mobile

phase going in and out the pores, and finally get to the waste [23].

Once all the sample has passed the TFC columns, and the extrac-

tion phase has concluded, the switching valves rotates and the

system was configured in eluting position, as shown in  Fig. 1B.

The elution was carried out by the chromatographic mobile phases

and gradient shown in  Table 2. With it,  the analytes were progres-

sively eluted from the TFC column towards the analytical column

(LC column), a  Thermo Fisher Scientific Betasil Phenyl-Hexyl

(50 mm ×  3 mm,  3 �m).  The total time of the analysis, including the

extraction and the elution phases, was 22.42 and 21.48 min  for ESI

pos and neg, respectively.

2.5. Mass spectrometry

A  Thermo Scientific TSQ VantageTM triple quadrupole mass

spectrometer with an ESI source (Waltham, MA, USA) was  used

as detector. For quantitative analysis, data acquisition was per-

formed in selected reaction monitoring (SRM) mode, recording the

transitions between the precursor ion and the two  most abundant

product ions for each target analyte. They are  shown, along with

the optimized compound-dependent S-lens RF Amplitude and col-

lision energy (CE), in the Supplementary data 3. Resolution at first

(Q1) and third quadrupole (Q3) was fixed at  a  peak width of  0.70.

Settings for  source-dependent parameters, common to both polar-

ity modes, are as follows: a declustering collision energy of 10 V, a

capillary temperature of  400 ◦C, a vaporizer temperature of 400 ◦C,

a  sheath gas pressure (N2)  of 0.6 L min−1, an auxiliary gas pressure

(N2) of 4.5 L min−1 and an ion sweep gas pressure (N2)  of 0 L  min−1.

Conversely, the ion spray voltage and the collision pressure, were,

respectively, 4000 V  and 1.0  mTorr in the ESI pos, and −3000 V and

1.2 mTorr in the ESI neg mode. Transitions were recorded in 2 min-

windows around the retention time in order to achieve maximum

sensitivity. Since window overlapping was taking place, a cycle

time of  2 s was set to assure at  least 12 points per peak. Instru-

ment control and data acquisition and evaluation were performed

with Thermo Fischer Scientific Xcalibur 2.1 software.

3. Results and discussion

3.1. Optimization of the bidimensional chromatography

In  order to find the best conditions for  the online TurboFlowTM-

LC, the protocol showed in  Supplementary data 4 was followed.

Two different runs, one with ESI pos and other with ESI neg were

used. Thus, the extraction and chromatographic separation condi-

tions were also optimized individually for  each mode. Sensitivity

and peak shape were the criteria followed to select each param-

eter. Only one parameter was optimized at the time, keeping the

rest  ones constant. Beginning with default conditions for the injec-

tion volume (20 �L) and loading mobile phase, the TFC column

was the first parameter being optimized. 100% MeOH was used

to elute complete and rapidly the analytes from the TFC column

directly to the mass spectrometer. Several TFC columns were tested,

i.e., Thermo Cyclone, Thermo Cyclone P, Thermo Cyclone MCX,

Thermo C18, Thermo C18-P XL and Thermo Cyclone MAX, all of
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them 0.5 mm  ×  50  mm.  Thermo Cyclone P, Thermo C18-P XL and

Thermo Cyclone MAX  were the ones which extracted the highest

amount of compounds. Then, the  combination of two columns con-

nected in series was tested and finally all three in series, being

this  last option the one that showed clearly the best sensitivity.

The  same trio of columns, but 1.0 mm  × 50  mm,  were also tested.

The  increase in  the active surface resulted in better sensitivity. The

next step was to optimize the  loading mobile phase with which

the injected sample is flushed through the TFC columns. In order

to  favor the extraction of the compounds, loading mobile phases

covering a wide range of pH were tested. It was  observed that  the

highest  sensitivities in  ESI pos were achieved with the acid solu-

tion  (mobile phase (b) in Supplementary data 2). Regarding ESI

neg,  solution (d) with NH4Ac and slightly basic pH was the one

that  provided the best sensitivity. In all following experiments, the

sample injected contained the same percentage of modifiers as the

loading mobile phase (for ESI pos: 0.1% FA +  0.02% TFA; for ESI neg:

10  mM NH4Ac). Also 2% of MeOH are added, in  order to minimize

the  loss of the analytes through adsorption onto the  surface of  the

glassware. The influence of the loading flow rate on the extraction

recovery was also tested. It was observed that the extraction effi-

ciency decreased when the flow rate was 5 mL  min−1 in comparison

to  2 mL  min−1, so the latest was finally chosen. The next step was  to

increase the volume in order to get limits of detection (LODs) low

enough to  determine pharmaceuticals at environmentally relevant

levels.  On the other hand, the volume should be kept as low as pos-

sible in order to reduce the matrix effect. In addition, small sample

sizes  were preferred to relief problems of  storage in  the laborato-

ries. Therefore, increasing volumes of 10, 100, 500, 1000, 2500 and

5000  �L were tested. The recovery of compounds is monitored and

was  observed that the efficiency of extraction was not influenced

by  the injection volume. Finally, for  the  run  in ESI pos 2500 �L, and

5000  �L for  the ESI neg were chosen.

The next step involved optimization of the chromatographic

separation. Several analytical columns were tested, i.e., Thermo

Hypersil PFP Gold (50 mm ×  2.1 mm)  and  Thermo Betasil Phenyl-

Hexyl (50 mm ×  3 mm).  Both, with 3 �m particle size. The latest

was  chosen in  both ESI modes. It provided the best sensitivities.

Different gradients were subsequently tested. Their selection and

optimization was especially important because it had to perform

an  efficient elution of all the analytes from the TFC column to the

LC  one. In addition, a sufficient separation of all compounds with

a  good peak shape, including the separation of isomer metabolites

of  the hydroxy-carbamazepine was required. Different modifiers

(FA,  NH4Ac, TFA) in  different proportions were tested. Traces of TFA

(0.02%) were found to improve the peak shape in  ESI pos. It is worth

to  notice that the flow rate was also changing along the gradient in

the  ESI pos in  order to shorten the run. In any case, in  spite of  such

complex gradients, retention time was stable (see repeatability in

Supplementary data 3).

With both phases of the bidimensional chromatography (extrac-

tion  and separation) optimized, a check out of the carry over was

carried  out. It was observed that it was higher than 20% of  LOQ for

several compounds in  ESI pos, as well as in ESI neg. The syringe

used for the sample injection was found to be the main source of

carry  over, followed by the TFC column. To reduce the carry over, an

exhaustive cleaning of  the syringe after and before every injection

was  performed with the mobile phase used for  the sample loading

plus 2% MeOH (wash 1)  and solvent (i) (wash 2)  were incorporated.

TFC  column was also further cleaned with mobile phases (a), (d) and

especially with (i) in  ESI pos run  (see steps 8, 9, 10, 11, 12 and 13),

and  with (d) and  (i) in ESI neg run (see steps 10  and  11). The last

steps  in both runs (steps 13 and 11 in ESI pos and neg, respectively)

were programmed to  condition TFC and LC columns for the next

injection  and fill the loop with initial loading mobile phase. Finally,

the  optimized methods were 22.42 min  long for the ESI pos run

and 21.48 min  for the  ESI neg run. The characteristics of both runs

(mobile  phases, flow rates, run  time, and  gradient profiles of the

TFC  and LC systems) are summarized in  Table 2.

3.2.  Optimization of mass spectrometry detection

Selection of parent ions and optimum ionization mode for each

compound was performed by infusing 2 mg L−1 individual standard

solutions in  MeOH, by full-scan mode at 0.1 and 0.7 of peak width

resolution in Q1 and  Q3, respectively. Of 77 compounds inves-

tigated,  61  substances (45 pharmaceuticals, 16 metabolites/TPs)

showed higher response in  ESI pos mode and 16 (13 pharmaceu-

ticals  and 3 metabolites/TPs) in ESI neg mode. In all cases, [M+H]+

for ESI pos and  [M−H]− for ESI  neg were selected as parent ions.

The  best source-dependent parameters (spray voltage, vaporizer

temperature, sheath gas pressure, ion sweep gas pressure, auxil-

iary  gas pressure, capillary temperature and declustering voltage)

were  optimized for each compound, and subsequently a compro-

mise was  achieved to select the more appropriate one for ESI pos

and ESI neg methods. The compound-dependent S-lens RF Ampli-

tude was  also optimized in  full-scan mode, but at 0.7 peak width

resolution in  both Q1 and Q3, this time. Further identification of

the  two most abundant fragment ions and selection of the opti-

mum  CEs for each compound was  carried out in the product ion

scan  mode, also by infusing standard solutions for each substance.

The  source-dependent collision pressure was  tested in this second

phase  as well.

For quantitative analysis, the EU guidelines on quality assurance

(EU  Commission Decision 341 2002/657/EC) were met. Retention

time  and ratio SRM1/SRM2 are given in Supplementary data 3.

In  order to  increase the sensitivity, acquisition window was

established individually for every transition. The shorter they were,

better  sensitivity was  obtained. But at  the same time, they had to be

long  enough to be trustworthy in  case a change in the retention time

took  place. Finally, 2 min  long individual windows for  every transi-

tion  were established both for ESI pos and ESI neg. Afterwards, cycle

time was optimized. Cycle time is the time the detector devotes to

scan  all the transitions programmed per time unit, along the chro-

matogram. This is a key parameter, since a high cycle time would

assure  a sufficient number of  registered points per peak to proceed

with a precise quantification. But at the same time, the higher cycle

time the lower sensitivity is achieved. Since acquisition windows

were  set along the chromatogram run, the number of  cycles per

time  unit, and subsequently, the number of recorded points per

peak,  was changing along the chromatogram. Bearing all this in

mind, a cycle time of  2 s  was  set, which assures the scanning of  at

least 12 points per peak for all the analytes, even for the ones with

the  narrowest peaks, but no further superfluous extra ones, which

would decrease the sensitivity.

Representative SRM chromatograms obtained from the analy-

sis of an aqueous standard mixture of  analytes at a concentration

of  500 ng L−1 versus a real river sample, applying the optimum

method conditions are illustrated in  Fig. 2.

3.3. Method validation

Once the method was developed and optimized in HPLC-grade

water, it was  validated for the analysis of  environmental waters like

GW  and RW and for sewage water (IWW and EWW).  The validation

parameters tested were accuracy, sensitivity, matrix effect, preci-

sion  and range of linearity. Unfavorable preliminary results were

obtained for  the validation parameters in  complex wastewater

matrices (EWW and IWW).  That, along with other issues, resulted

in conclusion that the method cannot be  applied for wastewater

samples, as it is  further discussed in Section 3.4. On the other hand
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Table  3
Validation parameters.

(A) Recoveries

Therapeutic group Compounda % Absolute recoveries % Relative recoveries % Signal suppression

HPLC GW SW HPLC GW SW  GW SW

Analgesics/anti-

inflammatories and

metabolites (10)

Naproxen 96.3 3.00 42.2 91.5 50.8  110 98.1 73.7

Indomethazine  98.8 18.9 35.4 121 118 125 83.9 69.9

Diclofenac 89.1  21.4 33.6 87.2 94.4 88.7 85.1 76.7

4OH  diclofenac 117 190 155 103 118 136 −10.7 −31.8

Mefenamic  acid 119 21.3 33.7 96.5 101 89.0 83.9 74.5

Acetaminophen  25.6 25.6 25.4 101 109 158 −16.3 −94.0

Salicylic  acid 91.8 23.1 86.1 108 111 89.6 87.9 54.8

Propyphenazone  115 156 94.2 105 102 105 −2.76 18.3

Phenylbutazone 120 0.720 51.9 102 16.4 126 99.6 64.6

Phenazone 115 106 42.9 101 103 104 22.7 62.7

Lipid  regulators and

metabolites (7)

Clofibric acid 91.9 12.5 22.4 87.0  88.8 107 86.3 75.6

Bezafibrate  98.3 38.5 64.7 103 138 119 62.1 36.4

Fenofibrate  88.4 114 47.6 109 103 59.2 19.6 46.2

Gemfibrozil  89.4 14.3 29.2 92.7 99.1 144 84.0 67.3

Pravastatin  96.8 31.2 45.9 98.9 111 84.1 71.3 57.8

Atorvastatin  88.2 172 85.7 102 117 80.0 −38.7 −22.8

2OH  atorvastatin 124 220 253 51.1 68.8 108 −77.4 −440

Psychiatric  drugs,

metabolites and

transformation products

(12)

Paroxetine 103 162 72.6 99.1 106 86.4 −21.9 29.8

Fluoxetine  93.6 162 78.8 102 113 97.5 −17.0 15.8

Diazepam 105 167 85.7 101 102 90.3  −27.2 18.6

Desmethyl  diazepam 120 56.2 70.5  94.3 71.5 74.8 15.5 11.0

Oxazepam  glucuronide 57.3 26.8 42.9 81.0  127 113 67.4 47.8

Lorazepam  117 179 118 107 109 124 −14.7 −0.890

Carbamazepine  109 146 78.0 100 104 100 −11.4 28.2

2OH  carbamazepine 100 123 39.7 89.1 87.5 50.9  −22.7 54.2

3OH  carbamazepine 104 121 37.8 96.9 119 91.3 −16.3 60.7

10,11-Epoxi  carbamazepine 134 153 94.6 119 109 121 4.31 29.4

Acridone  173 210 110 141 149 141 −3.50 36.5

Acridin  135 140 40.5  116 99.3 52.0 13.8 70.0

Antihistaminics  and

metabolite (5)

Loratadine 97.7 190 78.1 102 108 86.4 −41.5 20.0

Famotidine  99.0  82.5 26.2 103 82.5 100 16.7 64.2

Ranitidine 83.2  77.9 5.33 100 97.3 86.9 5.12 92.0

Ranitidine  N-oxide 67.7 75.6 6.44 91.4 94.4 104 −14.3 88.5

Cimetidine 109 200 21.2 100 102 83.6 −55.8 76.5

Antibiotics  and metabolites

(20)

Anhydroerythromycin 96.8 154 141 99.0  104 131 −38.8 −48.6

Azithromycin  19.7 41.3 19.2 80.3  57.5 119 −115 −81.6

Roxithromycin  77.0  128 55.5 58.6 72.6 61.4 −66.2 6.94

Clarithromycin  85.4 179 78.2 69.7 117 86.9 −127 −20.8

Josamycin 94.5  249 111 71.9 141 119 −163 −54.4

Sulfamethoxazole 66.7 98.0  9.31 98.4 96.5 113 −75.2 82.4

N-acetyl  sulfamethoxazole 112 163 144 98.4 101 127 2.05  10.6

Sulfadiazine  55.4 105 2.23 96.6 98.5 67.7 −135 94.3

N-acetyl  sulfadiazine 116 137 103 102 97.3 132 −3.15 11.3

Sulfamethazine 52.9 93.8 3.34 102 89.4 92.1 −126 91.9

N-acetyl  sulfamethazine 100 131 116 98.0  93.0 149 −31.0 −4.90

Ofloxacin  69.8 129 94.3 103 156 97.9 −84.6 −222

Ciprofloxacin  71.5 119 88.2 100 69.5 87.2 −83.2 −300

Norfloxacin  60.6 106 89.4 87.4 116 53.6 −75.5 −291

Danofloxacin  49.9 122 130 79.5 148 135 −162 −373

Enoxacin  118 176 121 103 109 106 −16.6 −3.28

Flumequine  190 409 234 94.0  119 97.2 −36.2 −23.4

Trimethoprim  97.9 162 41.0 93.0  110 142 −65.1 50.8

Chloramphenicol 29.7 3.46 10.3  88.1 184 72.8 86.6 60.1

Metronidazole  36.0  35.7 13.6 140.6 156 83.4 1.16 52.8

Cardiovascular  drugs and

metabolites (15)

Atenolol 101 130 20.6  99.8 110 86.7 −29.5 70.5

Sotalol  87.8 118 44.1 102 85.8 69.7 −34.2 37.8

Metoprolol  113 135 21.0 103 93.5 86.4 −7.81 81.3

Propranolol  112 137 59.8 97.6 104 96.0 1.20  46.4

Propranolol-�-d-glucuronide  139 380 26 107 127 121 −53.8 −90.5

Timolol  103 122 18.6 99.6 101 88.4 −6.13 81.9

Betaxolol 108  146 74.5 100 110 120 8.47 3.19

Carazolol  114 121 55.5 100 91.3 89.2 10.7 51.5

Pindolol  102 0.310 1.45 101 116 92.8 99.8 98.6

Nadolol  102 109 15.5 108 91.8 65.0 −5.94 82.2

Enalapril  101 132 70.5  100 102 77.3 −22.3 19.2

Enalaprilat 97.1  128 93.4 105 121 134 −1.23 −4.09

Hydrochlorothiazide 145 14.9 5.59 112 98.9 12.0 95.3 98.3

Lisinopril  97.2 103 83.0 101 87.4 345 −8.02 −16.4

Furosemide 69.8  39.7 87.0 88.2 84.3 109 55.1 1.49
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Table  3 (Continued )

(A) Recoveries

Therapeutic group Compounda %  Absolute recoveries % Relative recoveries %  Signal suppression

HPLC GW SW HPLC GW SW GW SW

�-Agonists (2)
Albuterol 72.5  53.2  3.11 100  108 91.9 20.4 92.7

Clenbuterol 94.4  114 10.8  84.0 87.6  84.6 2.28 88.6

Barbiturates (3)

Butalbital 62.0  19.3  26.6  97.8 137 124 71.5 60.9

Pentobarbital 74.6 20.5  31.6  115 97.5 83.3 72.5 57.7

Phenobarbital 68.0 31.7  43.2  109 113 79.2 76.2 67.5

Antidiabetic  and

metabolite (2)

Glyburide 144 186.9 117.96 105 116 103 −6.88 18.3

Trans  4OH glyburide 187 107.4  63.5  115 66.5  55.7 53.0 75.3

Antineoplastic (1) Tamoxifen 76.1  63.3  2.02 102 135 86.5 16.8 93.5

(B)  Limit of detection and quantification

Therapeutic group Compounda LOD instrumental

(pg)

LOD (ng L−1)  LOQ instrumental

(pg)

LOQ (ng L−1)

HPLC GW SW HPLC GW SW

Analgesics/anti-

inflammatories and

metabolites (10)

Naproxen 1.09 2.66 21.5 19.0 3.63 8.88 71.8  63.4

Indomethazine 1.17 0.870 0.460 0.180 3.90 2.90 1.53  0.600

Diclofenac 1.23 0.560 18.1 10.2  4.11 3.51 60.4  34.0

4OH  diclofenac 2.40 0.120 1.65 0.280 7.99 0.390 5.49  0.920

Mefenamic acid 0.990 0.940 2.47 2.84  3.30 3.13 8.24  9.48

Acetaminophen 6.81 19.9 21.7 14.5  22.7  66.3 72.2  48.3

Salicylic  acid 4.14 13.6 12.6 5.64  13.8  49.9 42.1  18.8

Propyphenazone 1.09 0.360 0.960 0.0300 3.65 1.19 3.19  0.100

Phenylbutazone 4.39 1.15 3.58 14.2  14.6  3.83 11.9  47.4

Phenazone  1.47 0.600 1.11 2.62  4.90 2.00 3.70 8.74

Lipid  regulators and

metabolites (7)

Clofibric acid 3.26 1.63 4.18 2.70 10.9 5.43 13.9  9.00

Bezafibrate 0.0700 0.470 1.74 0.192  0.250 1.55 5.81  0.640

Fenofibrate 5.92 1.36 2.05 1.61  19.7  4.52 6.83  5.35

Gemfibrozil 15.70 4.04 11.8 19.8  52.3  13.5 39.2  66.1

Pravastatin  0.440 0.470 3.97 7.71  1.47 1.40 13.2  25.7

Atorvastatin 0.240 0.100 0.170 0.0700 0.810 0.340 0.560 0.220

2OH  atorvastatin 0.940 0.0400 0.640 0.610 3.13 0.130 2.12  2.02

Psychiatric drugs,

metabolites and

transformation products

(12)

Paroxetine 1.11 1.21 4.83 4.55  3.71 4.02 16.1  15.2

Fluoxetine 2.34 2.55 6.57 3.74  7.81 8.51 21.9  12.5

Diazepam 1.77 1.28 1.46 1.06 5.90 4.25 4.86  3.55

Desmethyl  diazepam 0.190 0.480 0.850 0.0800 0.640 1.59 2.85  0.280

Oxazepam  glucuronide 0.480 0.0400 10.5 13.3  1.60 0.110 35.0 44.3

Lorazepam 4.63 1.76 2.13 2.80 15.4  5.86 7.09 9.32

Carbamazepine 0.250 0.0900 0.320 0.135  0.830 0.280 1.06 0.450

2OH  carbamazepine 1.32 1.86 4.62 17.9  4.39 6.21 15.4  59.8

3OH  carbamazepine 0.900 0.210 0.440 0.210 2.99 0.700 1.48  0.700

10,11-Epoxi  carbamazepine 9.67 3.80 6.80 4.04 32.2  12.7 22.7  13.5

Acridone 1.11 0.680 0.900 1.16  3.70 2.27 3.01 3.88

Acridin  0.610 0.550 1.41 0.860 2.04 1.84 4.69  2.86

Antihistaminics and

metabolite (5)

Loratadine 0.880 1.11 1.19 1.43  2.94 3.72 3.96  4.78

Famotidine 0.500 0.950 3.91 2.85  1.66 3.16 13.0 9.50

Ranitidine  0.230 0.570 1.07 2.87  0.780 1.91 3.56  9.55

Ranitidine N-oxide 0.710 3.63 4.52 4.32  2.38 12.1 15.0 14.4

Cimetidine 0.340 0.400 1.05 1.09 1.14 1.33 3.50 3.64

Antibiotics  and metabolites

(20)

Anhydroerythromycin 0.0100 0.0100 5.72 7.03 0.0400 0.0300 19.1  23.4

Azithromycin  0.970 5.47 3.95 3.18  3.23 18.2 13.2  10.6

Roxithromycin 1.67 0.630 4.53 0.260 5.57 2.08 15.1  0.870

Clarithromycin 3.55 1.30 3.16 4.89  11.8  4.32 10.5  16.3

Josamycin  0.180 0.0200 12.3 0.0800 0.590 0.0800 41.0 0.270

Sulfamethoxazole 2.28 0.480 3.16 6.84  7.59 1.61 10.5  22.8

N-acetyl  sulfamethoxazole 0.0700 0.0800 0.0100 0.0500 0.220 0.260 0.0500 0.160

Sulfadiazine 3.08 1.48 2.62 5.67  10.3 4.95 8.75  18.9

N-acetyl  sulfadiazine 0.0400 0.0400 2.76 9.95  0.130 0.150 9.21  33.1

Sulfamethazine 4.07 1.83 4.38 49.3  13.6  6.10 14.6  164

N-acetyl  sulfamethazine 0.240 0.0500 0.140 1.38  0.810 0.150 0.460 4.60

Ofloxacin  5.95 0.0200 23.8 29.1  19.8  0.0600 79.4  96.8

Ciprofloxacin  6.87 9.95 11.0 7.03 22.9  33.2 36.7  23.4

Norfloxacin 6.97 19.4 16.0 17.3  23.2  64.8 53.4  57.8

Danofloxacin 0.110 1.05 5.76 4.45  0.350 3.51 19.2  14.8

Enoxacin  5.32 1.25 2.38 1.22  17.8  4.18 7.94  4.06

Flumequine  5.66 1.75 2.33 1.04 18.9  5.82 7.78  3.45

Trimethoprim 0.380 0.200 0.350 0.0390 1.25 0.660 1.17  0.130

Chloramphenicol 0.430 1.61 3.99 1.95  1.45 5.36 13.3  6.49

Metronidazole 5.46 11.1 17.5 19.1  18.2  37.2 58.5  63.6
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Table 3 (Continued )

(B) Limit of  detection and quantification

Therapeutic group Compounda LOD instrumental

(pg)

LOD (ng  L−1)  LOQ instrumental

(pg)

LOQ (ng L−1)

HPLC  GW SW  HPLC GW SW

Cardiovascular drugs and

metabolites (15)

Atenolol 0.700 0.380  2.17 1.87 2.32 1.26 7.23 6.23

Sotalol 2.24 6.46 4.31 2.52 7.47 21.5  14.4 8.39

Metoprolol 1.60 0.570  0.730  4.15 5.35 1.90 2.44 13.8

Propranolol 0.920 1.23 2.86 1.44 3.06 4.08 9.53 4.79

Propranolol-�-d-glucuronide 1.04 0.670  11.4  12.3 3.46 2.23 38.0 40.9

Timolol 0.530 0.150  0.780  0.430 1.76 0.510  2.59 1.42

Betaxolol 0.830 0.650  0.990  0.710 2.76 2.15 3.31 2.36

Carazolol 0.370 0.720  6.34 2.34 1.25 2.41 21.1 7.82

Pindolol 0.200 0.250  23.7  4.58 0.670 0.820  79.0 15.2

Nadolol 0.200 0.150  0.430  0.120 0.660 0.510  1.44 0.410

Enalapril 0.450 1.12 2.68 1.99 1.52 3.74 8.93 6.62

Enalaprilat 3.55 1.19 3.25 1.68 11.8 3.97 10.8 5.60

Hydrochlorothiazide 0.490 1.62 1.26 6.81 1.63 5.41 4.21 22.7

Lisinopril 0.790 0.870  3.14 3.95 2.65 2.90 10.5 13.2

Furosemide 0.440 5.85 28.2  8.14 1.46 19.5  94.2 27.1

�-Agonists (2)
Albuterol 0.0900 0.0400  0.130  0.800 0.30  0.140  0.430 2.67

Clenbuterol 0.600 0.540  1.48 2.28 2.01 1.79 4.95 7.61

Barbiturates (3)

Butalbital 0.470 0.340  1.43 28.2 1.58 1.15 4.77 94.0

Pentobarbital 1.72 1.07 2.86 20.1 5.72 3.57 9.54 66.9

Phenobarbital 1.15 2.06 0.690  16.7 3.83 8.71 2.30 55.5

Antidiabetic and

metabolite (2)

Glyburide 0.900 0.100 0.800 0.260 3.00 0.350  2.66 0.860

Trans 4OH glyburide 0.240 5.98 26.1  5.06 0.820 19.9  87.0 16.9

Antineoplastic (1) Tamoxifen 0.0800 0.0400  0.110  0.380 0.260 0.130  0.350 1.27

(C) Repeatability and linearity

Therapeutic group Compounda Repeatability (%RSD) Linearity

Intraday Interday R2 Range  (ng L−1)

Analgesics/anti-

inflammatories and

metabolites (10)

Naproxen 17.5  42.2 0.9992 LOQ-5000

Indomethazine 1.47 2.86 0.9997 LOQ-5000

Diclofenac 25.0 0.890 0.9960 LOQ-500

4OH diclofenac 6.85 3.70 0.9989 LOQ-500

Mefenamic acid 19.8  0.440 0.9983 LOQ-500

Acetaminophen 10.8 6.44 0.9996 LOQ-5000

Salicylic acid 32.0 1.58 0.9913 LOQ-5000

Propyphenazone 0.560 1.78 1.0000 LOQ-5000

Phenylbutazone 4.08 19.2 0.9995 LOQ-5000

Phenazone 0.300 3.46 1.0000 LOQ-5000

Lipid regulators and

metabolites (7)

Clofibric acid 27.2  3.80 0.9999 LOQ-5000

Bezafibrate 18.2  2.61 0.9997 LOQ-5000

Fenofibrate 8.91 40.6 0.9999 LOQ-5000

Gemfibrozil 12.7  6.27 0.9992 LOQ-5000

Pravastatin 16.9  0.940 1.0000 LOQ-5000

Atorvastatin 0.720 8.71 0.9999 LOQ-5000

2OH atorvastatin 8.88 8.73 0.9995 LOQ-5000

Psychiatric drugs,

metabolites and

transformation products

(12)

Paroxetine 1.39 6.77 1.0000 LOQ-5000

Fluoxetine 9.12 7.30 1.0000 LOQ-5000

Diazepam 3.10 6.26 1.0000 LOQ-5000

Desmethyl diazepam 11.4  7.86 1.0000 LOQ-5000

Oxazepam glucuronide 1.23 2.43 0.9995 LOQ-500

Lorazepam 0.600 6.51 0.9999 LOQ-5000

Carbamazepine 7.19 5.82 0.9998 LOQ-5000

2OH carbamazepine 12.9  6.62 0.9990 LOQ-5000

3OH carbamazepine 7.73 7.82 0.9980 LOQ-5000

10,11-Epoxi carbamazepine 15.6  25.0 1.0000 LOQ-5000

Acridone 0.00472 0.740 0.9998 LOQ-5000

Acridin 1.57 1.77 0.9999 LOQ-5000

Antihistaminics and

metabolite (5)

Loratadine 6.58 7.63 0.9994 LOQ-5000

Famotidine 2.60 7.97 0.9988 LOQ-5000

Ranitidine 0.910 12.1 1.0000 LOQ-5000

Ranitidine N-oxide 1.62 9.76 0.9999 LOQ-5000

Cimetidine 3.31 7.44 0.9989 LOQ-5000
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Table 3 (Continued )

(C) Repeatability and linearity

Therapeutic group Compounda Repeatability (%RSD) Linearity

Intraday Interday R2 Range (ng  L−1)

Antibiotics and metabolites

(20)

Anhydroerythromycin 5.25  2.49 1.0000 LOQ-5000

Azithromycin 1.69  7.61 0.9937 LOQ-5000

Roxithromycin 0.690 6.12 0.9997 LOQ-5000

Clarithromycin 5.68 10.6 1.0000 LOQ-5000

Josamycin 0.100 13.4 0.9998 LOQ-5000

Sulfamethoxazole 12.4 5.53 0.9998 LOQ-5000

N-acetyl sulfamethoxazole 9.77  10.0 0.9998 LOQ-5000

Sulfadiazine 14.8  11.4 0.9979 LOQ-5000

N-acetyl sulfadiazine 1.74  12.2 0.9997 LOQ-5000

Sulfamethazine 6.83 16.8 1.0000 LOQ-5000

N-acetyl sulfamethazine 12.2  6.36 0.9996 LOQ-5000

Ofloxacin 2.08 9.08 0.9994 LOQ-5000

Ciprofloxacin 6.65  4.36 1.0000 LOQ-5000

Norfloxacin 0.440 28.1 0.9994 LOQ-5000

Danofloxacin 6.51 23.4 0.9984 LOQ-5000

Enoxacin 2.26  3.79 0.9998 LOQ-5000

Flumequine 0.440 4.91 0.9999 LOQ-5000

Trimethoprim 3.87  5.24 1.0000 LOQ-5000

Chloramphenicol 0.690 2.25 0.9994 LOQ-500

Metronidazole 2.11 8.18 0.9936 LOQ-5000

Cardiovascular drugs and

metabolites (15)

Atenolol 5.88  6.03 1.0000 LOQ-5000

Sotalol 2.21 3.48 1.0000 LOQ-5000

Metoprolol 4.83  7.57 0.9999 LOQ-5000

Propranolol 5.08 7.46 1.0000 LOQ-5000

Propranolol-�-d-glucuronide 17.9  6.42 0.9950 LOQ-5000

Timolol 5.63  9.59 1.0000 LOQ-5000

Betaxolol 31.0 10.1 1.0000 LOQ-5000

Carazolol 4.64  7.83 0.9999 LOQ-5000

Pindolol 3.37 8.17 0.9947 LOQ-5000

Nadolol 2.06 8.20 0.9999 LOQ-5000

Enalapril 1.33  2.29 1.0000 LOQ-5000

Enalaprilat 4.01 5.83 1.0000 LOQ-5000

Hydrochlorothiazide 0.160 3.04 0.9972 LOQ-500

Lisinopril 1.18 4.20 0.9996 LOQ-5000

Furosemide 8.05 5.81 0.9942 LOQ-5000

�-Agonists (2)
Albuterol 5.85  7.25 1.0000 LOQ-5000

Clenbuterol 6.93  5.47 0.9999 LOQ-5000

Barbiturates (3)

Butalbital 3.94  8.09 1.0000 LOQ-5000

Pentobarbital 10.7 3.42 0.9984 LOQ-500

Phenobarbital 7.97  11.4 0.9998 LOQ-5000

Antidiabetic and

metabolite (2)

Glyburide 1.65  9.47 0.9998 LOQ-5000

Trans 4OH glyburide 14.1  3.88 0.9950 LOQ-5000

Antineoplastic (1) Tamoxifen 2.67  8.93 0.9982 LOQ-5000

a In bold the 19 transformation-products and with regular format, the 58 pharmaceuticals.

satisfactory results are obtained for GW and RW and complete

numerical data are given in Table 3.

3.3.1. Accuracy

Absolute recoveries for target compounds were determined for

all different matrixes by spiking samples (n = 3) at two levels of

concentration, i.e., 20 ng  L−1 and 100 ng  L−1 for  HPLC-grade water,

GW and RW,  and 50 ng L−1 and 500 ng  L−1 for both IWW  and EWW.

Those levels were chosen as typical low and high concentrations

for most of compounds in those types of waters. For each type of

matrix, recoveries were determined as percentages by comparing

the peak areas obtained after the whole optimized method (on-

line method) with the peak areas obtained from direct injection

(20 �L) of equivalent amounts of standards on the LC column (off-

line method). In the off-line method, the analytical column and the

chromatographic gradient were the same ones optimized for the

on-line method, and the standards were dissolved in the mixture of

solvents at the initial chromatographic conditions. As  real samples

(GW, RW,  EWW  and IWW)  may  already contain target compounds,

non-spiked matrix samples were analyzed and the peak areas were

afterwards subtracted. Relative recoveries were determined as  the

ratio between the absolute recoveries for each compound versus

the ones for the corresponding surrogate.

As can be observed in Table 3A, absolute recoveries in HPLC-

grade water were between 50 and 150% for all compounds, except

for 6  of them (acetaminophen, acridone, azithromycin, flumequine,

chloramphenicol, and metronidazole). This shows that the TFC was

applied successfully as extraction method. In fact, it  worked better

than  the on-line SPE for the same compounds as published previ-

ously [15], where only 70% of the compounds showed an absolute

recovery in that range for HPLC-grade water. The absolute recovery

got worse with the presence of matrix, with recoveries between 50

and 150% for less of half of the compounds (45 and 48% for GW  and

RW,  respectively). That is a consequence of the matrix effect, which

is  discussed further in this section. However, this situation was cor-

rected by the use of surrogates. Thus, the total of compounds in

HPLC-grade and almost all of them in GW  and RW (95 and 96%,

respectively) showed a relative recovery between 50 and 150%.

This confirms that the use of isotopically labeled compounds as

surrogate is essential to correct for potential losses during sample

manipulation and extraction, as well as for matrix effects. In  the

present work, 46 isotopically labeled surrogates were used. That

means that the method is near to the isotopic dilution method, with

more two thirds of the compounds having a specific isotopically

labeled surrogate. Nevertheless, for the compounds with no spe-

cific  surrogate, the most appropriate was  selected among the ones
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Fig. 2. Chromatogram of a standard solution in HPLC-grade water at 500  ng L−1 versus a real river sample, for some of  the compounds detected.

available by testing how good they were in correcting the losses

in  the extraction recovery. The assignment is shown in Table 1. It

is  worth to mention that with on-line technologies that correction

for  extraction recoveries is automatically performed because both

the  samples and aqueous standards are processed through exactly

the  same analytical procedure.

3.3.2. Matrix effect

The matrix effect was evaluated for each compound by compar-

ing  the peak area obtained for GW and RW spiked with the  analytes

at  100 ng L−1 (after subtraction of the peak areas corresponding to

the  native analytes present in the  sample) with those obtained from

HPLC-grade water solutions spiked at the same concentration. In

the  absence of matrix effects, the analytes’ peak areas should be

similar in both types of matrices, whereas in the presence of matrix

effects, the ones from GW and RW are greater or lower than from

HPLC-grade ones, depending on whether there is signal enhance-

ment  or suppression, respectively. These effects were quantified

according with the following equation:

Signal suppression (%)  =  100 −
(

(Areasm − Aream)  × 100

AreaHPLC

)

where Areasm is  the analyte peak area in the spiked matrix sample

(GW, RW), Aream is the analyte peak are in the nonspiked matrix (if

any),  and AreaHPLC is the analyte peak are in the  spiked HPLC water

sample (see Table 3A for all the  values). In GW,  around half of the

compounds showed signal suppression and the other half signal

enhancement (matrix effect values in negative). Unlikely, in the

RW there was a  clear tendency towards signal suppression. Thus,

75%  of compounds showed a  positive suppression effect and 10

of  them, the  most polar ones, showed the values higher than 80%.

This  correlation between the polarity and the suppression effect

was previously observed by Postigo et al. [13]. Consequently, the

quantitation by the external standard method would have led to

inaccurate results. However, with the present methodology, the

varying matrix effects and recoveries observed are compensated

through the use of surrogates for quantitation, with the  already

mentioned automatic correction.

3.3.3. Sensitive

The limits of detection (LODs) and quantification (LOQs) of

the present method were experimentally determined as the con-

centration of analyte giving a signal-to-noise ratio of 3  and 10,

respectively. Table 3B shows the LODs and LOQs calculated for GW,

RW  and HPLC-grade water. As expected, the LODs and LOQs were

increasing from HPLC-grade water to GW and to RW.  This is  due

to  the matrix effect along with the higher background noise, com-

bined  with insufficient detector selectivity. Nevertheless, for the

73% of compounds, LODs were lower than 5 ng L−1 in GW.  In RW,

LODs were under 10 ng L−1 for the 75% of analytes. This means that

the method counts with sensitivities sufficient for the analysis of

pharmaceuticals in this type of samples. In addition, it is worth to

remark that, to achieve that level of method sensitivity with a reg-

ular off-line procedure (where, for instance, the sample extract is



�

�*7�

�

R. López-Serna et  al. /  J. Chromatogr. A 1252 (2012) 115– 129 127

Table  4
Concentrations found and mean value in ng L−1 for the compounds detected at least in  one of the samples in river samples in  the Ebro basin (NE Spain).

Therapeutic group Compounda Downstream

Gasteiz

Downstream

Logroño

Downstream

Pamplona

Downstream

Tudela

Downstream

Zaragoza

Downstream

Lleida

Analgesics/anti-

inflammatories and

metabolites

Naproxen n.d.b n.d. bloq.c bloq. bloq. 63.5

Indomethazine bloq. n.d. n.d. n.d. n.d. n.d.

Diclofenac  bloq. n.d. 260 n.d. bloq. n.d.

4OH  diclofenac 39.8 bloq. 48.2 2.37  7.76 n.d.

Acetaminophen  n.d. n.d. n.d. n.d. 156 n.d.

Salicylic  acid 59.8 26.2 31.9 18.8  37.4 24.9

Propyphenazone 34.7 2.26 10.0 1.49 1.55 2.92

Phenazone 37.5 n.d. 18.6 n.d. bloq. n.d.

Lipid  regulators and

metabolites

Clofibric acid bloq. n.d. n.d. n.d. n.d. n.d.

Bezafibrate  51.3 n.d. bloq. bloq. 2.97 bloq.

Gemfibrozil  113 n.d. 69.7 n.d. 60.4 71.20

Pravastatin  n.d. n.d. 7.730 n.d. 0.07 n.d.

Psychiatric  drugs,

metabolites and

transformation products

Paroxetine 7.73 n.d. n.d. 7.28 n.d. 7.76

Fluoxetine 14.5 n.d. 14.3 13.9  14.0 n.d.

Desmethyl  diazepam n.d. n.d. 3.99 n.d. n.d. n.d.

Oxazepam  glucuronide 70.8 39.4 bloq. n.d. bloq. bloq.

Lorazepam 45.7 n.d. 50.2 17.1 17.4 18.1

Carbamazepine  90.4 9.80 34.4 7.91  7.59 9.33

2OH  carbamazepine 61.7 bloq. 22.8 2.56  3.53 3.73

3OH  carbamazepine 70.0 2.99 25.3 1.36  4.57 5.48

10,11-Epoxi  carbamazepine 1670 181 673 114  81.6 126

Acridin 16.8 n.d. 11.4 9.64 bloq. 10.3

Antihistaminics  and

metabolites

Loratadine n.d. n.d. 17.1 n.d. 3.96 n.d.

Ranitidine 104 34.6 41.8 3.99  6.24 6.44

Ranitidine  N-oxide 78.4 32.3 21.5 n.d. n.d. n.d.

Antibiotics  and metabolites

Anhydroerythromycin 0.96 n.d. n.d. n.d. n.d. n.d.

Azithromycin  n.d. 41.1 bloq. bloq. bloq. bloq.

Clarithromycin  141 13.1 45.4 12.8  17.2 28.0

Sulfamethoxazole bloq. n.d. 17.2 0.10 n.d. n.d.

N-acetyl  sulfamethoxazole 4.41 n.d. n.d. n.d. n.d. n.d.

Sulfadiazine 51.4 44.8 42.7 41.0  51.0 43.4

Sulfamethazine n.d. 8.28 64.8 5.50  n.d. bloq.

Ofloxacin  bloq. n.d. bloq. n.d. bloq. bloq.

Ciprofloxacin  n.d. n.d. n.d. n.d. n.d. bloq.

Danofloxacin n.d. n.d. bloq. n.d. n.d. n.d.

Enoxacin bloq. n.d. bloq. n.d. n.d. n.d.

Flumequine  n.d. n.d. n.d. bloq. n.d. n.d.

Trimethoprim 59.9 4.89 26.1 10.3  12.0 7.12

Chloramphenicol bloq. bloq. n.d. n.d. 0  n.d.

Cardiovascular  drugs and

metabolites

Atenolol 475 1.36 92.4 n.d. 11.2 10.8

Sotalol  bloq. bloq. bloq. bloq. n.d. n.d.

Metoprolol  14.8 6.32 7.30 6.22  6.45 6.75

Propranolol 18.8 9.89 13.5 8.95 9.56 9.92

Timolol  n.d. 3.15 3.630 bloq. 3.28 bloq.

Carazolol 8.04  8.17 7.960 bloq. 7.85 7.99

Pindolol  bloq. 7.65 n.d. n.d. n.d. bloq.

Enalapril  2.20 n.d. 2.180 1.43  2.91 2.30

Enalaprilat  n.d. 8.78 11.6 9.36  bloq. bloq.

Hydrochlorothiazide 494 147 410 68.9  190 253

Lisinopril  116 n.d. n.d. 19.1  n.d. 21.3

Furosemide  108 n.d. bloq. n.d. bloq. n.d.

�-Agonists  Albuterol 1.43 n.d. n.d. n.d. n.d. n.d.

Barbiturates  Phenobarbital 99.5 n.d. 78.1 n.d. 31.91 bloq.

Antineoplastic  Tamoxifen 22.8 22.7 22.6 22.4  22.4 22.5

a Metabolites and Transformation-products in  bold.
b n.d., not detected.
c bloq., below the limit of quantification.

reduced to  1  mL,  from which 20 �L is injected in the LC–MS/MS sys-

tem) the volume of sample to  be extracted would have to be higher

than 125 mL,  versus units of mL of sample in the present method

(2.5 and 5 mL,  for ESI pos and neg, respectively). Values of LODs and

LOQs presented here are similar to the ones reported previously for

off-line [24,25],  and online SPE methods [15].

3.3.4. Precision

The overall method repeatability, calculated as the relative

standard deviation (RSD) of the replicate (n = 5) analysis of HPLC-

grade water spiked with a standard of mixture of the analytes

(100 ng L−1), was satisfactory, with RSD values lower than 20%

for most of the compounds in analysis made during the same

day (intraday) and also comparing different days (interday), see

Table 3C. The repeatability of results is one of the main advantages

of automated online method and is because manipulation of the

samples is almost avoided.

3.3.5. Linearity

Six point calibration curve was  constructed, using least-squares

linear regression analysis, from application of the overall method

to HPLC-grade water spiked with the analytes at concentra-

tions ranging from 0.05 ng L−1 (or the limit of quantification of

higher) to 5000 ng L−1.  Only for diclofenac and its metabolite
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Fig. 3. Fulfilment of the  identification criteria used for quantification of 10,11-epoxi carbamazepine in the location ZAD, situated downstream to the Gasteiz city.

4OH-diclofenac, mefenamic acid, the metabolite oxazepam glu-

curonide, chloramphenicol, hydrochlorothiazide, and the barbi-

turate pentobarbital, the range of linearity reached only until

500  ng L−1. They were considered appropriate, since the concen-

trations of these microcontaminants in the validated matrixes (GW

and RW)  were expected to be within those ranges. The calibration

curves obtained for both SRM1 and SRM2 were always linear with

correlation coefficients (R2) higher than 0.99 for all compounds.

3.4. Method limitations

The objective of developing an analytical method for  simulta-

neous determination of  pharmaceuticals and their metabolites/TPs

in  environmental waters (GW and RW)  and wastewater (EWW and

IWW)  was successfully achieved just for the first two matrices (GW

and RW). Up to our knowledge, until now TFC had been applied as

a  clean-up technique for biological samples like serum [26] and

blood plasma [27–30],  but never for  environmental matrices like

water.

As  it was explained in Section 2.4, two mechanisms are taking

place in the turbulent chromatography: a physical and a chemi-

cal one. The physical mechanism, based on diffusion phenomenon,

is highly effective in case when matrix molecules are bigger than

8000 Da and analytes molecules smaller than 2000 Da weight. All

the pharmaceuticals and TPs included in the study are far smaller

than 2000 Da. In environmental waters main matrix component are

soluble humic and fulvic acids. Although humic substances include

hundreds of molecules, high portion are molecules with MW lower

than 2000 Da. Consequently, those ones would not be flushed out

through the first mechanism of  clean-up. Proteins, carbohydrates,

lipids and others biological macromolecules are generally bigger

than 8000 Da, but unlikely to biological matrixes, they are not

expected to  occur at  high concentrations in  environmental and

wastewaters. Nevertheless, smaller impurities can be removed

by the chemical mechanism of clean-up, which affects the small

molecules that diffused into the pores. But, since the spectrum of

polarities and acidities of the target compounds is very wide, three

different TFC columns were used in series to cover the properties

of all of  them. This resulted in a very efficient extraction, as it  was

demonstrated by the absolute recoveries in  HPLC-grade water. But

for the same reason, a large spectrum of molecules belonging to

the matrix also may  establish bonds with the functional groups,

preventing an effective clean-up by  the second mechanism.

Bearing all this in  mind, a possible explanation for the observed

unfeasibility of TFC to successfully clean-up complex wastewater

samples, can be find  in  a scarce effectiveness during both mech-

anisms explained above. A  similar behavior is expected for the

first  mechanism on other environmental samples, like sea water,

extracts of sediments or sludge. The chemical mechanism is sup-

posed  to work better if the group of target compounds shares

physico-chemical properties, since a more specific TFC column

could  be used and subsequently, the discrimination of matrix

molecules would increase.

Other limitation observed was  the elevated use of solvents,

especially the loading mobile phase and the ones used for  the clean-

ing routine in  the injection port (syringe and injector). Therefore,

this  on-line technology cannot be considered fully “green”.

3.5.  Monitoring results

The developed and validated method was applied to the anal-

ysis  of river waters from the Ebro basin in the North of  Spain, in

order  to demonstrate its applicability. Ten sampling sites were

selected covering the whole Ebro River basin (5 at the Ebro

River and 5 at the main tributaries). They were collected down-

stream to six major waste water treatment plants (WWTPs) like

Tudela,  Logroño, Pamplona, Zaragoza, Lleida and Tortosa, and other

vulnerable sites, according to the proximity to big cities or indus-

trial  areas like Miranda de Ebro, Vitoria, Sabiñánigo and Monzón.

Samples were collected during two  weeks in the autumn 2010

(September–October). Concentrations found were summarized in

Table 4. Out of  the 77 compounds included in  the method, 11 were
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ubiquitous, among them the analgesics salycilic acid and propy-

phenazone, the  psychiatric drug carbamazepine and its  metabolites

2OH carbamazepine and 10,11-epoxi carbamazepine, the anti-

histaminic ranitidine, the antibiotics clarithromycin, sulfadiazine

and trimothoprim, the cardiovascular drug propranolol and the

antineoplastic tamoxifen. Levels detected were in general below

100 ng L−1,  except for 11 compounds (diclofenac, acetaminophen,

phenylbutazone, gemfibrozil, the metabolite 10,11-epoxi car-

bamazepine, ranitidine and its metabolite ranitidine N-oxide,

clarithromycin, atenolol, lisinopril and furosemide) which pre-

sented higher concentrations, specially in the tributaries.

The most relevant finding is the  presence of carbamazepine

metabolites and TPs 2OH carbamazepine, 3OH carbamazepine,

10,11-epoxi carbamazepine and acridin at concentrations sur-

passing those of the parent compound. Especially high levels are

detected, in all  analyzed samples, of the  active metabolite 10,11-

epoxi carbamazepine. Fig. 3 depicts the  fulfilment of identification

criteria for 10,11-epoxi carbamazepine in a sampling location

downstream of Gasteiz city, where the  highest concentration is

determined (1670 ng L−1).

Regarding the spatial distribution, for most of the compounds,

the maximum and the mean concentration was shown to be

higher among the tributaries than along the main river  Ebro.

That observation was also found in a previous work in the same

river basin, published somewhere else [25]. This is  attributed

to the lower flow that generally characterized the tributaries,

and consequently the lower dilution factors. As it  was expected,

highest levels of contamination by these compounds were found

in sites after the areas more populated and/or industrialized,

especially after the WWTPs of Vitoria, Pamplona and Zaragoza,

all of them in tributaries. In general, levels found for every

compound were in  the  same order of magnitude than in pre-

vious studies of occurrence in the Ebro River basin for similar

compounds [25,31,32].

4.  Conclusions

In this work, the successful application of the fully automated

technique based on the turbulent chromatography technology, for

the multi-residue analysis of 58 pharmaceuticals and 19  metabo-

lites and TPs in environmental matrices like GW and RW is

presented. However, the TFC technology was found to be unsuit-

able for clean-up and preconcentration of more complex samples

such as raw and treated wastewater.

The use of small volumes (7.5 mL  in total for ESI pos and ESI neg

runs) facilitates sample storage when immediate analysis is not

possible. Sample pretreatment includes only filtration, adjustment

of pH and addition of surrogate standards. The use of isotopically

labeled surrogates for most of the compounds was shown to  be

essential for an accurate quantification. Application of the method

to the analysis of river samples from the Ebro basin showed a

widespread occurrence of pharmaceuticals with levels generally

lower than 100 ng L−1.
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Abstract This paper describes the development and appli-
cation of a multi-residue chiral liquid chromatography cou-
pled with tandem mass spectrometry method for
simultaneous enantiomeric profiling of 18 chiral pharma-
ceuticals and their active metabolites (belonging to several
therapeutic classes including analgesics, psychiatric drugs,
antibiotics, cardiovascular drugs and β-agonists) in surface
water and wastewater. To the authors’ knowledge, this is the
first time an enantiomeric method including such a high
number of pharmaceuticals and their metabolites has been
reported. Some of the pharmaceuticals have never been

studied before in environmental matrices. Among them are
timolol, betaxolol, carazolol and clenbuterol. A monitoring
programme of the Guadalquivir River basin (South Spain),
including 24 sampling sites and five wastewater treatment
plants along the basin, revealed that enantiomeric composi-
tion of studied pharmaceuticals is dependent on compound
and sampling site. Several compounds such as ibuprofen,
atenolol, sotalol and metoprolol were frequently found as
racemic mixtures. On the other hand, fluoxetine, proprano-
lol and albuterol were found to be enriched with one enan-
tiomer. Such an outcome might be of significant
environmental relevance as two enantiomers of the same
chiral compound might reveal different ecotoxicity. For
example, propranolol was enriched with S(−)-enantiomer,
which is known to be more toxic to Pimephales promelas
than R(+)-propranolol. Fluoxetine was found to be enriched
with S(+)-enantiomer, which is more toxic to P. promelas
than R(−)-fluoxetine.

Keywords Chiral pharmaceutical . Metabolite .

LC–MS/MS . River water . Wastewater . Enantiomer

Introduction

It has been estimated that approximately 20–25 % of drugs
used clinically are optically active and are distributed as race-
mates [1]. Enantiomers are compounds that cannot be super-
imposed. Thus, Ariens (1986) clearly and correctly classified
racemic mixtures of drugs with a single chiral centre as
mixtures of two drugs [1]. Chiral drugs can exist in the form
of enantiomers, which have similar physicochemical
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properties (lipophilicity, ionisation, molecular size) but differ
in their biological properties and, therefore, in their potency,
toxicity and biodegradation [2]. As a consequence of this
stereoselectivity, the enantiomeric composition of chiral drugs
can change significantly after their administration due to me-
tabolism and excretion from human or animal body, subse-
quent biological wastewater treatment and/or biological
degradation processes in the environment [2]. Furthermore,
as a result of stereoselective transformation of chiral drugs,
pharmacologically active and/or toxic transformation products
can be formed, and they may be also chiral [2].

Thalidomide is a chiral drug that was widely prescribed
in racemic form for morning sickness from 1957 to 1962.
The S(−)-enantiomer was then found to be the cause of
malformations in newborn babies. This tragic event resulted
in a much greater emphasis on both the development of
enantiomeric synthesis and separation processes. Finally,
in 1992 and 1994, the FDA and EU respectively issued
guidelines favouring the production of single enantiomer
drugs rather than racemic form [3–7]. This has caused
worldwide sales of chiral drugs in single-enantiomer form
to continuously increase [2]. However, it has to be emphas-
ised that racemates are still widely used. That is a cause for
concern as enantiomers of a racemic drug can differ in
toxicity. Furthermore, even a drug distributed in a single-
enantiomer form can undergo chiral inversion to form an
enantiomer of potentially higher toxicity. The establishment
of multi-residue methods is crucial to obtain information
regarding the cumulative presence of several groups of
analytes at a particular place and time. This is of great
importance as synergistic effects of different drugs on aquat-
ic life might take place [2]. Despite the availability of
methods for chiral analysis of drugs in biological matrices,
it is difficult to directly utilise them in trace analysis of
chiral drugs in the environment. This is because liquid
chromatography coupled with ultraviolet detection (LC/UV)
is usually utilised in the chiral analysis of drugs in biological
matrices, and it is not sensitive and selective enough to be
applied in environmental analysis, where usually tandem
mass spectrometry has to be used. Direct transfer of chiral
LC/UV method to liquid chromatography coupled with
tandem mass spectrometry (LC–MS/MS) method is also
not always possible because the first one usually uses mo-
bile phases which are incompatible with ESI-MS applica-
tions (non-volatile buffers, normal-phase solvents) [2].
Therefore, a few research groups have attempted to analyse
chiral drugs in environmental samples by LC–MS/MS
[8–13], but to date all have failed to provide a method
capable of analysing a larger group of analytes. This paper
presents the development of an analytical method for the
simultaneous enantiomeric analysis of 15 chiral pharma-
ceuticals and their two main active chiral metabolites by
LC–MS/MS, as well as its application in a monitoring

programme of the Guadalquivir River basin (South Spain,
24 sampling locations) and five of the main wastewater
treatment plants (WWTPs) located along the basin. To the
authors’ knowledge, this is one of the most comprehensive
analytical enantiomeric methods applied to environmental
matrices including the highest number of pharmaceuticals
and their metabolites. In addition, this paper presents the
first study of chiral drugs in environmental samples in
Spain, providing information about the source and fate of
these chiral residues at enantiomeric level in the Guadalqui-
vir River basin.

Materials and methods

Selection of target analytes

Sixteen pharmaceuticals belonging to several therapeutic
classes, including analgesics, psychiatric drugs, antibiotics,
cardiovascular drugs and β-agonists, and two metabolites
were chosen as target compounds. They are listed in Table
S1 (Electronic Supplementary Material). The selection of
target analytes was based on their occurrence and ubiquity
in the aquatic environment, as well as their high human
consumption in Spain. In the case of naproxen and timolol,
only their S(+)- and S(−)-enantiomers, respectively, were
included. European Pharmacopeia requires that these com-
pounds are marketed in a single-enantiomer form. This is
because R(+)-timolol is less effective than S(−)-timolol, and
R(−)-naproxen presents hepatic toxicity. The selection of
metabolites was based on their pharmacological activity
and high urinary excretion by humans.

Chemicals

R/S(±)-ketoprofen, R/S(±)-ibuprofen and S(+)-naproxen
(enantiomerically pure) were kindly supplied by Jescuder
(Rubí, Spain). R/S(±)-fluoxetine (as hydrochloride), R/S(±)-
ofloxacin, R/S(±)-flumequine, R/S(±)-atenolol, R/S(±)-sota-
lol, R/S(±)-metoprolol (as tartrate), R/S(±)-propranolol (as
hydrochloride), S(−)-timolol (enantiomerically pure),
R/S(±)-betaxolol, R/S(±)-carazolol, R/S(±)-pindolol,
R/S(±)-albuterol and R/S(±)-clenbuterol (as hydrochloride)
were purchased from Sigma-Aldrich (Steinheim, Germany).
Metabolites R/S(±)-4OH propranolol (as hydrochloride) and
R/S(±)-norfluoxetine were obtained from Toronto Research
Chemicals Inc. (Ontario, Canada) and Cerilliant (Round
Rock, TX, USA), respectively. All standards were of high
purity grade (>90 %).

Isotopically labelled compounds (12) were used as sur-
rogate standards. R/S(±)-fluoxetine-d5 was purchased from
Sigma-Aldrich. R/S(±)-naproxen-d3, R/S(±)-ofloxacin-d8,
R/S(±)-pindolol-d7, R/S(±)-timolol-d5 (as maleate salt),
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R/S(±)-metoprolol-d7, R/S(±)-clenbuterol-d9, R/S(±)-pro-
pranolol-d7, R/S(±)-ketoprofen-13C-d3 and R/S(±)-flume-
quine-13C3 were obtained from Toronto Research
Chemicals. R/S(±)-atenolol-d7 and R/S(±)-albuterol-d3
were obtained from CDN Isotopes (Quebec, Canada).
R/S(±)-sotalol-d6 (as hydrochloride salt) was purchased
from Dr. Ehrenstorfer (Augsburg, Germany).

Both individual stock standard and isotopically labelled
internal standard solutions were prepared on a weight basis
in methanol (MeOH), except fluoroquinolones [R/S(±)-flu-
mequine and R/S(±)-ofloxacin] which were dissolved in a
H2O/MeOH mixture (1:1) containing 0.2 % v/v hydro-
chloric acid, as they are only slightly soluble in pure MeOH.
After preparation, standards were stored at −20 °C. Fresh
stock solutions of antibiotics were prepared monthly due to
their limited stability while stock solutions for the rest of the
substances were renewed every 3 months. A mixture of all
pharmaceuticals was prepared by appropriate dilution of
individual stock solutions in MeOH. Working standard sol-
utions, prepared in mobile phase, were renewed before each
analytical run. Working solutions were prepared in glass
vials and standard mixtures in volumetric flasks, both
wrapped with aluminium foil to prevent exposure to light.
A separate mixture of isotopically labelled surrogates, used
for internal standard calibration, was prepared in MeOH and
further dilutions were made in mobile phase.

HPLC-grade MeOH, acetonitrile (ACN) and toluene,
isopropanol (IPA, 99.8 %), formic acid (FA, 98 %) and
ammonium acetate (NH4Ac, 99 %) were supplied by Sigma
Aldrich (Cambridge, UK). HPLC-grade H2O was purchased
from Fisher (Loughborough, UK). Hydrochloric acid (HCl,
37 %) was purchased from Merck (Darmstadt, Germany).
All glassware was silanised with 5 % dimethylchlorosilane
(DMCS) in toluene supplied by Sigma Aldrich (Cambridge,
UK) to minimise sample loss through adsorption of basic
analytes onto OH– sites present on glass surface.

Monitoring study site

Guadalquivir River basin is located in the South of the
Iberian Peninsula (see Fig. 1). Its main river, Guadalquivir,
flows 657 km in NE–SW direction into the Atlantic Ocean,
in a large estuary. It drains a total area of 57,527 km2.
Approximately 4,107,598 people live in the river basin area.
As a consequence of such a high population, the river
receives many inputs from both natural and anthropogenic
origin that may cause deterioration of water quality. Its
natural environment is one of the most varied in Europe,
containing representatives of half of the continent’s plant
species and nearly all those of the North African region. The
estuary has an added ecological value due to the presence of
the Doñana National Park, an important and protected wetland
area, which has undergone anthropogenic transformations and

suffers from metal inputs. The area is under the influence of
Mediterranean weather, i.e. warm-hot temperatures (annual
average 16.8 °C) and irregular rainfall regime (annual average
550 L/m2) characterised by long-term droughts interspersed
by torrential rain events. The river is navigable up as far as
Seville (about 90 km upstream), a major inland port. But this
navigation also leads to a serious environmental problem due
to erosion and pollution. The lower Guadalquivir River basin
is also impacted by reservoirs and dams, and its regime is
rather artificial. Additionally, more than 700,000 ha of its
basin are devoted to agriculture, with very high production
of rice, especially in the river’s lower course that traverses
extensive marshlands, olives or fruits, with corresponding
environmental effects on the river.

Twenty four sampling locations were selected along the
basin (Table S2, Electronic Supplementary Material) to depict
the contamination gradient at the end of October and begin-
ning of November 2011 when the flow in the basin was
medium-low. Fifteen sites belonged to tributaries and nine to
the main Guadalquivir River. The sites covered all the strate-
gic points along the basin, including sites near the river
sources, like BOR, MAG, BEM, CAC, GUA2 and GUA3;
others are situated downstream ofWWTPs of important urban
areas like Córdoba (GUA4), Sevilla (GUA6), Loja (GEN1)
and Morón de la Frontera (GUAA). GUA1, GUAL, PIC and
HER are in important agricultural olive, orange or cereal
areas. Some other sites were selected in the estuary at the
mouth of the main Guadalquivir River (GUA7, GUA8 and
GUA9). Samples were also collected from five wastewater
treatment plants located in the Guadalquivir River basin. All
WWTPs utilise an activated sludge technology.

Sample pre-treatment

Sample collection 24-h composite influent wastewater
(IWW), 24-h composite effluent wastewater (EWW) and
grab river water samples were collected in amber glass
bottles and transported to the laboratory in the dark in
chambers cooled with ice. Wastewater samples were subse-
quently vacuum-filtered through GF/D 2.7 μm and GF/F 0.
7 μm filters (Whatman, Fairfield, CT, USA) and were stored
in the dark at −20 °C until pre-concentration. River water
samples were filtered only through GF/F 0.7 μm filters.

Solid phase extraction (SPE) SPE was undertaken according
to methodology published by Bagnall et al. [13]. Briefly, for
the pre-concentration of water samples, a Baker vacuum sys-
tem (J.T. Baker, The Netherlands) was used. Oasis HLB
cartridges (60 mg, 3 mL) from Waters Corporation (Milford,
MA, USA) were conditioned with 2 mL of MeOH and equil-
ibrated with 2 mL of water at pH 7.5 (adjusted if necessary
with NaOH). Avolume of 500 mL of river water or 100 mL of
sewage water, both at pH 7.5 (adjusted if necessary with
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NaOH) and spiked with 50 ng of each surrogate standard,
were passed through the cartridge at a flow rate of approxi-
mately 5 mL min−1. After sample pre-concentration, car-
tridges were dried under vacuum for 15–20 min to remove
excess of water, and then were frozen and kept at −20 °C until
elution (<2 months). Analytes were eluted with 4 mL of
MeOH. Extracts were then evaporated to dryness under a
gentle nitrogen stream (<5 psi) at 40 °C with a TurboVap
evaporator (Caliper, Preston Brook, UK) and reconstituted in
0.5 mL of mobile phase. All samples were filtered through 0.
2 μmPTFE Puradisc 13-mm filters (Whatman, Kent, UK) and
transferred to polypropylene 0.3-mL-capacity vials (Waters,
Manchester, UK).

LC–MS/MS analysis

Separation of enantiomers of chiral drugs was undertaken
with an Acquity UPLC system (Waters) equipped with a
Chirobiotic V 250×2.1 mm, I.D. 5 μm column and Chiro-
biotic V 20×1.0 mm, I.D. 5 μm guard column (Sigma
Aldrich, Cambridge, UK). The optimized mobile phase
consisted of 4 mM NH4Ac, 0.005 % FA and 99.995 %
MeOH working in isocratic mode at a flow rate of 0.
1 mL min−1. The total time of chromatographic analysis
was 66 min and the injection volume was 20 μL. The
column was kept at room temperature (25 °C) and samples
were preserved in the autosampler at 4 °C.

Identification and quantification of chiral drugs was un-
dertaken with an Acquity Xevo TQD, a triple quadrupole
MS equipped with an ESCi source (Waters). For most of the

compounds, two selected reaction monitoring (SRM) tran-
sitions between the precursor ion and the two most abundant
fragment ions were monitored (full list of SRMs and instru-
mental conditions is given in Table S1, Electronic Supple-
mentary Material). This enables compliance with the
requirements set by the European Union (EU) regulations
(EU Commission Decision 2002/657/EC) [14] related to
identification and confirmation of contaminants analysed
by LC–MS/MS. However, in the case of R/S(±)-norfluox-
etine, due to its poor fragmentation, only one transition was
monitored. One transition was also monitored for the isoto-
pically labelled standards. Settings for source-dependent
parameters were as follows: capillary voltage, 3.5 kV; des-
olvation temperature, 350 °C; desolvation gas flow,
650 L h−1; and cone gas (N2) flow, 0 L h−1. To achieve
the optimum mass sensitivity/selectivity ratio, low mass and
high mass resolution were set at 7.9 and 14.3, at the first
quadrupole, and 12.0 and 14.7, at the third quadrupole,
respectively. Nitrogen was used as the desolvating/nebulis-
ing gas provided by a high-purity nitrogen generator from
Peak Scientific Instruments Ltd. (Renfrewshire, UK). Argon
(99.999 %) was used as the collision gas. MassLynx 4.1
software from Waters was used to control the Acquity
UPLC and the Acquity Xevo TQD, as well as to process
the data.

Method validation

In order to avoid false-positive measurements, all validation
parameters—accuracy, matrix effects, sensitivity, precision,
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enantiomeric fraction (EF) and chromatographic resolution
(Rs)—were calculated for isotopically labelled analogues of
studied analytes. Linearity range was calculated for the non-
labelled analytes. Twelve isotopically labelled surrogates
(see Table S1, Electronic Supplementary Material) were
studied in several matrices: surface water (SW), wastewater
effluent (EWW) and wastewater influent (IWW). Isotopical-
ly labelled compounds were not available for ibuprofen,
betaxolol, carazolol, norfluoxetine and 4OH propranolol.
Therefore, results obtained for these compounds should be
treated on a semi-quantitative basis.

Method recovery and precision Absolute recoveries were
determined for all studied environmental matrices by
spiking samples at environmentally relevant concentra-
tions of 100 ng L−1 for SW (n=24) and 500 ng L−1 for
both EWW and IWW (n=5). Recoveries were deter-
mined as percentages by comparing the peak areas of
analytes obtained with the optimized method for spiked
environmental samples with the peak areas of analytes
obtained from direct injection of equivalent amounts of
standards in MeOH.

Sensitivity The limits of detection (LODs) and quantifica-
tion (LOQs) of the developed method were experimentally
measured with the isotopically labelled surrogates as the
concentration of analyte giving a signal-to-noise ratio of 3
and 10, respectively.

Enantiomeric fraction EF is the relative concentration of
each enantiomer in a chiral compound and can be calculated
using the following equation:

EF ¼ E 1

E 1þ E 2
ð1Þ

where E1 and E2 represent peak areas of the (+) and (−)
enantiomers, respectively, or the first- or the second-eluted
enantiomers under defined chromatographic conditions if
the elution order is not known. Ideally, EF equals 1 or 0 in
the case of a single enantiomer form and 0.5 in the case of
racemate. For further discussion on EF calculation, please
go to ‘Method validation’ section.

Chromatographic resolution Rs was calculated using the
following equation:

Rs ¼ 2 tr2 � tr1ð Þ
w1 þ w2

ð2Þ

where tr1 and tr2 are the retention times of the first and
second eluted enantiomers, and w1 and w2 are the widths
of their signals (peaks) at the base line.

Results and discussion

Method optimisation

Optimisation of chiral liquid chromatography

In order to obtain the best chromatographic resolution of
enantiomers while maintaining satisfactory sensitivity of the
method and acceptable analysis time, several mobile phase
conditions were studied. Chromatographic separation was
tested in polar organic (organic solvent—MeOH or ACN),
polar ionic mode (organic solvent—MeOH or ACN modi-
fied with varying concentrations of 4–30 mM NH4Ac, 0.
005–0.1 % FA and 0–5 % H2O) and reversed phase mode
(organic solvent—MeOH modified with varying concentra-
tions of 4–30 mM NH4Ac, 0.005–1.48 % FA and 5–80 %
H2O). A wide range of pH of mobile phase (3.5–8.0) was
also studied as pH can affect ionisation of both chiral selec-
tors and ionic/ionisable analytes.

It was observed that the mobile phase consisting of
organic solvents only (MeOH and ACN) did not allow for
resolution of enantiomers. Additives such as NH4Ac, H2O
and FA were needed for required enantioselectivity and
retention times. Little difference was observed between
MeOH and ACN as solvents. As a result, the mobile phase
consisting of 4 mM NH4Ac, 0.005 % FA in MeOH (polar
ionic mode) was found to provide the best enantioselectiv-
ity, acceptable retention times and sensitivity. It provided
enantiomeric separation for 12 pharmaceuticals: ibuprofen,
fluoxetine, salbutamol, clenbuterol, betaxolol, pindolol, pro-
pranolol, atenolol, metoprolol, sotalol, carazolol, timolol
and 4OH propranolol. Partial enantiomeric separation was
achieved for norfluoxetine. Enantiomers of ketoprofen, nap-
roxen and fluoroquinolone flumequine remained unre-
solved, although they eluted within the method run time.
Ofloxacin did not elute as a well-defined peak during the
optimised chromatographic run and therefore was finally
excluded from the method.

In summary, the comprehensive method development
revealed that the Chirobiotic V stationary phase allowed
only for the separation of basic compounds (with
pKa >8). In contrast, enantiomers of acidic analytes (with
pKa <5) were not resolved and eluted with very short
retention times indicating weak interactions with the sta-
tionary phase.

Optimisation of mass spectrometry detection

A pair of enantiomers, due to their identical physicochem-
ical properties, is indistinguishable in mass spectrometry as
separation of chemicals takes place according to their m/z
ratio. Therefore, optimised mass spectrometry parameters
(e.g. SRM transitions) were in this method identical for each
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pair of enantiomers. Selection of parent ions and optimum
ionisation mode for each compound were performed by
infusing 100 μg L−1 individual standard solutions in MeOH
in a full-scan mode. All the 18 compounds investigated
along with 13 isotopically labelled surrogates showed a
higher response in ESI pos mode than in ESI neg mode, as
expected. In all cases, [M+H]+ were selected as parent ions.
The compound-dependent cone voltage was optimised in
full-scan mode by the automatic tuning provided by the
MassLynx software (IntelliStart). Identification of the two
most abundant fragment ions and the selection of the opti-
mum collision energy for each fragment in the product ion
scan mode was also undertaken with IntelliStart. For quan-
titative analysis, two SRM transitions between the precursor
ion and the two most abundant fragment ions were estab-
lished for all compounds with the exception of norfluoxe-
tine, for which only one SRM transition could be recorded,
due to its poor fragmentation. The most intensive transition
was used for quantitation purposes, whereas the second
transition was used to confirm the presence of target com-
pounds in the samples. Thus, the number of identification
points required to confirm the detection of target analytes,
according to the EU regulations (EU Commission Decision
2002/657/EC), was achieved (four IP, one for precursor ion
and 1.5 for each transition product). For isotopically labelled
standards, only one transition was monitored. Besides the
monitoring of the SRM transitions, other identification cri-
teria were used for quantification:

(a) The difference in the retention time between every
enantiomer (or racemic compound if not resolved)
and its corresponding internal standard must be kept
within ±2 % in samples with respect to the difference in
the calibration curve solutions.

(b) The relative abundances of the two selected SRM
transitions monitored for each enantiomer (or racemic
compound if not resolved) in the sample must be
within ±20 % of that ratio in the analytical standards.

Both parameters (retention time and ratio SRM1/SRM2)
are given in Table S1 (Electronic Supplementary Material).
Dwell time was set at 0.076 for all analytes. A temperature of
350 °C was chosen as the suitable desolvation temperature.
Representative SRM chromatograms of a standard mixture of
analytes at a concentration of 100 μg L−1 obtained using the
optimum method conditions are illustrated in Fig. 2.

Method validation

Method validation data are presented in Table 1 and 2.

Method recovery and matrix effects As can be observed in
Table 1, absolute recoveries in SW, EWWand IWW samples
were >80 % in the case of most of the analytes, which

confirms a very good performance of the method. Absolute
recoveries show the overall efficiency of the whole analytical
procedure. Matrix effects, along with the SPE recovery, are
one of the most important parameters contributing to the
overall performance of the method as well as a possible source
of significant errors if not accounted for during both qualita-
tive and quantitative measurements. Phenomena occurring
during the SPE process are expected to affect a pair of enan-
tiomers equally regardless of the matrix involved. In contrast,
matrix effects (both suppression and less common signal
enhancement) could affect a pair of enantiomers to a different
extent due to their physical separation in time. In this work,
stereoselective signal suppression was observed and was
found to be more significant in a more complex matrix such
as IWW thus affecting the following compounds: metoprolol,
clenbuterol, sotalol and timolol, and was particularly strong in
the case of pindolol and propranolol (Table 1). For example, in
the case of propranolol-d7 absolute recovery denoted 102 %
and 100 % in SW for S(−)- and R(+)-enantiomer, respectively,
indicating a lack of stereoselectivity. However, in IWWabso-
lute recovery denoted 44 % and 94 % in the case of S(−)- and
R(+)-enantiomer, respectively, indicating stereoselectivity
resulting in much higher suppression of the signal of S(−)-
enantiomer.

Any errors, losses or matrix effects occurring during the
overall analytical process (and possibly affecting a pair of
enantiomers to a different extent) were compensated for
with the usage of the isotopically labelled surrogates, which
were added to the samples at the beginning of the analytical
protocol (before the SPE). In the case of five analytes with
no isotopically labelled surrogate (ibuprofen, betaxolol, car-
azolol, norfluoxetine and 4OH propranolol), the most ap-
propriate isotopically labelled standard was selected from
those available. The choice was based on similarity in
structure and proximity in retention time (Table S1, Elec-
tronic Supplementary Material).

The above discussion clearly indicates the critical impor-
tance of the usage of labelled analogues of analytes as internal
standards in order to compensate for any stereoselective phe-
nomena occurring. This is especially important if an enantio-
meric determination is undertaken with the usage of mass
spectrometry equipped with the ESI interface, which is well
known to be highly susceptible to matrix effects.

Sensitivity Table 1 shows the LODs and LOQs calculated for
mobile phase, SW, EWW and IWW. The developed method
was found to be very sensitive towards target analytes in all
matrices studied. Instrumental limits of quantification were on
average <10 pg. However, as expected, a slight decrease in
sensitivity was observed with an increase in the complexity of
the matrix due to the signal suppression and resulting higher
background noise. LOD and LOQ levels were in general in
the low nanogram per litre levels (<10 ng L−1).
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Precision The overall method repeatability, calculated as
the relative standard deviation (RSD) of the replicate
(n=12) analysis of SW water spiked with a mixture of the
isotopically labelled surrogates (100 ng L−1), was satisfac-
tory with %RSD <20 % for most of the compounds in the
case of both intra- and interday measurements (Table 2).

Linearity Quantification based on peak areas was performed
by the internal standard (IS) approach. For each analyte, the

corresponding or the most appropriate isotopically labelled
surrogate was used as internal standard. A ten-point calibra-
tion curve was constructed, using least-squares linear regres-
sion analysis, from mixtures of target pharmaceuticals in
mobile phase at concentrations ranging from 0.01 μg L−1 (or
the limit of quantification if higher) to 250 μg L−1. The
calibration curves obtained for both SRM1 and SRM2 were
always linear with correlation coefficients (R2) exceeding on
average 0.998 for target compounds (Table 2).

Fig. 2 LC–MS/MS chromatograms for studied chiral pharmaceuticals and their metabolites (concentration, 100 μg L−1)
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Enantiomeric fraction The EFs calculated (with Eq. 1) for
the mixture of racemic isotopically labelled surrogates in
mobile phase, as well as in SW, EWW and IWW are shown
in Table 2. EFs of 0.5 were expected in all studied matrices.
However, it was interesting to observe how an increase in the
complexity of the matrix resulted in EF values deviating from
the 0.5 for certain compounds: albuterol, pindolol, clenbuterol
and especially propranolol, metoprolol and timolol. This phe-
nomenon can be attributed to the stereoselective matrix effects
occurring. For example, EF for propranolol-d7 was 0.5 in the
standard solution, 0.58 in surface water and 0.66 in IWW,
which is the most complex matrix.

As mentioned before, this phenomenon can and should
be compensated by using labelled analogues of standards, e.
g. deuterated internal standards. Thus, to avoid the above-
mentioned problems and to limit differential instrument
response for each enantiomer, the modified Eq. 1 is recom-
mended for EF calculation:

EFrel ¼ E 1rel

E 1rel þ E 2rel
and E 1rel ¼ E 1

E 1IS
;E 2rel ¼ E 2

E 2IS
ð3Þ

where E1IS, E2IS represent corresponding peak areas of
internal standards (important note—internal standards
should be isotopically labelled, e.g. deuterated or C13 ana-
logues of analytes).

The modified Eq. 2 was utilised in environmental mon-
itoring, which is discussed below. This is to avoid any errors
resulting from stereoselective signal suppression.

Chromatographic resolution Rs calculated for the mixture of
isotopically labelled surrogates in mobile phase as well as in
SW, EWWand IWWare shown in Table 2. The Rs values are
compound dependent and denoted on average 1.0, which
indicates 2 % overlap and is generally accepted for quantita-
tive analysis. Norfluoxetine was an exception, with Rs of 0.38,
and therefore, its determination should be considered on a
semi-quantitative basis.

Monitoring results

The results of the monitoring campaign including 24 river
sampling sites and five WWTPs are shown in Table S3
(Electronic Supplementary Material).

Environmental concentrations of chiral pharmaceuticals
and their metabolites

Out of 18 target compounds monitored (see Table S1), three
analgesics (ketoprofen, ibuprofen and naproxen) were found
to be ubiquitous and were detected in all analysed samples.

Table 1 Validation parameters for chiral pharmaceuticals and their metabolites: absolute recovery, limits of detection and quantification

Analyte Absolute recovery (%) LOD (ng L−1) LOQ (ng L−1)

SW EWW IWW Instrumental (pg) SW EWW IWW Instrumental (pg) SW EWW IWW

rac-Flumequine-13C3 97.5 98.4 101.0 132.9 3.47 10.62 10.61 232.56 9.27 28.31 28.28

Albuterol-d3 E1 55.9 94.8 115.8 3.92 0.23 0.12 0.21 8.55 0.61 0.31 0.57

Albuterol-d3 E2 69.4 99.2 108.5 4.69 0.16 0.10 0.08 10.31 0.44 0.28 0.22

rac-Ketoprofen-13C-d3 97.8 92.3 27.3 1.21 0.23 0.91 1.24 1.83 0.60 2.42 3.30

Pindolol-d7 E1 95.5 93.3 72.3 2.75 0.09 0.09 0.18 10.57 0.25 0.23 0.48

Pindolol-d7 E2 99.3 76.8 50.5 2.87 0.13 0.09 0.53 11.02 0.34 0.23 1.41

(S−)-Propranolol-d7 102.1 75.4 43.8 2.29 0.39 0.36 0.46 1.13 1.04 0.95 1.22

(R+)-Propranolol-d7 99.7 92.0 93.8 2.57 0.29 0.22 0.40 1.31 0.77 0.59 1.06

(S−)-Atenolol-d7 99.7 105.0 97.2 8.95 0.45 0.48 1.23 23.20 1.20 1.28 3.28

(R+)-Atenolol-d7 102.1 103.6 88.1 9.77 0.48 0.48 1.27 25.43 1.28 1.28 3.38

Metoprolol-d7 E1 97.4 96.8 81.8 3.39 0.14 0.34 0.11 11.79 0.37 0.91 0.30

Metoprolol-d7 E2 99.9 96.2 62.5 3.60 0.22 0.36 0.38 12.48 0.58 0.96 1.02

Clenbuterol-d9 E1 100.9 107.3 70.6 1.00 0.10 2.91 10.03 2.46 0.27 7.75 26.74

Clenbuterol-d9 E2 99.8 97.0 80.4 1.07 0.09 2.49 2.33 2.62 0.23 6.64 6.22

Sotalol-d6 E1 100.9 101.0 101.5 4.45 0.62 1.02 0.82 1.75 1.65 2.72 2.18

Sotalol-d6 E2 99.3 113.1 97.2 4.73 0.49 0.75 0.55 1.81 1.31 1.99 1.47

(S−)-Timolol-d5 99.8 102.5 69.2 1.40 0.27 0.27 0.38 0.76 0.71 0.72 1.00

(R+)-Timolol-d5 105.9 99.6 98.4 1.53 0.16 0.15 0.18 0.79 0.44 0.41 0.49

rac-Naproxen-d3 99.2 63.9 13.1 7.82 0.36 1.49 2.27 36.45 0.96 3.98 6.06

(S+)-Fluoxetine-d5 100.1 101.9 105.7 6.16 0.43 0.47 1.11 7.42 1.14 1.25 2.95

(R−)-Fluoxetine-d5 100.7 103.6 108.0 6.54 0.44 0.54 1.04 7.52 1.18 1.45 2.78
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Another 11 compounds, including metabolite norfluoxetine,
were detected in at least one sample. Thus, only four sub-
stances were not detected at any of the sampling locations.
Three of them were parent compounds, i.e. betaxolol, carazo-
lol and clenbuterol, and one metabolite, 4OH propranolol.

Average concentrations of pharmaceuticals were general-
ly far below 100 ng L−1 (Fig. 3). However, there were a few
exceptions: anti-inflammatory naproxen, ketoprofen and
ibuprofen, and β-blocker atenolol, which were recorded at
average concentrations exceeding 1 μg L−1. Ibuprofen was
quantified at average concentrations of 622, 1,942 and
6,559 ng L−1 in SW, EWW and IWW, respectively. Nap-
roxen was quantified at 129, 626 and 4,073 ng L−1 in SW,
EWWand IWW, respectively. The analgesic ketoprofen and
the β-blocker atenolol were quantified in sewage at 281 and
410 ng L−1 (ketoprofen) and at 586 and 1,288 ng L−1

(atenolol) in EWW and IWW, respectively. Thus, average
concentrations observed here for ibuprofen and naproxen
were significantly higher than the ones observed in other
Mediterranean rivers, like the Ebro River [15–17]. This
might be because the sampling campaign was carried out
when the stream flows in the whole basin were at medium-
low levels. In contrast, average concentrations in sewage
waters presented here were in general similar to other
WWTPs from other populated parts of Spain like Catalonia,
which was previously monitored by Gross et al. [15].

The metabolites included in this work were present in
studied samples at the low nanograms per litre level, with
maximum concentration denoting 18 ng L−1 in IWW in the
case of norfluoxetine. It is worth mentioning that norfluox-
etine was found at similar levels as fluoxetine in all matrices
except in EWW, where fluoxetine was mostly more concen-
trated with an average of 11 ng L−1 when compared with
<1 ng L−1 of norfluoxetine. 4OH propranolol was not quan-
tified in any of the analysed environmental samples despite
the fact that propranolol was found at levels reaching tens of
nanograms per litre in sewage. Previous studies by Huerta-
Fontela et al. [18] reported levels below the limit of quan-
tification for fluoxetine as well as norfluoxetine in Llobregat
River, another Spanish Mediterranean river. Another study
by the same authors [19] also showed the absence of both
fluoxetine and norfluoxetine in sewage waters from
WWTPs in the North-East of Spain. To the authors’ knowl-
edge, there is no published data of concentrations of 4OH
propranolol either in SW or wastewater.

Enantiomeric profiling of chiral pharmaceuticals
and their metabolites in the environment

Metabolism of chiral NSAIDs and β-blockers in humans is
known to be stereoselective [2]. However, in this investiga-
tion, ibuprofen, atenolol, sotalol and metoprolol were pres-
ent generally as racemic mixtures in studied environmental

samples (Fig. 4). Ibuprofen was present as a racemate in
most of the samples, except for the SW GEN2, and the
IWWs of WWTP1 and WWTP4. In those three cases, the
second eluting enantiomer was present at higher concentra-
tions. A similar situation was observed in the case of ateno-
lol. In several surface water samples from the main
Guadalquivir River (i.e. GUA3, GUA8 and GUA9), a sig-
nificant enrichment of atenolol with S(−)-enantiomer was
observed. This is in agreement with other studies [8, 12, 13,
20]. Furthermore, stereoselective transformation of atenolol
was observed in WWTP1 and 4 (utilising activated sludge
treatment in both cases) leading to an enrichment of atenolol
with S(−)-enantiomer. This outcome concurs with work
reported by Nikolai et al. [8] and MacLeod et al. [9] where
an enrichment of atenolol with S(−)-enantiomer took place.
In contrast, an enrichment of atenolol with R(+)-enantiomer
was observed by Kasprzyk-Hordern et al. [12] during waste-
water treatment. This was especially evident during activat-
ed sludge treatment. No or low stereoselectivity was
observed in the case of trickling filters [12]. Other β-
blockers such as sotalol and metoprolol were also the most
commonly present in surface water and wastewater as race-
mic mixtures (EFrel=0.5). Similar results were obtained for
metoprolol by Bagnall et al. [13] and Nikolai et al. [8]. It is,
however, important to emphasise that absolute EFs (which
do not account for matrix effects) calculated for these ana-
lytes were, in the present study, frequently >0.55 for meto-
prolol and <0.45 for sotalol indicating, erroneously, non-
racemic composition, which in actual fact resulted from
matrix effects and not, as one could suggest, non-racemic
environmental composition. The above discussion confirms
the importance of the usage of isotopically labelled inter-
nal/surrogate standards in chiral analysis of complex envi-
ronmental samples.

In contrast, the enantiomeric profiles of propranolol,
fluoxetine and albuterol showed a predominance of one
enantiomer. Causes for a non-racemic composition can vary
depending, among other factors, on the type of matrix. In the
IWWs, the imbalance can be due a different rate of excretion
of both enantiomers in the target organism (e.g. humans).
Change in enantiomeric composition observed in EWW
when compared to IWW might result from stereoselective
microbial processes occurring during biological treatment
(e.g. activated sludge). Stereoselective biotransformation
can also occur in the environment. Thus, propranolol, al-
though affected by matrix effects, revealed, as expected due
to stereoselective metabolism in humans [2], non-racemic
composition with an excess of S(−)-enantiomer in most of
the EWW, IWW and SW samples. This could be a signifi-
cant finding as S(−)-propranolol has been found to be more
toxic to Pimephales promelas, which is thought to be due to
suitable receptors, which are shared by many other organ-
isms including humans [21]. Similar results were also

5868 R. López-Serna et al.
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Surface water

Wastewater influent

Wastewater effluent

Fig. 3 Concentrations of
chiral pharmaceuticals and their
metabolites in surface water
and wastewater
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Fig. 4 Enantiomeric profile of chiral pharmaceuticals and their metabolites in the Guadalquivir River basin
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recorded for propranolol in sewage waters monitored by
Nikolai et al. [8], MacLeod at al. [9] and EWW and SW
by Bagnall et al. [13]. In contrast, Fono and Sedlak [22]
reported propranolol to be racemic in the influent of studied
WWTPs, but enrichment in S(−)-enantiomer took place as a
result of activated sludge treatment. However, in this work,
no stereoselectivity was observed in the transformation of
propranolol during wastewater treatment in any of the
WWTPs studied in this work. In the case of fluoxetine
(Fig. 4), an excess of S(+)-enantiomer was recorded in both
wastewater and surface water samples. This is probably
because of stereoselective metabolism of fluoxetine in
humans [2]. An excess of S(+)-fluoxetine was also observed
in sewage monitored by Barclay et al. [23], but the opposite
situation [an excess of R(+)-enantiomer] was recorded by
MacLeod et al. [9]. Enrichment of fluoxetine with S(+)-
enantiomer is of potentially significant ecotoxicological
consequence as toxic effects of fluoxetine enantiomers are
species dependent with S-fluoxetine being more toxic than
R-fluoxetine in P. promelas [24]. Furthermore, in this work,
norfluoxetine, a main chiral and active metabolite of fluox-
etine, was also analysed. It was found to be non-racemic
with enantiomeric fractions varying significantly in different
samples. This was probably due to the poor enantiomeric
resolution of norfluoxetine and its very low environmental
concentrations. Similarly, Barclay et al. [23] also observed
enrichment of norfluoxetine with one enantiomer in waste-
water samples studied. Albuterol was commonly found in
the environment enriched with the second-eluting enantio-
mer (Fig. 4). Enrichment of albuterol with E2-enantiomer
was also observed by MacLeod et al. [9] who used the same
chromatographic column. Enantiomeric profiling of 4OH
propranolol, betaxolol, carazolol, pindolol, timolol and clen-
buterol could not be undertaken as these pharmaceuticals
were either not identified or quantified in studied environ-
mental matrices.

Spatial distribution

Figure 5 shows the cumulative concentrations of all pharma-
ceuticals monitored in the Guadalquivir River basin. The
highest concentrations of both parent compounds and their
metabolites were found in untreated sewage water samples.
Nonetheless, concentrations for WWTP3 were clearly lower
than the ones in other WWTPs. In fact, levels in IWW3 and
EWW3 were comparable to the ones found in SW, with
cumulative concentrations not reaching 2,000 ng L−1. This is
because WWTP3 serves a small population of <22,000 [the
town of Loja (Granada)] as opposed to other studied WWTPs
serving much larger populations exceeding 320,000 and
700,000 inhabitants in the case of the cities of Córdoba or
Sevilla, respectively. The elimination (degradation or transfor-
mation) of the target compounds after treatment in the

monitored WWTPs was evident, with a decrease in the total
concentration exceeding 50 %. The best performance was
observed in the case of WWTP4 with a decrease in the
cumulative concentration of the target compounds of 81 %.

The cumulative concentrations of studied analytes in
receiving waters were fairly constant throughout the study
and did not on average exceed 2,000 ng L−1. Thus, GUA4,
GUA6, GEN1 and GUAA sampling sites, which receive
treated wastewater with high cumulative concentrations of
studied pharmaceuticals, did not show any significant differ-
ences in concentrations when compared to other SWs. Such
a situation can be attributed to an elevated dilution factor in
the above sites. The cumulative concentration observed for
SW samples was higher than 2,000 ng L−1 in only one
sampling location, HER, in Herreros River, a tributary of
Guadalquivir. In general, the highest concentrations were
found in tributaries to the main river Guadalquivir, i.e. HER,
GUAR, GUAN, GEN1, BOR and GEN2, all of them with
cumulative concentrations above 1,000 ng L−1. This phe-
nomenon, which was also observed in previous studies in
other rivers in the Iberian Peninsula [16, 17], is attributed to

Fig. 5 Spatial distribution of chiral pharmaceuticals and their metab-
olites in the Guadalquivir River basin
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the lower dilution factor due to the lower river flows found
in the tributaries compared to the ones in the main River (see
Table S2, Electronic Supplementary Material). In contrast,
sites like GUA1, GUA9 and CAC showed the lowest con-
tamination with total concentration below 300 ng L−1. This
is not surprising for GUA1 and CAC which correspond to
locations near the source of the river. However, GUA9 was
situated near the mouth of the main Guadalquivir River, and
the low concentrations detected there reflect very high dilu-
tion factors due to high river flow in the final part of the
river. In fact, the concentration remained quite similar along
the main Guadalquivir River. This means that despite the
input of effluents from theWWTPs of big cities (like Córdoba
and Sevilla) situated along the river, the dilution phenomenon
keeps the concentrations stable. Natural attenuation could also
be taking place.

Conclusions

This paper presents the development and application of an
analytical method for the determination of 16 chiral pharma-
ceuticals and two of their active metabolites in SWand waste-
water (EWW and IWW) by LC–ESI-MS/MS. The method
allowed for successful baseline resolution of 13 pairs of enan-
tiomers of chiral drugs and partial separation of enantiomers
of norfluoxetine. The comprehensive method development
revealed that the Chirobiotic V stationary phase allowed only
for the separation of basic compounds (with pKa >8). In
contrast, enantiomers of acidic analytes (with pKa <5) were
not resolved and eluted with very short retention times indi-
cating weak interactions with the stationary phase.

The method validation revealed very good sensitivity in
all matrices, with LOQs lower than 10 ng L−1 for most of the
target analytes, even in wastewater. The reliability of the
method was assured with the inclusion of 13 isotopically
labelled surrogates.

A monitoring programme of the Guadalquivir River ba-
sin (South Spain), including 24 sampling sites and five
WWTPs along the basin, revealed that the enantiomeric
composition of the pharmaceuticals studied is dependent
on compound and sampling site.

Several compounds such as ibuprofen, atenolol, sotalol and
metoprolol were present generally as racemic mixtures. On the
other hand, the enantiomeric profiles of fluoxetine, propranolol
and albuterol showed a predominance of one enantiomer. Such
an outcome might be of significant environmental relevance as
two enantiomers of the same chiral compound might reveal
different potency and ecotoxicity. For example, propranolol
was enriched with S(−)-enantiomer. This could be a significant
finding as S(−)-propranolol has been found to be more toxic to
P. promelas [21]. Fluoxetine was found to be enriched with
S(+)-enantiomer. Enrichment of fluoxetine with S(+)-

enantiomer is of potentially significant ecotoxicological con-
sequence as toxic effects of fluoxetine enantiomers are species
dependent with S-fluoxetine being more toxic than R-fluoxe-
tine in P. promelas [24].
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Abstract
Purpose The Llobregat River, which is characterized by
important fluctuations of the flow rates, receives treated
waters from WWTPs. During the years 2007 and 2008, the
Llobregat River basin suffered from a severe drought which
affected the supply of drinking water facilities (DWF) that
rely on the exploitation of the river water. The Catalan

Water Agency implemented a water reuse experiment with
the objective of maintaining the river flow rate at
sufficiently high level so as to ensure the supply of raw
water to Barcelona’s major DWF.
Method A total of 103 emerging contaminants belonging to
the groups of pharmaceuticals (74), illicit drugs (17) and
oestrogens (12) were determined using LC-MS/MS meth-
ods in river water samples during the water reuse campaign.
The effect of the reclaimed water discharge on the river
water quality, in terms of contamination loads and environ-
mental risk (based on the concentration addition mode), is
discussed.
Results Fifty-eight pharmaceuticals out of 74 monitored
were detected at least in one sample. In river water
upstream (site R0) majority of compounds were detected
at low nanograms per litre levels, while downstream of
discharge of tertiary effluent only few compounds were
detected at levels higher than 100 ng L−1 (i.e. acetamino-
phen, diclofenac, erythromycin, sulfamethazine), but never
exceeding 500 ng L−1. The total concentration of illicit
drugs was found to be very low at both sampling sites
(<50 ng L−1). No relevant ecotoxicity risks were identified,
except for pharmaceuticals vs. algae.
Conclusions In general, the discharge of reclaimed water in
the river influenced perceptibly in terms of concentrations,
mass loads and environmental risk, especially for pharma-
ceuticals and in less extent for illicit drugs. Nevertheless, it
was not very significant in any case.
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1 Introduction

Studies on water reuse are gaining relevance due to the
growing water demand in agriculture and household.
(Markus and Deshmukh 2010; Azar et al. 2010; Muñoz et
al. 2009a; Aggeli et al. 2009; Xu et al. 2009; Wintgens et al.
2008; Ghermandi et al. 2007; Dombeck and Borg 2005;
Exall 2004). This is particularly important in areas which
suffer from drought episodes and therefore their basins
present important fluctuations in the flow rates like
Llobregat River (NE Spain). At the same time, the
catchment area is subject to heavy pressures of
contamination coming from extensive urban, industrial
and agricultural activities. During the period of 2007–
2008, the Llobregat River basin suffered from a severe
drought that caused severe problems of water scarcity.
This situation seriously diminished the flow of the river
and therefore indirectly threatened the supply of drink-
ing water in the region, especially in highly populated
areas like the city of Barcelona (Cazurra 2008; Mujeriego et
al. 2008).

During a drinking water sources crisis, due to a severe
drought that occurred in 2008, the water authority manag-
ing water resources in the area of Barcelona considered
augmenting drinking water supplies with reclaimed water.
To know the possible environmental, health and water
quality effects of such water reuse, an experiment consist-
ing of introducing reclaimed water in the river upstream of
the potabilisation plant was performed during the autumn of
2008 and 2009. The climatic and geographic scenarios of
such experiment, as well as the operational conditions, are
described in detail in the Supplementary information 1.
This work deals with the second campaign (November
2009), while the results of the previous one (autumn 2008)
were already reported elsewhere (Köck-Schulmeyer et al.
2010). All the experiments were monitored closely by the
responsible authorities in fulfilment of the existing regu-
lations (Spanish Royal Decree 1620/2007). This refers
basically to conventional physical–chemical and microbio-
logical contaminants, whereas the so-called emerging
contaminants are not yet covered therein. The aim of the
present work was to monitor three classes of emerging
contaminants, namely pharmaceuticals (74), illicit drugs
(17) and oestrogens (12), since many of these bioactive
compounds show an incomplete removal by conventional
wastewater treatment technologies (Barceló and Petrovic
2007; Batt et al. 2007; Matamoros et al. 2009; Kasprzyk-
Hordern et al. 2009; Pérez and Barceló 2008). Occurrence
data of these compounds at strategic sampling locations and
at suitable time sites are described and compared with the
work by (Köck-Schulmeyer et al. 2010). The results
presented there, in that first campaign, pointed out that the
effect of reclaimed water discharge was not negligible in

terms of micro contaminants’ presence. But still, levels
were comparable or even below to those reported previ-
ously in the Llobregat River and in other Spanish rivers
discharging into the Mediterranean Sea.

As far as we know, this study, along with the one
presented by (Köck-Schulmeyer et al. 2010), are the first
papers evaluating the effects of reclamation water to
guarantee the availability of inlet water in a drinking
water treatment plant, in terms of emerging contaminants
occurrence.

Moreover, in order to get a proper interpretation of the
findings and to assess the effect of the tertiary effluent on
the receiving surface water quality from a quantitative point
of view, variability of both flows and concentrations was
taken into account by using load (mass flow) balances.
Finally, a preliminary risk assessment for the concen-
trations found in the river sampling sites was carried out
for the three groups of contaminants considered, through
the estimation of their associated hazard quotients and
oestrogenicity.

2 Materials and methods

2.1 Campaign description

2.1.1 Study site

The study site and the conditions under which the
experiment of releasing reclaimed water into the Llobregat
River were run, are described in detail in Supplementary
information 1. The study was carried out in the last part of
Llobregat River (NE Spain) between the towns of Molins
de Rei (site R0) and Sant Joan Despí (site R2; Fig. 1). The
latter is located ca. 8.5 km downstream at the inlet of an
important drinking water treatment plant, supplying water
to the city of Barcelona after appropriate potabilisation
treatment. The effluent of the tertiary treatment of the
WWTP El Prat de Llobregat (site RW2) was pumped
upstream ca. 16.6 km and discharged into the river at ca.
0.2 km below site R0.

2.1.2 Flow measurements

Flow measurements of the Llobregat River are regularly
performed by the Catalan Water Agency (ACA) in the
gauge flow station located in Sant Joan Despí (site R2).
Measurements are recorded every 5 min and the data
aggregated at day intervals. They are accessible at the ACA
website (Agència Catalana de l'Aigua-Generalitat de Cata-
lunya; http://www.gencat.cat/aca/). Tertiary effluent flows
were also available from the WWTP records. River flow at
site R0 (river upstream) QR0, though not measured, was
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assumed to be the difference between that of site R2 (river
downstream) QR2 and site RW2 (WWTP effluent), QRW2

since the distance between both sites was not too long, and
no other significant water discharges and/or water abstrac-
tions were located in that section of river. Therefore, under
the foregoing assumption the flow in site R0 could be
reasonably estimated by subtraction to the flow value at site
R2 that of RW2.

Flow values for sites R0, R2 and RW2 corresponding to
the sampling dates, either measured (R2 and RW2) or
calculated (R0) are listed in Table 1.

2.2 Chemical analysis

2.2.1 Chemical reagents

Organic solvents were HPLC grade. Acetonitrile and
methanol were from Riedel de Häen (Steinheim, Germany).
Target compounds (Tables S1, S2 and S3—Supplementary
information) were of high-purity grade (pharmaceutical
>90%; drugs of abuse and oestrogens >96). In Supplemen-
tary information 2, further information about the suppliers
of the standards is presented.

Llobregat basinLlobregat basin

Fig. 1 Sampling points
location in the lower stretch of
the Llobregat River. Point R0
Llobregat River at Molins de
Rei, Point R2 Llobregat River
at Sant Joan Despí; Point RW2
discharge of tertiary effluent
from WWTP El Prat de
Llobregat
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2.2.2 Sampling and sample preparation

The sampling campaign was carried out in November 2009.
Water samples (5 L) corresponding to sites R0 and RW2
(see Fig. 1) were collected in amber glass bottles, on six
different days. Taking into account the flow rates and the
experience obtained during the 2008 campaign, grab
samples were taken at site R2 on the following day. The
time elapsed between the two sampling events was deemed
sufficient to allow the water sampled at R0 and RW2 to
reach site R2. During the transportation of the samples to
the lab, they were kept in dark, cooled inside chambers with
ice and stored at −20°C until the analysis. Upon reception
in the lab, samples were immediately filtered through 1-μm
glass fibre filters, followed by 0.45-μm nylon membrane
filters (Whatman International Ltd, Maidstone, England),
and stored in the dark at −20°C (in freezers) until analysis.

2.2.3 Analysis method

Sample preparation and preconcentration was performed
according to previously reported validated methods by
(López-Serna et al. 2010) for the analysis of the 74
pharmaceuticals; by (Postigo et al. 2008) for the 17 illicit
drugs and by (Rodriguez-Mozaz et al. 2005) for the
analysis of the 12 oestrogens. All the methods consist of
online SPE-LC-MS/MS. To control the performance of the
analytical methods for all the compounds, samples were
spiked with specific isotopically labelled surrogate stand-
ards prior to extraction as published previously. The
methodology for the determination of oestrogens was
modified in that the number of isotopically labelled
surrogates was increased to six. Limits of detection and
quantification for all target compounds are in Tables S4–S6
(Supplementary information).

2.3 Load contributions and mass balances

For every compound i, and site of sampling j the load
(expressed as mass flow in appropriate mass/time units)
was computed as the product of concentration cij per flow
Qj: Hence, assuming a conservative behaviour for the

contaminants (see Section 3.2), for every compound i the
following mass flow balance equation holds:

QR2 � cR2i ¼ QR0 � cR0i þQRW2 � cRW2i ð1Þ

3 Results and discussion

3.1 Occurrence of micro contaminants

The occurrence of 103 emerging contaminants was studied
in both the Llobregat River (Fig. 1, sites R0 and R2) and
the effluents pumped upstream and discharged into the river
from the WWTP El Prat de Llobregat (Fig. 1, site RW2)
after an adequate tertiary treatment (as described in
Supplementary information 3). The results are summarized
in (Tables S1, S2 and S3 supplementary information).
Generally, pharmaceuticals were found to be present at
higher concentrations than illicit drugs and oestrogens in
both river water (Fig. 2a–c) and treated wastewater
(Fig. 3a–c).

As far as pharmaceuticals are concerned (see Fig. 2a and
Table S1 Supplementary information), 58 compounds out of
74 monitored were detected at least in one sample. In river
water upstream of discharge of tertiary effluent (site R0) 39
compounds were detected at low nanograms per litre levels,
while three analgesics and anti-inflammatory drugs (acet-
aminophen, ibuprofen and salicylic acid) were the only
ones found at levels higher than 100 ng L−1, but rarely
exceeding 300 ng L−1. Other frequently detected com-
pounds comprise anti-inflammatories diclofenac and nap-
roxen, β-blockers atenolol and metoprolol, antibiotics
ofloxacin, erythromycin, clarithromycin and sulfamethox-
azole and psychiatric drugs carbamazepine and lorazepam.
However, in all cases concentrations detected were lower
than 100 ng L−1.

In treated wastewater (site RW2) levels were higher,
but still at <1,000 ng L−1 level for the majority of
compounds (Fig. 3a). The exception were three antibiotics
(sulfamethazine, azithromycin and erythromycin) and the
diuretic furosemide that were detected at low micrograms
per litre (max concentration found was 3.08 μg L−1 of

Site reference River upstream (R0) River
downstream (R2)

WWTP
effluent (RW2)

Dilution ratio
Q RW2/QR2

Sampling datea QR0=QR2 − QRW2 QR2 QRW2

2–3/11/2009 3.71 4.77 1.06 0.22

5–6/11/2009 1.33 2.01 0.68 0.34

9–10/11/2009 1.7 2.47 0.77 0.31

12–13/11/2009 1.77 2.44 0.67 0.27

16–17/11/2009 1.74 2.62 0.88 0.34

19–20/11/2009 0.38 1.52 1.14 0.75

Table 1 Flow data (in cubic
metres per second) for the
different sites (R0: River
Llobregat at Molins de Rei; R2:
Llobregat River at Sant Joan
Despí; RW2: WWTP tertiary
effluent discharged)

a Sampling was carried out tak-
ing into consideration the lag
time of the river water circula-
tion between R0 and R2
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furosemide in one sample) and several other compounds
were detected occasionally at levels between 100 and
900 ng L−1 (codeine, salicylic acid, atenolol, enroflox-
acine, ofloxacin, bezafibrate, fenofibrate and metronida-
zole).

Observing concentrations in river water (site R0 up-
stream of discharge and site R2 downstream of discharge of
tertiary effluent; Fig. 2a), it is visible that the discharge of
the tertiary effluent affects the levels of pharmaceuticals,
but the increase in concentrations is not significant. At site
R2 only few compounds were detected at levels higher than
100 ng L−1 (i.e. acetaminophen, diclofenac, erythromycin
and sulfamethazine), but only the salicylic acid exceeds
500 ng L−1.

In general, the compounds found at higher concen-
trations and the proportion among them coincided with
the ones in (Köck-Schulmeyer et al. 2010), but levels
were higher in the present study. In fact, the total
concentration of pharmaceuticals in the river upstream
(RO) and downstream (R2) the discharge point, was two-
and fourfold higher, respectively. In any case, levels were
comparable or even below to those reported previously for
the Llobregat River and in other Spanish rivers discharg-
ing into the Mediterranean Sea (Farré et al. 2001; Kuster
et al. 2008; Ginebreda et al. 2010; Muñoz et al. 2009b).

Concerning illicit drugs and their metabolites (see
Fig. 2b and Table S2, Supplementary information), 10 out
of the 17 investigated compounds were not detected in any
of the investigated samples. The whole families of
cannabinoids and LSD compounds were absent in water
phase, due to very low excretion rate and lypophilicity in
case of cannabinoids and due to lower relative consump-
tion (low individual dosage) in case of LSD. This fact was
also observed in the study realized in 2008 (Köck-
Schulmeyer et al. 2010). On the other hand, cocaine and
benzoylecgonine, and the amphetamine-like compound
ephedrine were present in all water samples analysed,
ephedrine being the one that was found at the highest
concentration, (79.5 ng L−1 in the tertiary effluent). It is
interesting to mention that cocaine and its major metab-
olite benzoylecgonine presented higher average concen-
trations in river upstream (site R0) than in discharged
treated water (site RW2). The Llobregat River is subjected
to a heavy anthropogenic pressure, receiving extensive
urban and industrial waste water discharges. It receives the
effluent discharges of more than 55 WWTPs, and both
sampling sites (R0 and R2) are situated in the lower part
of the river, which explains why levels of some contam-
inants are higher in river water than in effluents of an
efficient WWTP such is the case of WWTP El Prat.
Regarding opiates, morphine was the only one detected,
with a maximum concentration of 41.2 ng L−1 in treated
effluent.

The impact of the tertiary discharge into the river was
even lower than the one observed for pharmaceuticals (see
Figs. 2b and 3b). Only small, not significant, increase in
concentrations is observed at sampling site R2 for some
compounds (ephedrine, ecstasy and metamphetamine),
while for others the levels were lower. Generally, the total
concentration of illicit drugs was found to be very low at
both sampling sites (<50 ng L−1). In fact, in contrast to the
pharmaceuticals, the levels found in the present study, were
lower than the ones presented by (Köck-Schulmeyer et al.
2010), where, nevertheless, they did not surpass 100 ng L−1

in total. Also in terms of presence, the number of illicit
drugs detected was lower in the present study than in
previous campaign.

Regarding the oestrogens (see Fig. 2c and Table S3,
Supplementary information), the positive findings corre-
spond to oestrone, that was detected in both river water and
treated wastewater (see Figs. 2c and 3c) at levels never
exceeding 3 ng L−1, and diethylstilbestrol that was found at
sampling site R0 (river upstream of discharge of tertiary
effluent). Occurrence of diethylstilbestrol is especially
interesting since it is a banned substance, and its presence
is probably due to its fraudulent use as a growth promotant
in farms. It was found only at sampling site R0 at average
concentration of 4.5 ng L−1 and maximum level of
12.2 ng L−1. These two compounds were also quantified
in the study performed by (Köck-Schulmeyer et al. 2010) at
concentrations tenfold higher for the oestrone and at
comparable levels for the diethylstilbestrol. Also, in the
present study, the number of oestrogens detected were
lower, i.e. only two versus eight. The presence of those two
oestrogens was also reported in the Llobregat tributary,
Cardener River, by (Petrovic et al. 2002).

3.2 Load contributions and mass balances

To have a better insight on the relative influence of both
river upstream and effluent discharge to the overall
amount of pollutants found downstream in the river,
direct comparison of concentrations is not adequate,
since they do not take into account the respective flow.
Instead, loads (expressed as mass flow in mass/time
units) may provide a more convenient way to quantify
and compare the relative contribution of each stream
(river and effluent). This is especially relevant, since one
of the objectives of the reuse experiment was to study
the effect of the dilution ratio of the reclaimed water
with respect to the river in the overall pollution.
Therefore, loads for sites R0, R2 and RW2 were
calculated as the product of concentrations per flows
for the three groups of pollutants studied (Section 2.3).
Compounds whose levels were below the limit of
detection and/or quantification were set to zero.
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It can be reasonably assumed that the load found
downstream (site R2) was only determined by the mixture
of the load coming from river upstream (site R0) with that
brought by the effluent discharged (site RW2). Since
sampling site R0 and the discharge site RW2 were at very
close distance (ca. 0.2 km) other influences in such a short
stretch may be considered negligible, thus allowing
comparison with their relative load contributions without
much error. The results obtained at the different sampling
dates and locations, expressed as percentages, are depicted
in Fig. 4a–c for the three classes of compounds studied. The
effluent contribution (RW2) seems to predominate over that
of the river upstream (R0) for both pharmaceuticals and
illicit drugs, accounting for ca. 40–95% and ca. 50–90% of
the total load, respectively. This contribution was slightly
higher than the one reported in 2008 (Köck-Schulmeyer et
al. 2010), probably due to lower effluent dilution ratios. As
expected, for both classes of compounds, the highest
effluent contributions were observed with the lowest
effluent dilution (highest ratio QRW2:QR2=0.75), which
corresponds to the last sampling date (see Table 1). That
can also explain that the contamination for the oestrogens
that day comes mainly from RW2 in contrast with the rest
of the sampling days, when the main contribution was
coming from the river. This is in sharp contrast with the
preceding campaign (2008) (Köck-Schulmeyer et al. 2010),
in which oestrogens were exclusively traced to the effluent.
Nevertheless, due to these analytes are scarcely detected,
and when quantified, they are found at very low concen-
trations (ca. 1–10 ng L−1), trustworthy conclusions cannot
be drawn.

Loads (mass flows) also provide a straightforward way
to compare in bulk the weight of the different pollutant
families studied in quantitative terms. The results
corresponding to site R2 (river downstream), along the
whole sampling period, are summarized in Fig. 5. From
them, the following rank order was observed (concentration
ranges are given in parentheses):

Pharmaceuticals (107–106 ng/s) >> illicit drugs (105–
104 ng/s) > oestrogens (104–b.l.d. ng/s)

(b.l.d: below the limit of detection)

This order shows a clear predominance of pharma-
ceuticals over the other classes, followed by illicit drugs
and oestrogens, which is in full agreement with the rank
found in the study of 2008 (Köck-Schulmeyer et al.
2010). To our knowledge, apart from that latter work and
the present one, no additional data regarding the loads of
these emerging contaminants is currently available in the
literature.

Mass balances compliance was further checked upon the
assumption of a conservative behaviour for the contami-

nants through the calculation of concentrations in site R2.
This is a reasonable assumption given the short distance
travelled. Therefore, since both flow and concentrations at
site R2 (QR2 and cR2i) are already available from direct
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measurements, the predicted value of cR2i(calc), which was
straightforward calculated from the foregoing mass balance
equation (Section 2.3, Eq. 1) may be compared to the
experimental cR2i(exp). The suitability of these assumptions
was thus experimentally tested. Figure 6a and b show the
graphs obtained representing experimental vs. calculated
concentrations according to the outlined procedure for
pharmaceuticals and illicit drugs, for the different sampling
dates. Even though there is an acceptable agreement
between experimental and calculated values, the later tend
to be overestimated, especially for the pharmaceuticals (the
linear regression coefficients together with the 99%
confidence intervals are shown on the charts). In fact,
76% of the concentration pairs are in this situation both for
pharmaceuticals and illicit drugs. This could be due to
several reasons, all of them attributable to deviations from
the balance Eq. 1 related to the non-fulfilment of the
implicit assumption of conservative behaviour along the
river segment considered either of flows or concentrations.
The following possibilities are suggested among others as
plausible causes: (1) disappearance of the compound by
some kind of depletion mechanism occurring in the river,
such as physical–chemical (e.g. photo degradation, adsorp-
tion onto sediments, …) or biological degradation, and (2)
by the possible existence of some flow alteration neglected
in the balance equation that might contribute to alter the
dilution factor (QR2), such as depletion caused by infiltra-
tion or, in the opposite sense, the occurrence of some
temporal minor water stream reaching the Llobregat River
between sites R0 and R2. Whereas the second factor would
be expected to equally affect all compounds, the former
appears more likely since it was compound specific.
However, no clear relations can be established between
the data of physico-chemical or biological degradation
found in the literature, and the overestimated results
observed. Thus, the epileptic drug, carbamazepine, is

known to be highly resistant to depletion, either by soil
adsorption (Nakada et al. 2008; Scheytt et al. 2006; Chefetz
et al. 2008), photo degradation (Chiron et al. 2006;
Andreozzi et al. 2002) or biologically (Nakada et al.
2006), but in the present study, it presents overestimation
in 5 out of 6 days of sampling.

In any case, the differences between calculated and
experimental concentrations were in general very narrow,
with relative standard deviations inferior to 40% in most of
cases, e.g. for carbamazepine, the average experimental
concentration was 58 ng L−1 versus an estimated one of
79 ng L−1.

In summary, the mass-flow balance equation may
acceptably serve to predict downstream concentrations of
pollutants if flows and concentrations corresponding to both
river and effluent discharges occurring upstream are known,
and the distance travelled by water is moderate.

3.3 Ecotoxicological and oestrogenic assessment

Adverse ecotoxicological effects caused by pollutants on
aquatic organisms are the main problem of their presence in
the environment. The so-called hazard quotient (HQ
hereafter) is a suitable tool to estimate the ecological risk
attributable to each pollutant (Kim et al. 2007). The Water
Framework Directive (Sanderson et al. 2003), stated the
convenience of assessing taxa belonging to three different
trophic levels. Commonly, algae, daphnids and fish are used
as reference organisms. Whereas EMEA guideline proposes
the calculation of this quotient as the ratio between
Predicted Environmental Concentrations (PEC) and Pre-
dicted No-Effect Concentration (PNEC) (Grung et al.
2008); (Huschek et al. 2004), other authors prefer using
Measured Environmental Concentrations (MEC) instead of
PEC (Santos et al. 2010). Hazard quotients defined as HQ =
MEC/PNEC are determined for every compound present on
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measurements, the predicted value of cR2i(calc), which was
straightforward calculated from the foregoing mass balance
equation (Section 2.3, Eq. 1) may be compared to the
experimental cR2i(exp). The suitability of these assumptions
was thus experimentally tested. Figure 6a and b show the
graphs obtained representing experimental vs. calculated
concentrations according to the outlined procedure for
pharmaceuticals and illicit drugs, for the different sampling
dates. Even though there is an acceptable agreement
between experimental and calculated values, the later tend
to be overestimated, especially for the pharmaceuticals (the
linear regression coefficients together with the 99%
confidence intervals are shown on the charts). In fact,
76% of the concentration pairs are in this situation both for
pharmaceuticals and illicit drugs. This could be due to
several reasons, all of them attributable to deviations from
the balance Eq. 1 related to the non-fulfilment of the
implicit assumption of conservative behaviour along the
river segment considered either of flows or concentrations.
The following possibilities are suggested among others as
plausible causes: (1) disappearance of the compound by
some kind of depletion mechanism occurring in the river,
such as physical–chemical (e.g. photo degradation, adsorp-
tion onto sediments, …) or biological degradation, and (2)
by the possible existence of some flow alteration neglected
in the balance equation that might contribute to alter the
dilution factor (QR2), such as depletion caused by infiltra-
tion or, in the opposite sense, the occurrence of some
temporal minor water stream reaching the Llobregat River
between sites R0 and R2. Whereas the second factor would
be expected to equally affect all compounds, the former
appears more likely since it was compound specific.
However, no clear relations can be established between
the data of physico-chemical or biological degradation
found in the literature, and the overestimated results
observed. Thus, the epileptic drug, carbamazepine, is

known to be highly resistant to depletion, either by soil
adsorption (Nakada et al. 2008; Scheytt et al. 2006; Chefetz
et al. 2008), photo degradation (Chiron et al. 2006;
Andreozzi et al. 2002) or biologically (Nakada et al.
2006), but in the present study, it presents overestimation
in 5 out of 6 days of sampling.

In any case, the differences between calculated and
experimental concentrations were in general very narrow,
with relative standard deviations inferior to 40% in most of
cases, e.g. for carbamazepine, the average experimental
concentration was 58 ng L−1 versus an estimated one of
79 ng L−1.

In summary, the mass-flow balance equation may
acceptably serve to predict downstream concentrations of
pollutants if flows and concentrations corresponding to both
river and effluent discharges occurring upstream are known,
and the distance travelled by water is moderate.

3.3 Ecotoxicological and oestrogenic assessment

Adverse ecotoxicological effects caused by pollutants on
aquatic organisms are the main problem of their presence in
the environment. The so-called hazard quotient (HQ
hereafter) is a suitable tool to estimate the ecological risk
attributable to each pollutant (Kim et al. 2007). The Water
Framework Directive (Sanderson et al. 2003), stated the
convenience of assessing taxa belonging to three different
trophic levels. Commonly, algae, daphnids and fish are used
as reference organisms. Whereas EMEA guideline proposes
the calculation of this quotient as the ratio between
Predicted Environmental Concentrations (PEC) and Pre-
dicted No-Effect Concentration (PNEC) (Grung et al.
2008); (Huschek et al. 2004), other authors prefer using
Measured Environmental Concentrations (MEC) instead of
PEC (Santos et al. 2010). Hazard quotients defined as HQ =
MEC/PNEC are determined for every compound present on
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the scenario under study. However, since PNEC data are not
always available in the literature, acute toxicity values are
commonly utilized. Thus, PNECs are typically calculated
from EC50 values corrected by a safety factor of 1,000 as it
is recommended by the Water Framework Directive
(Directive 2000/60/EC). The so calculated HQ are thus
equivalent to the often used toxic units (TU) (Sprague and
Ramsay 1965), differing only on the correcting safety
factor. Irrespectively whether HQ or TU are used, they can
be aggregated by simple addition on an overall hazard
quotient (HQ = ∑HQi) under the assumption of the
concentration addition (CA) mode of action (Bliss 1939).
CA is based on the assumption of a similar mode of action
for all the substances present in the mixture. This implies
that all components contribute to the final effect even at low
concentrations or said in other words that concentrations
can be added. Based on solid experimental support there is
a wide consensus on accepting CA as a general purpose

model of choice for a first approximation to mixture
toxicity estimation (Backhaus 2011). Nevertheless, it must
be reminded that synergic effects among compounds can
take place (Santos et al. 2010), so the sum of single hazard
quotients must be interpreted as a first rough approach.
Upon that basis, it is usually accepted that if HQ is equal or
higher than 1 potential impairment of the aquatic ecosystem
is likely to occur. Ecological risks caused by micro
pollutants are expected to be related with chronic toxicity.
Hence, in order to take into account that chronic toxicity
might occur at lower concentrations than the acute one, that
safety factor of 1,000 was applied in the calculation of
those PNEC. In the present work, hazard quotients have
been calculated individually for the minimum and the
maximum concentration found of every pharmaceutical and
illicit drug compound, in river sites R0 and R2. Afterwards,
a total HQ was estimated, by adding all those individual
values for both groups of micro contaminants. Experimen-
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tal EC50 values extracted from the literature were preferred,
but when they were not available, EC50 were estimated using
USEPA’s ECOSAR (Ecological Structure Activity Relation-
ships) model (ECOSAR v1.00). When more than one EC50

value was available, the lowest was taken into consideration
(Grung et al. 2008). Therefore, the risk in the most extreme
situation has been in any case considered. In Tables S7 and
S8 (Supplementary information), the values of EC50 for fish,
daphnid and green algae used for the calculation of PNEC are
reported.

In what pharmaceuticals are concerned, only two out of
the 74 compounds studied (ciprofloxacin and sulfamethox-
azole) showed an individual HQ above 1, and in all cases
that toxicity corresponded to algae. It was attributable to the
low EC50 of the foresaid two compounds (ciprofloxacin
0.005 mg L−1 and sulfamethoxazole 0.027 mg L−1; see
Table S7, Supplementary information), which give rise to
the corresponding HQ values as high as 15.6 in site R2 and
2.9 in R0 for ciprofloxacin, or 4.6 and 1.9 in R2 and R0 for
sulfamethoxazole. For the other two reference species
(daphnids and fish), individual HQs were below 1 in all
sites of sampling. As regards as illicit drugs, all the
individual HQs for the different compounds were far under
1. Thus, even upon aggregation of all the HQs for every
compound, global HQ values obtained would be clearly
under that limit for all the species assessed.

Hence, and as it can be observed in the charts shown in
Fig. 7a, b, the environmental risks based on HQs in R0 and
R2 are in general low for pharmaceuticals and negligible
for illicit drugs. Pharmaceuticals vs. algae was the only
exception for which the total HQ, considering the contri-
bution of all the pharmaceuticals assessed altogether,
resulted with maximum values of ca. 22 and 5 in R2 and
R0, respectively. The overall relative order of susceptibility
to pharmaceuticals was estimated to be green algae >>
daphnid > fish in river both sites R0 and R2, whereas for
illicit drugs (see Fig. 7b), the order observed was daphnid ≈
green algae > fish, being the differences among organisms
less pronounced than for pharmaceuticals. HQ ranges for
both pharmaceuticals and illicit drugs are slightly higher in
site R2 than in site R0, though of the same order of
magnitude.

Overall oestrogenicity was also determined in the same
river sites R0 and R2 by addition of the individual
oestrogenic activities of each compound. They were
calculated as estradiol equivalent concentration (EEQ)
multiplying the oestrogenic potency for every compound
by its concentration. The oestrogenic potency was thus
given as estradiol equivalency factors (EEFs), defined as
EC50 of the compound relative to the EC50 of 17β-
estradiol. In Table S9 (Supplementary information), the
EEFs for the free oestrogens are shown. Values for
conjugated ones were not found in the literature. When

more than one value was found for the same oestrogen, the
highest one was chosen in order to assess the worst
situation possible. The oestrogenic activity of the analysed
river waters (R0 and R2) is shown in Fig. 8 for the
concentration range of two oestrogens quantified (oestrone
and diethylstilbestrol). Although the levels of concentration
found were quite low, they may represent some risk since
oestrogenic effects in aquatic ecosystems have been
reported at levels of estradiol as low as 1 ng L−1 (Hansen
et al. 1998; Purdom et al. 1994). In the case presented,
EEQs of up to 1.10 and 13.42 ng L−1 were determined in
site R0 (river upstream) for oestrone and diethylstilbestrol,
respectively. Individual values calculated for site R2 were
under 1 ng L−1 in all cases.

4 Conclusions

In the present work, the impact of wastewater reuse on the
river water quality has been examined by monitoring the
occurrence of three classes of emerging contaminants,
namely pharmaceuticals, illicit drugs and oestrogens. This
study entails the second campaign, thus completing
preliminary findings of the preceding one carried out in
2008 and allowing to compare results and to consolidate
conclusions gathered from both campaigns.
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As far as pharmaceuticals are concerned, comparing
concentrations in river water upstream and downstream to
the site of discharge of the reclaimed tertiary effluent, its
effect, the increase in concentrations, though perceptible is
not significant. Regarding illicit drugs and their metabo-
lites, the impact of the discharge into the river was even
lower than the one observed for pharmaceuticals. In turn, in
contrast with the previous campaign, oestrogen levels were
clearly higher upstream than downstream of the river.

A complementary approach aiming to distinguish the
origin of the overall pollution found in the river down-
stream was attempted through the comparison of loads
(mass flows). Whereas pharmaceuticals and illicit drugs
loads were mostly allocated to the effluent, the origin of
oestrogens was mainly river upstream.

Moreover, assuming mass conservation behaviour,
the mass balance equation also allowed to roughly
estimate the concentration of the emerging compounds
downstream.

Finally, an ecotoxicity risk assessment comparing river
upstream and downstream to the discharge site was
performed for pharmaceuticals and illicit drugs for three
reference organisms belonging to different trophic level
(fish, dapnids and algae). Again, differences between river
upstream and downstream to the discharge site were
perceivable, but not very significant. Overall, no relevant
risks were identified, with the only exception of pharma-
ceuticals vs. algae that were likely to occur both in river
upstream and downstream. Such algae toxicity was mostly
attributable to the extremely low EC50 reported for two
compounds, i.e. ciprofloxacin and sulfamethoxazole. Oes-
trogenicity was similarly evaluated using estradiol equiva-
lent factors (EEQs) for the oestrogenic compounds
identified. In the present case river upstream showed higher
oestrogenicity than river downstream, attributable to oes-
trone and diethylstilbestrol.
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The present work reports the occurrence of pharmaceuticals and their metabolites and transformation products
(TPs) in the Ebro river basin (NE Spain). Twenty-four samples of water collected along the basin were analysed
using a fully automated method based on on-line turbulent chromatography–liquid chromatography–tandem
mass spectrometry (TFC-LC-MS/MS). In total, 17 metabolites, 7 of them with remaining pharmacologic activity,
and 2 transformation products, along with 58 parent pharmaceuticals are analysed. Metabolites and TPs were
found at concentrations of the same order of magnitude as their corresponding parent pharmaceuticals, with
the exception of 10,11-epoxi-carbamazepine which was found at approximately 10 times higher concentration
than its corresponding parent pharmaceutical carbamazepine. In general, levels of all target compounds
were below 100 ng L−1, with the exception of 14 compounds; among them the aforementioned 10,11-
epoxicarbamazepinewith amaximum concentration of more than 1600 ng L−1. The analgesic propyphenazone,
the psychiatric drug carbamazepine, the antibiotics clarithromycin and sulfadiazine, the cardiovascular drug
propranolol, the antineoplastic tamoxifen and 1 pharmacologically active metabolite salicylic acid were found
to be ubiquitous (detected in all samples). Smaller tributaries generally show higher concentrations than the
main river Ebro, due to lower dilution of WWTP effluents discharged.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In Europe and USA, around 4000 different pharmaceutical active
compounds are commercialised to be used as human and veterinary
drugs (Howard and Muir, 2011; Mompelat et al., 2009). However, a
rather small portion of them are monitored in the environment and
less than 300 have been detected so far (Howard and Muir, 2011).
Majority of them have been identified in surface waters (Rudén
et al., 2010), as being parent active ingredients in the focus of interest,
while very little attention is paid to the metabolites and transforma-
tion products.

Once in the human/animal body, the ingested pharmaceuticalmol-
ecule undergoes a set of biochemical reactions. Thus, hepatic metabo-
lism includes, the first step of oxidation/reduction and hydrolytic
cleavages leading to more polar molecules than the parent com-
pounds (Pérez and Barceló, 2007; Robinson et al., 2007). Then, a
second conjugation step consists of the processes of glucuronidation,
acetilation and sulphation, that allow metabolites to become hydro-
philic and water soluble enough to be eliminated through urine and/

or faeces (Mompelat et al., 2009). At that point, a notable specificity
of metabolism is the loss of pharmaceutical activity of the native phar-
maceutical compound. But this is not always fulfilled. For instance,
pro-drugs, by definition, are active only after the metabolic activation
by enzymatic system(s) of the parent compound to metabolite(s).
Typical cases are fibrates (lipid regulators, e.g. fenofibrate or clofi-
brate), the cardiovascular drug enalapril (Buerge et al., 2006), etc.
Therefore, pharmaceuticals, together with their metabolites, are
continuously released into the environment via treated (or untreated)
wastewaters, being that municipal wastewater effluent is the main
route of entrance in the environment (Bound and Voulvoulis, 2005;
Drewes and Shore, 2001; Heberer, 2002; Vieno et al., 2005).
Manufacturing and disposal of unused and expired medicine in
landfills and sewage systems (Vera-Candioti et al., 2008) are other po-
tential sources of pharmaceuticals in the environment (see Fig. 1).
Taking into account the fact that in general pharmaceuticals have a
designed resistance to biodegradation, the elimination in waste water
treatment plants (WWTPs) is not significant for most of the drugs
(Fatta-Kassinos et al., 2011). In addition, upon partial degradation of
pharmaceuticals and/or their metabolites during activated sludge
treatment, transformation products (TPs) may be formed (Kern et al.,
2010) and even the conjugates can be hydrolysed back to the free par-
ent drug (Daughton, 2001; Rodriguez-Mozaz et al., 2007), which then
enter the aquatic environment by the treated effluent. Once released
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into the environment, pharmaceuticals can undergo transport and
biotic and abiotic degradation processes (Fatta-Kassinos et al., 2011).
For the same reason aforementioned, microbial degradation is consid-
ered to be a less important process in the aquatic environment.
Among abiotic degradation processes (e.g. hydrolysis, photolysis,
redox reactions, etc.), direct photolysis and indirect photodegradation,
may be important processes for these compounds, because their struc-
ture usually contains aromatic rings, heteroatoms, and other functional
groups that can either directly absorb solar radiation or react with the
photogenerated transient species in natural waters. Photolytic
reactions are often complex involving various competing or parallel
pathways and leading to multiple products that may (i) be more toxic
than the parent compound; (ii) retain the properties of the parent com-
pound (i.e. antibiotic activity) or (iii) lose activity and/or toxicity. How-
ever, very few reports are available with regard to potential toxic effects
of photo-transformation products (Fatta-Kassinos et al., 2011). Assess-
ment of the ecotoxicity of the photoproducts of diclofenac, naproxen,
and the fibrates, for instance, provides evidence that acute and chronic
toxicity can be greater for the photoproducts than for the parent com-
pounds, and genotoxic and mutagenic effects cannot be excluded
(Fatta-Kassinos et al., 2011).

The possibility that pharmaceuticals and their derivates (metabo-
lites and TP) can cause negative effects on the aquatic organisms has
been widely discussed and documented in the scientific literature
(Daughton and Ternes, 1999; Jjemba, 2006; Martínez Bueno et al.,
2007; Petrovic et al., 2004; Petrović et al., 2003; Smital et al., 2004).
Pharmaceuticals are found in the environment in the ng L−1–μg L−1

(ppt–ppb) range. Such low concentrations of individual compounds
may not pose an acute risk, however, the combined concentrations

from compounds sharing a common mechanism of action could be
substantial. Moreover, it cannot be excluded that pharmaceuticals
and active metabolites act through additional unknown modes of
toxic action on non-target organisms (Escher et al., 2005). Exposure
in the aquatic environment is of particular concern, since aquatic
organisms are subjected to continual unabated lifecycle exposures.
In addition, the polar and non-volatile nature of most pharmaceuti-
cals prevents their escape from the aquatic realm (Vera-Candioti
et al., 2008). The concern also comes over the quality and safety of
drinking water since environmental waters are often used as a source
and several studies reported the occurrence of pharmaceuticals in
drinking water (Trenholm et al., 2009).

In the present work, the occurrence and spatial distribution of
58 pharmaceuticals and 19 metabolites and/or TPs (seven of them,
with known remaining pharmacological activity) are studied at 24
sampling sites along the Ebro river basin. Relations between the pres-
ence of parent pharmaceuticals and their derivates (both metabolites
and TPs) have been established.

2. Material and methods

2.1. Study site

Ebro river is located in the northeast of the Iberian Peninsula (see
Fig. 2). It drains a total area of 85,550 km², of which 84,415 km² are in
Spanish territory. The Ebro river, which is the most important river in
Spain, flows 928 km in NW–SE direction into the Mediterranean Sea,
where it creates a delta of 320 km², one of the largest wetland areas in
the western Mediterranean region. Approximately 2,800,000 people
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Fig. 1. Source and fate of pharmaceuticals and their transformation-products in the environment.
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live in the river basin area. The Ebro river basin is largely regulated
by dams and channels, which have altered its hydrological and sedi-
mentary regime. Like the rest of Mediterranean rivers, it presents a
significant temporal variability, which, together with the increasing
industrial and agricultural activity, anthropogenic manipulation of
the river hydrology and intensification of climate change, results in
serious problems due to an imbalance between the availability of
water resources during extended droughts and the increasing anthro-
pogenic water demands. These problems affect not only the water
availability, but also the water quality and ecosystem services.

Twenty four sampling locations were selected along the basin to
depict a contamination gradient. Fifteen belonged to the tributaries
and 9 to the main Ebro river (see Table 1). The sites cover all the stra-
tegic points along the basin, including sites near the river sources, like
OCA, ESE, CIN1, GAL1 and especially EBR1 and RS; others situated

downstream of important urban and industrial areas like Miranda
de Ebro (EBR2), Gasteiz (ZAD), Logroño (EBR4), Pamplona (ARG),
Tudela (EBR5), Zaragoza (EBR6 and HUE) and Lleida (SEG); NAJ is
in an important agricultural wine area and, some other sites were
selected in the delta at the mouth of the main Ebro river (EBR8 and
EBR9).

2.2. Sample collection

One grab sample of river water was collected at each sampling site
in September/October 2010, using amber glass bottles, pre-rinsed
with ultra-pure water. After collection and during shipment, samples
were kept in the dark, and cooled with ice. Upon reception in the
laboratory, samples were vacuum filtered through 1 μm glass fibre fil-
ters from Whatman (Fairfield, CT, USA), followed by 0.45 μm nylon
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Fig. 2. Sampling map.

Table 1
Sampling sites.

Sampling site Locality (province) Rivera Average flow (m3/s) Sources of contamination/strategic situation

EBR1 Nestares/Reinosa (Cantabria) Ebro 1.03 Near the source of the river
OCA Oña (Burgos) Oca 1.30 Near the source of the river
EBR2 Miranda de Ebro (Burgos) Ebro 18.63 Downstream to industrial/urban area
ZAD Villodas (Álava) Zadorra 2,05 Downstream to industrial/urban area
EBR3 Haro (La Rioja) Ebro – Intermediate sampling point
NAJ San Asensio (La Rioja) Najerilla 5.82 Agricultural area
ARG Echauri (Navarra) Arga 3,18 Downstream to industrial/urban area
EBR4 Mendavia (Navarra) Ebro 26.13 Downstream to industrial/urban area
EBR5 El bocal–Tudela (Navarra) Ebro – Downstream to industrial/urban area
GAL1 Jabarrella (Huesca) Gállego 10.41 Near the source of the river
GAL2 Villanueva de Gállego (Zaragoza) Gállego 11.25 Before joining the Ebro river
HUE Fuente de la Junquera (Zaragoza) Huerva 1.81 Downstream to industrial/urban area
EBR6 Presa de Pina (Zaragoza) Ebro 78.23 Downstream to industrial/urban area
MAR Alcaine (Teruel) Martín 0.24 Agricultural area
ESE Graus (Huesca) Ésera – Near the source of the river
CIN1 El Grado (Huesca) Cinca – Near the source of the river
CIN2 Monzón (Zaragoza) Cinca – Intermediate sampling point
RS Lladurs (Lleida) Ribera Salada – Near the source of the river
SEG Torres de Segre (Lleida) Segre 25.49 Downstream to industrial/urban area
MAT Nonaspe/Fabara (Zaragoza) Matarraña 0.03 Before joining the Ebro river
ALG Batea (Tarragona) Algars – Before joining the Ebro river
EBR7 Ascó (Tarragona) Ebro 194.63 Mouth of Ebro river
EBR8 Tortosa (Tarragona) Ebro 128.64 Mouth of Ebro river
EBR9 Deltebre (Tarragona) Ebro – Mouth of Ebro river

a In italics, sites in the tributary rivers.
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membrane filters from Teknokroma (Barcelona, Spain), and stored in
amber-polyethylene terephtalate (PET) bottles in the dark at−20 °C
until analysis.

2.3. Chemicals

All pharmaceuticals and metabolites or TP standards were of high
purity grade (>90%) and are listed in the Supplementary data 1.

Both individual stock standard and isotopically labelled internal
standard solutions were prepared on a weight basis in methanol
(MeOH), except fluoroquinolones which were dissolved in a H2O/
MeOH mixture (1:1) containing 0.2% v/v hydrochloric acid, as they
are slightly soluble in pure MeOH. After preparation, standards were
stored at −20 °C. Stock solutions were renewed every 3 months. On
the other hand, compounds with numbers (see Table 2) 69, 72, 73,
and 74 were obtained as solutions in acetonitrile (ACN), 20 and 23
were dissolved in MeOH, at a concentration of 1 mg mL−1, and 22
dissolved in a mixture of MeOH/H2O (1:1, v/v). A mixture of all phar-
maceuticals was prepared by the appropriate dilution of individual
stock solutions in MeOH/H2O (25:75, v/v). Working standard solu-
tions, also prepared in the MeOH/H2O (25:75, v/v) mixture, were
renewed before each analytical run. Working solutions were pre-
pared in amber glass vials while standard mixtures were prepared
in volumetric flasks wrapped with aluminium foil to prevent expo-
sure to light. A separate mixture of isotopically labelled internal stan-
dards, used for internal standard calibration, was prepared in MeOH
and further dilutions were also prepared in the MeOH/H2O (25:75,
v/v) mixture.

HPLC grade MeOH, ACN, acetone and H2O, hydrochloric acid
(thereon HCl) 37%, trifluoro acetic acid (TFA) 99.8% and formic acid
(thereon FA) 98% were supplied by Merck (Darmstadt, Germany).
Ethylenediaminetetraacetic acid disodium salt dehydrate (Na2EDTA)
was 99%, ammonium acetate (thereon NH4Ac) was 98% and ammoni-
um hydroxide (thereon NH4OH) was 28%, all of them from Sigma-
Aldrich (Steinham, Germany). 2-Propanol 99.9% was obtained from
Carlo Erba Reactifs (Val de Reuil, France).

2.4. Selection of target analytes

The selected 77 target compounds, are listed in Table 2. There are
58 pharmaceuticals and 19 metabolites and/or TP, among them 7
metabolites with remaining pharmacologic activity. They belong to
different medicinal classes. Those 58 pharmaceuticals have been se-
lected due to their occurrence and ubiquity in the aquatic environ-
ment, according to the information found in the scientific literature,
as well as their high human consumption in Spain. Regarding their
19 metabolites and TP, the criteria were, primarily, the remaining
pharmacologic activity, or the potential one (glucuronides and acety-
lated derivates). Some TPs without that feature were still included
in the method if their corresponding parent pharmaceutical were
usually found at high concentrations in the environment, and/or
was known for its high toxicity. However, the final criterion was the
commercial availability of analytical standards.

The list of target compounds include eight analgesic and anti-
inflammatory pharmaceuticals and 2 of their metabolites. One of
the metabolites, salycilic acid, is pharmacologically active. It is the
product of the metabolism of both anti-inflammatory agents acetyl
salicylic acid and salicin. Thus, after the intake of aspirin, 2–30% is
excreted like salicylic acid (Mompelat et al., 2009).

Another important group of target compounds included in the
method was formed by 5 lipid regulators, fibrates and statins; and
2 of their metabolites, clofibric acid and 2OH-atorvastatin, both of
them pharmacologically active. Clofibric acid is actually the active
form of clofibrate, which is used as a prodrug. Regarding the 2OH-
atorvastatin, it presents a similar pharmacologic activity as the ator-
vastatin and at least 2% can be found in the urine.

Five parent psychiatric drugs aremonitored. From one of them, the
antiepileptic carbamazepine, three metabolites, 2OH carbamazepine,
3OH carbamazepine, 10,11-epoxi-carbamazepine, and two TP formed
in wastewater treatment, acridone and acridin, were monitored.
Those three metabolites can also be produced by wastewater treat-
ment (Jelic et al., in press; Miao and Metcalfe, 2003). Only the 10,11-
epoxi-carbamazepine is still pharmacologically active. After the oral
administration of carbamazepine, 72% of the dose is excreted in the
urine and 28% is eliminated in the faeces. Only less than 3% of the
drug is excreted unchanged in the urine.

Desmethyl diazepam (also known as nordazepam or nordiazepam)
is the main metabolite of diazepam and remains pharmacologically
active. Diazepam's other active metabolite includes oxazepam which
is conjugated with glucuronide. Most of the drug is metabolised; very
little diazepam is excreted unchanged, but mainly as oxazepam conju-
gate (~33%) in the urine. The glucuronization process inactivates the
oxazepam, but potential activity remains since the glycosidic bond is
very labile and prone to turn back into the active oxazepam during
wastewater treatment or in the environment.

Five antihistaminics and one of their activemetabolites are included.
Urine is themain route of excretion for ranitidine. Approximately 30% of
the orally administered dose is excreted as an unchanged drug in 24 h
and N-oxide amounts to less than 6% of the dose (Mompelat et al.,
2009).

The antibiotics covered by the method include 20 compounds,
including 4 metabolites. Anhydroerythromycin arises from the acid-
catalysed degradation of erythromycin. It has a negligible antibacterial
activity, but inhibits drug oxidation in the liver, and is responsible for
unwanted drug-to-drug interactions (Hassanzadeh et al., 2006). The
N-acetyl derivates of the sulfamides, i.e., sulfamethoxazole, sulfadia-
zine and sulfamethazine, are also included. They can easily release
the sulfamide drug back, similar to the glucuronides (Göbel et al.,
2007). In addition, acetylated forms even though they do not have
pharmacological activity, they present ecotoxicity (Eguchi et al.,
2004).

Another very numerous group covered by the method are the car-
diovascular drugs, with 15 compounds, including the glucuronide
metabolite of propranol, and enalaprilat, the active form from the
pro-drug enalapril.

The rest of the analytes included in the method entail 2 β-agonists,
3 barbiturates, 1 antineoplastic, and 1 antidiabetic, glyburide (also
known as glibenclamide), and its metabolite, trans 4OH glyburide,
which is, in addition, still active.

2.5. Analytical method

The analyses of pharmaceuticals and their metabolites and TP,
in the collected samples, were performed following a previously
developed and validated, fully automated method based on online
Turbulent chromatography–MS/MS (López-Serna et al., in press).
Briefly, the preconcentration and cleanup was performed using the
so called TurboFlow™ technology, by means of a Thermo Scientific
Transcend™ TLX system (Waltham, MA, USA). The method consisted
of two separate sample injections, one using 2.5 mL in the positive
electrospray mode (ESI pos) and the other with 5 mL in the negative
electrospray mode (ESI neg) of the filtered river water sample. Three
TurboFlow™ columns (TFC) connected in series were used i.e., Cyclone
P—C18-P XL—Cyclone MAX, for sample preconcentration and purifica-
tion. After the extraction stage, the target compounds were eluted
from the TFC column and transferred to an analytical column (Betasil
Phenyl-Hexyl) where they are separated by a gradient elution. The
total analysis time, including the extraction and the elution phases,
was 22.4 and 21.5 min for ESI pos and neg, respectively.

In this fully automated methodology, the sample handling was
limited to filtration as described in Section 2.2, the addition of an
acid/base modifier (0.1% FA+0.02% TFA for the aliquot analysed
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membrane filters from Teknokroma (Barcelona, Spain), and stored in
amber-polyethylene terephtalate (PET) bottles in the dark at−20 °C
until analysis.

2.3. Chemicals

All pharmaceuticals and metabolites or TP standards were of high
purity grade (>90%) and are listed in the Supplementary data 1.

Both individual stock standard and isotopically labelled internal
standard solutions were prepared on a weight basis in methanol
(MeOH), except fluoroquinolones which were dissolved in a H2O/
MeOH mixture (1:1) containing 0.2% v/v hydrochloric acid, as they
are slightly soluble in pure MeOH. After preparation, standards were
stored at −20 °C. Stock solutions were renewed every 3 months. On
the other hand, compounds with numbers (see Table 2) 69, 72, 73,
and 74 were obtained as solutions in acetonitrile (ACN), 20 and 23
were dissolved in MeOH, at a concentration of 1 mg mL−1, and 22
dissolved in a mixture of MeOH/H2O (1:1, v/v). A mixture of all phar-
maceuticals was prepared by the appropriate dilution of individual
stock solutions in MeOH/H2O (25:75, v/v). Working standard solu-
tions, also prepared in the MeOH/H2O (25:75, v/v) mixture, were
renewed before each analytical run. Working solutions were pre-
pared in amber glass vials while standard mixtures were prepared
in volumetric flasks wrapped with aluminium foil to prevent expo-
sure to light. A separate mixture of isotopically labelled internal stan-
dards, used for internal standard calibration, was prepared in MeOH
and further dilutions were also prepared in the MeOH/H2O (25:75,
v/v) mixture.

HPLC grade MeOH, ACN, acetone and H2O, hydrochloric acid
(thereon HCl) 37%, trifluoro acetic acid (TFA) 99.8% and formic acid
(thereon FA) 98% were supplied by Merck (Darmstadt, Germany).
Ethylenediaminetetraacetic acid disodium salt dehydrate (Na2EDTA)
was 99%, ammonium acetate (thereon NH4Ac) was 98% and ammoni-
um hydroxide (thereon NH4OH) was 28%, all of them from Sigma-
Aldrich (Steinham, Germany). 2-Propanol 99.9% was obtained from
Carlo Erba Reactifs (Val de Reuil, France).

2.4. Selection of target analytes

The selected 77 target compounds, are listed in Table 2. There are
58 pharmaceuticals and 19 metabolites and/or TP, among them 7
metabolites with remaining pharmacologic activity. They belong to
different medicinal classes. Those 58 pharmaceuticals have been se-
lected due to their occurrence and ubiquity in the aquatic environ-
ment, according to the information found in the scientific literature,
as well as their high human consumption in Spain. Regarding their
19 metabolites and TP, the criteria were, primarily, the remaining
pharmacologic activity, or the potential one (glucuronides and acety-
lated derivates). Some TPs without that feature were still included
in the method if their corresponding parent pharmaceutical were
usually found at high concentrations in the environment, and/or
was known for its high toxicity. However, the final criterion was the
commercial availability of analytical standards.

The list of target compounds include eight analgesic and anti-
inflammatory pharmaceuticals and 2 of their metabolites. One of
the metabolites, salycilic acid, is pharmacologically active. It is the
product of the metabolism of both anti-inflammatory agents acetyl
salicylic acid and salicin. Thus, after the intake of aspirin, 2–30% is
excreted like salicylic acid (Mompelat et al., 2009).

Another important group of target compounds included in the
method was formed by 5 lipid regulators, fibrates and statins; and
2 of their metabolites, clofibric acid and 2OH-atorvastatin, both of
them pharmacologically active. Clofibric acid is actually the active
form of clofibrate, which is used as a prodrug. Regarding the 2OH-
atorvastatin, it presents a similar pharmacologic activity as the ator-
vastatin and at least 2% can be found in the urine.

Five parent psychiatric drugs aremonitored. From one of them, the
antiepileptic carbamazepine, three metabolites, 2OH carbamazepine,
3OH carbamazepine, 10,11-epoxi-carbamazepine, and two TP formed
in wastewater treatment, acridone and acridin, were monitored.
Those three metabolites can also be produced by wastewater treat-
ment (Jelic et al., in press; Miao and Metcalfe, 2003). Only the 10,11-
epoxi-carbamazepine is still pharmacologically active. After the oral
administration of carbamazepine, 72% of the dose is excreted in the
urine and 28% is eliminated in the faeces. Only less than 3% of the
drug is excreted unchanged in the urine.

Desmethyl diazepam (also known as nordazepam or nordiazepam)
is the main metabolite of diazepam and remains pharmacologically
active. Diazepam's other active metabolite includes oxazepam which
is conjugated with glucuronide. Most of the drug is metabolised; very
little diazepam is excreted unchanged, but mainly as oxazepam conju-
gate (~33%) in the urine. The glucuronization process inactivates the
oxazepam, but potential activity remains since the glycosidic bond is
very labile and prone to turn back into the active oxazepam during
wastewater treatment or in the environment.

Five antihistaminics and one of their activemetabolites are included.
Urine is themain route of excretion for ranitidine. Approximately 30% of
the orally administered dose is excreted as an unchanged drug in 24 h
and N-oxide amounts to less than 6% of the dose (Mompelat et al.,
2009).

The antibiotics covered by the method include 20 compounds,
including 4 metabolites. Anhydroerythromycin arises from the acid-
catalysed degradation of erythromycin. It has a negligible antibacterial
activity, but inhibits drug oxidation in the liver, and is responsible for
unwanted drug-to-drug interactions (Hassanzadeh et al., 2006). The
N-acetyl derivates of the sulfamides, i.e., sulfamethoxazole, sulfadia-
zine and sulfamethazine, are also included. They can easily release
the sulfamide drug back, similar to the glucuronides (Göbel et al.,
2007). In addition, acetylated forms even though they do not have
pharmacological activity, they present ecotoxicity (Eguchi et al.,
2004).

Another very numerous group covered by the method are the car-
diovascular drugs, with 15 compounds, including the glucuronide
metabolite of propranol, and enalaprilat, the active form from the
pro-drug enalapril.

The rest of the analytes included in the method entail 2 β-agonists,
3 barbiturates, 1 antineoplastic, and 1 antidiabetic, glyburide (also
known as glibenclamide), and its metabolite, trans 4OH glyburide,
which is, in addition, still active.

2.5. Analytical method

The analyses of pharmaceuticals and their metabolites and TP,
in the collected samples, were performed following a previously
developed and validated, fully automated method based on online
Turbulent chromatography–MS/MS (López-Serna et al., in press).
Briefly, the preconcentration and cleanup was performed using the
so called TurboFlow™ technology, by means of a Thermo Scientific
Transcend™ TLX system (Waltham, MA, USA). The method consisted
of two separate sample injections, one using 2.5 mL in the positive
electrospray mode (ESI pos) and the other with 5 mL in the negative
electrospray mode (ESI neg) of the filtered river water sample. Three
TurboFlow™ columns (TFC) connected in series were used i.e., Cyclone
P—C18-P XL—Cyclone MAX, for sample preconcentration and purifica-
tion. After the extraction stage, the target compounds were eluted
from the TFC column and transferred to an analytical column (Betasil
Phenyl-Hexyl) where they are separated by a gradient elution. The
total analysis time, including the extraction and the elution phases,
was 22.4 and 21.5 min for ESI pos and neg, respectively.

In this fully automated methodology, the sample handling was
limited to filtration as described in Section 2.2, the addition of an
acid/base modifier (0.1% FA+0.02% TFA for the aliquot analysed
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under ESI pos, or 10 mM NH4Ac for the aliquot analysed by ESI neg)
and 2% MeOH (to minimise the loss of the analytes through adsorp-
tion onto the surface of the glassware), and the fortification with a
surrogate mixture at 100 ng L−1 to correct for potential losses during
the analytical procedure, as well as, for matrix effects.

The MS/MS detection was performed by a Thermo Scientific TSQ
Vantage™ triple quadrupole mass spectrometer (MS) with an ESI
source (Waltham, MA, USA). Data acquisition was performed in the
selected reaction monitoring (SRM) mode recording the transitions
between the precursor ion and the two most abundant product ions
for each target analyte. SRMs are shown, along with the optimised
compound-dependent S-lens RF amplitude and collision energy (CE),
in Supplementary data 2. Recoveries were higher than 80% for majority
of the studied compounds and method limits of detection were under
10 ng L−1 for 75% of analytes in surface water. Fourty-six isotopically
labelled compounds were used as surrogates, and the assignation can
also be seen in Suppementary data 2. Other experimental conditions
and optimization parameters are described in details in López-Serna
et al. (in press).

3. Results and discussion

The quantified levels (concentration range and mean values) and
the frequency of detection of the investigated pharmaceuticals and
transformation-products in thewater samples analysed, are summarised
in Table 2.

Several previous studies (Gros et al., 2007, 2010; López-Serna
et al., 2011) determined the levels of pharmaceuticals in the Ebro
river basin, but none of them included metabolites or TPs. In fact,
very few works worldwide have been published reporting concentra-
tions of pharmaceutical TP in surface waters (González Alonso et al.,
2010; Huerta-Fontela et al., 2011; Langford and Thomas, 2011; Letzel
et al., 2010; Martínez Bueno et al., 2007; Yu et al., 2011). This shows
that the available data about the presence of pharmaceutical metabo-
lites and TP in the aquatic environment is very scarce. In addition, the
number of metabolites and TP included in previously published stud-
ies was generally low, limited to only several compounds (Langford
and Thomas, 2011). In most of the cases, metabolites and/or TP,
belonging to the psychiatric therapeutic class, especially, metabolites
of carbamazepine and diazepam were included in the methods.

3.1. Levels of pharmaceuticals, their metabolites and TPs

Out of the 77 target compounds monitored, 7 (the analgesic
propyphenazone, the psychiatric drug carbamazepine, the antibiotics
clarithromycin and sulfadiazine, the cardiovascular drug propranolol,
the antineoplastic tamoxifen and 1 pharmacologically active metab-
olite salicylic acid) were found to be ubiquitous (detected in all sam-
ples). The concentration of tamoxifen was lower than that found by
Roberts and Thomas (2006), but higher than that reported for influ-
ent sewage water samples by Liu et al. (2010) and Tauxe-Wuersch
et al. (2006). Another 53 compounds, including 14 metabolites and
TPs were detected in at least in one sample (see Table 2). In general,
concentrations found were lower than 100 ng L−1, with several
compounds showing higher concentrations in some samples. Highest
individual and also highest mean concentration was detected for a
metabolite (and TP) of carbamazepine 10,11 epoxi carbamazepine
that was detected in more than 80% of the samples with a mean
concentration of 76.5 ng L−1 in the Ebro river and 211.6 ng L−1 in
smaller tributary rivers. The highest concentration of 1667 ng L−1

was detected in a small tributary, Zadorra river (sampling site ZAD,
flow 1.4 m3/s) that is impacted by discharges from the city of Vitoria
(Gasteiz). These levels are much higher than previously reported in
the Llobregat river (NE Spain) where an average concentration of
54 ng L−1 was found by Huerta-Fontela et al. (2011) or 35.6 ng L−1

in the surface water of Oslofjord (Norway) as reported by Langford

and Thomas (2011). Other compounds, detected at levels higher
than 200 ng L−1, were sulfamethazine, atenolol, hydrochlorothiazide
and diclofenac. Besides the above mentioned 10,11 epoxi carbamaze-
pine, other metabolites and TP detected were ranitidine N-oxide (max-
imum concentration 196 ng L−1), oxazepam glucoronide (maximum
concentration 70.9 ng L−1), 4OH-diclofenac (maximum concentration
48.2 ng L−1), acridin (maximum concentration 16.8 ng L−1) and
N-acetyl sulfamethoxazole (maximum concentration 73.8 ng L−1).
The mean concentration of desmethyl diazepam was 0.22 ng L−1

which was significantly lower than the values reported for surface
waters in the metropolitan area of Madrid, Spain (González Alonso
et al., 2010), with a mean concentration of 33 ng L−1.

Seventeen target compounds were not detected in any of the sam-
pling locations. Twelve of them were parent compounds, i.e., mefenamic
acid, fenofibrate, atorvastatin, diazepam, famotidine, cimetidine,
roxithromycin, josamycin, norfloxacin, metronidazole, betaxolol and
nadolol and 5 metabolites, i.e., N-acetyl sulfadiazine, N-sulfamethazine,
propranolol-β-D-glucuronide, trans 4OH glyburide and 2OH atorvastatin.

3.2. Contribution of metabolites/TPs to the overall load
of pharmaceuticals

Concentrations of metabolites and TPs detected in this study were
compared to the concentrations of their corresponding parent com-
pound in order to estimate and evaluate the contribution of metabo-
lites and TPs to the overall burden of pharmaceuticals in the aquatic
environment. The total concentration of all detected parent com-
pounds (58 compounds) and the total concentration of all detected
metabolites/TPs (19 compounds) are shown in Fig. 3A and B.
Although the number of monitored metabolites/TPs was significantly
lower than the number of parent compounds and not all possible
metabolites/TPs are included into the method the overall contribu-
tion of metabolites/TPs is found to be significant. In all sampling
points metabolites/TPs are found to be present at the same concen-
tration level as the parent compounds, representing as an average
30–50% of the total pharmaceutical load (parent compounds+
metabolites/TPs).
For individual compounds, mean concentrations for most of the

metabolites and TPs were found to be at a similar concentration
level as their corresponding parent compound. Fig. 4A shows the
levels found for ranitidine and its metabolite ranitidine N-oxide that
were detected in 19 out of 24 samples at average concentrations of
24 ng L−1 for ranitidine and 24.5 ng L−1 for ranitidine N-oxide. How-
ever, the most interesting case is carbamazepine and its metabolites
(and/or TPs). As shown in Fig. 4B. the concentration of metabolites/
TPs significantly surpassed the concentration of the parent compound
in all samples, being that the individual concentration of 10,11-epoxi
carbamazepine was almost one order of magnitude higher that
the concentration of carbamazepine. Similar results were reported
by Langford and Thomas (2011) and Huerta-Fontela et al. (2011), al-
though the ratio metabolite/carbamazepine was 5 and 4, respectively,
compared to this study where the ratio was between 10 and 15.
10,11-Epoxi carbamazepine has been found at higher concentrations
than its parent pharmaceutical in all the published works so far. But
the ratio metabolite vs. pharmaceutical was around 5, while in our
study the concentration of that active metabolite was 15 times higher
than that of its parent compound carbamazepine. Desmethyl diaze-
pam was also found at higher concentrations than its parent diaze-
pam in González Alonso et al. (2010).

All this shows the importance of monitoring transformation-
products of pharmaceuticals, especially those ones which remain
pharmacologically active. The presence of metabolites in the environ-
ment is not surprising since a high percentage of the dose is excreted
as metabolites for most of the pharmaceuticals. In fact diazepam is
excreted in the urine as oxazepam glucuronide (33%) and just traces
of desmethyl diazepam and unchanged pharmaceutical. A similar
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Fig. 3. Sum concentration (ng L−1) of A) 58 parent pharmaceuticals and B) 19 metabolites and/or transformation products detected.
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ratio was found to be present in environmental waters in the present
study. However, for some other compounds like ranitidine and espe-
cially for carbamazepine, lower concentrations of their corresponding
metabolites, ranitidine N-oxide and 10,11-epoxi carbamazepine,
would be expected taking into account the data on excretion
(4% and 2%, respectively, versus 30% and 3% of unchanged pharma-
ceutical, respectively) (Levy et al., 2002). The change in ratios may
be attributed to several reasons. First of all, the theoretical percent-
ages of excretions can vary for elderly persons or patients with hepat-
ic dysfunction or any other illness like diabetes, high blood pressure,
renal failure, etc. since the metabolism may work differently in them
(Simon et al., 1988; Tocco et al., 1982). In addition, pharmaceutical
industries or the disposal of expired or no longer needed medicine
from the users contribute to the increased finding of unchanged phar-
maceuticals in the environment. However, the main factors are the
transformations in the WWTPs and/or in the environment that do
not affect all compounds to the same extent.

3.3. Spatial distribution

The highest concentration of both parent compounds and metab-
olites and TPs are found at sites downstream of the big urban centres
of Pamplona (ARG), Zaragoza (HUE) and especially Gasteiz (ZAD). In
general, higher concentrations of the target compounds were found
in small tributary rivers than in the main Ebro river (see Table 2
and Fig. 3). This is attributed to the lower dilution in small tributaries
in comparison to the main stream Ebro river (See flows in Table 1).
On the contrary, sites GAL2, ESE, CIN1, CIN2, ALG, EBR7 and EBR8
were shown as the less contaminated with a total concentration of
all target compounds, below 200 ng L−1. This is not surprising for
ESE and CIN1 which correspond to locations near the source of the
river. However, EBR7 and EBR8 were situated near the mouth of the
main Ebro River, and the low concentrations detected there reflect
high dilution factors due to high river flow in the lower part of the
river. In fact, the concentration was kept quite similar along the
main Ebro River. This means that despite the input of effluents from
the WWTPs situated along the river (i.e. cities of Logroño, Tudela,
Zaragoza), the dilution phenomenon keeps the concentration stable.
In fact, Table 1 shows how Ebro river flow was increasing gradually
from near its source (1.03 m3/s in EBR1) until near its mouth
(128.6 m3/s in EBR8) with a total increase of more than 100 times.
Natural attenuation can be also taking place. This was observed in
López-Serna et al. (2011) as well.

4. Conclusions

The present work reports the environmental occurrence of 58 phar-
maceuticals and 19 metabolites and TPs in the Ebro river basin. In all
sampling points metabolites/TPs are found to be present at the same
concentration level as the parent compounds, representing as an aver-
age 30–50% of the total pharmaceutical load (parent compounds+
metabolites/TPs). The highest concentrations are found for the active
metabolite of the antiepileptic carbamazepine, 10,11-epoxi carbamaze-
pine that is determined at concentrations more than one order of
magnitude higher than that of parent carbamazipine. Concentrations
were in general below 100 ng L−1, with a few exceptions. 10,11-Epoxi
carbamazepine is found at a maximum concentration of 1600 ng L−1.
In general, the highest concentrations are found in small tributary rivers
receiving effluents from WWTP. In the main Ebro river, the levels are
similar from its source to its mouth showing that the dilution effect
and the natural depletion counteract the continuous introduction of
pharmaceuticals via WWTP effluents and other sources along the
river. With all the aforementioned, more studies on the occurrence
of metabolites/TPs in environmental waters would be necessary, espe-
cially for the ones with remaining pharmacologic activity.
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a b s t r a c t

The present paper presents the occurrence of 72 pharmaceuticals and 23 transformation products (TPs)
in groundwaters (GWs) underlying the city of Barcelona, Spain. Thirty-one samples were collected under
different districts, and at different depths. Aquifers with different geologic features and source of
recharge were included, i.e., natural bank filtration, infiltration from wastewater and water supply pipes,
rainfall recharge, etc. Antibiotics were the most frequently found compounds detected at levels reaching
1000 ng L�1. Natural bank filtration from the river that receives large amounts of effluents from waste
water treatment plants (WWTPs), turned out being the most influencing source of contamination, thus
GW showed high range of compounds and concentrations as high as or even higher than in the river
itself. In general, TPs were found at lower concentrations than the corresponding parent compounds,
with some exceptions, such as 4OH propranolol and enalaprilat.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Groundwater (GW) is an important resource of water supply in
the world. In Catalonia, GW represents 35% of the water resources,
of which 30e35% is used for drinking water, while the rest is used
for industrial activities and agriculture supply (García-Galán et al.,
2010). In Barcelona metropolitan area GW represents 19% of all
thewater resources and currently it is extracted for purposes where
quality requirements are less stringent than for human consump-
tion, such as municipal services (watering parks, street cleaning,
ornamental fountains, etc.), other uses, including industrial
(building heating and cooling and car washing, industrial cleaning,
etc.), environmental (regeneration of the Vallvidrera reservoir and
the Besòs riverbed) and agricultural.

Urban aquifers are especially vulnerable to contamination by
a variety of contaminants due to urban activities and industry.
Although soil provides a big inertia to quality changes and slows
propagation of the contamination, for that same reason, once

contaminated, the effects can hardly ever be reverted (García-Galán
et al., 2010, 2011). Previous studies showed that aquifers underlying
the Barcelona metropolitan area suffer pollution from different
sources, including losses fromwater supply networks, leakage from
sewers, seepage from rivers or other surfacewater (SW) bodies, and
seawater intrusion. Emerging contaminants, such as surfactants
and their degradation products (i.e. nonylphenol ethoxylates,
nonylphenol carboxylates, nonylphenol and linear alkyl benzene
sulfonates) were found at high concentrations (mg/L level) in
aquifers recharged by the river Besòs showing clear dependence on
the sources of recharge or/and pollution containing these
substances and groundwater redox conditions (Tubau et al., 2010).
Low, but measurable concentrations of drugs of abuse, are also
found in zones recharged by a river that receives large amounts of
effluents from WWTPs (Jurado et al., 2012).

Pharmaceuticals are another important class of emerging
contaminants that can potentially reach GW. The use of pharma-
ceuticals by the modern society is huge and steadily increasing.
They are developed with the intention of performing a biological
effect and they may exert their activity at the low ng L�1 range
(Vulliet and Cren-Olivé, 2011), therefore harmful effects to the
ecosystem and humans should be evaluated (Eggen et al., 2010).
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Furthermore, the metabolites and biotic and abiotic transformation
products (TPs) of parent pharmaceuticals can remain pharmaco-
logically active.

Only a few studies of presence of pharmaceuticals in urban GWs
(e.g., Gruji�c et al., 2009; Osenbrück et al., 2007; Reinstorf et al.,
2008; Schirmer et al., 2011; Strauch et al., 2008; Wolf et al., 2006)
can be found in the literature, and in all cases, very few pharma-
ceuticals were monitored and none of the studies included TPs.
Analgesics and antibiotics were the classes more studied, and the
levels found ranged from low ng L�1 (Standley et al., 2008; Vulliet
and Cren-Olivé, 2011), to hundreds of ng L�1 (Gruji�c et al., 2009;
Teijon et al., 2010).

In general, TPs are not frequently monitored, and only a few
studies reported levels of in GW, i.e., 5 acetylated TPs of sulpho-
namides surveyed in Catalonia (region Barcelona belong to)
(García-Galán et al., 2011), and TPs of phenazone-type compounds
in GW in Germany (Massmann et al., 2008a, 2007, 2008b).

The present work studied the presence of 72 pharmaceuticals
and 23 of their TPs in GW underlying the city of Barcelona (Spain).
Eight of those 23 TPs are pharmacologically active, and another 8
are potentially active as glucuronides or acetylated derivates of
active substances. To the knowledge of the authors, this is the first
time such a big number of pharmaceuticals, especially TPs, have
been studied in GW so far.

2. Material and methods

2.1. Study site

Fig. 1 shows the study area, situated in the North-East of Spain. The analyzed
GWs are situated under 136 km2 of urban realm, which includes Barcelona metro-
politan area, where 2.2 million people live. The area is bounded by the Mediterra-
nean Sea and the Collserola Range. Both, Llobregat and Besòs Rivers, close the
rectangular zone. The climate is typically Mediterranean with an average rainfall of
600 mm year�1.

Samples belong to different aquifers with different lithologies and ages, and can
be divided into three groups. First group, located under the district called Poble Sec
(PS), belongs to either Barcelona plain (samples labeled as upper depth (u)), or to the
underlying confined aquifer (samples labeled as medium depth (m)). Barcelona
plain is cropping out and consists of carbonated clays from Pleistocene, Quaternary.

The underlying aquifer consists of sandstones, marls and sands from Miocene,
Tertiary. Samples featured as (a) contain water from both aquifers, since the
screened depth covers both units. See Table 1. The second group of samples is under
Mallorca Street (MS), situated midway between Collserola range and the sea. They
belong to either the Barcelona plain (samples labeled as upper depth (u)), or to the
underlying confined aquifer (samples labeled as medium (m) and low depth (l)).
Again, samples typified as (a) contain water from both aquifers since the depth
screened covered both groundwater units. The third group of samples was located
under Besòs River Delta (BRD). All of them belong to the most superficial unconfined
aquifer, composed of gravels, sands, silts and clays from Holocene, Quaternary.
Underlying that, there are another two aquifers with the same composition,
confined this time, and separated by lutidic units.

Generally, in all aquifers, GW flows seawards, from the mountain range. Several
recharge sources have been identified (Vázquez-Suñé et al., 2010). These include: (1)
rainfall infiltration in the non-urbanized areas at the highest parts of the city
(Collserola range hillside), which is consider as “clean” natural recharge water; (2)
seawater intrusion; (3) Besòs River infiltration, which contains a large proportion of
effluents from WWTPs, especially during the summer, when precipitations are
scarce; (4) losses from thewater supply network; (5) losses from the sewage system;
and (6) runoff water from the paved areas, which washes away the urban surface
and recharges the aquifers through direct infiltration or sewer seepage. A previous
study by Jurado et al. (2012), calculates the proportion in which those sources,
contribute to the recharge of every area, when the sampling campaign took place.
According to that, in MS area, the main contributor to the total recharge is rainfall
infiltration (60%), especially in the deepest aquifer (where GRA-2 was sampled),
followed by the losses from sewage system (31%) and the losses from the water
supply network (9%). In PS area, the main contributors are the losses from sewage
system and losses from the water supply network, accounting for 96% (50% and 46%,
respectively). The remaining 4% corresponds to rainfall infiltration. Regarding to BRD
area, infiltration of water from the Besòs River is the largest contributor to the total
recharge, representing 91%, but other contributors are losses from sewage system
and water supply network. When considering all the 3 zones as a whole, average
proportions are as follows: 21% corresponds to losses from the water supply
network, 28% to losses from the sewage system, 18% to rain infiltration, and 33% to
recharge from the Besòs River.

The presence of oxidizing species like nitrate, and the absence of ammonium,
indicates oxidizing conditions in MS, and especially in PS. In the latter, nitrate was
found at concentrations as high as 150 mg/L, along with high levels of dissolved
oxygen. In contrast, BRD showed reducing conditions.

2.2. Sample collection

Thirty-one GW samples and one sample from Besòs River were collected during
three field campaigns in May 2010 (27 GW and 1 Besòs River), December 2010
(1 GW) and May 2011 (three GW). See Supplementary data 1. Out of the 30 samples,

Fig. 1. Sampling map.

R. López-Serna et al. / Environmental Pollution 174 (2013) 305e315306



�

�G7�

�

�

Table 1
Sampling sites.
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9 belong to pumping wells (MPS-1, MPS-2, MPS-3, CAL-1 and CAL-2 in PS, and
ADPM, ADPR, ADPQ and ADPW in BRD) and 21 to observation piezometers. The
location of all them and their screen depths and heights above sea level are dis-
played in Table 1, respectively. Besòs River water, which is the main source of
recharge in BRD aquifers, was collected in one sampling site within the BRD area.
The purpose of that sample was to show a rough estimation which could be used as
a comparative element in that area. Thus, one grab samplewas considered sufficient.
GW samples were obtained after pumping a volume of at least three times that of
the piezometer. Some field parameters were measured in situ and in continuous by
using a flow cell to avoid contact to air. They included electrical conductivity, pH,
temperature, Eh and dissolved oxygen. The instruments used for those measures
were calibrated daily. All samples were collected in amber-polyethylene ter-
ephtalate (PET) bottles after stabilization of the field parameters. Subsequently, they
were kept in the dark, cooled inside chambers with ice until transported to the
laboratory. Once there, samples were filtered and stored in the dark at �20 �C until
analysis.

2.3. Chemicals

All pharmaceutical and TP standards were of high purity grade (>90%) and are
listed in the Supplementary data 2.

Both individual stock standard and isotopically labeled internal standard solu-
tions were prepared on aweight basis inmethanol (MeOH), except fluoroquinolones
which were dissolved in a H2O/MeOH mixture (1:1) containing 0.2% v/v hydro-
chloric acid, as they are slightly soluble in pure MeOH. After preparation, standards
were stored at �20 �C. Special precautions have to be taken into account for
tetracycline antibiotics, which have to be stored in the dark in order to avoid their
exposure to the light, since it has been demonstrated that they are liable to pho-
todegradation (Eichhorn and Aga, 2004). Fresh stock solutions of antibiotics were
prepared monthly due to their limited stability while stock solutions for the rest of
substances were renewed every 3 months. Working standard solutions, prepared in
MeOH/H2O (25:75, v/v) mixture, were renewed before each analytical run. A
separate mixture of 53 isotopically labeled internal standards, used for internal
standard calibration, was prepared in MeOH and further diluted in MeOH/H2O
(25:75, v/v).

HPLC grade MeOH, ACN and H2O, hydrochloric acid (HCl) 37%, and formic acid
(FA) 98%were supplied byMerck (Darmstadt, Germany). Ethylenediaminetetraacetic
acid disodium salt dihydrate (Na2EDTA) was 99% from SigmaeAldrich (Steinham,
Germany).

2.4. Selection of target analytes

The selected 95 target compounds, belonging to different medicinal classes, i.e.,
14 analgesics, 8 lipid regulators, 12 psychiatric drugs, 5 antihistaminics, 31 antibi-
otics, 16 cardiovascular drugs, 2 b-agonists, 3 barbiturates, 3 antidiabetics and 1
antineoplastic, are listed in Table 2. There are 72 pharmaceuticals and 23 TPs, among
them 8 with remaining pharmacologic activity (salicylic acid, clofibric acid, des-
methyldiazepam, 10,11-epoxi carbamazepine, 4OH propranolol, enalaprilat, cis 3OH
glyburide, trans 4OH glyburide) and another 8 are potentially active as glucuronides
or acetylated derivates of active pharmaceuticals or TPs (Diclofenac Acyl-b-D-
glucuronide, 2OH atorvastatin Acyl-b-D-glucuronide, Oxazepam glucuronide, N-
acetyl sulfamethoxazole, Sulfamethoxazole-b-D-glucuronide, N-acetyl sulfadiazine,
N-acetyl sulfamethazine, Propranolol-b-D-glucuronide). Glucuronization is a meta-
bolic process used by the body to make a large variety of substances more water-
soluble, and, in this way, allow for their subsequent elimination from the body
through urine or faeces. That process links the target substance to a molecule of
glucuronic acid by a glycosidic bond. Normally, pharmaceuticals and active TPs
inactivate after that reaction. But, resulting glucuronides might remain potential
activity because the glycosidic bond is very labile, i.e., it needs very low energy to get
broken, and therefore, it can turn into the active substance in the treatment plants or
in the environment. Similarly, N-acetyl derivates can also easily deconjugate (Göbel
et al., 2007).

2.5. Analytical method

The analyses of the target compounds in the collected samples, were performed
following a previously published, fully automated method based on on-line Solid
Phase ExtractioneLiquid ChromatographyeElectrosprayeTandem Mass Spectrom-
etry (SPEeLCeESIeMS/MS) (López-Serna et al., 2010), readily adapted for the
analysis of the TPs. Method recovery data for HPLC grade water, GW and SW can be
found in Table 3. In brief, for the preconcentration and cleanup, samples underwent
a fully automated SPE with the aid of a Symbiosis Pico system (Spark Holland,
Emmen, The Netherlands) which was coupled on-line to the LCeMS/MS system.

The analytical procedure consisted of two sample injections, both of 2.5 mL in
the positive and negative electrospray mode (ESI pos and ESI neg, respectively). In
this fully automated methodology, the sample handling was limited to the filtration
of the rawwater sample through 0.45 mm, the addition of Na2EDTA at 0.1% (m/v) and
the fortification with a mixture of 53 isotopically labeled pharmaceuticals at
100 ng L�1. In every injection, sample is preconcentrated onto previously

conditioned polymeric HySphere Resin GP cartridges from Spark Holland (Emmen,
The Netherlands). Then, after washing the cartridges with HPLC water, the retained
compounds are eluted to the LCeMS/MS system with the chromatographic mobile
phase, which for ESI pos, consists of a gradient ACN/0.1% (v/v) formic acid and, for ESI
neg, a ACN:MeOH (1:1, v/v)/H2O gradient. Chromatographic separation is carried out
in a Purospher Star RP-18 (125 mm � 2.0 mm, particle size 5 mm), an end-caped
analytical column from Merck (Darmstadt, Germany). Detection is performed
recording two selected reaction monitoring (SRM) transitions per analyte and one
SRM per surrogate; by a 4000 QTRAP hybrid triple quadrupole-linear ion trap mass
spectrometer from Applied Biosystems-Sciex (Foster City, California, USA). Full list of
SRMs and instrumental conditions are given in Supplementary data 3. Quantitation,
based on peak areas, is carried out by internal standard approach. See the assign-
ment of surrogates in Supplementary data 3.

3. Results and discussion

3.1. Occurrence of pharmaceuticals and TPs

The quantified levels (average and concentration range) and the
frequency of detection of the investigated pharmaceuticals and TPs
in the GW samples analyzed, distinguishing every area (PS, MS and
BRD), are listed in Table 2.

Out of the 95 target compounds monitored, 11 were found
ubiquitous in the GW samples. Among them, 9 pharmaceuticals,
the analgesic mefenamic acid, the lipid regulator fenofibrate, the
antibiotics clarithromycin, ofloxacin, enoxacin and enrofloxacin,
the cardiovascular drugs metoprolol and hydrochlorothiazide, and
the antineoplastic tamoxifen; and 2 TP, the pharmacologically
active ones, salicylic acid and 4OH propranolol. Another 73
compounds, including 14 TPs were detected at least in one sample
(see Table 2).

Average concentrations were generally far below 100 ng L�1 in
the majority of samples, but several individual concentrations sur-
passed that value, especially of analgesics, antibiotics and diuretics.
The highest concentrations, surpassing 1 mg L�1 in some case, were
found for the macrolide antibiotics azithromycin and spiramycin,
while anti-inflammatory drugs, such as ibuprofen and diclofenac
were found at maximum concentrations of 988 and 380 ng L�1

respectively. Diuretic hydrochlorothiazide is found at maximum
concentration of 665ng L�1 in BRDarea affected by the infiltration of
water from Besòs River that contains a large proportion of WWTP
effluents. In comparisonwith other urban GWs, average levels here
found were, in general, higher than the ones found in Vulliet and
Cren-Olivé (2011) and Strauch et al. (2008), but lower than in
Teijon et al. (2010) for the few pharmaceuticals included in those
studies. Maximum concentration determined in the present study
were mostly higher than the ones reported by Teijon et al. (2010)
also in Barcelona, (Gruji�c et al., 2009) in Serbia and (Standley et al.,
2008) in USA. In Table 4 a summary of other studies of determina-
tion of pharmaceuticals in urban GWs is shown.

On the other hand, compounds found in rather high concen-
trations in SWs such as acetaminophen, sulfamethazine and ate-
nolol (López-Serna et al., 2011, 2012) presented low concentrations
in the GWs monitored in the present study. This may be due to
degradation or adsorption processes that occur during the passage
through the soil.

The levels of TPs found cannot be easily compared because of the
lack of previous studies of presence of TPs in GW. In fact only the N-
acetyl sulphonamides were previously reported in GWs in the Cat-
alonia (Spain) (García-Galán et al., 2011). N-acetyl sulfamethoxazole
and N-acetyl sulfamethazine were found at slightly higher mean
concentration and frequency than in the present study. Fig. 2 shows
the ranges of concentrations quantified for all the TPs. That chart
shows that salicylic acid was detected in all samples reaching
maximum concentration of 620 ng L�1 in one of the wells in BRD
zone. For other TPs the concentrations found in BarcelonaGWswere
lower than the ones reported for SWs, such as carbamazepine TPs
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Table 3
% Absolute and relative method recoveries in HPLC grade water, GW and SW.

Therapeutic group Compound % Absolute recoveries % Relative recoveries

HPLC GW SW HPLC GW SW

Analgesics/
anti-inflammatories

Acetaminophen 40.27 26.97 97.43 98.74 92.07 145.57
Codeine 98.87 82.13 60.64 138.14 131.52 129.81
Diclofenac 60.96 57.84 90.2 100.87 102.48 100.19
Ibuprofen 63.13 58.22 88.48 96.73 101.98 186.14
Indomethacin 25.59 26.14 42.46 94.65 99.45 100.9
Ketoprofen 58.52 117.26 118.79 143.01 155.1 287.84
Mefenamic acid 68.77 70.88 93.61 97.71 104.61 101.39
Naproxen 17.98 32.2 83.38 108.04 99.41 115.81
Salicylic acid 150.97 103.79 142.08 113.92 94.92 93.94
Phenazone 87.3 74.02 60.08 106.13 102.82 111.65
Phenylbutazone 78.05 58.08 45.73 95.22 80.51 85.35
Propyphenazone 68 62.1 63.85 82.56 86.22 118.79

Lipid regulators Atorvastatin 72.81 72.52 84.15 82.85 77.76 92.99
Bezafibrate 62.57 84.91 98.22 100.59 95.42 86.5
Clofibric acid 79.5 83.77 78.96 92.83 94.21 103.52
Fenofibrate 112.5 104.89 99.95 109.3 106.97 112
Gemfibrozil 82.98 94.68 77 111.77 131.79 96.27
Mevastatin 96.37 90.75 85.2 103.59 103.47 95.2
Pravastatin 99.34 62.88 62.31 68.37 74.53 72.2

Psychiatric drugs Carbamazepine 64.59 60.71 59.13 110.46 114.53 118.97
Diazepam 88.93 85.46 82.2 101.5 106.97 104.1
Fluoxetine 36.07 33.13 22.26 114.67 102.44 98.79
Lorazepam 116.65 88.76 96.83 132.31 111.79 121.36
Paroxetine 37.69 39.1 32.41 94.05 103.37 109.66

Antihistaminics Cimetidine 14.41 17.29 10.16 97.57 90.12 84.23
Famotidine 29.16 37.63 25.74 122.53 117.7 124.81
Loratadine 44.64 48.37 37.33 110.88 109.08 102.07
Ranitidine 28.64 33.03 20.39 194.52 174.14 169.9

Antibiotics Azithromycin 58.03 84.53 41.62 106.77 97.49 115.6
Chloramphenicol 87.07 82.52 78.92 97.98 99.17 76.09
Chlortetracycline 81.12 77.47 99.67 60.62 81.45 60.64
Ciprofloxacin 89.35 152.12 66.59 105.53 328.33 162.38
Clarithromycin 30.49 31.93 24.6 81.84 82.21 94.57
Danofloxacin 53.12 72.42 74.17 72.61 190.4 195.22
Doxycycline 169.82 171.39 152.68 91.74 131.91 118
Enoxacin 76.16 112.59 82.02 102.11 266.1 194.8
Enrofloxacin 61.13 75.82 65.58 92.22 193.58 193
Erythromycin 121.81 86.79 82.35 67.18 38.83 51.57
Flumequine 123.04 104.84 103.27 105.27 99.22 98.66
Josamycin 25.07 29.62 15.53 67.39 75.48 59.71
Metronidazole 86.98 75.46 71.35 78.78 58.42 72.19
Nifuroxazide 123.94 122.18 106.53 212.75 230.18 215.77
Norfloxacin 66.15 136.31 68.33 65.5 243.89 154.3
Ofloxacin 63.47 83.63 49.05 86.11 200.16 117.34
Oxytetracycline 147.22 122.79 86.27 78.17 92.94 55.64
Roxithromycin 43.18 42.89 25.13 116.76 113.24 96.25
Spiramycin 44.02 66.2 20.11 80.74 76.11 56.73
Sulfadiazine 91.61 88.91 105.25 116 116.93 165.93
Sulfamethazine 92.35 87.35 74.44 117.36 115.46 118.17
Sulfamethoxazole 84.76 87.29 74.92 106.75 119.34 97.29
Tetracycline 173.97 179.46 141.09 90.21 133.74 94.1
Tilmicosin 27.53 51 15.17 50.33 58.64 41.76
Trimethoprim 75.65 70.48 52.39 129.5 132.29 106.75
Tylosin 33.57 37.06 24.13 90.24 93.25 91.81

Cardiovascular drugs Atenolol 46 42 30.95 117.43 115.15 120.36
Betaxolol 56.29 54.53 47.75 102.43 62.87 81.09
Carazolol 50.44 50.69 42.96 91.77 58.36 120.52
Enalapril 87.51 83.23 78.43 97.91 97.9 98.12
Furosemide 74.83 90.26 97.91 99.87 98.71 99.06
Hydrochlorothiazide 84.39 66.5 66.77 111 106.59 120.62
Lisinopril 33.03 38.43 37.18 84.73 106.57 146.93
Metoprolol 75.87 64.56 39.27 194.5 183.84 156.07
Nadolol 73.76 65.4 36.55 188.64 183.91 146.08
Pindolol 70.02 62.7 52.38 179.45 177.71 210.33
Propranolol 53.06 52.23 47.17 96.55 60.14 131.88
Sotalol 62.6 54.28 38.98 160.53 151.86 156
Timolol 77.6 63.71 51.06 115.36 115.9 125.42

b-agonists Albuterol 10.11 8.93 6.34 111.21 115.85 111.98
Clenbuterol 64.04 61.59 45.69 116.55 70.91 127.84

Barbiturates Butalbital 77.75 77.7 87.69 98.5 88.34 94.32
Pentobarbital 95.05 89.91 82.5 113.79 94.02 110.9
Phenobarbital 98.08 86.57 90.56 98.07 91.12 98.68

Antidiabetic Glyburide 138.13 122.96 164.65 105.26 102.5 134.22
Antineoplastic (1) Tamoxifen 10.58 10.36 10.7 131.33 74.16 88.61
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(10,11-epoxi carbamazepine, 2OH carbamazepine and 3OH carba-
mazepine) in the SWs in Huerta-Fontela et al. (2011), Langford and
Thomas (2011) and López-Serna et al. (2012), ranitidine N-oxide
(López-Serna et al., 2012) and for oxazepamglucuronide. In contrast,
4OH diclofenac was found at average concentration of 19.2 ng L�1

and maximum concentration of 147 ng L�1) which is the highest
concentration reported for environmental waters (Langford and
Thomas, 2011; López-Serna et al., 2012).

Relative to the concentrations of parent compounds, the
concentrations of TPs were lower than their corresponding parent
pharmaceuticals, except for 4OH propranolol and enalaprilat which
were 7 and 3 times, respectively, higher than their parent
compounds. Carbamazepine TPs were found in concentrations
much lower than the parent carbamezepine, while in SW 10,11-
epoxi carbamazepine was found at 15, 5 and 4 times higher
concentrations than parent carbamazepine (Huerta-Fontela et al.,
2011; Langford and Thomas, 2011; López-Serna et al., 2012). Simi-
larly, desmethyl diazepam was found at higher concentration than
diazepam in the SWs surveyed by González Alonso et al. (2010),
while GWs from BRD area analyzed in the present study show
average concentration of 5.5 ng L�1 for desmethyl diazepam and
17.6 ng L�1 for diazepam.

3.2. Spatial distribution

PSP-2 in PS area turned out being themost contaminated site (see
Fig. 3), especially due to the high concentrations of some macrolide

antibiotics, aswell asfluoroquinolones. In fact, thehighest individual
concentrations were found in that sampling site, with 2980 ng L�1

and 1620 ng L�1, for spiramycin and azithromycin, respectively.
PSP-3, the well CAL-2 and PSP-5 also showed total concentration
(sum of all analyzed pharmaceuticals) above 1000 ng L�1.

Nevertheless, BRD was the most polluted GW area in Barcelona.
Most of the sites in that area (10 out of 13) showed total concen-
trations above 1000 ng L�1.

In MS under the city centre of Barcelona, only the well GRA-1
presented a total concentration above 1000 ng L�1, and its main
contributor was the analgesic ibuprofen with 988 ng L�1.

As it was pointed out previously, GW samples belonging to the
BRD area are mainly recharged by natural bank filtration from
Besòs River, whose flow contains a high percentage of effluents
from WWTPs. However, compounds in SAP-2B and SAP-4 were
observed at similar concentrations or even higher than in the river
Besòs itself (sample BESOS). Hence, accumulated concentration
for all the pharmaceutical-type compounds was slightly higher in
SAP-4 than in the river (sample BESOS). Those two sites are sit-
uated very near to the edge of the river and at upper depths, but
nevertheless, very little attenuation was observed in all the GWs
belonging to this area, in general. Almost identical situation was
reported for the illicit drugs in Jurado et al. (2012). It should be
taken into consideration that the sampling for BESOS was carried
out in spring (May), which had especially abundant rainfalls.
Therefore the dilution of the contaminants occurred. On the other
hand, aquifers work as reservoirs. Thus, GWs under BRD store
water belonging to several previous seasons, including dried ones,
when the proportion of contaminants was higher. That could be
the main reason provoking that situation, since attenuation was
claimed by Jurado et al. (2012) to take place in a big extent caused
by biologic degradation and/or physical adsorption in this
reducing subsoil.

3.3. Profile according to groundwater depth

Every sample in the present monitoring comes from a different
sampling site (piezometer or well), but some of them are situated
close to each other geographically, but at different depths. Compa-
rable sites aremarked in grey shade and separated by discontinuous
line in Table 1. Jurado et al., 2012 reported attenuation taking place
in all three zones. This should agree with a decrease in the
concentrations found in lower sites compared to upper ones. That
situation is obvious in BRD zone. In fact, total concentration was
clearly higher in SAP-2B (u) than in SAP-1 (m) and SAP-2 (m), aswell
as in SAP-4 (u) than in SAP-3 (m). See Fig. 3. Since BRD is a reducing
area, that depletionwas attributed to physical adsorption, biological
degradation and/or dilution effect. However, that attenuation in
depth was not that obvious in MS and PS, in spite of both areas are
oxidizing, so in addition to the attenuation factors previously
pointed out, chemical transformation by the components of the soil
could also take place. Thus, GRA-2 (l), the deepest site in the whole
monitoring, was cleaner than GRA-1 (m) and GRA-3 (u), but on the
other hand, GRA-1 (m) with an intermediate depth between GRA-2
(u) andGRA-3 (u),was themost polluted in this area. Similarly, in PS,
some pairs like PSP-2/PSP-3 andMPS-1/MSP-2 behaved as expected
with decreasing concentrations in depth, but others like PSP-5/PSP-
6, PSP-7/PSP-8 and PSP-9/PSP-10 did not. A similar situation was
observed for illicit drugs in Jurado et al. (2012). Depths of sewage
pipes in every area are unknown to the authors. The possibility of
leaking pipes situated deeper than some of the upper sites would
explain the present issue, since the sewagewater is themain source
of pharmaceuticals either inMSandPS,with contributionof 31%and
50%, respectively, versus just 4% in BRD as determined previously by
Jurado et al. (2012).

Table 4
Presence of pharmaceuticals in other studies of urban GWs.

Concentration (ng L�1) Reference

Min Max Mean

Atenolol 18 106 60.8 (Teijon et al., 2010)
Carbamazepine 2 118 39.8
Codeine 106 348.3 227.15
Diclofenac 35 477 256
Furosemide 24 138 91
Gemfibrozil 12 574 165.3
Hydrochlorothiazide 2 594 186.54
Ibuprofen n.d. 185 185
Naproxen 145 263 204
Ofloxacin 4 48 23.01
Sulfamethazine 6 446 74.75
Sulfamethoxazole 2 117 47.57
Carbamazepine N/A N/A 20 (Strauch et al., 2008)
Acetaminophen e e e (Gruji�c et al., 2009)
Azithromycin 25 140 82.5
Carbamazepine 6 23 e

Trimethoprim 100 100 100
Carbamazepine <0.5 2.4 N/A (Standley et al.,

2008)Ibuprofen <10 19 N/A
Sulfamethoxazole 0.63 2.2 N/A
Trimethoprim 1.4 11 N/A
Acetaminophen N/A N/A 10.3 (Vulliet and

Cren-Olivé, 2011)Atenolol N/A N/A 5.5
Bezafibrate N/A N/A 0
Carbamazepine N/A N/A 10.4
Diclofenac N/A N/A 9.7
Ibuprofen N/A N/A 0
Ketoprofen N/A N/A 2.8
Lorazepam N/A N/A 1.2
Metoprolol N/A N/A 0.3
Metronidazole N/A N/A 0
Naproxen N/A N/A 1.2
Ofloxacin N/A N/A 0
Pravastatin N/A N/A 0
Propranolol N/A N/A 1.8
Roxithromycin N/A N/A 1.3
Salycilic acid N/A N/A 6.5
Sulfamethoxazole N/A N/A 3
Trimethoprim N/A N/A 1.4
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3.4. Occurrence according to the geological formation

Table 1 shows the geological composition present in each
sampling site. Lithologies consisting of sands and gravels are
considered inert to adsorption of the target compounds. On the
other hand, the more lipophilic a substance is, the more likely to

adsorb onto clays. Fig. 4 shows the average concentration found in
sites with geological formation based on both sand and/or gravel,
and clay, for a selection of 30 pharmaceuticals and TPs. This
selection includes all the ubiquitous and absence compounds, as
well as compounds found at high concentrations. They are ordered
in descending logarithm of partition coefficient (log P), i.e., from

Fig. 2. Range of concentrations for pharmaceuticals TPs in the GWs underlying the metropolis of Barcelona.

Fig. 3. Pharmaceuticals and TPs total concentration per sampling site.
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fenofibrate (log P ¼ 5.801) to ranitidine N-oxide (log P ¼ �3.151). It
might be expected that compounds with high log P partially adsorb
onto clays, and therefore, their presence in the surrounding GWs
were lower than in aquifers made up sands/gravels. Regarding
compounds with low log P, no significant differences may be ex-
pected in concentrations between sandy and clay aquifers if
geological formation was the only factor influencing. Nonetheless,
that situation was not observed here (see Fig. 4). Thus, compounds
with high log P like fenofibrate, tamoxifen and mefenamic acid (log
P > 3.8) presented similar concentrations in both sandy and clay
aquifers. Gemfibrozil, with a log P of 4.302, showed higher average
concentration in sand/gravel formations, but compounds like til-
micosin and ibuprofen with log P of 3.736 and 3.502, respectively,
showed higher average concentration in clay aquifers. On the other
hand, compounds with low log P, showed similar average concen-
tration in both types of geological formation, although exceptions
like hydrochlorothiazide were also found. In general, a quite
random behavior was observed for the levels of concentrations in
terms of geological formation, which could mean that lithology is
not the main factor influencing in the occurrence of pharmaceuti-
cals and their TPs in the urban GWs.

4. Conclusions

The present work reports for the first time the occurrence of 72
pharmaceuticals along with 23 of their TPs (8 of them still phar-
macologically active) in GW of the urban aquifers of the Barcelona
metropolitan area (Spain). The main conclusions are as follows:

(1) Concentration levels foundwere higher than expected for GWs,
with maximum concentrations above 100 ng L�1 for many
compounds especially among analgesics and antibiotics and
even higher than 1 mg L�1 for two macrolide antibiotics spi-
ramycin and azithromycin. Those are concentrations normally
found in SWs, in fact, concentrations found in BRD area were
similar or even higher than the ones determined in Besòs River.

(2) Some TPs significantly contributed to the overall levels of
pharmaceuticals. For example, salicylic acid was ubiquitous in
all monitored areas with concentrations surpassing 600 ng L�1.
Furthermore, the active TPs, 4OH propranolol and enalaprilat,
were more abundant than their corresponding parent

compounds. That should stress the importance of controlling
TPs in the environment, especially if they have remaining
pharmacological activity.

(3) Aquifers from BRD area, mostly recharged from the Besòs River,
whose flow contains a high percentage of effluents from
WWTPs, were found to be the most contaminated.

(4) Attenuation of these compounds in depth was observed in BRD
zone, but not in PS and MS where pollutants mostly came from
leaking sewage pipes.

(5) Geological formation did not show a clear influence in the
presence of the target compounds. Percolation source (i.e.,
losses from sewage system, losses from the water supply
network, infiltration from Besòs River, etc), has turned out to be
the more important factor influencing in the levels concen-
tration of pharmaceuticals and TPs, followed by depth and
geological formation.
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