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	�1�%�	�&$�*+�,��"����%3��
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�����
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����%�&'���!
-&	�	�%�	&	�6/	 7 -�/���!�	�������%3��
��������	�� �$���!  -&	

3��
���0�8	���&!������ ���. (*��#������2 $�. ��#&  ��&$0�	92) -&	3��
����������


�"���
�	�06/�0�8	��&#���������
:;����5���� (*��#������2 $�. ��#&  ��&$0�	92) -&	

3��
������<<������<�	�4��,� ���. ��� -&	3��
���0�8	�%�'=�#*+�,�������

�����-�
���� (PERCH-CIC) ���.   

����%�&'������2����!��
�	 �$���! *��#������2 $�. ��#&  ��&$0�	92   �*.$�. 
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Some miniaturized flow systems such as flow injection, sequential injection and 

microfluidics has been developed. Cost effective and purposeful instruments/devices for 

assembling of the systems were fabricated in-house such as injection device, channel or 

reactor, detector and data recording system. The developed instruments/devices were used 

for development of some analytical methods for the determination of some ions, i.e., 

hydrodynamic sequential injection system for determination of iron, manganese, nitrite and 

nitrate, and phosphate and silicate, sequential injection anodic stripping voltammetric system 

for determination of lead, cadmium, copper and zinc, stripping voltammetric methods for 

determination of lead and cadmium leaching from ceramic wares, and arsenic in 

environmental samples, flow injection systems for determination of chloride in materials for 

concrete, proteins in food, and phosphate in soil. The developed instruments and methods 

are effective for real applications and provide basic knowledge for further development of 

analytical methods. They are worth for education as well. 
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1. ���$� 
 

�����������2-�
�����������"���<���
	���*+�,������$��	#!�
 7 ���-��

	���

���#��	����&#������� �����,#����� ����0-�2����4��5���� ���-�
��/
��$���� 

����!������-�	�� ��9���� ������6/�
�6���������2-�
�����"�	�	���
����6��
5� �#!
	

�}��&%�	���0�8	����6/�
�6�/�-�	��
��! 7 -�
������������2����
�������"����	 �06/���
��

�$��������������2-�/������1��#��
 ��!	�"� ����56/�16��$� ����������������2 (sensitivity) 

���������6���"��0�� (selectivity) ��
�+�	 ���
	�'��$�����	#��
���!�
5��!����!��
 

��������2�$���$�� ��$���� ���������	��#3	��#� ������	��#���%��/
��$���� ���������

��6���
����������%�	�����������2	���-�/�&$  

�	�3	�����0�8	��-�	��-�
������������2 -�/#�%�	�
����#��
������
#�	

�	�-�
�	+/
���6����0�8	���%%�����������23$��������%%�$�	�$ (miniaturized 

flow based analytical systems) @+/
��*��������$�~�������-�
����4��
	-!��	�$���� 

(���	�!�*�	�2���
	�����!� 0.5 �������#�) 3$��������-�/���/�����

	�~���������1��

��%�&�
�������������	
	%����'#!�
 7 4��
	-!���6� channel ��!�
��!	�"� �-�	��

	�������0�8	�����!�
#!��	6/�
 ���$���	�-�	���!��#!�
7 �5!	 segmented  flow, flow 

injection (FI), sequential injection (SI), SI with bead injection, SIA-lab-on–valve, 

SIA-lab-at-valve (LAV), Multi-syringe flow analysis (MSFA) ��� Lab-on-a-chip 

(LOC) ��6� micro total analysis system (�TAS) ���	#�	 3$�
	�}��&%�	�$������0�8	�

-�/0������$�	�$���6/�
�6������%%�����������2
�������
����� ������	��#3	��#����

�+�	  @+/
5!��
�������3�5	2�0�/��+�	 �5!	 -"�
����������2�$������+�	  �!�
5��!��#/"��
 
5�

����������-"�
�����$��
������������������2	����
 ���	#�	   

 ��!�
����#�� ��%%�������%%�$�	�$-�/�����0�8	���		��	��
������"���$
	���


5�
�	���
���!��� ���-�/#��

5�-!��	�$�������-"�
�����$����&$#�	��
��%%
	���

��������2#����!�
���
  -�/���
�2�����%@�%@��	  ���-��
�&���'2����7 ��!�
��
���	�$


�<! �5!	 �&���'2#�����$ ���	#�	  ���0�8	����6/�
�6�/�&���'2��
��%%�������%%

�$�	�$��
���	��6/�
-�/�����0�8	���	���!
	#!�
����-* 
	����-*�-���������-�
$��		��

������/�����
��%0�8	���9���������23$�
5����6/�
�6�-�/@6�������� ����-*�-���
�����0�8	�

���6/�
�6���������2	������ ���6/�
�6���������2-�
����-�/	"���
5�
	������$��	#!�
7 �!�	


�<!#��
	"����� �+
�������"����	��!�
��/
-�/#��
����������-�/���	06�	��	�06/�0�8	����6/�
�6�



 2 

�����9���������2
��! 7 -�/�����1	"���
5��$����
 @+/

	5!�
������-�/�!�	��-�
��&!������ 

Flow based Anaysis �����-������5��

��! 3$��$���%����	�%�	&	������!
-&	#!�
 7  

3$��{0�����. �$�����������/0�8	����6/�
�6� �&���'2�"����%��%%��������2-�
������

�+�	��
 �5!	 FI, SI, SI with Lab-on-valve, bead injection (BI), SI with Lab-at-valve  

3$��{0���$��	�	���0�8	����6/�
�6�-�/�������&���!� (cost effective) @+/
�$���%��������%


	��$�%	�	�5�#��!����	
�	�����-�/	!��	
� ����������-9�4�0
	���
5�
�	 ���6/�
�6�

�����9����-�/��������!��
	����
��3����-�/��	"���
5�
	����-*�-��$�
!���+�	$���  

�"����%
	
�	�����	�� �������0�8	����6/�
�6�/�&���'2 �����9����-�/���/�����
��%

�����������23$���%%������-�/�$�	�$�
 �"����%����������'����	%�
5	�$-�/��

�����"���<-�
��/
��$���������,#����� �5!	 0������	3���#!�
7 �����������

��
065 ���	#�	  @+/
�����	���0�8	���-��*��#�2����-�3	3���-�
������������2�+�	��



	����-*-�/�����1	"�������&�#2
	�����������2����7 $��	 ����'��$�����	���$���/



��!7 -�
������������2-�/���	-�/�����%
	��$�%����$��� -��
	�� �$���	��-�	��/�	���$


��!-�
$��	������������2-�/
5������� �5!	 �-�	���^3$��$	����@����	�5�����	���

5�	��	���@�� (hydrodynamic sequential injection analysis, HSIA) �-�	���#�̀�3\�

�%%
��! ��%��-���2� ����&���'2	"����#����!�
������!��%%�������%%
��!-�/����

1������������-9�4�0��
 ���	#�	 �-�	��06�	��	���!�	�������1
5�0�8	���9������������2

-�
����-�/�������-9�4�0$� ����������&���!���
 �"����%
5���������2���#!�
 7 �$� 3$�
	

-�/	�����&!
0�8	���9��"����%�����������2�������'����	%�
5	�$ -�/�������"���<-�
$��	

��,#����� �����/
��$���� 

 

1.1 +�����(=�&��+	�'
�&�����>�
 

�-�	��3\���	���5�	��	���@�� ��6� ��\���� ���	�-�	��-�/�$�1��0�8	���#��
�#!

���.*. 1975  3$�	"���	�����
���3$� Ruzicka ��� Hansen [1] �-�	��	�����������

�"���<�6����{�$���������
	�������������
��������-�/�����!�
��#���
-�/  
	

����!�
-�/��������-�/1��{�$�������������
���6/�
#�����$ �����$����0�!������ 

(Dispersion) -�/������%%�	!	�	�����%�&��$�  -"�
�����$��������
���-�/1��{�$��%���

-�/������!������$�~��������+�	  ��������#��
�#!{�$����	��������1+
�&$#�����$����

�!��
-�/�+
-"�
���~�������-�/���$�+�	$"��	�	���-!���	-&�����
-�/{�$  $�
	��	�+
��!�"����	#��
��


����������$�~��������	1+
�&$��$&���6� steady state ���6�	��%
	��'������������2
	



 3 

��%% batch -�/���  �+
5!���$����
	�����������2�
�$����  	�����	�������'���-�/
5�

���$�
��!�
���  �	6/�
���������-�/��%�&��$���6���
���	 Laminar flow �����$�+�	
	-!�

�	�$��������-!�	��	  ��	��
������,'���
��<<�'-�/��%�	-+��$������%% FIA ��$


$�
���-�/ 1 

 

 
��%��� 1  ��	��
��
��%%3\���	���5�	��	���@����!�

!�������<<�'-�/��%�	-+�

�$�������{�$��������� 1 ����
 

 

 �!�	�����%06�	��	��
��%%�$���! �}���� ���2�{�$���  �!�	������ ��6� 

reactor �&���'2#�����$
	��%%������������6/�
%�	-+���<<�'  @+/
�����1��6���$�

��������  ��%%���6/�
�6�-�/���#���
	-�
������������
	��$�% 500,000 – 

1,000,000 %�- 

 

1.2 +�����>�+���+'���&��+	�'
�&�����>�
 

�-�	��@����	�5�����	���5�	��	���@�� ��6� ������� ���	�-�	��-�/0�8	�#!�

�	6/�
�������\����   3$��$�	"���	�����
���
	�� �.*. 1990  3$� Ruzicka ��� 

Marshall [2] ���������06�	��	���6�	��\����  �#!�����
5��}���� channel �$���-�/�����

�����
-�*-�
$�
���-�/ 2 3$�
	���	�����$�$���#����!�
���������	#2�!�	-�
 selection  



 4 

 
��%��� 2  (A) ��	��
��
��%%@����	�5�����	���5�	��	���@��; HC= Holding coil, AW= 

auxiliary waste, W= waste. (B) ��%%@����	�5�����	���5�	��	���@��-�/
5� syringe 

pump; HC= Holding coil, R= reaction coil, D=detection  
 

valve ������0�����
	 holding coil 
	���,'���
 zones -�/���!1�$��	 (stacked zones) 

���	��	3$������%�&�
���}����$�$/���� -"�
�����$���������%�����%�� (flow reversal)  

@+/
��-"�
�� zones #!�
 7 �������$�����	�	6/�
������$ dispersion ���	��	�+
���������

��
���6/�
#�����$�06/�%�	-+���<<�'#!���  ��%%������� 	�������1#��
3������������

�$�$������0���#��2  �+
�����1
5��&���'25&$�$���
	�����������2���� 7 ��!�
�$��0��


��!����/�	3��������%�&�
	���0���#��2  ����	6/�
�������������!�$����#��$�+


������$������������!���\�������  ��!�
����#��������� #��
����&���'2-�/��

�&'4�0��
 �5!	 �}����-�/��$�����#��$���!	�"�������2��%%����5!�
  -"�
������
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���6/�
�6��!�	���
��
 ����	6/�
��������	#�	#!�
 7 ���/�����

	�����������2����+
���

��������2�$�5����!���%%��\���� 

 

1.3 +�����>�+���+'���&��+	�'
����&&������ 

�$�������0�����-�/���$�	�$��%%��������23$��-�	���������
�����  3$�

0�8	���%%�������#!������	��%%��%��	���2� [3] 3$�	"��!�	��
���-"��~������� 

(reactor) ����&���'2#�����$�����%	 selection valve �06/��$����-�
��������#���


���-�/#��

5�
	���-"��~��������
�����  ��%% Lab-on-valve ��$
$�
���-�/ 3 @+/
�$������

0�8	��0�/��#��3$�
5�������	#2-�/���	��
���
 ��6� 1����%���%	��
���

	���,'���
���$ 

(bead) ���� 7  @+/
5!���$�����'���-�/
5����5!���0�/���������������2��/
�+�	�����  

�-�	��	��������!� Bead injection analysis @+/
�����
5���%��%% SI – Lab – on -Valve 	�� 

 

 
��%��� 3  ��%% Lab-on-valve [4] 
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1.4 ���&&�&�'��  

 �$��������	
��$�	�$��
��%%���6/�
�6���������2-�
������	�	���� �5!	 

Manz [5] �$���	���%% micro total analysis (�TAS) @+/
�$�0�����������	#�	#!�
 7 

-�
������������2 �5!	 ����#����#����!�
���-"��~����������#�����$�������$�����	%	

�&���'25��	���� 7  �-	-�/��#��
-"����	#�	#!�
 7 ���!�	��%	3#`����%�#���� (lab-on-

bench) ��
���
�~�%�#����  �&���'2  �TAS 	��%�
-�/��������!����
�~�%�#����%	5�0 ��6� 

��%��	��5�0 (Lab-on-a-chip, LOC) ��6���%%��3��\����$�� (microfluidics) �	6/�
���

���/�����
��%������
	 channel �	�$������� (��$�% 50-100 ��3����#�) 
	����

���/�#�	�������
 �TAS ��-"�%	��!	 silicon ��6���!	����3$�
5��-�3	3�����
�������


�
����� (integrated circuit, IC) -�/������!� photolithography @+/
���!�
5��!����
���  

#!��������0�8	���9�-�/
!���������1���
 �5!	 ���
5�0�������2 ��6� 0���#��5	�$#!�
 7 


	�������
5�0��!�
����#����
#��

5��-�	�� photolithography ������
�~�%�#������3��

������-��	���2
	�������
5�0#�	�%% (template) ���!$�   �TAS ��6� LOC 
5����
	��$�%

	�3	��#�1+
��3����#�
	�����������2  �+
������$�$����3$��{0����!�
��/
���#��

5�

������������0
 ���-"�
����������6�-��
��������������2	������$���  ��%%	��
5�

���3�5	2	�3	�-�3	3����$�$� �5!	 ���
5��	&4��	�3	5	�$#!�
 7 
	��%%�06/����

��������2�%%
��! 7 -�/��$���� ���	"���
5�
	4���	���$�   ��!�
����#����%%	����
��

�}<���"���<�6�����&$#�	��
 channel  �$�
!�� ����&���'2���6/�
�6�-�/���/�����
 �5!	 

��%%��%���6/�	��������  ���6/�
#�����$��
���	�$
�<!��� 

 

1.5 �
.@ %��
����&�(������ 

1. �06/�0�8	����6/�
�6�����&���'2�"����%��%%�������%%�$�	�$ -�/��
5�

���	 platform �"����%0�8	���9�
	����������'����	 

2. �06/�0�8	���9���������2
��!7 - �/
5����������� �����%��������2�������'

����	%�
5	�$-�/�������"���<-�
��/
��$���������,#����� 

3. �06/�����&�#2��9�-�/0�8	��+�	
	���*+�,�-�
��/
��$���������,#����� �5!	 

���#���/#�$#������	��
3���%�
5	�$ 
		�"�/$�	/#���	-��
	�"� �����

�����'����	%�
5	�$-�/����#!��������<�#�%3#��
065 ���	#�	 
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1.6 
� %�����	
�/�(��������G 

�$�	"���	��-�	���^3$��$	����@����	�5�����	���5�	��	���@�� (hydrodynamic 

sequential injection analysis, HSIA) @+/
0�8	�#!���$������-�	���^3$��$	����3\�

��	���5�	��	���@�� �06/��$���
5���������
����� ���
5��&���'2����1����!���%%@�

���	�5�����	���5�	3$�-�/���  @+/
�$�0�8	����6/�
�6�/�&���'2 �"����%�-�	�� HSIA -��


�%%-�/
!���������1�� �6��%% manual HSIA system @+/
��%�&����-"�
�	��
��%%

-��
��$3$����
5�
�	 �����%% semi-automatic HSIA -�/��%�&����-"�
�	$��� 

microcontroller �+
��������!	�"������#3	��#�����+�	 �����%% automatic HSIA -�/

��%�&�$������0���#��2 ��%%���6/�
�6�$�
��!��	���$�	"���
5�0�8	���9���������2����	

%�
5	�$ �5!	 ��
��	������	
	$�	 [6]  �����������2���5��2��
����� (Fe
2+

 ��� Fe
3+

)  


	���!
	�"�9���5�#� [7] ����������'�	�#�#2 ����	�#�#
	��$�%����������	�!�	
	

0�	���	�!�	
	���!
	�"�#!�
 7 [8]  ��������������2����	��
\���\#���@�����#0����

��	 [9] 

�!�	�-�	�� SI Lab-at-valve 	��	�$�	"���	�����
����"����%�����������2��

�����'�����$2 [10]  @+/
���	��%%�������%%�$�	�$�%%�	+/
-�/0�8	�#!������ Lab 

– on – valve [11] 3$��������-9�4�0�������$������%����� 7 ��	 �#! Lab-at-valve 
5�

���6/�
�6�
!����!����  #!����$��������	� Lab-at-valve �"����%�����������2-�/���/�����


��%������$$���#��-"������ [12-13]   @+/
5!��
��������$-"��$���$�����
5�#��-"������

��	-���2	����
���  
	
�	�����	���$�0�8	���%% SI Lab-at-valve �"����%�����������2��

�����'3����	��%�
5	�$3$�#�����$$����-�	����3	$���#�����
3���-���#��  @+/
�$�

����%%�@��23���-���#����%%
��!  �������
 UV-digestion unit �+�	��
�06/�5!��
	

����!�����������	-���2 (dissolved organic matters) 
	#����!�
	�"��!�	-"������

�����'3���  -"�
�������1��%&1+
���5��2��
3���-�/���	 free form ��� bound form �$�  


	�!�	��
�����%�&����6/�
�6��$�0�8	� software �+�	��
  @+/
5!��
�������������2  ��

�������	��#3	��#���
�+�	 ���-"�
�����	#�	#!�
 7 -�/@�%@��	-"��$�
!��  �5!	 ���
5��-�	�� 

monosegmented flow ��5!��
	��������� ������0�8	�
5������\\�� bismuth film 

electrode (BiFE) �-	�������--�/��0�,��
  �"����%�����������23���$����-�	�� ASV 

[14] 

�-�	��3���-���#�������1��������23����$�����5	�$0������	
	�����$�����	  

������!�
5��!��#/"���!��-�	��-�
����3-�3\3#��#��  
	
�	�����	���$�0�8	���9���������2
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#���/���� ��$����� 0������	  @+/
3���-��
��
5	�$	����1��5��������������
4�5	�

�@�����  3$�
5�������$#����9���#���	��
���-$��%�������$4����
4�5	��@��

��� ��9�-�/0�8	��+�		���������-9�4�0$���!���9���#���	-�/
5���	���!
	�}��&%�	 [15]    

	�����	����
�$�0�8	��-�	����3-$���#�����
3���-���#��  �06/���������2�������'

��
 As(III) ��� As(V) 3$���*��������$�~���������$��5�	-�
�\\����
 As(III) �����	

���2@�	  @+/

����������������2��������"��0��-�/��
 
���������������2��$����
��%��9�

��#���	-�/
5� hydride generation AAS [16] ��9�-�
3���-���#��	����*���4�0��!�
��/
-�/

��	"���
5�*+�,�������$����	��
3����������!�
���	�"�$�%���	  
	-�/	���$�*+�,�

�%6��
#�	1+
���
5� on-line sequential extraction  �06/�*+�,����5�9�#&0�,���!�	�������

���$�	  @+/
���-"����*+�,�0�8	�#!������ 

�"����%�-�	���#`��3\���	���5�	 (sFI) �%%
��!	��	�$�	"���	�
	
�	������!�	

�	��	���"����%�����������2�����#$����-�	������0�3���#��[17] @+/
�����$����������� 

�5!	 5!���0�/���������������2  3$�-�/������$�������  �����!-"�
��������$���

�0�!������ (dispersion) ������	�� 
	
�	�����	���$�0�8	����6/�
�6��"����%-"����

��������23$��-�	���#`��3\���	���5�	 
����������$������������-9�4�0��
�+�	 ���

�$�0�8	���9�����"����%�����������2�������'\���\#
	$�	����&�� [18] ������

��������2�����#3$�#�����$$����-�	������3-�3\3#��#��  �06/��������'�����#
	

$�	�����	�"��� [19] 

�"����%��%%�����������2�%%�$�	�$ -�/
5����������
3\���	���5�	��	���@��  

�$�-"����0�8	��0�/��#��
	�!�	��
�&���'2
	���	"����#����!�
������!��%% 3$�
5�3@��

	��$2���2�  @+/
�����1��%�&���� load ��� inject ����$�3$�
5��\\��  @+/
���0�8	�

#!������	��%%��#3	��#��$� �$�	"���	��-�	��$�
��!��
	���0�8	���9���������2��

�����'�����$2
	#����!�
������ ���	�"��������	���#  @+/
#��
�����%�&��&'4�0

���/����%�����'�����$2  @+/
����-"�
�����$�	��
	�����3��
����
  
	
�	$�
��!��	���$�

0�8	������\\����6���"��0������	�����$2�+�	��
$���  ���*+�,������-9�4�0��
��9�

�-��%��%��9���#���	 0%�!���9�-�/0�8	��+�	
���������������2-�/����!	�"������������

��������2$���!���9���#���	 [20] 	�����	����
��!
5��������-�/���	0�,����������0
 

�$�0�8	���%%3\���	���5�	��	$��3#��#�� -�/��*����������`�3$�
�����$���

�0�!�!�	��6/�%�
�06/���������2���3��	�������	  @+/
�$�����&�#2
	����������'3��#�	 

(3$���9� Kjeldahl) 3$�5!��������$���������!���9�-�/��������
�	 �����������2�$���$����

��!���9��-�-�# @+/
���	��9���#���	 [21] 
	
�	�����	���$�*+�,������-9�4�0��
����0�!
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�!�	��`��������%%����
 conductometric cell �"����%�����$����	"��\\��
	��%%

�������+�	��
$��� 

�$�0�8	���%%3\���	���5�	����0�3���#�� �"����%����������'\���\#
	

$�	 [22] ��9�$�
��!��	��
5����6/�
��%�&�*���2�\\���	�$�������������!�0
���	���6/�


#�����$�#!�����1#����������'\���\#
	��$�%����������	#/"���$�%�!�	
	0�	���	

�!�	�$�  3$������$���!���9�����3-�3\3#��#��-�/	���
5���	�6���!���$����%��	������-�/

���� ���-	����%��	���@�����#�$���
��!����  �+
�$�����&�#2
	����������'\���\#


	$�	 3$��$�0�8	���9����$\���\#���$�	�%%
��!�+�	$���  @+/
������*+�,��%6��
#�	

0%�!��-�	��$�
��!��	�� ��
�����1
5��$�$�
	�����������2\���\#-�/1��5���������

#����!�
$�	  ��6/�
5���9�������$�%%�"�$�%���	3$��
�2�����%��
��������-�/
5����$5	�$

#!�
 7 ��!����#!���%%#�����$-�/0�8	��+�		��  @+/
�-�	��	������$�0�8	�#!�������06/�
5�

*+�,� fraction #!�
 7 ��
\��\����
	$�	 ���$�	#���	-��
	�"�@+/
���	-�/�	
�*+�,���	

��� 

�"����%��%%�����������2�%%�$�	�$-�/���	�$��������
����� �6� ��%%��3��

\����$�� (microfluidics) ��6� ��%��	��5�0 (Lab-on-a-chip, LOC) 
	-�/	�� �$�*+�,���9�

����
��3��5�0$�����9�-�/
!���������1��3$�
5� printed circuit board (PCB) ���	#�	�%%  

�"����%�������%%����%% channel -�/#��
���3$�
5�0�������2 Polydimethylsiloxane 

(PDMS) ������
5� Laser cutting 
	�������
 PMMA chip @+/
�����!�
5��!��#/"���!���9� 

Lithography -�/	���
5���	@+/
#��
��� clean room ������6/�
�6��&���'2�����0
-�/
5�
	

������#�
����� (integrated circuit) �$�-$��%�����������2$�����%% microfluidics 

3$�#�����$$����-�	������3-�3\3#��#�� 

	�����	����
�$�0�8	���%%#�����$�%% colorimetry �	�$����-�/
5� light 

emitting diode (LED) ���	���!
�"��	�$��
��� light dependent resistor (LDR) ���	

�&���'2��$��
�06/�
����%%#�����$���	�$�����
�������%���#�����$%	5�0 [23] 
�	

$�
��!��	����
#��
�����0�8	��0�/��#��#!��� 

���
�	��������
#�		�� 	�������-"�
���$��
�2�������
��!-�/�����1#�0��02
	

������5��		"���$�%	�	�5�#����� �������06�	��	-�/�$���
�����10�8	�#!���$#!���

�06/�
��
5�
�	�$����
 ���6/�
�6������9������������2-�/0�8	��+�	�$�
5����3�5	2
	�������	

�����	 �������&�#2
	���	"���
5�
�	���
  -��
-�
$��	�����,#�����&#�������@+/


�������%�4�����
���*�,������
����-*�-�
	�}��&%�	 -�/�	�	���0+/
#	��
#���	�
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0����5$"����*�,����0��0��
 @+/

�	�����
	-�/	���$�-"�
	����-*���	�����06/�
�����$���

0�8	���!�
��/
�6	 
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2. ������&� H�������&� �����	���� 

 

 

2.1. ����
���+������J(���������>�+���+'���&��+	�'
�&�����>�
 

�-�	�����{�$����%%�^3$��$	���� (hydrodynamic injection) ���	��9��	+/

	

���	"����������!��%%�������%%��\���� @+/
�$�	"���	�3$� Ruzicka ��� Hansen 

#��
�#!���.*. 1983 [24]  3$����������$�
���-�/ 2.1  

 

 
��%��� 2.1 �������{�$����%%�^3$��$	���� 

 

3$��'�-"���� load ����������������
��������#��0� (carrier) ��1����&$

���  @+/
��-"�
������
$�	��
��
����
	-!� (hydrostatic pressure) %�
��%
�����-�/{�$����

�������-�
-!�-�/���$#��-�*-�
���*�  3$�-�/��!���$��������%��������-�/��&$���  


	5!�
���������
-!� ���	���� L ��1���#��$������-�/{�$������  ��6/�#��
���{�$���

������!��%%������&$��� 3$���$-�
�������-�
���-�/-"����{�$���������$-�

��

��������#��0����#���$�� sample zone ����1������������!��%%��!�
��!	�"�  �����#�
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���-�/1��	"�������!��%%���-!���% ¶r
2
L ���{�$����%%�^3$��$	���� �����$�+�	�$�  ��'�-�/

-!����	�$�������0�  @+/
��������
���	�%%��%����% (laminar) @+/
����!-"�
�����-�/1��

��&$���#�
 3 -�
1��5�������!��%%@+/
�����$�}<������	�����	 (carry over) �+�	�$� 

$����������{�$����%%�^3$��$	����	��  ��������1
5�	"����#����!�
�������

��	#2������!��%%�������$�3$�
5��&���'2/���6/�
�6���!�

!��  @+/
��������-�/1��{�$����

��#���"�$�%�����$���	 zones @��	��	$�
���-�/ 2.2 ���6�	��%��'�-�/
5��-�	��������� 

3$������#���
�#!�� zone ��1���"��	$3$��������������	�!�*�	�2���
��
-!�$�


���
#�	  ���	��	��6/�-"������$5!�
{�$������
����������#��0�����������
�	+/
���
	 

zones #!�
 7 	����1��0�������!��%%���$������ ���$�~������� ����!�	����
���6/�


#�����$#!��� 

 

 
��%��� 2.2 ���������
�-�	���^3$��$	����@����	�@�����	���5�	��	���@�� 
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�-�	��	���+
1��������!��^3$��$	����@����	�@�����	���5�	��	���@�� ��6� ��5

������� @+/
���������-�/������6�	��% ��\���� ��� ������� �#!������$������%�6�
5�

�&���'2��!�

!��  ������!�0
  �����1-"�
�	�$�-��
�%% manual ����%%��#3	��#�  

������$�������������$��
����	������6�	��%%������� 

 

2.1.1  ����+������J(���������>�+���+'���&��+	�'
�&�����>�
 

 �����1����
��%%��5���������!�

!�� -�/�����1��%�&����-"�
�	���	#�	 

#!�
 7 3$����
5�
�	-��
��$ �5!	 ������%#"���	!
��
���2�  ���$�$��������  ��%%

��$
$�
���-�/ 2.3  �"����%�����������2�������'�����
	��� Fe 
2+

 ��� Fe 
3+

  3$�-"�

�~���������% 1,10–phenanthroline   

 

 
��%��� 2.3 ��%%��		���^3$��$	����@����	�5�����	���5�	��	���@�� �"����%���

��������2�������'����� 

 

�����1
5����2����-�
-�/
5���%1&
	�"����6� ������%��{�$���"����%$�$��������

���	#�	���-"�
�	��
��%%��$
$�
#���
-�/ 2.1 
	�����������2 Fe
2+

 ���#����!�
��1��

$�$�����������% 1,10–phenanthroline ���1����������
���6/�
#�����$-�
����3-�3\

3#��#�� 3$� Fe
2+

 �����$����5�
@��	���$
��% 1,10–phenanthroline  �����1��$���
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$�$��6	��
�$�-�/���������6/	 510 nm 
	�����������2 Fe
2+

 + Fe
3+

 ��-"����$�$ 

reducing agent (ascorbic acid) ������$����06/�����/�	 Fe
3+

  �����	 Fe
2+

 �����������2

�������'�������� �����' Fe
3+

 ���$�����������%�������������2����
-�/��
$�������


��� ���������$���/����%��%%$�
��!��3��$$�4���	�� �.1 

 

.������� 2.1 ���	#�	���-"�
�	��
��%%�^3$��$	����@����	�5�����	���5�	��	���@�� 

�"����%�����������2�������' Fe(II) ��� Fe(III) 

 

 

2.1.2 �����J(���������>�+���+'���&��+	�'
�&�����>�
����1��&
.(��
.� 


	��%%	����
5���3����	3-������2����%�&������%���2�#!�
 7 #������-�/

�"��	$�06/�	"���������-�/#��
���������!��%%#���"�$�%  3$�
5� solenoid valves �"�	�	 

6 #�� $�
���-�/ 2.4  

 

Valve Step 

TV1 TV2 HV1 HV2 HV3 HV4 

Description 

1 off off off on off on Draw up R2 by syringe 

2 off off off off on on Draw up S by syringe 

Forward the mixture to 

detector 

3 on on off off off off 

(for Fe(II) determination) 

4 off off on off off on Draw up R1 by syringe 

5 off off off on off on Draw up R2 by syringe 

6 off off off off on on Draw up S by syringe 

Forward the mixture to 

detector 

7 on on off off off off 

(for total iron determination) 
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��%��� 2.4 ��%%�^3$��$	����@����	�5�����	���5�	��	���@���%%�+/
��#3	��#��"����%

�����������2�������'����� 

 

���	#�	���-"�
�	��
��%%�����6�	��%
	��%%��		�� �#!����������$��
	

���
5�
�	�����!����   3$�
	���	����}������������������%�\�\��2�!�	-!���
��%%

����
�&$#�����$   ���	��	��$�$�������� 1,10 – phenanthroline ������#����!�
����

��������
���6/�
#�����$�06/��������' Fe
2+

  ����������+
$�$ ascorbic acid 1,10 – 

phenanthroline ������#����!�
�06/�#�����$�����'�������� (Fe
2+

 + Fe
3+

) #!���  

��%%$�
��!��	��
5��������	�����!���%% ��\ �� �� ��������1��������2�������'

������$�
	��$�%����������	5!�
�$�����%��9���\ �� �� ���������$���/����%��%%	��3��$

$��0�/��#��
	4���	�� �.1  

��%%��5 ��� �� �� �%%�+/
��#3	��#�	���$�	"���0�8	���9���������2�������'��


��	������	
	$�	$���  3$�
5��~�������������$����5�
@��	����!�
 Mn
2+

 ��% 

formaldoxime ���������$���/����%
�	$�
��!��	��3��$$�
	4���	�� �. 1 

 

2.1.3 ����+&'+&
�&+&���&
.(��
.�������� ��!���&����+.&�� 

�$�0�8	����6/�
�6��0�/��#��3$�
5� solenoid pumps ��� solenoid valves ���

��%�&����-"�
�	��
��%%$������0���#��2  @+/
-"�
���$���%%���6/�
�6�-�/��-�$��$���

��/
�+�	  �	6/�
��� solenoid pump �����	�$������!� peristaltic  pump ��� ��	��
��


��%%���6/�
�6��"����%�����������2�������'�	�#�#2����	�#�#��$
$�
���-�/ 2.5 
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��%��� 2.5 ��%%�^3$��$	����@����	�5�����	���5�	��	���@���%%��#3	��#��"����%���

��������2�������'�	�#�#2����	�#�# 

 

 ���#����!�
���������	#2��1���}�����!�	 SV2  ��-�
-!�$��	�!�
  @+/
��
5�

��������2�	�#�#2  �!�	#����!�
-�/1���}����  ��-�
$��	%	���!�	 reduction column �06/�

����/�	�	�#�#�����	�	�#�#2�!�	  �+
���	�����������2�������'�	�#�#2+�	�#�# 

���������$���/����%���0�8	���9���������2�	�#�#2����	�#�#	��  3��$$�4���	�� �.2 

 

��%%��5 ��� �� �� -�/����� 7 ��		��  �$�	"���0�8	���9��"����%��������2\���\#

���@�����#
	#����!�
	�"�   ��	��
���6/�
�6���$
$�
���-�/ 2.6 

 

 

 

 

 

 

 

 



 17 

 

 

 
 

��%��� 2.6 ��%%�^3$��$	����@����	�5�����	���5�	��	���@���%%��#3	��#��"����%

�����������2�������'\���\#���@�����#; SP= Solenoid pump, SV=Solenoid 

valve, W= waste. 

 

3$���*��������$�~�����������!�
\���\#��%3���%�$# �����$��@2$�����$

������2%��
�����$���	3���%$�	��%��  @+/
�����1#�����$���$�$��6	��
-�/ 710 nm  

���	#�	���-"�
�	��
��%%��$
$�
#���
-�/ 2.2 3$�
	 line $��	%	�����	�����������2

�{0��\���\# 3$�
5�������	#2-�/�� NaF ���	 masking agent �"����%���
��	��!
��@�����#

���$�~������� �!�	
	 line $��	�!�
�����	�����������2\���\# + @�����#  3$���-"����

��&$������-�/ mixing coil $����06/��0�/���������������2 ���������$���/����%��9�$�
��!��

��$
$�
4���	�� �.2 
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.������� 2.2 ���	#�	���-"�
�	��
��%%�^3$��$	����@����	�5�����	���5�	��	���@�� 

�"����%�����������2�������'\���\#���@�����# 

Step Pump Valve Description 

  SP1 SP2 SV1 SV2 SV3 SV4 SV5 SV6   

1 off on on off on off on off Draw up sample 

2 off on on off off on on off Draw up reagent2 

3 on off off off off off off on Forward the mixture to 

detector (for phosphate 

determination) 

4 off on off off on on off on Draw up reagent1 

5 off on off on off on off on Draw up sample 

6 on off on on on on on off Forward the mixture for 

15 seconds (for 

phosphate and silicate 

determination)  

7 off off on on on on on off Stop the mixture to 

increase the reaction 

time of silicate to 

molybdate 

8 on off on on on on on off Forward the mixture to 

detector (for phosphate 

and silicate 

determination)  

 

�-�	�� ��5 ��� �� �� 	�� �����10�8	����	��%%�"����%#�����������2�06/��:��

����
 (monitoring ) �$� @+/
���
5�
	���%�	������#��
�&#���������6�
	����:������


-�
��/
��$�����$�
!�����������!��
  �+
��������0�8	�#!��� 
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2.2 ����
���>�+���+>���&��+	�'
�����&������ 

��%%��������2�%% SI-Lab at valve �����,'��������% SI Lab on valve �����

���,'��{0��-�
������������2�	6/�
���#����!�
�����$ dispersion 	���  �#!
	 SI-Lab 

at valve ��!�"����	#��
���%����/�	5��	�!�	��
���2�  @+/
#��
������6/�
�6�
	���-"�

�&���'2-�/��������!	�"���
  �0��
�#!	"��&���'2��
 Lab at valve ��#!�����-�/ port ��
 

selection valve �06/�-"��	��-�/#��-�/�$�����%%��� �5!	 ���	���6/�
#�����$ ��6��&���'2


	����#����#����!�
 ���	#�	 


	
�	�����	���$�0�8	���%% SI Lab at valve �"����%�����������23����	��%�


5	�$$����-�	�� anodic stripping voltammetry (ASV) 3$�	"� voltammetric cell -�/

0�8	��+�	��� UV-digestion reactor ��#!�����-�/ port ��
���2� 

 

2.2.1 �����+������ .��
��  ���+����  �&���� ���

���
� 

��%% SI Lab at valve �"����%��������2#���/�  ��$�����  -�
�$
 �����
���� 

��$
$�
���-�/ 2.7 ��������#����!�
��1��	"����!�������06/�-"���������	-���2-�/ UV-

digestion reactor �!�	-"������������2�������'3���3$��-�	�� ASV @+/
���$������'

3���3$����-��
 free form ��� organic bound form �!�	�����������2#����!�
3$�#�


3$���!�!�	����!�����������	����������'3����{0��-�/���	 free form ���������$

���/����%��%%$�
��!��	��  3��$$�4���	�� �.3 
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��%��� 2.7 ��%% SI UV digestion �"����%��������2#���/�  ��$�����  -�
�$
 �����
����;  

C = carrier (Milli-Q water); SV = syringe valve; SP = syringe pump; HC = holding 

coil; SW = 3-way switching valve; UVC = UV chamber; S = sample; SS = single 

standard; Hg W = mercury waste; NaCl = 3 M sodium chloride; B = 3 M acetate 

buffer; W = waste 

 

2.2.2 �����+������(���(��+����� monosegmented flow �� Bismuth film 

electrode (BiFE) 

�	6/�
����������-���������	0�,��
����!���
��*���2�\\��
5�
�	-�
$��	*���2�%
	

5!�
����
  �+
�����0�8	������\\��5	�$
��! 7 ��
5�-$�-	  ����%����-\��2����	�����\\��

5	�$�	+/
-�/�$���%�����	
�0�8	���	���  ��!�
����#�������%�&�
���$��������������2

-�/��!	�"�  -"�@�"��$�$�%	����%����--"��$����  
	
�	�����	���$�
5��-�	��  SI- Lab at valve 

��� monosegmented flow �06/�5!���0�/������-9�4�0
	�����������23����	��%�
5	�$ 

(��$����� #���/� �����
����)  3$��-�	�� ASV -��
	���$�0�8	����6/�
�6� SI Lab at valve 

��� software -�/
5���%�&��+�	��
$���  ���������$���/����%���0�8	���9���������2

$�
��!�� 3��$$�4���	�� �.3 
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2.2.3 �����+������ ���+���� ���.��
�� /�H
�,
�W�+>����� 

�06/�*+�,���9����#�����������23��� 3$�
5��������-���	�!�		"���
5�
	��%%

������  �$�0�8	���9��"����%����������'��$��������#���/�
	���#4�'=2�@�����3$�

������$3���$�
��!���������������
���#4�'=23$�
5�  4 M acetic acid #����9�

��#���	  �!�	-"������������23$�#�

	���������"����%���$ $����-�	�� ASV ��9�

$�
��!��	���������&!
���	�����!���9���#���	-�/
5���	
	�}��&%�	 @+/

5��-�	����#����� 

��%@�05�	����3-�3\3#��#��  ���
����������������2-�/$���!�  ���������$3��$$�
	

4���	�� �.4 

 

2.2.4 �����+��������%�����
�����(��+�������(����
.��%(�����+�.�� 

����	�3$��{0������	��	�	-���2  @+/
��0�,��
�����!
	�����	����	-�/�"���<�� 2 

����%% �6� ��@��	-2(As(III))  ��@��	# (As(V))  ���-"����6�
��!-"�
������	�1��5��
��!

���!
	�"�����	�%6��	������!�!�
3@!������$�  �����������2����	��	�	-���2  �+
���	-�/�	
�  


	
�	�����	���$�0�8	��-�	����3-$���#�����
3���-���#���"����%����������' As(III) 

��� As(V) 3$���*��������$��$��5�	��
 As(III) %	�������-���	�����	���2@�	�!�	 

As(V) �������1��������2�$����
�����$��@2���	 As(III)  ���������$���/����%
�	�����	��

3��$$� 4���	�� �.5 

 

2.2.5 ����
���+����� sequential extraction +�X�&-1�3����'�(���	��.
�&�"��

��� 

�-�	��������$���	�"�$�%���	 (Sequential extraction)  ��6� sequential leaching) 

�$���%���0�8	������	�"�$�%
	�}��&%�	��%% on-line extraction �$�1��0�8	��+�	  @+/


��*����%%������  3$�-"�����!�	������$-�/��������
�0�/��+�	  @+/
���0�	92��%���\��2�

#!�
 7 ��
3���-�/���!
	#����!�
$�	 (��6�#����!�
��
���
�6/	 7)  ���-"����#�����$

��!�
#!��	6/�
  @+/
���
5��-�	�������������2-�/-�	�����5!	 ICP-MS ��6� ICP-AES @+/


�����1#�����������23�������5	�$0������	  3$��� sensitivity ��
  
	
�	�����	���+


�	
�0�8	���9�������$�%%�"�$�%���	�%%��	��	2  ���#�����$$����-�	��3���-���#��  

3$�
	�%6��
#�	�$�0�8	���9�#�����������2����	��
3���3$�3���-���#�� $�
������ 

2.2.1-2.2.4 ������������$#����!�
$�	��#���	 (certified reference material) $���
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��������#���"�$�%���	#����#���	��
 EU 3$�
5���������#���"�$�%$�
	��: 0.05 M 

Ca(NO3)2, 0.4 M CH3COOH, 0.1 M NH2OH.HCl pH 3.6 ��� 0.1 M (NH4)2C2O4 
0%�!������1#�����������2����	��
3���%�
5	�$�$� $�
#���
-�/ 2.3 @+/
�����/�����


��%���\��2�#!�
7 -�
������
3���
	$�	 ���*+�,�$�
��!��	����������0�8	�#!������

-$��
��%#����!�
�"�	�	����+�	 

 

.������� 2.3 �����' (mg/kg) ��
 Zn, Cd, Pb and Cu -�/1�����$�����
	��������

�#!�����	�-��%��%�����'�����
 CRM certified value  

Element Amounts of metals in fractions (mg/kg) 

 Ca(NO3)2 CH3COOH NH2OH.HCl (NH4)2C2O4 Residual Sum 

CRM 

value 

% 

Recovery 

Zn 27.0 62.9 40.3 49.3 106.3 285.8 350.4 81.6 

Cd 1.1 15.4 4.8 N.D. 24.0 45.3 41.7 108.5 

Pb 4.7 92.3 37.3 11.8 812.8 958.9 1162 82.5 

Cu N.D. N.D. N.D. 14.2 89.5 103.7 114 91.0 

 

2.3 ����
���+�����
.Y&%(=�&��+	�'
�&�����>�
 

�-�	���#`��3\���	���5�	��	���@�� (stopped flow injection analysis, sFIA) ���	

�-�	��-�/�������&$�������06/�5!���0�/�����
�����#����!�
���������	#2  @+/
�����	����

�$�-"��~���������	  -"�
�����$������#������+�		�/	�6� �����1#�����$�$�3$���������

��������2��
�+�	  ���6/�
�6���
��%%�����������2 ��� ��\ �� �� 	����#��
�����1#��
����

#��
�#!{�$���������!��%%�	��������1+
�&$-�/����&$������ (travel time) ���5!�
����-�/

��&$��� (stop time) �$�    @+/
��#��������&$�������'����-�/{�$��1+
�&$#�����$  

�06/�
�������1#�$#�����$"��	�	����
�~��������$�   ��<<�'-�/%�	-+��$������1	"���

�"�	�'��#������~������� ������
5��������06/��������'�����
5	�$
	�����$�����	

�$� (kinetic discrimination) �-�	��	��	���
5���������2���-�/���$�~��������$��!�	���
5��  @+/


	�������5!���0�/���������������2������
5!��������$��������$�$���   �	6/�
��������

����	#2��!�$����#��$����-"�
��
5�	����
  
	
�	�����	���$�0�8	����6/�
�6��"����%

�-�	�� ��� ��\ �� �� �+�	
��!  3$�
5� solenoid valve -�/��%�&�$���

��3����	3-������2 ��6� ���0���#��2  �06/�
��-"�
�	�$���$������+�	����$�0�8	���9�

��������2����	%�
#��-�/���/�����
��%�����,#����� �6� \���\# ��������# 
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2.3.1. �����+��������%�����=&
+=. 

�$�
5��-�	����� ��\ �� �� -�/�������&$���-�/�&$#�����$�"����%����������'

\���\# 3$���*��������$�~���������%3���%�$#�����$������2%�����$���	

3���%$�	��%��  3$���#���������/�	���
��
��<<�'-�/%�	-+��$������0�	92��%��#�����

���$�~�������  @+/
�����	3$�#�
��%����������	��
\���\#  @+/
�����1	"�������


���\��#���	�06/��������'\���\#
	#����!�
$�	����&���$�  ���
5��-�	�� ��� ��\ 

�� �� 5!���$����%��	��� @�����#  @+/
���$�~��������$�5����!��$� �����!�����%��	

������-�/��������	&4���������2  -�/�����!
	���#����!�
  �	6/�
������$�$��6	��
��6� 

������
��
  �	6/�
���������!�	������!����/�	���
��#������  ���������$���/����%��6/�


	��3��$$��0�/��#��
	4���	�� �.6 

 

2.3.2 �����+��������%�������&+�. 

�$������
5���������#
	�����!
������$������
�"�����	�����
��,#������

�����"���@+/
16��!����	065�*�,����
	4����	6� �5!	 ��
���$�5��

��! �"�0�	 ���	#�	  

�����������2�������'�����#
	$�	�+
�������"����	  ���
5��-�	�� ��� ��\ �� �� 

5!���0�/���������������2�$�  ���
�	�����-�/�!�	���!�	�	��	��  ���������$���	��-�	�����

��&$������
	 reactor @+/
������0�/��&'�4���  �06/�5!����!
������$�~�����������!�
���

��#��%��3��$$2
	�4�����$  �!�	���#�����$3$��-�	������0�3���#�� [17] �#!��
��

������� �6�#��
������0�/��&'�4����+
�����$������#�����0�-�/��#�����$�$�  
	
�	�����

	���$�
5��-�	�� ��� ��\ �� �� �!����%���#�����$�%%����3-�3\3#��#��  �06/���������2

�����#@+/
5!���0�/���������������2�$� �����!�"����	#��

5�#����%�&��&'�4������#!���  

���������$���/����%��6/�
	��3��$$�4���	�� �. 7. 

�-�	����� ��\ �� �� 	����*���4�0���-�/��0�8	�#!����06/�
���$����6/�
�6�-�/

��-�$��$����+�	��������1	"���
5���������2
	4���	�� ��6� ���
�~�%�#���� 

 

2.4 ����
���& %�����&����� +&= �& +& �����Z������+�������&&&����'��� 

�-�	�� ��\ �� �� �%%$��
�$��������	!��	
�-�/��0�8	����	���6/�
�6���6���%%

��������2-�
����-�/�������&���!� (cost effective) �	6/�
���
5��&���'2-�/������@�%@��	

	����������1��  3$�
����������������2���������!	�"���
  ���-��
�����1#�����$
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�$���$����  �	
�	�����	���+
�$�0�8	��&���'2��
��%%��\ �� �� �+�	 ��
%�
�!�	  �06/�

5!���0�/������-9�4�0��
�����������2���-"�
�����6/�
�6�������#/"��
 

 

2.4.1 ����
��������
��1�

))�� 

��%%%�	-+���<<�'��
��\ �� �� 
	5!�
�����
5����6/�
%�	-+���<<�'%	

���$�, (chart recorder)  @+/
��������
 ������	���6�
���$�,%�	-+�  �}��&%�	��%�	-+�

��<<�'$������0���#��2@+/
��%%	�����	�!�	�	+/
-�/-"�
�����6/�
��\ �� �� -�
��������

������
  ��%%%�	-+���<<�'$������0���#��2-�/���"��	!�� �5!	 %��,�- eDAQ ���	#�	 

�������������' 2-3 ��	%�-  3$����� software �"����%��������2��<<�'��$���  
	


�	�����	���+
�$�0�8	���%%%�	-+���<<�'$������0���#��2�+�	��
   3$�#!���$���

��%%-�/���0�8	����@+/

5� Microsoft excel ���	3���������%������  [25]   �$�����


�&���'2������<<�'��	�������	$���#���������56/��#!���%���0���#��2���0�8	�

3������%�	-+���<<�'
��!  3$�
5� Visual Basic @+/
��-"�
���$�3������-�/���	�$����

�
����������-9�4�0��
�+�	���	�%% stand alone �&���'2���@�\���2 -�/0�8	��+�	��$


$�
���-�/ 2.8 

 

   (A)       (B) 

 
 

��%��� 2.8 ��%%%�	-+���<<�' (A) hardware ��� (B) software 

 

2.4.2 �������
�����/��"���/'!(>���&�������� (solenoid valve) 

���{�$���������!��%% ��\ �� �� ���
5� six port injection valve @+/
������

�!�	���
��
  3$��{0����!�
��/
1�����	��%%{�$�����#3	��#�  
	
�	�����	���+
�$�����%% 

��%%{�$���3$�
5�3@��	��$2���2�  @+/
������1����!���������1��%�&��$�$��������$/
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���$ ����!���\\��
����!���2�  ��%%���2�-�/����%%��$
$�
���-�/ 2.9 @+/
������

-$��%���
5�
�	0%�!�
���������������2-�/��!	�"�$� 

 

 
��%��� 2.9 ��%%{�$���3$�
5�3@��	��$2���2� 

 

2.4.3 ����
�����Z� +&= �& +& (�+��'�&&+�.��
$���
������%�������&���� 

3$����������$�
5��&���'2-�/0�8	��+�	��
 ��%%���2�{�$���$�
������ 2.4.2 �����\\��

��6���"��0������	�����$2 potentiometric  flow through cell �����%%%�	-+���<<�'

$�
������ 2.4.1 �����10�8	���9���������2�����$2����	  @+/
�����1����&�#2
	���

��������2#����!�
���������	�"����"����%�����	���#�$�  ���������$���/����%��6/�
	��

3��$$�4���	�� �.8 ��9������������2	��
���������������2��$����
��%��9���#���	�#!��

�����-9�4�0$���!� �5!	 ��������!	�"� �����$�"���$#/"��&$
	���#�����$$���!� ���	#�	  

���6/�
�6�$�
��!��	���"���
0�8	��0�/��#�� �������0�!
��	"���
5�
	�&#������� 

 

2.4.4 ����+&=�&+&�&��
�(.+�.��  
$���
������+��������%������&�(�+����

�&&&� 

��%%$�
��!��	����*���������/�	���3�	�������	�����	��`����3��	��  3$�
5�

��6/�0�&	�"����%�0�!�!�	��`� (gas diffusion membrane) �!�	���������`� �

		�"����

��$�������/�	���
�!�����	"��\\����!�
#!��	6/�
  �$�0�8	��	!���0�!�!�	��`���� 

conductometric flow cell �+�	��
  �������&�#2�-�	��$�
��!��	���"����%�����������2��

�����' Kjeldahl nitrogen ��6�3��#�	3$����  @+/
��#�#��
��������23$�������/	���

�-�-�#  @+/

5����������������������  ��%%-�/0�8	��+�		��5!��������$�������  ���
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�����1��������2�$�  30 #����!�
#!�5�/�3�
  ���������$���/����%��6/�
	��  3��$$�

4���	�� �.9 ��%%���6/�
�6�$�
��!��	���"���
0�8	��0�/��#���06/�
�������1	"���
5�
	

�&#��������$� ����$�
5�
	�������	�����	$���$�
4���	�� �.1 

 

2.4.5 ����
��� +&= �& +& �&�+�&(�+�.��
$���
������+����������&
�&����� 

���
�	������!�	�	��	�� [25]  �$�0�8	����6/�
����0�3���#���+�	��
  ���
5�

�"����%���	���6/�
#�����$
	��%%��\ �� �� �"����%�����������2��#���	@� ��6� ��$

������2%��  
	-�/	���$�0�8	��0�/��#��
	�!�	��
���������3$�
5� dialysis membrane 

�06/������$������2%���������
�2�����%�6/	 7 
	#����!�
������	�����6���


#����!�

	��%%�!�	�����������2  3$�����&�#2�"����%�����������2�����$��#���	@����

	�"������  ���������$3��$$�
	4���	�� �.10 

 

2.4.6 ����+&= �& +& �&�+�&(�+�.�� 
$���
������%�����=&
+=. 

�����������2\���\#$�����9�-�
����3-�3\3#��#��������%��	���@�����# ���

��������������	&4��������$2 ���-��
��������#�#!�
��
�����	��	!	��


��������@+/
�����$ Schileren effect ��6� reflextive index effect 
	
�	�����	��  �+
�$�

0�8	���9� ��\ �� �� ����0�3���#�� �06/�����}<��$�
��!��  -"�
�������1��������2

\���\#
	#����!�
$�	�$���$������+�	  ���-��
�$�0�8	���9��%%
��!-�/�������-9�4�0

��!��$��
	������$\���\# ���#����!�
$�	$���  ���������$3��$$�4���	�� �.11 

 

2.4.7 ����
��� on-line sequential extraction 
$���
����-1�3����'�=&
+=.

	����� 

�	6/�
�����%%��\ �� �� ����0�3���#��  �"����%��������2\���\# $�
������ 

2.4.6 �����1
5���������2#����!�
$�	�$�$�3$�-	#!�����%��	#!�
 7  �$�$���!���%%-�/

#�����$$����-�	������3-�3\3#��#�����  �+
�$�	"���0�8	�#!������	��%%���

#�����$�"����%������$��!�
���	�"�$�%���	�%%��	��	2  �06/�*+�,����5�\���\#-�/���!


	���\��2�#!�
 7  
	#����!�
$�	 [26] 3$�����%%��%%$�
��$

	���-�/ 2.10 ���-"�

���5�\���\#���#����!�
$�	-�/%���&���!
	�����	2  3$�
5����������"����%������$

#���"�$�%$�
	�� 1.0 M NH4Cl (R1), 0.1 M NaOH (R2) ��� 0.5 M HCl (R3)  @+/
��



 27 

���/�����
��%\��\����
	��� exchangeable, organic bound ��� carbonate bound 

#���"�$�% 

 

��%��� 2.10 ��%% on-line sequential extraction �"����%���*+�,����5�\���\#���$�	;

E = 0.1 M potassium chloride, R = 0.5 % w/v acidic molybdate, SV1 – SV7 = 

solenoid valves, S = standard/sample, P1-P2 = peristaltic pump, I = injection valve, 

MC = mixing coil, HD = Holding coil, FC = electrochemical flow through cell, W = 

waste, D = potentiostat/amperometric detector, PC = personal computer.       

 

@+/
��
�� extraction profiles -�/���	 FIA peaks $�
��� 2.11-2.13 ��������1	"���

����
 sequential extraction profiles $�
��$

	���-�/ 2.14 ��������'\���\#
	 

fraction #!�
7 -�/���$������$� ��$
$�
#���
-�/ 2.4  
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Auto leaching CRM +Tellon tube 1 M NH4Cl

Ch
an

ne
l 1

 (
V)

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

50:00 58:20 1:06:40 1:15:00 1:23:20 1:31:40 1:40:00 1:48:20 1:56:40 2:05:00 2:13:20 2:21:40

 0:00:00.000

 
��%��� 2.11 Extraction profile of phosphate 
	#����!�
$�	 SRM 2711 ��6/�
5� 1 M 

NH4Cl ���	������$ 

 
Auto leaching CRM +Tellon tube 0.1 M NaOH.edcht

Ch
an

ne
l 1

 (
V)

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

50:00 58:20 1:06:40 1:15:00 1:23:20 1:31:40 1:40:00 1:48:20 1:56:40 2:05:00

 12:00:00.000 AM

 
��%��� 2.12 Extraction profile of phosphate 
	#����!�
$�	 SRM 2711 ��6/�
5� 0.1 M    

NaOH  ���	������$ 



 29 

Auto leaching CRM +Tellon tube 0.5 M HCl.edcht

Ch
an

ne
l 1

 (
V)

-0.05

0.00

0.05

0.10

0.15

50:00 58:20 1:06:40 1:15:00 1:23:20 1:31:40 1:40:00 1:48:20 1:56:40 2:05:00 2:13:20 2:21:40

 12:00:00.000 AM

 
��%��� 2.13 Extraction profile of phosphate 
	#����!�
$�	 SRM 2711 ��6/�
5� 0.5 M HCl  

���	������$ 

 

 
��%��� 2.14 Sequential extraction profiles of phosphate in SRM 2711 by 1 M NH4Cl, 

0.1 M NaOH and 0.5 M HCl using the continuous flow system 
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.������� 2.4 �����'\���\#-�/���$�$�
	�#!���!�	3$� sequential extraction 

method 

Phosphorus (mgKg
-1
P-PO4) from sequential extraction (mean ± S.D.) Sample 

NH4Cl 

fraction 

NaOH 

fraction 

HCl  

fraction 

Residue 

fraction 

Total 

Phosphorus 

1 273.5±3.4 241.9±9.0 744.1±22.3 113.6±1.5 1373.1±9.4 

2 332.0±1.5 230.9±1.5 865.4±6.0 114.8±1.6 1543.1±2.2 

3 255.1±4.8 250.7±3.6 729.2±17.0 72.6±1.8 1307.6±6.93 

4 341.4±1.7 191.2±3.0 1078.1±5.6 105.9±0.6 1716.7±2.2 

5 383.9±2.9 154.5±0.8 1336.8±24.0 108.8±0.4 1984.0±11.4 

6 58.5±8.0 228.4±0.6 323.8±12.5 99.1±5.5 709.8±5.0 

7 237.1±10.1 263.3±3.8 1002.4±5.2 115.0±0.5 1617.8±4.0 

8 N.D. 58.0±1.6 37.2±3.2 104.4±0.8 199.5±1.4 

9 256.6±9.1 429.3±4.1 1543.5±35.7 146.4±3.0 2375.8±15.4 

10 213.4±1.8 482.3±5.9 1561.6±16.2 143.1±2.0 2400.3±6.8 

11 N.D. 8.5±0.9 14.6±1.1 24.4±0.5 47.5±0.5 

12 N.D. 43.9±0.2 29.2±0.3 80.7±1.1 153.8±0.5 

13 N.D. 42.6±0.4 10.6±0.1 44.0±0.4 97.2±0.2 

14 N.D. 16.6±0.5 33.3±0.3 134.6±1.9 184.6±0.9 

15 N.D. 30.0±0.3 58.1±1.2 4.2±1.1 92.3±0.6 

16 N.D. 125.85±2.75 173.88±1.46 264.7±4.5 564.4±1.9 

17 N.D. 155.21±1.33 105.32±0.89 133.2±1.1 393.8±0.6 

SRM 
* 

49.9±5.6 54.91±1.31 418.48±7.84 295.0±0.7 818.2±15.5 

*
SRM 2711 Certified value 860 ± 70 mgKg

-1
, N.D. =  not detected 

 


�	�����$�
��!��	���"���
���!
	����!�
��$�#����#�	{%�%�06/�#�0��02 �����$"��	�	

���*+�,��0�/��#��#!������  �	6/�
������	�-�	��
��!-�/��
5�*+�,����/����% mobility ��� 

bioavailability ��
\���\# @+/
���0�	92��%���\��2�#!�
 7 ��
\���\#
	$�	5	�$#!�
 7  

���-��
���*+�,������$���$�	-�/�	�����	3����	�� (remediation) $��� 
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2.5 ����
���+������
�������+�����������������(��=��&���� 

�}��&%�	�����0�8	���3��\����$����6������	��5�0��	���  �	6/�
��������#6/	#��

-�
$��		�3	�-�3	3���  
	
�	�����	���+
�$����/�0�8	���%%��3��\����$��
	�	�����1�� 

��6� �������&���!�3$�0�8	���9��������
5�03$�
5���9����-�/��!@�%@��	 ���
5��-�3	3���

��!��
  ���-��
��%%#�����$%	5�0-�/���	�$����-�/
5������������#��2��!�

!�� 

 

2.5.1 ���
�!����(��=��&����'���!�� printed circuit board 

�$�
5���9� photolithography -�/
5�
	������#����
��������-��	���2
	�������


#�	�%% (template) �"����%�������
 PDMS chip 3$��������%%$��� 0�������2 

polydimethylsiloxane ���	"�5�0-�/�$��������%������%��!	���������06/�
�����$���	 

channel �"����%-�/��	"����������!��%% ���#!�������%�&���'2#�����$�06/�
5�
�	
	���

��������2#!��� ���,'���
 template ��� microchip -�/����
�+�	��$
$�
���-�/ 2.15 
�	

$�
��!��	����
���!
	����!�
���0�8	�#!��� 

 

   (A)       (B) 

 

 
 

��%��� 2.15 ��3��\����$��5�0 (A) template ��� (B) PDMS chip 

 

2.5.2 ���
�!����(��=��&����'��(��/'!+�+>&�� 

3$��!���6���%���5!��*��#������2 $�. 	4�0� ��
���*, (�����-�����9��� 

*��#�2) �$�����
��3��\����$��5�0$�������-�	���	+/
 �6� ����@���!�
$������@��2 (Laser 

cutting/engraving) @+/
�����1����%%����%% channel �������	�
��3$�#�
%	0���

����25	�$ polymethylmethacrylate (PMMA) 3$�#�
  �$�-$��%���
5�
�	
	���
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��������2����� [23] �����9�	�� [27] 
�	�����$�
��!��	����
���!
	����!�
���*+�,�

0�8	��0�/��#�� ���-��
���
5������������#��2�	�$�������	�&���'2#�����$ $�
��� 2.5.3 

 

2.5.3 �
�+�&����+.&������+�[����/'! LED-LDR 

�	6/�
������#�����$%	��3��5�0��
#��

5����6/�
�6�-�/���	�$
�<!��������0
 

�5!	 Laser induced fluorescence �+
�$��	
�0�8	����6/�
#�����$�	�$����-�/�����1

#�$#��
������%5�0�$�  3$�
	�%6��
#�	�$�0�8	����6/�
�����������#��2-�/
5� �$3�$���!
��


���	���!
�"��	�$��
 �������#��	-�	����/�	�!�#����
 (Light dependent resistor 

(LDR)) ���	#����$��
3$��$�-$��%���
5�
�	���6/�
�6�$�
��!����%�����������2
	��%%

��%%��3��\����$��  
	�����������2�����$�
���������$
	4���	�� �.4 

��%%��3��\����$��	������������0�8	�#!����06/�
�������1
5�
�	�$����
 ���-��
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ABSTRACT A novel hydrodynamic sequential injection (HSI) spectropho-

tometric system for determination of manganese was developed. It is

based on the complexation of Mn(II) with formaldoxime in basic solution

(pH� 10) to produce product that could be monitored spectrophotometri-

cally at 450 nm. Based on the HSI concept, both sample and reagents

were aspirated through solenoid valves to fill a defined volumes conduit

between 3-way connectors connected in series, forming stacked zones of

solutions similar to those in normal SI. The concept was successfully

demonstrated for manganese determination. A linear calibration graph

over a range of 0.5 to 30mg L�1 Mn(II) with a detection limit of 0.2mg L�1

was obtained. Relative standard deviations for 11 replicated injections of

5 and 20mg Mn L�1 were 5.6% and 2.4%, respectively. A sample

throughput of 45 h�1 was achieved. The results from investigation of

exchangeable manganese in soil samples by the developed method were

found to be in good agreement with the results obtained by a batch

spectrophotometric method, despite the proposed system employed

simpler and more cost-effective devices=instruments, had higher degrees

of automation with full microcontroller control of the operation, and

consumed smaller amounts of chemicals (250mL each of hydroxylamine,

sample, and formaldoxime solutions and 2.5mL of buffer carrier solution

per operation cycle).

KEYWORDS formaldoxime, hydrodynamic sequential injection, manganese,

soil, spectrophotometric

INTRODUCTION

Manganese is the one of essential micronutrients for plant growing.

Manganese in soil may appear in different forms including dissolved,

exchangeable, reducible, organic bound, and residual.[1] Dissolved and

exchangeable manganese are an important form readily available for plant

uptake.[2] Manganese deficiency in plants is shown by discoloration on

lower leaves,[3] whereas the excess accumulation of manganese gives rise
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to the abnormal loss of leaves.[4] Consequently, vari-

ous methods for soil analysis have been developed

for quantitation of manganese.

Some official methods are based on spectrophoto-

metric technique using periodate as a reagent and an

atomic absorption spectrophotometric technique.[2]

These techniques provide good accuracy and sensi-

tivity, but consume large amounts of chemicals, take

a long time, or require expensive instruments. More-

over, elevated temperature is required for the redox

reaction of manganese and periodate to produce a

colored product. For analysis of a large number of

samples, flow-based methods that provide higher

degrees of automation and better analytical features

have been developed, such as flow injection

(FI)[5–21] and sequential injection (SI).[22,23] FI tech-

nique, which operates in continuous flow mode,

usually provides higher sample throughput, but with

higher consumption of solutions. It is usually

assembled requiring relatively simpler and lower

cost devices. Multicommutation using a network of

3-way solenoid valves can make the FI system sim-

pler and more versatile.[16,24] On the other hand, SI

technique usually requires higher cost devices, such

as high-quality syringe pump to meter precise

volumes of solutions and a rotary selection valve

for selection of different solutions, all under com-

puter control. It is operated under programmable

flow, thus minimizes volumes of sample, reagents,

and waste. In this work, we introduce a new solution

management procedure, the operation of which is

similar to SI, therefore sample and reagents are

sequentially aspirated to form stacked zones in a tub-

ing while the carrier flow is halted. When the carrier

flow starts to push the zones to a detector, zone pen-

etration occurs in the same way as in SI, leading to

mixing and the reaction to proceed. The introduction

of solutions into tubing can be achieved by hydrody-

namic flow concept[25] with use of cost-effective

devices, solenoid valves and 3-way connectors, lead-

ing to the name hydrodynamic sequential injection

analysis (HSIA).[26,27]

The two main detection techniques, visible spec-

trophotometric and atomic spectrophotometric, are

usually employed in flow-based system for determi-

nation of manganese. For analysis of samples with

low concentration of manganese (mg L�1 to sub-mg

L�1 levels) (e.g., freshwater and seawater), catalytic

spectrophotometry employing oxidation reaction of

periodate and various organic compounds with

manganese acting as a catalyst[11–14,17] or atomic

absorption=emission spectrophotometry with an

on-line sorption column packing with 8-hydroxy-

quinoline,[21] iminodiacetate resin,[13] silica gel

functionalized with 1,5-bis(di-2-pyridyl)methylene

thiocarbohydrazide,[10] thiol resin,[9] or anion exchange

resin[7] have been developed. Spectrophotometric

detection based on oxidative conversion of Mn(II)

to permanganate[5, 6, 16, 20, 22] or complex formation

of Mn(II) with 4-(2-pyridylazo) resorcinol (PAR)[15]

or formaldoxime[23] is widely used for manganese

determination at mg L�1 level, such as in plant

extract, wastewater effluent, and soil. The FI poten-

tiometric method was also reported for determi-

nation of manganese in soil.[4]

In this work, we would like to propose a HSI spec-

trophotometric method for determination of manga-

nese in soil. It is based on the reaction of Mn(II) and

formaldoxime in basic solution to form the red-

brown complex, which has a maximum absorption

at 450 nm. By HSI concept, sample and reagents

can be sequentially aspirated to place in a defined

volumes conduit through solenoid valves and 3-way

connectors under programmable control using a

home-made controller unit. A linear calibration graph

in range 0.5–30mg Mn L�1 and detection limit of

0.2mg Mn L�1 were obtained. Various advantages

such as simple and cost-effective instruments used,

rapid analysis with low chemical consumption, and

high degrees of automation were gained.

MATERIALS AND METHODS

HSI Manifold

A schematic diagram of the proposed HSI system is

illustrated in Fig. 1. The system consisted of a two-

channel peristaltic pump (Alitea, Medina, WA, USA),

6 solenoid valves (Cole-Parmer, USA), a simple

spectrophotometer (Spectronic 21, Bausch&Lomb,

USA) equipped with a 10-mm pathlength flow-

through cell (Hellma, Nuernberg, Germany) and a

recorder (Linsies, NJ, USA). All tubing used PTFE tub-

ing of inner diameter 0.5mm, except Tygon pump

tubing (Saint-Gobain Performance Plastics, NJ,

USA). For automation by electronic control of the sys-

tem, a home-made controller based on Basic Stamp II

SX microprocessor (Parallax, USA) was employed for

timing control of the operation of the solenoid valves.
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Chemicals

Deionized water (Milli RX, Millipore, Bedford, MA,

USA) was used throughout. All chemicals were of

analytical reagent grade, unless otherwise stated. The

chromogenic reagent, 0.6mol L�1 formaldoxime, was

prepared from the reaction of formaldehyde (M&B)

(5.04mL of 37% v=v) and hydroxylamine (Carlo Erba,

Milano, Italy) (5.00 g) and adjusted the volume to

100mL with water. A stock standard solution of

100mgL�1 of Mn(II) was prepared by dissolving

0.0618g of MnSO4 �H2O (Fluka, Buchs, Switzerland)

in a portion of water. A 1.00mL portion of concentrated

nitric acid (Carlo Erba) was added before adjusting the

volume to 200mL of a volumetric flask with water. A

0.03mol L�1 hydroxylamine solution was obtained by

dissolving 0.21 g of the chemical in 100mL of water.

The buffer carrier solution was prepared by

dissolving 6.75 g of ammonium chloride (Carlo Erba)

in 500mL of water, and ammonia solution (BDH,

Poole, Dorset, UK) was added until pH of the

solution reached 10.2. Then, buffer solution was

used to adjust the volume to 1000mL with water.

Procedure

With the proposed manifold in Fig. 1, the oper-

ation sequence as shown in Table 1 was pro-

grammed to the controller. The operation sequence

is briefly described as follows. First, the carrier sol-

ution was propelled by the peristaltic pump (pump

channel 1) through solenoid valve 1, SV1, T-connec-

tors, soleniod valve 5, SV5, and mixing coil to the

flow cell of the detector. Then, by electronic control

of the solenoid valves, the carrier stream was

stopped (the carrier solution was redirected to its

container) and hydroxylamine, standard=sample,

and formaldoxime solutions were sequentially aspi-

rated by pump channel 2 into the system to fill sev-

eral defined volumes between the T-connectors to

form stacked solution zones corresponding with

the inlet port of each solution. An excess volume

TABLE 1 Operation Sequence of the HSI System (Fig. 1) for Determination of Manganese

Step Valve Interval(s) Description

1 Turn off V1, V6 Stop the carrier flow

Turn on V2, V5 5 Draw up hydroxylamine by P2

2 Turn off V2

Turn on V3 5 Draw up standard=sample (S) by P2

3 Turn off V3

Turn on V4 5 Draw up formaldoxime by P2

4 Turn off V4, V5 Stop aspiration of solution

Turn on V1, V6 50 Carrier flow start to push the stacked zones to detector.

5 Turn off V1, V6 Return to step 1 to start next cycle

FIGURE 1 A schematic diagram of the HSI setup: V1 to V6 ¼ solenoid valves 1 to 6; P1, P2 ¼ peristaltic pump; R1 ¼ hydroxylamine;

R2 ¼ formaldoxime; S ¼ standard/sample; controller ¼ a home-made controller unit.
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of each solution was discarded to waste. Finally, the

carrier was allowed to push the stacked zones

through the mixing coil to the detector while the sig-

nal profile was continuously recorded on the

recorder.

Sample Preparation

Soil samples were collected at the depth of 15 cm

throughout at least 3 points and mixed together. Soil

extraction for exchangeable fraction of manganese

was performed according to the reported pro-

cedure.[2] Briefly, a portion (10 g) of each sample

was extracted with 100mL NH4OAc by shaking

for 1 h. Then, it was filtered through a filter paper

(Whatman no. 42). The filtrate was boiled to nearly

dryness and continued until vapor of NH4OAc

ceased. Then, 2.00mL HNO3 and 1.00mL H2O2 were

added for digestion of organic matter, then, water

added to a volume of 100mL, the beaker was

covered with watch glass and heated until dryness,

85% H3PO4 1.00mL added, and the volume adjusted

with deionized water to 100mL.

RESULTS AND DISCUSSION

Effect of the Experimental Variables

In SIA, volumes of sample and reagents can be

variably and accurately aspirated using a high-quality

syringe pump and a selection valve. However, too

large volume of the zones could reduce penetration

of the sample and reagent zones leading to less reac-

tion to occuring.[28] In HSIA, the volume of solutions

was fixed by the defined volumes of the tube

connected between the T-connector (about 50 mL
each zone in this case), so a simple pump can be

used for aspirating the solutions. Effect of the experi-

mental variables such as carrier flow rate, mixing coil

length, and concentration of reagents was studied.

Using preliminary condition (0.3M formaldoxime,

0.06M hydroxylamine, 100-cm mixing coil length,

0.1M ammonia buffer pH 10 as a carrier), effect of

carrier flow rate was investigated. Another peristaltic

pump (P2 in Fig. 1) was employed for aspiration of

the solution with constant flow rate (3mL min�1),
while P1 was adjusted to give flow rate in the range

1–4mL min�1. A series of concentration of standard

solution of manganese (0.5–20mg L�1) was injected

and a calibration graph (a plot of peak height [mV]

versus manganese concentration) was constructed

in each case. Slopes of the calibration graphs of

about 26mV � Lmg�1 were obtained for all flow rates.

The flow rate of 3mLmin�1 was selected as it

provided suitable sample throughput and was

compatible with the aspiration flow rate.

The effect of mixing coil length (50, 100, 200, and

300 cm) was studied similar to that described above.

Slopes of the calibration graphs obtained decreased

significantly with the increase of the mixing coil

length, due to higher dispersion of the product zone

at longer coil. Thus, mixing coil length of 50 cm was

selected as it provided higher slope and sample

throughput.

Effect of chromogenic reagent, formaldoxime

(concentrations 0.1, 0.3, 0.6, and 1.0M) was investi-

gated using the conditions previously selected. By

considering slopes of the calibration graphs, it was

found that formaldoxime concentration of higher

than 0.3M gives comparable sensitivities. Thus,

0.6M formaldoxime was selected.

The reaction of Mn(II) with formaldoxime pro-

ceeds well in alkaline medium. Effect of pH of

0.1M ammonia buffer (8, 9, 10, and 10.8) was inves-

tigated by injecting a series of concentration of

manganese standard solutions (0.5–20mg L�1) with

employing the above selected conditions. When

pH changed from 9 to 10, a very sharp increase in

sensitivity to reach maximum level (40mV=mgL�1)
was observed. The pH of 10.2 was selected in order

to ensure the sensitivity.

In basic solution, Mn(II) normally forms manga-

nese hydroxide precipitate, which prevents it to react

with formaldoxime. In order to avoid manganese

hydroxide formation, hydroxylamine reducing agent

was used. Effect of concentrations of hydroxylamine

(0.01, 0.03, 0.06, and 0.10M) was studied by carrying

out the experiment similar to the above. Slopes of the

calibration graphs increased with concentration of

hydroxylamine and reached the plateau at 0.03M

hydroxylamine. Hydroxylamine (0.035M) was then

selected for further experiment.

It should be noted that the analog output of the

Spectronic 21 spectrophotometer is linearly depen-

dent with %T,(i.e., 1000mV corresponded with

100%T). Thus, a change of 40mV should be equal

to 4%T change or 0.018 absorbance units change.

Therefore, the slope of a calibration graph of about

40mVLmg�1 may be lower than in a batchwise

S. Somnam et al. 224



method, because in the continuous flow system the

reaction may not reach equilibrium and sensitivity

is controlled by extent of the reaction and degree

of dispersion of the product.

Analytical Characteristics

Employing the selected conditions as studied in the

previous section, a series of concentration of manga-

nese standard solutions (0.5–30mg L�1) was injected

into the HSI system. A linear calibration graph

(y ¼ 37.6x� 13.1, r2 ¼ 0.999) was obtained. A limit

of detection (LOD)[29] of 0.2mg L�1 and sample

throughput of 45 h�1 were achieved. Relative stan-

dard deviations for 11 replicated injections of 5 and

20mg Mn L�1 were 5.6% and 2.4%, respectively.

The procedure consumed 250mL each of hydroxyla-

mine, sample, and formaldoxime solutions and

2.5mL of buffer carrier solution per operation cycle.

Analytical features of the developed method in com-

parison with the previously reported methods are

summarized in Table 2.

Recovery of the method in the determination of

exchangeable manganese in soil was evaluated by

spiking manganese standard solution into the

extracted solutions. Concentrations of manganese in

the extracts were found in range 0.9–3.2mg L�1. Per-
centage recoveries in the range 91–110 were

observed.

TABLE 2 Analytical Features of the Developed Method in Comparison with the Previously Reported Methods

Technique Sample Principle

Linear

range

(mg L�1)
LOD

(mg L�1) %RSD

Injection

per hour Ref.

SI-poten Soil Redox reaction of Mn(II) and

hexacyanoferrate(III) leading

to potential change of

[Fe(CN)6]
3-=[Fe(CN)6]

4�

potential buffer solution

0.01–5.5 0.01 1.9 (0.33mg L�1) 20 [4]

FI-spect Mineral premixes

and feedstuffs

Oxidation of Mn(II) to

permanganate by periodate

in slightly alkaline medium

and in the presence of

pyrophosphate and acetate

0–30 0.08 0.6 (10mg L�1) 120 [6]

SI-spect River water

and effluent

streams

Speciation of Mn(II) and

Mn(VII) using 4-(2-pyridylazo)

resorcinol, detected at 500nm

0.02–0.50 0.005 0.3 30 [15]

Monosegmented

flow spect

Soybean digests Oxidation of Mn(II) by

periodate in phosphoric

acid medium to form

permanganate anion

2.5–40.0 1.2 0.3 (17mgL�1) 50 [16]

FI-spect Natural water

and effluent

streams

Mn(II) was oxidized to

permanganate by solid

lead (IV) dioxide suspended

on silica gel beads, detected

at 526nm

1.0–5.0 0.6 1.8 — [20]

SI-spect Tap water and

effluent

streams

Mn(II) was oxidized to

permanganate by solid

lead (IV) dioxide suspended

on silica gel beads

1.0–7.0 0.6 3 50 [22]

SI-spect Water Formation of Mn(II)–

formaldoxime complex

using merging zone

technique

0.5–4.0 — 6 36 [23]

HSI spect Soil Formation of Mn(II)–

formaldoxime complex

0.5–30 0.2 2.4 (20mgL�1) 45 This

work

poten, potentiometry; spect, spectrophotometry.
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Determination of Exchangeable
Manganese in Soil Samples

Soil samples from longan orchards were ana-

lyzed for exchangeable manganese contents by

the proposed method. Soil-extracted solutions were

prepared as described in the ‘‘Sample Preparation’’

section. The solution was injected into the system,

and concentration of manganese in the solution

was calculated from peak height obtained using

a calibration graph. Exchangeable manganese

contents in soil (mg g�1) were then calculated as

summarized in Table 3. Analysis of the soil solution

by the standard spectrophotometric method based

on periodate reaction[2] was also carried out for

comparison. Manganese contents found by using

hydrodynamic injection method (x) agreed well

with those found by the standard spectrophoto-

metric method (y), indicated by the slope, inter-

cept, and correlation coefficient (r) of the

correlation graph between the two methods are

close to 1, 0, and 1, respectively (y ¼ 1.2x� 3.0,

r ¼ 0.992). According to the paired t-test at 95%

confidence level,[29] there is no significant differ-

ence of the results from the two methods.

CONCLUSIONS

A spectrophotometric method with a new HSI

approach is introduced. The method is investigated

for the determination of manganese based on the

complex formation reaction of Mn(II) with formal-

doxime giving a product that could be monitored

for absorbance at 450 nm. The HSI provided intro-

duction of precise and accurate volumes of sample

and reagents to the flow system, even with use of a

simple peristaltic pump, solenoid valves, and a sim-

ple controller. Various advantages similar to a typical

SI system, such as low consumption of reagent solu-

tions, low waste emission, and high automation,

were gained. Application of the developed system

to determination of exchangeable fraction of manga-

nese in soil is demonstrated.
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a b s t r a c t

A cost-effective sequential injection monosegmented flow analysis (SI-MSFA) with anodic stripping

voltammetric (ASV) detection has been developed for determination of Cd(II) and Pb(II). The bismuth

film working electrode (BiFE) was employed for accumulative preconcentration of the metals by apply-

ing a fixed potential of−1.10 V versus Ag/AgCl electrode for 90 s. The SI-MSFA provides a convenient means

for preparation of a homogeneous solution zone containing sample in an acetate buffer electrolyte solu-

tion and Bi(III) solution for in situ plating of BiFE, ready for ASV measurement at a flow through thin layer

electrochemical cell. Under the optimum conditions, linear calibration graphs in range of 10–100 �g L−1

of both Cd(II) and Pb(II) were obtained with detection limits of 1.4 and 6.9 �g L−1 of Cd(II) and Pb(II),

respectively. Relative standard deviations were 2.7 and 3.1%, for 11 replicate analyses of 25 �g L−1 Cd(II)

and 25 �g L−1 Pb(II), respectively. A sample throughput of 12 h−1 was achieved with low consumption

of reagent and sample solutions. The system was successfully applied for analysis of water samples col-

lected from a draining pond of zinc mining, validating by inductively coupled plasma-optical emission

spectroscopy (ICP-OES) method.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals such as cadmium and lead are toxic, persistent pol-

lutants and they can be bioaccumulated/concentrated through the

food chain. Their contamination to the environment comes from

different sources, e.g., soil erosion, mining and industrial activities.

Therefore, the development of sufficiently sensitive, selective and

reproducible analytical methods for precise and accurate determi-

nation of these metals at trace levels is essential. There are several

techniques recently utilized including spectrometric, chromato-

graphic and electroanalytical techniques. Spectrometric techniques

such as atomic absorption spectrometry (AAS), inductively cou-

pled plasma-optical emission spectroscopy (ICP-OES), inductively

coupled plasma-mass spectrometry (ICP-MS) and atomic fluo-

rescence spectrometry (AFS) although provide good sensitivity

and selectivity, they usually involve expensive and large equip-

ment.

Electroanalytical techniques such as stripping voltammetry on

the other hand usually concern small instrument, which is rela-

tively low cost, low power consumption and portable. The most

widely used stripping voltammetric mode for determination of

Cd(II) and Pb(II) is an anodic stripping voltammetry (ASV), which

∗ Corresponding author. Tel.: +66 5394 1909; fax: +66 5394 1910.

E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

is conventionally performed on mercury electrode, e.g., hanging

mercury drop electrode (HMDE) and mercury film electrode (MFE)

[1]. Mercury electrode provides a wide cathodic potential limit

for reduction of several metals and allows the formation of amal-

gams for accumulative preconcentration of the metals leading to

very high sensitivity and reproducibility for ASV determination.

However, due to toxicity of the mercury, recently mercury-free

electrodes such as bismuth film electrode (BiFE) are extensively

researched [2–32]. BiFE is environmentally friendly since the toxi-

city of bismuth and its salts is negligible. It can form “fused alloys”

with heavy metals, analogously to the amalgams that mercury

forms [4,11] leading to high sensitivity and reproducibility of the

stripping signal and good resolution of the adjacent stripping peaks.

Other attractive properties include its low background characteris-

tics, wide alkaline pH working range and being partially insensitive

to dissolved oxygen, which allows the analysis without the time-

consuming de-oxygenation step [2,4–6,10,11]. Similar to the MFE,

BiFE could be conveniently prepared by plating a thin bismuth film

on a suitable substrate material, which can be done before (ex situ

plating) [14] or at the same time (in situ plating) [8,9] with the

deposition of the analyte metals. Various substrate materials could

be used such as glassy carbon [2,5,6,20,25], carbon fiber [2,14],

carbon paste [7,15,18], screen printed electrode [3,9,12,24,30], pen-

cil lead [8], carbon nanotube [27], edged plane graphite [19], gold

[16] and copper [17]. Other techniques for preparation of BiFE have

been introduced such as sputtering of Bi film on silicon substrate to

0039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2009.03.032
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Fig. 1. The developed sequential injection anodic stripping voltammetric system. (a) Schematic diagram of the system, C: carrier (deionized water), SP: syringe pump, SV:

switching valve, HC: holding coil, B: 0.2 M acetate buffer, Bi: 40 mg L−1 Bi(III) in 3 M acetate buffer, H: cleaning solution (0.1 M HNO3), S: mixed metals standard/sample and

W: waste. (b) A thin layer electrochemical flow-cell and the flow channel, AE: auxiliary electrode, WE: working electrode and RE: reference electrode.

produce BiFE microelectrode [22,23] and bismuth–carbon compos-

ite electrode using Bi nanoparticles [32]. BiFE is more mechanical

durable than MFE which is suitable for application in flow sys-

tems [1,11]. Flow based analysis such as flow injection (FI) and

sequential injection (SI) offers several advantages over batch anal-

ysis such as fast and higher degrees of automation, improvement

of accuracy and precision, less risk of contamination and low con-

sumption. Recently, several sequential injection systems have been

developed for automation of ASV analysis [29–31,33–38]. How-

ever, most of them employing mercury electrodes, either HMDE

[37,38] or MFE [34–36]. There is still lack of application of BiFE in

flow system [11]. SI-ASV on Nafion® coated BiFE was developed for

determination of Cd(II), Pb(II) and Zn(II) [29]. The hybrid FI/SI sys-

tem using BiFE was also reported for ASV determination of Cd(II)

and Pb(II), and AdSV determination of Co(II) and Ni(II) [30]. SI-ASV

was proposed for determination of Cd(II), Pb(II) and Zn(II) employ-

ing an in situ plated bismuth film screen printed carbon electrode

[31].

The SI with monosegmented flow analysis (MSFA) approach was

introduced to promote good mixing of the solution zones sand-

wiched between two air segments, resulting from a turbulent flow

in the monosegment [37,39,40]. This approach should improve effi-

ciency in electrodeposition of metal ions on the working electrode,

leading to high sensitivity and reproducibility of the analytical

results. With MSFA sample dilution, single stock standard cali-

bration and standard addition could be made in-line [37,40]. The

SI-MSFA with voltammetric determination of atrazine on a HMDE

was developed [37].

In this work, we developed a cost-effective SI system to perform

MSFA aiming to gain benefit in convenient handling in solution

preparation for in-line ASV determination of Cd(II) and Pb(II)

employing an environmentally friendly BiFE as a working electrode.

The BiFE was in situ plated on glassy carbon electrode and the same

electrode could be repeatedly used for several times due to effi-

cient cleaning in the flow system. The system provided sensitive

and reproducible determinations of Cd(II) and Pb(II), with semi-

automatic analysis and low chemical consumption. The developed

system with new software offered opportunity to do complicated

tasks in SIA, despite a simple script program has been used.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical reagent grade. Deion-

ized water (obtained from a system of Milli-Q, Millipore, Sweden)

was used throughout. An acetate buffer solution (0.2 M, pH 4.6),

which served as a supporting electrolyte was prepared by dissolv-

ing sodium acetate 3-hydrate (Ajax Finechem, Australia) (13.61 g)

in water before adding of acetic acid (Carlo Erba, Italy) (5.7 mL) and

making up to final volume of 500 mL with water. Working standard

solutions of Pb(II) and Cd(II) were daily prepared by appropriate
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diluting the stock standard solutions (1000 mg L−1 atomic absorp-

tion standard solutions, Merck, Germany) with the acetate buffer

solution. A stock solution of Bi(III) (1000 mg L−1) was prepared by

dissolving 0.23 g of bismuth (III) nitrate 5-hydrate (Carlo Erba, Italy)

in 0.5 M HNO3 solution. A Bi(III) plating solution (40 mg L−1) was

daily prepared by diluting the stock solution with 3 M acetate buffer

solution.

2.2. Instrumentation and apparatus

An in-house assembled sequential injection-voltammetric sys-

tem is depicted in Fig. 1(a). It consisted of a syringe pump (Cavro

Model XL-3000, USA), a 10-port selection valve (Valco Instrument,

USA), a voltammograph (VA 757, Metrohm, Switzerland). Tygon®

tubing (1.25 mm i.d., 4.5 m long) was used for assembling a hold-

ing coil. Other flow lines were made of a PTFE tubing of 0.5 mm

i.d. A thin layer cross-flow cell (Metrohm, Switzerland) as shown

in Fig. 1(b) was employed for voltammetric measurement. It con-

sisted of a glassy carbon disc working electrode (WE), a carbon disc

auxiliary electrode (AE) and a Ag/AgCl (3 M KCl) reference electrode

(RE). An in situ plated bismuth film electrode on the WE was used

in anodic stripping voltammetric analysis. The system was com-

puterized controlled by using a home-made program written in

Visual Basic 6 (Microsoft, USA). Employing this controller program,

different solution sequences as shown in Fig. 2 were created for

investigation of monosegmented flow for efficient mixing of various

solutions.

2.3. Procedure

The operational sequences for the determination of Pb(II) and

Cd(II) by the SI-voltammetric system with monosegmented flow

strategy are given in Table 1. This corresponds to the solution

sequence F in Fig. 2. Before running the operational sequence, the

“Start-up” program sequences was firstly executed, in order to fill

the HC, the electrochemical cell and the tubing connecting to the

port 6 of the selection valve with 0.2 M acetate buffer solution and

to fill tubings connected to other ports of selection valve with their

respective solutions. Then operational sequences were started as

describing as follows (sequence F, Fig. 2). First, the acetate buffer

solution (800 �L) was aspirated and then delivered through port

6 to the flow cell. Then, air (100 �L) was aspirated to separate

buffer solution from the following solutions. After that, Bi(III) plat-

ing solution (Bi + B) and mixed standard/sample solution (M) were

alternately aspirated to form stacked zones as shown in Fig. 2(F).

Then selection valve was switched to port 1 to perform flow reversal

to promote mixing of the stacked zones together [39], by aspirat-

ing air (300 �L) and pushing air and 25 �L of the solution to waste

(port 2). The mixing zone was then propelled through a cross-flow

cell for electrodeposition of the metals by applying a potential of

−1.10 V versus Ag/AgCl to the WE for a specified deposition time.

The air segment at the back was taken out to waste before buffer

solution was sent to the flow cell. Then, the stripping step was

performed in a medium of acetate buffer electrolyte under stop

flow condition. A voltammogram was recorded using the follow-

ing condition: sweep mode, square wave; sweep potential, −1.10

to 0.20 V; sweep rate, 0.50 V/s. Finally, the flow cell and the elec-

trodes were cleaned by flowing cleaning solution (0.1 M HNO3)

through the flow cell while applying a potential of 0.20 V to the

WE.

3. Results and discussion

3.1. Development of SI system and software for SI operation

An SI system was assembled from commercially available OEM

components in order to make the system to be cost-effective. Con-

trol of the pump and selection valve was accomplished by sending

an ASCII code to the respective component via computer serial

ports (COM port). An in-house developed software for control of the

SI system was designed and written in Visual Basic 6.0. The control

panel of the software is depicted in Fig. 3. As can be seen from the

figure, the component could be controlled manually by clicking on

the button on the screen or automatically by creating a program

sequences or a script program. The way of writing a script program

was convenient, i.e., by typing a value in a parameter box of each

component and then click “Add” button to insert a script line in the

Program Control box. The program script could be easily edited by

highlighting on the line to be deleted or inserted and then clicking

“Remove” or “Add” button, accordingly. Instruction for delay and

Fig. 2. Sequence of solutions in the monosegmented zone before mixing; A: air, M: mixed solution of Cd(II), Pb(II) and Zn(II) standards (0.1 mg L−1 each), Bi: 40 mg L−1 Bi (III)

in nitric acid (pH 1.7), B: 0.2 M acetate buffer, Bi + B: 40 mg L−1 Bi (III) in 3 M acetate buffer. Volume of solution indicated under each zone is in microliter.
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Table 1
Operational sequences of the SI-MSFA–ASV method for determination of Cd(II) and Pb(II).

Step Description Pump valve position Selection valve position Volume (�L) Flow rate (�Ls−1) WE potential (V)

1 Load buffer solution Out 3 800 50

2 Deliver carrier solution to flow cell Out 6 400 10

3 Load air Out 1 100 50

4 Load bismuth plating solution Out 4 10 10

5 Load standard/sample Out 9 190 10

6 Load bismuth plating solution Out 4 10 10

7 Load standard/sample Out 9 185 10

8 Load bismuth plating solution Out 4 10 10

9 Load standard/sample Out 9 185 10

10 Load bismuth plating solution Out 4 10 10

11 Load standard/sample Out 9 190 10

12 Load bismuth plating solution Out 4 10 10

13 Load air Out 1 300 50

14 Taken air out Out 10 325 50

15 Deley time 5 s for clicking on start button

of the voltammograph

16 Deliver the sample zone through flow cell

for deposition step

Out 6 750 10 −1.10

17 Taken air out Out 10 150 100

18 Push buffer to flow cell Out 6 200 10

19 Stripping and recording of voltammogram Out −1.10 to 0.20

20 Load cleaning solution Out 7 700 50

21 Load carrier In 100 50

22 Deliver zone of cleaning solution to strip

bismuth film

Out 6 975 50 0.20

loop control could be inserted similarly. Additionally, the software

was prepared for control of components which will be used in

other applications or further development of the system to higher

automation, e.g., peristaltic pump, recorder and auto-sampler.

Using the developed system, sequential injection monoseg-

mented flow voltammetric analysis could be semi-automatically

performed according to the operational sequences as described in

Table 1. The script program was started to run by clicking on “Start

Program” button and it can be stopped at any time by clicking “Stop

Program” button. The complicated procedure could be done with

higher degrees of automation employing the developed system as

described in Section 2.3.

Fig. 3. The control-panel page of an in-house SI controller software (for details see text).
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3.2. Optimization of experimental conditions

Conditions of the square wave anodic stripping voltammetric

analysis for determination of cadmium and lead (as described in

Section 2.3) was selected from the previous study [35], except

bismuth film electrode (BiFE) was used instead of mercury film

electrode in order to avoid the use of toxic mercury. Preparation

of BiFE could be done either by ex situ plating (preplating) or in

situ plating. In situ plating could be more convenient to perform by

off-line spiking of the standard/sample solution with Bi(III) solu-

tion and formation of bismuth film simultaneously occurred with

the analyte metals accumulation during the deposition step. In this

work, a monosegmented flow analysis (MSFA) [37,39,40] approach

was applied in SI systems in order to provide good mixing of Bi(III),

standard/sample and acetate buffer electrolyte solutions together

in a monosegmented zone. This could be carried out by using air

plugs to sandwich the solution zones, which prevent dispersion

of solution into a carrier stream and the turbulent flow occurring

in the air segmented zone would promote mixing of the sand-

wiched solution zones to form a homogenized monosegmented

zone. The homogeneous solution would provide good performance

and reproducibility in the deposition and stripping steps of ASV

analysis because the concentration gradient of the sample zone

entering the electrochemical flow cell would less occur while the

potential was applied to the working electrode [37]. Other seg-

mented flow could also be used to promote mixing but complicated

instrumentation and procedure may be needed, e.g., air segmentor

and bubble remover devices are required. A 0.2 M acetate buffer pH

4.6 was selected as a supporting electrolyte for voltammetric anal-

ysis because this medium provided wider potential window of BiFE

than the more acidic medium [5].

Preliminary investigation on the effect of Bi(III) concentration

used for formation of BiFE on sensitivity of metals determination

was carried out by the off-line premixing of solutions of metal

ions, Bi(III) and acetate buffer. The final solution contained 0.01 and

0.1 mg L−1 each of Cd(II), Pb(II) and Zn(II), 0.2 M acetate buffer and

different concentrations of Bi(III). The premixed solution (800 �L)

was aspirated to sandwich in between air plugs and 0.2 M acetate

buffer as shown in Fig. 2(A). After flow reversal, the air plug was

removed and the solution zone was then pushed to the flow cell. A

fixed potential of −1.10 V versus Ag/AgCl electrode was applied to

the WE while the solution zone was propelled at 10 �Ls−1 through

the cell. The stripping was performed in a medium of 0.2 M acetate

buffer by scanning potential from −1.10 to 0.20 V. Effect of Bi(III)

concentration on peak currents of the analyte metals is illustrated

in Fig. 4. It was found that peak current sharply increased with the

Fig. 4. Effect of concentration of Bi(III) plating solution on peak current of the analyte

metals (for details see text).

Fig. 5. Effect of deposition time on peak current of the analyte metals (for details

see text).

increase of Bi(III) concentration and reached the maximum at about

2.5 mg L−1 Bi(III). This is the same trend with the peak current of Bi

itself. Bi(III) concentration would dictate the thickness of the Bi film

for deposition of the analyte metals. At high Bi(III) concentration the

metals may difficultly stripped out from a thick Bi film leading to

lower peak current and broader peak. The Bi(III) concentration of

2.5 mg L−1 was selected for further experiment. The in situ plated

BiFE on GCE should provide advantages in term of simplicity, low

cost and convenient operation since the same electrode could be

repeatedly used after proper cleaning.

The reproducibility of peak current may depend on the cleanli-

ness of the working electrode. The cleaning step was applied after

the voltammogram was recorded by flowing a cleaning solution

(0.1 M HNO3) while the potential of WE was held at +0.20 V for 15 s.

It was found that the relative standard deviations for seven consec-

utive determinations of 50 �g L−1 Cd(II) and Pb(II) were improved

from 5.9 and 6.9 to 1.8 and 1.3%, respectively, for 0 s and 15 s

cleaning time. Flow system helped cleaning the working electrode

better than in batch method because the fresh solution was flowed

through the electrode during cleaning. This would lead to repeat-

edly use of BiFE on GCE with better reproducibility than in batch

method.

Deposition time and volume of the sample zone passing though

the flow cell during deposition step were investigated by aspirating

different volumes (200, 500, 800, 1100 and 1700 �L of the premixed

solution), which corresponded to deposition time of 30, 60, 90, 120

and 180 s, respectively. Effect of deposition time on peak currents

of 0.01 and 0.10 mg L−1 of each metal is depicted in Fig. 5. Roughly,

peak currents linearly increased with deposition time up to 120 s.

Deposition time of 90 s was chosen in order to compromise between

sample throughput and sensitivity.

Effect of sequence of different solutions (standard/sample,

buffer and Bi(III)) on the homogenization of the mixture zone in

a monosegment was investigated by creating a monosegment of

800 �L total volume by using different sequences of solutions as

depicted in Fig. 2. Once the sequence was created, the stacked zones

were moved forward and backward to cause turbulent mixing of the

stacked zones in the monosegment. A sequence of off-line mixed

(premixed) solution as shown in Fig. 2(A) was also carried out for

comparison. A plating solution (40 mg L−1 Bi(III)) used in sequences

A–D was prepared in water, while those of sequences E and F was

prepared in 3 M acetate buffer. The peak currents obtained for

0.10 mg L−1 each of Cd(II), Pb(II) and Zn(II) and for Bi(III) when

using different sequences are shown in Fig. 6. It was found that

all sequences gave comparable peak currents for all the metals.
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Fig. 6. Peak currents of metals obtained from different sequences A–F as shown in

Fig. 5 (for details see text).

However, sequence E, which should provide better mixing and

thus resulted in highest peak currents. Sequence E was modified to

be sequence F by employing standard/sample solution without off-

line adding of buffer, in order to simplify the sample preparation

procedure. This modification resulted in a little bit lower peak cur-

rents of the metals, but with better reproducibility. The sequence F

was selected for sample analysis. Thanks to the automation of the

developed SIA system, this complicated procedure could be easily

performed with using a simple script program.

3.3. Analytical features of the proposed system

Using SI-monosegmented flow of sequence F together with the

conditions as described in Section 2.3, calibration graphs of Cd(II),

Pb(II) and Zn(II) in range of 10–100 �g L−1 of each metal were

constructed by plotting peak current (�A) versus concentration of

metal ions (�g L−1). Fig. 7 shows a series of voltammograms. It could

be seen that for Zn(II) a good linear calibration could not be obtained

yet. Further studies should be needed for the determination of

zinc. Under the selected conditions, linear calibration graphs could

be obtained for Cd (II) and Pb(II) with the calibration equations,

y = 0.0551x−0.1142; R2 = 0.9999 for Cd(II) and y = 0.0506x−0.5435;

R2 = 0.9966 for Pb(II). The detection limits (the concentration cor-

responding to three times of standard deviation of blank) were

obtained at 1.4 �g L−1 for Cd(II) and 6.9 �g L−1 for Pb(II) for depo-

sition time of 90 s. The relative standard deviations for 11 replicate

Fig. 7. Voltammograms of standard solutions containing Zn(II), Cd(II), Pb(II)

obtained from SI-MSFA–ASV on BiFE; concentrations of each metal from bottom

to top: 0.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 �g L−1.

Table 2
Concentrations of Cd(II) and Pb(II) in water samples found by SI-monosegmented

flow–ASV and ICP-OES methods.

Sample Concentration of metals found (mg L−1) by

SI-ASV ICP-OES

Cd Pb Cd Pb

1 0.56 ± 0.02 3.20 ± 0.02 0.51 ± 0.02 3.02 ± 0.06

2 0.78 ± 0.02 2.10 ± 0.04 0.73 ± 0.04 2.01 ± 0.03

3 0.56 ± 0.01 2.69 ± 0.02 0.52 ± 0.02 2.52 ± 0.04

4 0.23 ± 0.01 3.62 ± 0.00 0.21 ± 0.02 3.54 ± 0.05

5 0.36 ± 0.00 3.85 ± 0.00 0.34 ± 0.03 4.02 ± 0.06

6 0.44 ± 0.00 2.55 ± 0.00 0.43 ± 0.03 2.53 ± 0.04

7 0.84 ± 0.02 1.30 ± 0.02 0.82 ± 0.04 1.22 ± 0.02

8 0.57 ± 0.01 2.11 ± 0.02 0.51 ± 0.02 2.03 ± 0.05

9 0.76 ± 0.01 1.40 ± 0.03 0.82 ± 0.03 1.52 ± 0.04

10 0.34 ± 0.07 3.32 ± 0.06 0.31 ± 0.02 3.52 ± 0.05

analyses of 25 �g L−1 Cd(II) and 25 �g L−1 Pb(II) were 2.7 and 3.1%,

respectively. The analysis time for one sample is 5 min (sample

throughput of 12 h−1). Each analysis cycle consumed 750 �L of sam-

ple, 50 �L of 40 mg L−1 Bi(III) plating solution and 800 �L of 0.2 M

acetate buffer solution.

Monosegmented flow provides completed mixing of the solu-

tion zones, thus it would open possibility to perform in-line single

standard calibration and in-line standard addition procedures. Pre-

liminary experiment was carried out for in-line single standard

calibration by varying the volume of the mixed metals standard

to be aspirated into the monosegmented zone. Linear calibration

graphs were obtained: y = 0.0110x−0.0525; R2 = 0.9996 for Cd(II)

and y = 0.0701x−0.6285; R2 = 0.9994 for Pb(II). However, more

investigations and refinement for the optimum condition should

be made further.

3.4. Analysis of real samples

The proposed system was employed for determination of Cd(II)

and Pb(II) in surface water samples collected from a draining pond

of zinc mining in northern Thailand. Such a sample was collected

in a clean polyethylene bottle (1 L) with adding of HCl to acidify

sample to about pH 1. No sample pretreatment was made except

filtering of the sample just before the analysis and dilution of sam-

ple with water (10-fold dilution for Cd(II) and 40-fold dilution for

Pb(II) determinations). Samples were also analyzed by ICP-OES at

the Office of Primary Industry and Mine Region 3, Chiang Mai for

comparison. The obtained results are presented in Table 2. Accord-

ing to t-test at 95% confident limit, the results obtained from both

the methods were in good agreement (tcritical = 2.26, tcalculate = 0.26

and 0.05 for Cd(II) and Pb(II), respectively). The results were corre-

lated each other well (SI = 0.9463 ICP + 0.0522, R2 = 0.9761 for Cd(II)

and SI = 0.9512 ICP + 0.1472, R2 = 0.9784 for Pb(II)). The system was

also tried for analysis of bottled mineral drinking water. Concen-

tration of Cd(II) and Pb(II) in those samples were below detection

limit of the method. By spiking 25 and 50 �g L−1 of both metal ions

into a sample, recoveries were found in range of 95–108% for Cd(II)

and 100–115% for Pb(II). Application of the developed system to

determination lower concentration of metal ions in water samples

nearby the mining area will be further investigated.

4. Conclusion

A cost-effective sequential injection system was assembled and

applied for monosegmented flow anodic stripping voltammetric

determination of Cd(II) and Pb(II) employing BiFE in situ plating on

a glassy carbon working electrode. The system offered non-toxic,

convenient, high degrees of automation and low consumption in

the analysis, with precise and accurate results for the determination
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of Cd(II) and Pb(II) in contaminated water samples. The monoseg-

mented flow help in in-line preparation of homogeneous solution

mixture of sample, Bi(III) plating solution and acetate buffer sup-

porting electrolyte solution. The system has high potential to be

developed further to be automated. Further investigations for in-

line dilution, in-line single standard calibration and in-line standard

addition procedures employing monosegmented flow approach are

in progress.
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a b s t r a c t

An anodic stripping voltammetric method has been developed for determination of cadmium, lead, copper

and zinc in acetic acid extract of glazed ceramic surfaces. An aliquot of 4% (v/v) acetic acid solution

was kept in a ceramic ware for 24 h in the dark, then 10 mL of the extracted solution was placed in a

voltammetric cell. The solution was purged with oxygen free nitrogen gas for 3 min before deposition

of the metals was carried out by applying a constant potential of −1.20 V versus Ag/AgCl to the hanging

mercury drop electrode (HMDE) for 45 s. A square wave waveform was scanned from−1.20 to 0.15 V and a

voltammogram was recorded. A standard addition procedure was used for quantification. Detection limits

of 0.25, 0.07, 2.7 and 0.5 �g L−1 for cadmium, lead copper and zinc, respectively, were obtained. Relative

standard deviations for 11 replicate determinations of 100 �g L−1 each of all the metals were in the range

of 2.8–3.6%. Percentage recoveries obtained by spiking 50 �g L−1 of each metal to the sample solution were

in the range of 105–113%. The method was successfully applied to ceramic wares producing in Lampang

province of Thailand. It was found that the contents of cadmium, lead, copper and zinc released from the

samples were in the range of <0.01–0.16, 0.02–0.45, <0.14 and 0.28–10.36 �g dm−2, respectively, which

are lower than the regulated values of the Thai industrial standard. The proposed method is simpler, more

convenient and more sensitive than the standard method based on FAAS.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Cadmium and lead are well-known toxic metals. These metals

are found in glazed ceramic surfaces and are controlled by law for

permissible amounts released from some ceramic products. Glaze is

a thin layer of liquid, which is put on a piece of pottery and becomes

hard and shiny when the pottery is heated in a hot oven. In Thai-

land, ceramic products are mainly produced in northern provinces,

e.g., Lampang, Sukhothai and Chiang Mai. Release of cadmium and

lead from ceramic ware, glass–ceramic ware and glass dinnerware

intended to be used in contact with food is tested according to the

Thai industrial standard (TIS 32-2546) or ISO-6486-1: 1999 [1]. The

method involving extraction of the metals from the glaze by 4% (v/v)

acetic acid, which is kept in the ceramic ware to be tested for 24 h

in the dark, and determination of the metals in the extracted solu-

tion by flame atomic absorption spectrophotometry (FAAS). This

method is tedious and time-consuming, and with relatively high

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Chiang

Mai University, Huay Keaw Road Suthep, Chiang Mai 50200, Thailand. Tel.: +66 5394

1909; fax: +66 5394 1910.

E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

detection limits. To improve detection limit and precision, sample

pretreatment of the extract, e.g., evaporating up of acetic acid and

adding with hydrochloric acid before FAAS determination may be

performed. On-line separation/preconcentration procedures, e.g.,

using column packing with Pb-Spec resin [2], Muramac A-1 chelat-

ing resin [3], thioureasulfonamide resin [4] and bead injection with

renewable sorption material [5] are usually employed for the deter-

mination of trace amounts of cadmium/lead by FAAS or ETAAS.

Flow injection analysis with on-line preconcentration column using

Pb-Spec resin and spectrophotometric detection based on forma-

tion of Pb(II)–4-(2-pyridylazo)resorcinol complex was developed

for determination of lead in acetic acid leachate of glazed ceramic

surfaces [6]. Detection limit of 8 �g L−1 and relative standard devi-

ation for five replicate determinations of 0.8 mg L−1 of 0.35% were

reported. However, the method is quite complicated.

On the other hand, anodic stripping voltammetry (ASV) which

has an in situ preconcentration (electrodeposition) step can be

applied directly for simultaneous determination of cadmium and

lead at trace levels [7–13]. Metal ions were electrochemically

deposited on a working electrode, e.g., a hanging mercury drop

electrode (HMDE), a mercury film electrode [7–9], or a more

environment friendly bismuth film electrode [10–13]. Then, the

determination was done in the stripping step by scanning potential

0039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2008.06.003



Author's personal copy

J. Jakmunee, J. Junsomboon / Talanta 77 (2008) 172–175 173

to positive (anodic) direction, where re-oxidation of the deposited

metals was occurred at a specific potential for each metal. However,

this method can detect free metal ions only and is suffered from

interferences such as surface active organic substances [8]. Some

modified electrodes have been developed for improving sensitiv-

ity and selectivity in the analysis of complicated samples [9–11].

Fortunately, the extract of ceramic glaze was free from organic sub-

stances, so the ASV method with a HMDE should be suitable for

this sample. An electrolyte medium such as acetate buffer [7–11] is

widely utilized in ASV determination of Cd and Pb. In this work, the

acetic acid which has been used as an extractant for leaching of the

metals from ceramic glaze surfaces, was investigated to be applied

as an electrolyte in the ASV analysis.

In this paper, we developed a simple method based on anodic

stripping voltammetry for simultaneous determination of cad-

mium, lead, copper and zinc in acetic acid leachate of glazed

ceramic wares. The 4% (v/v) acetic acid extracted solution could

be also used an electrolyte for voltammetric analysis, so the deter-

mination of the metals could be carried out without any sample

pretreatment. A HMDE which is available in most analytical lab-

oratories has been employed as a working electrode, making the

developed method simple and convenient for quality control of

ceramic wares.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical reagent grade. Deionized

water (obtained from a system of Milli-Q, Millipore, Sweden) was

used throughout. Stock standard solution of lead(II) (1000 mg L−1)

was prepared by dissolving 0.1615 g of lead nitrate (Merck, Ger-

many) in 0.1 M nitric acid 100 mL. Stock standard solution of

cadmium(II) (1000 mg L−1) was prepared by dissolving 0.1991 g of

cadmium chloride (J.T. Baker, Canada) in 0.1 M hydrochloric acid

100 mL. Stock standard solution of copper(II) (1000 mg L−1) was

prepared by dissolving 0.3968 g of copper sulphate (Merck, Ger-

many) in 0.1 M sulfuric acid 100 mL. Stock standard solution of

zinc(II) (1000 mg L−1) was prepared by dissolving 0.4443 g of zinc

sulphate (Ajex Finechem, Australia) in 0.1 M sulfuric acid 100 mL.

The working standard solutions were prepared daily by diluting the

stock standard solution of each metal with 4% (v/v) acetic acid. The

extracted solution (4% (v/v) acetic acid) was prepared by diluting

40 mL of glacial acetic acid in water and adjusting the final vol-

ume to 1000 mL. An oxygen free nitrogen (OFN) gas (99.9995%, TIG,

Thailand) was used for purging the solution to remove dissolved

oxygen.

2.2. Voltammetric system

A voltammetric analyzer (VA 757, Metrohm, Switzerland)

including a voltammetric cell with a HMDE as a working electrode

(WE), a platinum rod electrode as an auxiliary electrode (AE), and

a Ag/AgCl electrode (3 M KCl) as a reference electrode (RE), was

employed for anodic stripping voltammetric analysis. The voltam-

metric analyzer was controlled by a personal computer, using a

VA Computrace version 2.0.000, SR1 software (8.757.8023, 757 VA

Computrace, Metrohm).

2.3. Extraction procedure

Extraction of metals from glazed ceramic surfaces was carried

out according to the standard method [1]. Briefly, the ceramic ware

to be tested was cleaned to be free from grease or other matter

likely to affect the test, then it was filled with 4% (v/v) acetic acid

solution to produce an acid depth of >6 mm, covered the speci-

men and allowed to stand in the dark at 22±2 ◦C for 24±0.5 h.

Then, the extracted solution was collected in a polyethylene bot-

tle for further voltammetric determination of the released metals.

The surface area of the ceramic ware was accurately measured to

0.01 dm−2.

2.4. Voltammetric analysis procedure

An aliquot of 10 mL of the extracted solution was put in a voltam-

metric cell and the solution was purged with OFN for 3 min. Then,

a fixed potential of −1.20 V was applied to the WE for a period

of 45 s, while the solution was stirred at 2000 rpm (deposition

step). After that the stirring was stopped for 5 s, followed by anod-

ically scanning of the potential from −1.20 to 0.15 V, employing a

square wave waveform with amplitude of 40 mV, step potential of

10 mV, and frequency of 50 Hz (stripping step). A voltammogram

was recorded. Peak potential and peak current corresponding to

each metal was evaluated from the voltammogram. Standard addi-

tion procedure was carried out by adding standard solution of each

metal to the sample solution, then the deposition and stripping

steps were performed. Standard addition was repeated for four

times. Concentration of each metal in sample was evaluated from

the standard addition graph, with subtracting of concentration of

metal in the blank solution. Amounts of the metal released from

ceramic wares were reported as �g dm−2, which were calculated

from total amounts of the metal released into the extracted solution

divided by contacted surface area.

3. Results and discussion

3.1. Effect of some parameters on voltammetric analysis

ASV method is based on electrochemical reduction of metal ions

at WE to deposit the metals on the electrode surface with subse-

quent anodic striping by scanning the potential to anodic direction

to allow electrooxidation of the deposited metals at a characteristic

potential of each metal, as recorded as a voltammogram in this step.

Conditions for deposition and stripping steps of ASV were investi-

gated. A square wave waveform was employed in the stripping step,

as it provided fast scanning and good sensitivity for the reversible

redox reaction. A square wave waveform with amplitude of 40 mV,

step potential of 10 mV, and frequency of 50 Hz was used. A solu-

tion of 4%(v/v) acetic acid that employing as the extracted solution

was also used as an electrolyte. Standard solutions of Cd, Pb, Cu

and Zn were added to the electrolyte solution and voltammetric

measurement was carried out. Effect of deposition potential was

investigated in the range of −0.90 to −1.30 V. It was found that the

more negative potential used the higher sensitivity was obtained.

Deposition potential of −1.20 V was chosen because too negative

potential may lead to deposition of some interferences or evolving

of hydrogen gas at the WE in the high acidic medium. Deposition

time was studied for the determination of 50 �g L−1 of each metal.

A plot of peak current versus deposition time is depicted in Fig. 1.

It was found that peak currents of all the metals, except Cu, are

linearly proportional to deposition time up to 2 min. At too long

deposition time, the deposited metals may saturate at the HMDE

so no further increase in peak current was observed. While most

ASV methods used acetate buffer as an electrolyte medium, in this

work acetic acid (4%, v/v) should be employed because it has been

used as an extractant for leaching of metals from ceramic surfaces.

Effect of concentration of acetic acid on peak current of 50 �g L−1

of each metal is investigated. Acetic acid in concentration range of

1–6% (v/v) did not affect either on peak potential or peak current of



Author's personal copy

174 J. Jakmunee, J. Junsomboon / Talanta 77 (2008) 172–175

Fig. 1. Effect of deposition time on peak current. Condition: deposition potential

−1.20 V, stirring rate 2000 rpm, scan rate 0.01 V s−1, potential scan range −1.20 to

0.15 V.

all the metals studied. However, the higher concentration of acetic

acid used, the higher zinc content in the electrolyte solution (blank)

was observed. Acetic acid of 4% (v/v) was selected to be used as both

the extractant and the electrolyte for ASV analysis.

3.2. Analytical characteristics

Under the selected condition: 4% (v/v) acetic acid as an

electrolyte solution, deposition potential of −1.20 V, deposi-

tion time of 45 s, square wave waveform with amplitude of

40 mV, step potential of 10 mV, and frequency of 50 Hz, voltam-

mograms were obtained as shown in Fig. 2. Linear calibration

graphs in the concentration range of 0–200 �g L−1 of each

metal were obtained as the followed calibration equations:

Cd: Y = 0.0094X + 0.0062, r2 = 0.9996, Pb: Y = 0.0048X + 0.0065,

r2 = 1.0000, Cu: Y = 0.0033X + 0.0081, r2 = 0.9990, and Zn:

Y = 0.0159X + 1.5462, r2 = 0.9999, where Y is peak current (�A)

and X is concentration (�g L−1) of each metal. Detection limits

calculated from three times standard deviation of blank/slope of

the calibration graph [14] were 0.25, 0.07, 2.7 and 0.5 �g L−1 for Cd,

Pb, Cu and Zn, respectively. Sensitivity and detection limit could be

Fig. 2. Voltammograms of zinc, cadmium, lead and copper in 4% (v/v) acetic acid.

Concentrations of each metal from bottom to top: 0, 50, 100, 150 and 200 �g L−1.

Condition: deposition potential−1.20 V, deposition time 45 s, stirring rate 2000 rpm,

scan rate 0.01 V s−1, potential scan range −1.20 to 0.15 V.

Table 1
Amounts of some metals released from ceramic wares

Sample Released amounts (�g dm−2)*

Zn Cd Pb Cu

1 10.36 ± 0.12 0.16±0.01 0.394±0.001 N.D.

2 6.31 ± 0.23 N.D. N.D. N.D.

3 6.00 ± 0.01 N.D. 0.447±0.001 N.D.

4 0.88 ± 0.04 N.D. 0.006±0.001 N.D.

5 2.84 ± 0.04 N.D. 0.272±0.001 N.D.

6 0.46 ± 0.02 N.D. 0.290±0.001 N.D.

7 5.65 ± 0.23 N.D. 0.109±0.002 N.D.

8 6.56 ± 0.06 N.D. 0.261±0.001 N.D.

9 1.18 ± 0.14 N.D. 0.299±0.009 N.D.

10 1.30 ± 0.06 N.D. 0.065±0.001 N.D.

11 2.89 ± 0.02 0.02±0.00 0.096±0.016 N.D.

12 5.25 ± 0.16 N.D. 0.064±0.002 N.D.

13 4.17 ± 0.04 N.D. 0.097±0.003 N.D.

14 0.64 ± 0.06 N.D. 0.056±0.003 N.D.

15 2.41 ± 0.05 N.D. 0.126±0.002 N.D.

16 0.28 ± 0.05 N.D. 0.076±0.001 N.D.

17 2.50 ± 0.02 N.D. 0.200±0.006 N.D.

18 7.24 ± 0.08 N.D. 0.431±0.001 N.D.

19 3.63 ± 0.24 N.D. 0.096±0.001 N.D.

20 3.53 ± 0.18 N.D. 0.127±0.001 N.D.

21 1.33 ± 0.06 N.D. 0.041±0.001 N.D.

22 2.29 ± 0.04 N.D. 0.316±0.002 N.D.

23 0.84 ± 0.02 N.D. 0.020±0.001 N.D.

*Mean of triplicated results, N.D. = not detected.

improved by using longer deposition time as described in Section

3.1. Relative standard deviations for 11 replicate determinations of

100 �g L−1 of each metal were 3.0, 2.8, 3.6 and 2.8% for Cd, Pb, Cu

and Zn, respectively. Recoveries obtained from spiking of the metal

standard solutions (50 �g L−1 each) into the extracted solution

were found in the range of 105–113%. The analysis time is 5 min per

sample by using standard addition procedure for determination of

four metals, which is much faster than the standard method based

on FAAS [1].

3.3. Application to real samples

The proposed method was applied to the determination of some

metals extracted from the surface of ceramic wares. Standard addi-

tion method was employed for quantification in order to account

for the effect of sample matrix. However, the results obtained by

using calibration graph method were correlated well with those

from the standard addition method (for Zn, Y = 0.9322X−0.8767,

r2 = 0.9631). The results from standard addition method are sum-

marized in Table 1. It was found that the contents of cadmium,

lead, copper and zinc released from the samples were in the range

of <0.013–0.16, 0.02–0.45, <0.14 and 0.28–10.36 �g dm−2, respec-

tively, which are lower than the permissible values of the Thai

industrial standard. The developed method was convenient to be

used and could be applied as an alternative method to the standard

method for testing the releasing of cadmium and lead from ceramic

products.

4. Conclusion

Anodic stripping voltammetric method was proposed for deter-

mination of Cd, Pb, Cu and Zn in an acetic acid extract of glazed

ceramic wares. The extract can be analyzed directly by voltammet-

ric method, where the extractant, 4% (v/v) acetic acid, also acts as

an electrolyte solution. The method is simple, fast, sensitive and

selective, and can simultaneously determine four metals with high

accuracy using either standard addition or calibration methods. The

developed method may be used in the routine determination of Cd
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and Pb extracted by acetic acid from glazed ceramic wares, as an

alternative to the standard method (TIS 32-2546).
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ABSTRACT
Square wave cathodic stripping voltammetry was developed for determination of

As(III) and/or As(V) in water, soil, and ore samples. The method was based on electro-
deposition of As(III) on a hanging mercury drop electrode (HMDE) as a copper-arsenic
intermetallic compound, which was further reduced to arsine at a higher negative potential in
the stripping step.  Deposition was performed in an electrolyte solution of  1 M HCl with
10 mg L-1 Cu(II), by applying a constant potential of -0.40 V vs Ag/AgCl to the HMDE for
60 s at a stirring rate of 2000 rpm. Stripping step was carried out by applying a square wave
waveform in the potential range from -0.40 to -1.00 V. A voltammogram was obtained with
peak potential at -0.78 V giving peak current linearly proportional to As(III) concentration
up to 50 μg L-1. The concentration of Cu(II) and deposition time were interrelated affecting
the sensitivity of  arsenic determination. With a fixed deposition time of  60 s, a narrow
concentration range of  Cu(II), 5-10 mg L-1 gave the highest sensitivity. Standard addition
method was applied for quantification in order to account for effect of sample matrix.
The detection limit of the method was 0.3 μg L-1 As(III) and the relative standard deviation
for 5 μg L-1 As(III) (n =11) was 3.6%. As(V) concentration was determined after reduction
to As(III) by using 80 mg L-1 of thiosulfate. The developed method was applied to the
analysis of  water, soil, ores leachate and ores digest samples. The results were in good agreement
with those obtained by HG-AAS method and the certified value of soil certified reference
material. Recoveries in range of  83-108% were obtained for water samples. The proposed
method is simple, convenient, and low reagent consumption.

Keywords: Cathodic stripping voltammetry; CSV; Square wave; Arsenic; Water; Soil; Ores.
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1. INTRODUCTION
The problems of arsenic contamination

in the environment are global concerns due
to its high toxicity to living organisms and its
world wide distribution. Arsenic contamina-
tion in water generally comes from natural
sources, through the erosion of rocks, minerals,
and soils [1].  The most exposed sites of natural
arsenic contamination are in Bangladesh
and West Bengal, India, where arsenic levels
up to 2500 μg L-1 in ground water have been
reported [2]. Others contaminated areas
include the Unites States, Taiwan, Chile,
Argentina, Turkey, China, Nepal, Vietnam, and
Thailand. The major cases in Thailand involve
arsenic contamination of soil and water at
Ron Phibun District, Nakhon Sri Thammarat
province due to tin mining activities during
the last century [3].

Exposure to arsenic can cause a variety of
adverse health effects such as dermal changes,
respiratory, cardiovascular, gastrointestinal,
genotoxic, mutagenic and carcinogenic effects
[4]. Since 2002, U.S. EPA has lowered the
maximum contaminant level (MCL) of arsenic
from 50 to 10 μg L-1, which is believed to be
the improved level to protect human health
[5]. World Health Organization (WHO) has
also sets the same standard of 10 μg L-1 in
drinking water. Toxicity of  arsenic depends
on its oxidation state. In natural environment,
arsenic exhibits in four oxidation states: As(V),
As(III), As(0), and As(-III) which are presented
as inorganic and organic forms.  Recently, more
than 20 arsenic species of varying levels of
toxicity have been identified in environmental
and biological systems [6]. Inorganic arsenic
species,i.e. arsenite (As(III)) and arsenate
(As(V)), predominantly found in natural
water, are more toxic than organic species
such as monomethyl arsenic acid (MMA) and
dimethylarsonic acid (DMA) which are largely
found in biological samples. Arsenobetaine
(AsB) and arsenocholine (AsC) widely found

in seafood are non-toxic. Generally, organisms
can convert toxic inorganic arsenic species to
less toxic organic species.

Arsenic determination/speciation is very
important and well recognized [7]. Many
reviews on arsenic detection/speciation have
been published [8-10]. Various techniques
have been proposed for the determination
of arsenic, such as spectrophotometry which
is usually applied for field test kit [11], hydride
generation atomic absorption spectrometry
(HG-AAS) , atomic fluorescence spectrometry
(AFS), inductively coupled plasma optical
emission spectrometry (ICP-OES), inductively
coupled plasma mass spectrometry (ICP-
MS), X-ray spectrometry, neutron activation
analysis (NAA), electrophoresis, chemilu-
minescence and electrochemical techniques.
Currently, well established techniques which
are capable to determine several inorganic
and organic arsenic species are based on
chromatographic separation coupled with
ICP-MS, HG-AAS, or AFS detection [12-14].
However, these methods involve sophisticated
instrumentation, high operating cost and
cannot be applied in the field. On the other
hand, electroanalytical techniques such as
stripping voltammetry [9] and stripping
potentiometry [10] represent less expensive and
smaller size instrumentation which could be
applied to on-site analysis[15]. They are usually
applied for determination of  inorganic arsenic
species which are very important species since
arsenite is 25-60 times more toxic than arsenate
and several hundred times as toxic as organic
arsenicals [10].

Two approaches of  stripping techniques,
anodic and cathodic stripping are usually
employed.  Although anodic stripping is able
to determine at μg L-1 to sub μg L-1 levels of
arsenic, its main drawbacks are the irrepro-
ducibility due to usage of solid electrode,
hydrogen evolution during deposition step and
interferences from some electrochemically
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active ions such as copper, selenium, and
mercury. Cathodic stripping voltammetry
(CSV) [16-23] which usually uses hanging
mercury drop electrode (HMDE) as a working
electrode has better performance due to fresh
electrode surface which can eliminate
electrode memory effects. Electrochemical
reactions involving in deposition/accumulation
of As on HMDE and subsequently CSV
determination have been proposed in previous
studies [17,23]. Electroactive species, As(III),
is electrochemically reduced to As(0), which
is insoluble in Hg. However, its intermetallic
compounds with Cu or Se can accumulate at
mercury electrode and is further reduced to
AsH3 during the stripping step. Although the
use of a mixture between Cu(II) and Se(IV)
to co-deposit As(III) in CSV analysis has been
reported on improving sensitivity [21], Cu(II)
alone is commonly used [16-20,22,23].
Intermetallic compounds with different Cu:
As ratios were formed, depending on the
deposition potential and acid concentration.
The following reactions were proposed
for the formation of  Cu-As intermetallic
compounds in the deposition steps [17]:

H3AsO3 + 3H+ + 3e- → As0 + 3H2O (1)

Cu2+ + Hg + 2e- → Cu(Hg) (2)

As0 + 3CuCl3
2- + 3e- → Cu3As + 9Cl- (3)

Then, in the stripping step by scanning potential
of the working electrode to negative direction
(cathodic scanning), the electrochemical
reduction of arsenic to arsine (AsH3) would
occur:

Cu3As + 3H+ + Hg + 3e- ↔ 3Cu(Hg)
+ AsH3 (4)

During this period, a voltammogram was
recorded and peak current at peak potential

of  about -0.8 V(vs. Ag/AgCl) was directly
proportional to As(III) concentration [17,18].
The other arsenic species were determined
after being converted to As(III). As(V) could
be reduced to As(III) by various types of
reducing agents, such as potassium iodide
and ascorbic acid, sodium thiosulfate, sodium
sulfite, sodium bisulfite, aqueous sulfur
dioxide, hydroxylamine hydrochloride,
L-cysteine and hydrazine. Table 1 summarizes
the CSV methods for arsenic determination/
speciation.
In this work, a simple square wave cathodic
stripping voltammetric procedure was
developed for the determination of  As(III)
and As(V) under the same condition at ppb
levels using, 1 M HCl with 10 mgL-1 Cu(II) as
a medium. It was found that lower
concentration of Cu(II) provided higher
sensitivity for arsenic determination than the
one which have been previously reported.
As(V) was determined after reduction to
As(III) by using 80 mg L-1 thiosulfate. The
higher concentration of thiosulfate as sug-
gested in the literatures [18,22] (650 mg L-1)
produced colloid of sulfur which affects the
sensitivity and the reproducibility for As
determination. A standard addition method
was used in order to accounting for matrix
interferences. The proposed procedure was
applied for determination of  these inorganic
arsenic species in water, soil, and ores samples.
The method was validated using soil CRM
and the results were compared with those
obtained from HG-AAS.

2. MATERIALS AND METHODS
2.1 Chemicals

All chemicals used were of analytical
reagent grade and ultrapure water (Milli-Q,
Millipore) was used for preparing all solutions.
As(III) stock standard solution (1000 mg L-1)
was prepared by dissolving 0.1320 g of
arsenic trioxide(Merck) with 1 mL of 25%
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w/v NaOH (Lab Scan), then immediately
acidified with 2 mL of conc. HCl (Carlo
Erba) and adjusting to volume of 100 mL in
a volumetric flask with ultrapure water. As(V)
stock standard solution (1000 mgL-1) was
obtained by dissolving 0.4164 g of sodium
arsenate(Riedel-De Han) and adjusting volume
with water in a 100 mL volummetric flask.
The stock solutions were daily diluted to the
concentration of  10 and 1 mgL-1 As. By
dissolving 6.7065 g of cupric chloride
dihydrate (BDH) in ultrapure water, a Cu(II)
solution (10 g L-1) at the volume of 100 mL
was obtained. Thiosulfate solution (10 g L-1,
100 mL) was prepared by dissolving 2.2134
g sodium thiosulfate heptahydrate (Fluka) in
cold boiled water. Oxygen free nitrogen gas
(Ultra high-purity grade, 99.9995%, Thai
Industry Gas, Thailand) was used for purging
solution before the analysis to remove oxygen
and gaseous compounds.

2.2 Instrumentation
Cathodic stripping voltammetry was

performed by using a Metrohm 757 VA
Computrace Voltammograph (Metrohm,
Switzerland) equipped with a voltammetric
cell, a multi-mode mercury electrode, a
nitrogen purge tube, and a motor-driven
PTFE stirring rod.  The instrument was
controlled by a computer using VA Compu-
trace software version 2.0.000 (Metrohm,
Switzerland). A hanging mercury drop
electrode (HMDE) working electrode, a Pt
auxiliary electrode, and a Ag/AgCl/3M KCl
double junction reference electrode were
used.

2.3 Square wave CSV procedure
A Milli-Q water or sample solution (23.00

mL) was placed into a voltammetric cell and
2.00 mL of conc. HCl was added to obtain
1 M HCl in solution. Cu(II) solution was
added to obtain 10 mg L-1 Cu(II) final

concentration. In the case of  As(V) determina-
tion, thiosulfate solution was added into the
vessel to yield the final concentration of 80
mg L-1 thiosulfate.  The same conditions of
square wave CSV procedure was employed
for both As(III) and As(V) determination by
setting the operating parameters as follows:
initial purging time: 300 s (sufficient period
for complete reduction of As(V) to As(III)
by thiosulfate), stirring rate: 2000 rpm,
deposition potential: -0.40 V, deposition time:
60 s, equilibration time:10 s, end potential:
-1.00 V, voltage step: 2 mV, amplitude: 20 mV,
frequency: 140 Hz and sweep rate: 277.8 mV.
After the potential scanning, a voltammogram
was recorded and peak current (μA) at the
peak potential of -0.78 V was measured.
Standard addition method was employed for
the determination of  As(III) and the total As
(As(III) plus As(V)) and As(V) concentration
was evaluated by subtracting total As with the
As(III) concentrations.

2.4 Sample collection and preparation
Surface and well water samples from

Nakhon Sri Thammarat and Lampang
provinces were collected in 1000 mL poly-
ethylene bottle. An aliquot (2 mL) of conc.
HCl was added to preserve the sample.
Each sample was filtered through a Whatman
No. 42 filter paper immediately before the
analysis.

Soil samples were collected from a gold
mine in Pichit province. Samples were dried
and ground to the particle size less than 180
μm after sieving. A portion (0.15 g) of  the
ground sample was accurately weighed and
added with 10 mL of 1:1 v/v HCl, then
heated until near dryness. The deigested
residue was then diluted, filtered and adjusted
to 100 mL with a 1% hydrochloric acid. This
treatment was adequately considered to
determine readily available arsenic in soil
samples [24]. If total arsenic, including that
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bound to silica, is required, a more rigorous
digestion by heating with a mixture of
concentrated strong acids such as hydrofluoric
acid should be employed.

Ore samples were collected from lignite
mines in Lampang province. Ore samples were
ground to the particle size less than 180 μm
after sieving. An accurately weighed of  a
portion (1 g) of the sample was soaked in a
100 mL pH 3 solution (adjusted by using
acetic acid) for a period of  7 days. The leachate
solution was obtained by filtering and adjusting
to a volume of 100 mL. Ore samples (0.25 g)
were digested with 10 mL hydrochloric-
sulfuric acid (1:1 v/v) in a sealed Teflon vessel
using a microwave oven (Perkin Elmer, USA).
After cooling, samples were transferred to
volumetric flask and diluted to 100 mL with
a 1% hydrochloric acid.

3. RESULTS AND DISCUSSION
3.1 Optimization for As(III) determination

The principle of  CSV for arsenic determi-
nation involved the reduction of electroactive
As(III) in the presence of an excess of copper
and/or selenium to accumulate on HMDE
as intermetallic compounds which were
further stripped in the cathodic scan, as
previously described. As presented in Table 1,
several electrolytes were proposed for CSV
method for the determination of  As(III)
though slight improvement in sensitivity was
observed. Hydrochloric acid  is widely
employed as a reaction medium because Cl-
can stabilize the electrogenerated Cu(I) which
is required for the formation of  the Cu-As
intermetallic compounds (equation (3)). HBr
[19] or NaClO4 with NaCl [16] can also be
used as a reaction medium. HCl was selected
to be the supporting electrolyte in this work
due to its availability and lower cost in high
purity chemical grade. Cu(II) was chosen
instead of Se(IV) based on the analogous
reasons. It has been reported that a higher

HCl concentration would result in a higher
sensitivity, but baseline deterioration was
found [17]. In our observation, a higher HCl
concentration resulted in a higher variation
in peak current of 10 μg L-1 As(III), i.e.,
relative standard deviations (n=11) of peak
current when using 1 M and 2 M HCl were
3.0 and 10.9%, respectively. Therefore, the
1 M HCl was selected as a supporting
electrolyte for further optimization.

The effect of deposition potential was
re-investigated. Similar findings to the previous
report were observed [17]. At a higher
negative potential than -0.40 V, peak currents
decreased due to the reduction of As to AsH3.
The deposition potential of -0.40 V was then
selected for further investigation.

As it had been observed that the
sensitivity for As(III) determination depended
on the deposition time and Cu(II) concen-
tration in a complex manner. This may be due
to the formation of  the Cu-As intermetallic
compounds of  different ratios [17].  For
higher concentration of Cu(II), the maximum
sensitivity was obtained at a shorter deposition
time.  Effect of Cu(II) concentration on the
sensitivity of  As (III) determination was
investigated, at a fixed deposition time of 60
s, by considering calibration graphs (0-20 μg
L-1 As(III)) in electrolyte solutions containing
1 M HCl with different concentrations of
Cu(II). Figure 1 illustrates a plot of the slope
of the calibration graph versus Cu(II)
concentration. It can be seen that Cu(II)
concentration is a critical parameter affecting
the sensitivity (as indicated by the slope of the
calibration graph) for As(III) determination.
An electrolyte solution containing 5 mg L-1

Cu(II) provided the highest sensitivity. This
should be as a result of the in-situ deposition
of  Cu(II) on HMDE to form intermetallic
compound with As as described above, thus
a suitable minimum concentration of Cu(II)
was needed. However, higher concentration
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of  Cu(II) caused a decrease in sensitivity. This
may be because of  the formation of  the
intermetallic compounds of  different As:Cu
ratios.

By using an electrolyte solution containing

1 M HCl and 5 mg L-1 Cu(II), voltammo-
grams of As(III) at the  concentration range
of 5-50 μg L-1 were recorded as shown in
Figure 2. A linear calibration graph (peak
current versus concentration) (y = 0.59x -2.65;

Figure 1. Effect of  concentration of  Cu(II) on the sensitivity of  As(III) determination.
(see text for conditions used).

Figure 2. Cathodic stripping voltammograms of As(III) in concentration range of
5-50 μg L-1 (from bottom to top: 0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 μg L-1 of As(III)).
(see text for conditions used).
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R2 = 0.9935) was obtained. It was demon-
strated that in the presence of Cu(II)  at
different concentrations led to the variation
in sensitivity for the determination of  As(III).
Similar effects would be observed if  any
species, that can form complex or react with
Cu(II) to alter the concentration of  Cu(II) in
the electrolyte solution, was present in the
analyzed solution. The standard addition
method should be applied for the CSV deter-
mination of As(III). This was investigated by
spiking water sample with 5 mgL-1 of As
(III) to be used as a model sample. The
experiments were performed in electrolyte

solutions with different concentrations of
Cu(II) (5,10,15 and 20 mgL-1 

 Cu(II), as
presented in Figure 3. The results indicated
that only 5 and 10 mg L-1 of Cu(II) yielded
acceptable results (for 5.0 and 4.8 mg L-1 As(II)
found having no error and 4 % error,
respectively). The more Cu(II) concentration
in the electrolyte solution, the more errors
were observed (about 50% and 65% errors
for 15 and 20 mgL-1 Cu(II) as shown in
Figure 3). This indicated that the sensitivity
by CSV for the determination of  As(III)
depended on the ratio of As(III): Cu(II) in a
complicate manner.

Figure 3. Standard addition graphs using different concentrations of Cu(II) for the
determination of  As(III) in the model water sample containing 5 μg L-1 As(III). (see text for
conditions used).

The effect of concentration (0-100 mg
L-1) of Cu(II) was re-investigated for the
analysis of different types of samples spiking
with 30 μg L-1 of As(III), in order to obtain a

suitable Cu(II) concentration for the analysis
of  real samples. The results are depicted in
Figure 4. It was found that similar trends as
shown in the Figure 1 were observed, but the



Chiang Mai J. Sci. 2009; 36(3) 9

highest sensitivity was obtained with using of
10 mg L-1 Cu(II). Therefore, it was chosen for
the standard addition method.

The effect of stirring rate was studied in
range of 400-2500 rpm of a stirring speed.
It was found that sensitivity increased with
increasing of stirring rate. The stirring speed
of 2000 rpm was chosen as higher variation
in peak current was observed at a higher
speed.

3.2 Reduction of As(V) to As(III)
Different types of reducing agents have

been used for reduction of As(V) to As(III)
with different advantages and drawbacks.
Several reductants are not stable, require high
working temperature condition and some
reductants (e.g. sulfite and hydrogen sulfite)
may interfere with the As determination step,
so the excess amounts of reductants have to
be eliminated before the CSV step. Sodium

thiosulfate was reported as a more convenient
and reliable reductant which allowed rapid
and complete reduction of As(V) to As(III)
at room temperature without any interfering
of excess amount of thiosulfate in the following
As determination step [18]. Thiosulfate was
chosen in this work as it is stable, readily
available and easy to use. Effect of thiosulfate
concentration was studied for reduction of
20 μg L-1 As(III) with reduction time of 300
s. Percentage reduction was obtained by
comparing the peak current of the identical
concentration of As(III) and that of As(V)
with adding of the reducing agent. It was
found that thiosulfate concentration higher
than 80 mg L-1 should completely reduce
As(V) to As(III) as shown in Figure 5.
However, thiosulfate decomposed to sulfite
and sulfur in acidic medium, which sulfite is
dehydrated to sulfur dioxide, while the white
colloid suspension of  sulfur was observed at

Figure 4.  Effect of  concentration of  Cu(II) on the peak current of  As(III) determination in
different types of  samples. (see text for conditions used).
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concentration of thiosulfate > 90 mg L-1. This
colloid may affect the deposition of As on
the HMDE, hence leading to the decrease in
peak current of As and low reproducibility
of  the results. Thiosulfate at the concentra-
tion of 80 mg L-1 which was much lower
concentration than those had been previously
suggested in the literatures [18, 22] (650 mgL-1),
was selected as a reducing agent. By using

thiosulfate at the concentration of 80 mg L-1,
the effect of the reduction time was studied
as shown in Fig. 6. The reduction time of  300
s was selected as the complete reduction of
As(V) to As(III) was accomplished.
The reduction could be done during nitrogen
gas purging period before voltammetric
measurement, therefore no additional time
was required for the analysis.

Figure 5.  Effect of concentration of thiosulfate as reducing agent on reduction efficiency of
As(V) to As(III) using the reducing time of  300 s. (see text for conditions used).

Figure 6.  Effect of reducing time on reduction efficiency of As(V) to As(III) by thiosulfate
at the concentration of 80 mg L-1. (see text for conditions used).
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3.3 Analytical features
Under the optimized conditions as

described in the section 2.3, a linear response
in the concentration range up to 50 mg L-1

with a detection limit (calculated from 3 times
of the standard deviation of blank/ slope of
the calibration graph) of 0.3 mgL-1 was
obtained, which was suitable for application
to various types of  environmental samples.
Relative standard deviation for 5 μg L-1 As(III)
(n =11) was 3.6%. The effect of sample
matrix can be suppressed by using standard
addition method. The proposed procedure
is more convenient than the previously
reported CSV methods, using the same
condition for determination of  As(III) and
total As, after reduction of As(V) to As(III)
by using thiosulfate. The analytical perfor-
mances of the proposed method were
compared with those of the previously
reported methods as shown in Table 1.

3.4 Interferences
Interferences for the determination of

As by CSV method can be classified into,
firstly, metal ions that can be reduced and
accumulated at the mercury electrode, which
some metals can also form intermetallic
compounds with As or Cu, secondly, surface
active compounds that can adsorb on
electrode surface, and lastly, compounds
which can form complex or precipitate with
As or Cu. Effects of these interferences
have been investigated in literatures [16-23].
Most common ions found in natural water
have been reported and these ions did not
interfere [18] for the determination of  As.
Some interferences have been studied in this
work by spiking the potential interfering ions
into the solution containing 10 μg L-1

(0.12 μM) As(III). It was found that Fe3+, Cd2+,
Zn2+, NO2

- and NO3
-
 did not interfere up to

the concentration of 100 folds of As(III),
whereas Sn2+ and Bi3+ at the concentration of

100 folds of As(III) caused reducing in As
peak current almost half. With adding sulfide
concentration at 100 folds of As, As peak
disappeared at the potential of -0.78 V and a
peak at more positive potential was observed
(at -0.48 V). A low concentration of sulfide
can be eliminated by increasing the acidity of
the medium in order to transform S2- to
gaseous H2S, which can be removed during
purging step. Se(IV) caused the shift of  the
As peak to more positive potential (-0.68 V).
This might be as a result of the SexAsyCuz

intermetallic compound formation [18].

3.5 Analysis of  water, soil, ore leachate
and ore digested samples

The proposed procedure was applied to
the analysis of water, soil, ores leachate and
ore digest, in comparison with hydride
generation atomic absorption spectrophoto-
metry (HG-AAS). Samples were prepared as
described in section 2.4. The results obtained
are summarized in Tables 2-4. As(III)
concentration found was below the detection
limit of  the method in most samples.
According to the reduction procedure, the
total As (the combining concentration of
As(III) and As(V)) was determined, and
concentration of As(V) in each sample could
be obtained by subtraction of the total As by
the As(III) concentrations. According to
paired t-test at 95% confidence level [25], the
results obtained by the proposed method
were not significantly different from those by
HG-AAS. CRM of  soil (CM PCM-6) was
also analyzed. The result obtained was agreed
well with the certified value.

Recoveries were studied by spiking 4 μg
L-1 of As(III) and/or 5 μg L-1 As(V) into water
samples. Percentage recoveries of  87-104 %
and 83-108 % were obtained for the determi-
nation of  As(III) and As(V), respectively.

Both As(III) and As(V) in μg L-1 levels
were found in surface and well water samples
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Table 2. Concentration of  arsenic in water samples determined by SWCSV and HG-AAS

Concentration of arsenic found (μμμμμg L-1)*

Sample SWCSV HG-AAS

   As (III)    As (V)    As (III)     As (V)

Surface water**
1 N.D. N.D. N.D. N.D.
2 N.D. N.D. N.D. N.D.
3 N.D. N.D. N.D. N.D.
4 N.D. N.D. N.D. N.D.
5 N.D. 22.9  0.0 N.D. 23.2 0.2
6 N.D. 1.88  0.02 N.D. 1.9 0.1
7 N.D. N.D. N.D. N.D.

Well water***
1 0.72  0.09 1.57  0.16 - -
2 N.D. 2.01  0.06 - -
3 N.D. N.D. - -
4 N.D. N.D. - -
5 0.72  0.09 1.57  0.16 - -

Surface water*** 1.10  0.03 6.87  0.20 - -

Tap water N.D. N.D. - -

* mean of  triplicate results, N.D. = not detected, - = not analysis
** samples from Lignite mines, Lampang province
*** samples from Ron Phibun, Nakhon Sri Thammarat province

Sample Total As found (mg kg-1)*

1 1.88  0.03

2 56.7  2.6

3 3.1  0.1

4 33.4  2.4

5 2.54  0.04

6 340  10

7 117  3

CRM : PCM – 6** 154  8

Table 3. Concentration of  arsenic in soil and certified reference material of  soil, determined
by SWCSV.

* mean triplicate results
** Certified value 162.0  14.2 mg kg-1
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from arsenic contaminated site, Ron Phibun,
Nakhon Sri Thammarat province, and in soil
and ore samples from mining areas of the
North of Thailand (Pichit and Lampang
provinces). More investigations as well as
arsenic remediation study should be of interest
in a wider area and in various types of
samples, e.g., sediment, soil, and plant [3]. The
proposed method should be useful as an
analytical tool for such investigation.

4. CONCLUSION
In this work, cathodic stripping

voltammetry has been developed for
determination of  inorganic arsenic (As(III) and

As(V)) in different types of  sample matrices.
It was found that Cu(II) which has been
proposed as a metal involve in intermetallic
compound formation [17,18] to increase the
solubility of As in mercury electrode strongly
affected on the sensitivity of  As determination.
A narrow concentration range (5-10 mg L-1)
of Cu(II) was found to provide accurate
results for As determination by employing
standard addition method. The developed
CSV method in the present work for speciation
of the inorganic As species involves the
condition for reduction of As(V) to As(III)
using thiosulfate solution. Thiosulfate at the
concentration of 80 mg L-1 could completely

Table 4. Concentration of  arsenic in ore digest and ore leachate samples, determined by
SWCSV and HG-AAS.

Ores digest
1 N.D. 30.6  1.3 N.D. 31.5  0.8
2 N.D. N.D. N.D. N.D.
3 N.D. N.D. N.D. N.D.
4 N.D. N.D. N.D. N.D.

Ores leachate
1 N.D. N.D. N.D. N.D.
2 N.D. 3.2  0.2 N.D. 2.9  0.2
3 N.D. 1.26  0.02 N.D. 1.3  0.2
4 N.D. 8.4  1.0 N.D. 8.6  0.2
5 N.D. N.D. N.D. N.D.
6 N.D. N.D. N.D. N.D.
7 N.D. 1.56  0.03 N.D. 1.7  0.2
8 N.D. N.D. N.D. N.D.
9 N.D. N.D. N.D. N.D.
10 N.D. N.D. N.D. N.D.
11 N.D. N.D. N.D. N.D.
12 N.D. 5.3  0.2 N.D. 5.7  0.3

* mean of  triplicate results, mg kg-1 for ores digest or μg L-1 for ores leachate, N.D. = not
detected.

Concentration of arsenic found (mg kg-1 or μμμμμgL-1)*

Sample SWCSV HG-AAS

   As (III)    As (V)    As (III)     As (V)
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reduce As(V) to As(III) at room temperature
within 5 min, while the higher concentration
of thiosulfate reduced peak current of As due
to the formation of  colloid/precipitate of
sulfur in the solution.. The proposed method
was sensitive, simple, and convenient, using
the same set of voltammetric conditions and
chemical parameters (electrolyte solution
containing 1 M HCl and 10 mg L-1 Cu(II))
for CSV determination of  both As(III) and
As(V)). The method was successfully applied
for determination of  the inorganic arsenic
species in water, soil, ore leachate and ore
digest samples.
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Abstract: A stopped-flow injection system for the determination of phosphate has been 
developed.  It involves the phosphate-molybdate-ascorbic acid reactions in the molybdenum 
blue method. The system is controlled by a semi-automatic stopped-FI analyser with a light 
emitting diode (LED)-colorimeter for monitoring the absorbance change relating to the 
concentration of a reaction product formed during the stopping period while the injected 
zone of a standard or sample is being in the flow cell. The slope of the FIAgram obtained is 
linearly proportional to the reaction rate, which depends on the phosphate concentration.  
Effects of concentration of reagents, viz. sodium molybdate, ascorbic acid and nitric acid, 
on the slope of the FIAgram were studied.  The suitable concentration is 0.02 M, 0.25 %w/v 
and 0.15 M, respectively.  A linear calibration graph in the range of 0.3-6.0 mg P L-1 was 
employed for the  determination of phosphate in soil and fertiliser samples. The results 
obtained agree well with those from a standard spectrophotometric method. 

Keywords:  phosphate, stopped-flow injection, molybdenum blue, fertiliser, soil 

Introduction

Phosphorus is an element which is widely distributed in nature. It is never found in a free or 
uncombined state because of its great affinity for oxygen [1]. The common species of phosphorus are 
phosphate (PO4

3-), phosphorus trioxide (P2O3) or phosphorus oxide (P4O6), phosphorus tetraoxide 
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(P2O4 or PO2), and phosphorus pentoxide (P2O5 or P4O10).  A condensed phosphate is formed by the 
combination of oxides of phosphorus and water [2]. 

In agriculture, phosphorus is one of the essential elements for plants. It is absorbed by plants 
preferably in the form of a phosphate ion (HPO4

2- or H2PO4
-). Under acidic conditions the latter is the 

dominant ion of the soil system.  Plants need this nutrient for cell division, transformation of starch to 
sugar, seed germination, fruiting and flowering [3].  Thus, knowing the amounts of phosphate in soils 
or fertilisers is useful for monitoring the amounts of phosphorus for plants. Various methods for 
determination of phosphate have been reported such as ion chromatographic [4], batch [5], and flow 
injection (FI) [6-10] methods.  Ion chromatography can quantitate different anions simultaneously at 
low concentration levels, but it requires an expensive and complicated instrument.  Batch and FI 
spectrophotometric methods are used popularly for determination of phosphate by employing different 
chemical reactions such as molybdenum blue formation [10], complexation of orthophosphate with 
alizarin red sulphonate [11], malachite green ion association [12], and molybdate-crystal violet-
phosphate reaction [13].  Both of the methods can provide simplicity and rapidness of analysis, but 
they suffer from interferences and low sensitivity.  In order to improve sensitivity and selectivity of 
analysis, a stopped FI method is proposed in this research for determination of phosphate employing 
molydenum blue reaction. 

The stopped FI method can increase sensitivity of the measurement by increasing the residence 
(reaction) time, the elapsed time after sample and reagent are mixed together prior to detection of the 
reaction product.  By stopping the flow the residence time can be prolonged without increasing the 
length of the reaction coil, thus avoiding an increase of dispersion [14].  The absorbance signal due to 
the phosphomolybdenum blue product is continuously recorded during the stopping period.    
Improvement of selectivity is another advantage, since the response of an analyte increases with time 
whereas the background signal remains unchanged during the stopped-flow period.  Therefore, by 
using the slope of the signal profile during the stopping period for analysis, interferences from 
coloured and colloidal substances present in the sample, which is a serious problem in the batch or 
normal FI method, can be eliminated.  

Materials and Methods 

Chemicals

Deionised water (Milli RX, Millipore) was used throughout.  All reagents were of analytical grade, 
unless otherwise stated.  Potassium dihydrogen phosphate (Merck) was used to prepare a stock 
standard solution of 1000 mg P L-1, by dissolving 0.2197 g of the chemical in water, making up to a 
volume of 500 mL in a volumetric flask.  Acidic molybdate reagent was prepared by dissolving sodium 
molybdate dihydrate (Fisher Scientific) (2.4195 g) in water.  Then 5.4 mL of nitric acid was added 
before making up to a volume of 500 mL with water.  Ascorbic acid (0.25 %w/v) was prepared freshly 
by dissolving 1.25 g of ascorbic acid in 500 mL water. 

Sample preparation

Soil samples were collected from different areas in Chiang Mai.  Each sample was collected from at 
least 15 points by digging at the depth of 6 inches (15 cm) then combining together.  The sample was 
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air- dried and ground to less than 300 μm particle diameter.  A portion of 10 g of each sample was 
extracted with 25 mL of 0.8 M acetate buffer (pH 4.8) by shaking for 30 min and the mixture filtered 
through a filter paper and the final volume of the filtrate adjusted to 50 mL with water prior to 
analysis.

Fertiliser samples were obtained from local suppliers.  An appropriate amount of the sample was 
dissolved with water prior to determination of available phosphate.  The solution was filtered before 
analysis.

Stopped FI setup

The stopped FI system used is illustrated in Figure 1.  A lab-built semi-automatic stopped-FI 
analyser as reported previously [10] was employed.  It consists of a peristaltic pump (MP-3, Eyela, 
Japan), a 6-port injection valve (Upchurch, USA), a home-made colorimetric detector, a recorder 
(Philip, The Netherland) and a microcontroller for timing control of the pump and valve.  The  
colorimeter had a light emitting diode (LED) as the light source and a photodiode as the light sensor.   
All tubings used were PTFE tubing with inner diameter of 0.5 mm, except for Tygon pump tubing 
(Saint-Gobain Performance Plastics, USA). 

Figure 1. Stopped FI manifold for determination of phosphate:  R1 = 0.02 M sodium molybdate in 
0.15 M nitric acid,  R2 = 0.25%w/v ascorbic acid, S = sample,  P = Peristaltic pump, C = controller,  
IV = six-port injection valve, D = colorimetric detector, REC = recorder, W = waste 

Procedure

A standard or sample (55 μl) was injected into a stream of 0.02 M sodium molybdate, which was 
then merged with a stream of 0.25%w/v ascorbic acid and flowed further to a colorimetric flow cell 
(see Figure 1).  The flow rate of each stream was 2.0 mL min-1.  After injection, the injected zone was 
travelled for 3 s (travelling time) before being stopped for a period of 10 s (stopping time) in the flow 
cell at the detection point of the detector by stopping the pump.  During this period, the colour 
intensity of the  phosphomolybdenum blue product increased continuously, and the absorbance at 
about 630 nm was recorded as a stopped FI profile (FIgram).  Then the flow was started again to 
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propel a bolus of the solution mixture out of the flow cell for a period of 8 s (washing time).  The slope 
of stopped-FIgram was used for phosphate determination by plotting slope versus phosphate 
concentration.  A linear calibration graph was obtained, which could be utilised for the determination 
of phosphate in a sample.  The whole cycle took about 40 s, with a consumption of 0.4 mL of each 
reagent.

Results and Discussion

The stopped-flow injection system for the determination of phosphate involves the phosphate-
molybdate-ascorbic acid reaction to form a molybdenum blue product as shown [15]. 

PO4
3-    +    Acidic molybdate    →    Heteropoly acid 

Heteropoly acid    +    Ascorbic acid →    Molybdenum blue 

Ascorbic acid is selected as a reducing agent because it is efficient and more friendly to the 
environment. Tin (II) chloride can also be used, but it produces a heavy metal waste. With sodium 
sulfite as a reducing agent, the bubble of sulfur dioxide is evolved in the flow system, which may 
cause many problems. 

In this work, a semi-automatic stopped FI-analyser was employed (see Figure 1). Via the controller, 
presetting values can be defined for travelling time (T), the period for sample to flow from the 
injection point to the detection point prior to the stopping of the flow and the monitoring of the 
reaction product. Also defined is stopping time (S), the period during which the flow is stopped, and 
washing time (W), the period during which the system is washed by restarting the flow (after 
stopping).  Each operation cycle comprises these three periods.  The analyser is on standby (the flow is 
halted) after each operation cycle is finished, ready for the user to start the next cycle.  Due to the non-
continuous flow, the stopped FI method consumes a smaller amount of reagent than the normal FI one. 

During the stopping period, the change of absorbance due to the reaction product was recorded 
versus time, so that the kinetics of the reaction could be continuously monitored.  Using the reagents 
mentioned above, the reaction of the phosphate was relatively fast compared to the silicate, and the 
kinetic data could be used for a discriminative determination of both of the species [10].  In this work, 
a stopping period of 10 s was selected in order to avoid interference from the silicate, which might be 
present in the soil extract at a high concentration. The stopped-FI signal profiles of standard solutions 
containing different concentrations of phosphate are illustrated in Figure 2.  It can be noticed that the 
slope of the signal profile is linearly proportional to the phosphate concentration. 
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Figure 2.  Stopped-FI profiles obtained with different concentrations of phosphate (0.3, 0.5, 1.0 and 

2.0 mg P L-1, respectively) 

Effect of reagent concentration

1. Sodium molybdate
The sodium molybdate concentration was varied from 0.005 to 0.04 M while ascorbic acid and 

nitric acid concentration was fixed at 0.5% (w/v) and 0.08 M, respectively. A series of standard 
phosphate solutions was injected and calibration graphs (plot of slope of signal versus phosphate 
concentration) were constructed.  A plot of slope of the calibration graph (sensitivity) versus 
concentration of sodium molybdate is illustrated in Figure 3, indicating that 0.02 M sodium molybdate 
should be selected. 

Figure 3.  Effect of sodium molybdate concentration 

10s

10 mV 
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2. Ascorbic acid
Ascorbic acid concentrations in the range of 0.05 to 2%w/v were tried while the sodium molybdate 

and nitric acid concentration was fixed at 0.02 and 0.08 M, respectively. The effect of ascorbic acid 
concentration on the slope of the calibration graph is illustrated in Figure 4.  Although 1 and 2% w/v 
ascorbic acid provided higher sensitivity than 0.05, 0.25 and 0.5% w/v, both of these concentrations 
gave a high noise signal that caused difficulty in measuring the slope of stopped-FIAgrams.  Thus, 
ascorbic acid of 0.25% w/v was chosen because it provided higher sensitivity than 0.05 and 0.5% w/v. 

Figure 4.  Effect of ascorbic acid concentration 

3. Nitric acid
The effect of nitric acid concentration (0.05 to 0.4 M) was investigated while the sodium molybdate 

and ascorbic acid concentration was fixed at 0.02 M and 0.25% w/v, respectively.  A sharp increase in 
sensitivity was observed when nitric acid concentration was increased up to 0.15 M, but at 
concentration higher than 0.15 M the sensitivity declined, as shown in Figure 5. In addition, when 
sulfuric acid of different concentrations was used, a similar trend was also observed, indicating that the 
reaction seemed to progress well in a narrow range of acid concentration.  

Calibration graph and precision

Using the above selected conditions, a linear calibration graph in the range of 0.3 - 6 mg P L-1

(y=10.091x + 5.5403, R2=0.9987) is obtained. The detection limit calculated from the calibration data 
is found to be 0.02 mg P L-1. A relative standard deviation obtained for 10 replicated injections of 2 
mg P L-1 is 2.6%.  The method has a sample throughput of 90 h-1, with a consumption of 0.4 mL of 
each reagent.
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Figure 5.  Effect of nitric acid concentration 

Application to real samples

The developed method was applied to soil samples. The procedure for collecting and extracting soil 
has been described in the materials and methods section.  The accuracy of the proposed method was 
determined by comparing results obtained with those from a batch spectrophotometric method [16]. 
Comparative analyses of the same samples were carried out on the same day and the results are 
summarised in Table 1.  The phosphate contents obtained from the stopped-FI method (x) agree well 
with those obtained by the batch method (y), which is indicated by the value of the slope, the intercept 
and R2 of the correlation graph between the two methods being closed to 1, 0 and 1, respectively 
(y=1.0064x+0.0357, R2=0.9997).  According to the t-test at 95 % confidence [17], these methods 
correlate to each other well. 

The proposed method was also applied to the determination of soluble phosphate in fertilisers. The 
results are shown in Table 2. Again, according to the t-test at 95 % confidence, the two methods 
correlate well to each other.

The determination of phosphate in soil and fertiliser samples by the stopped-FI method seems to 
have more advantages than the batch method. The former method can reduce the effect of interferences 
from such species as silicate and arsenate, because their reaction rates in the molybdenum blue 
reaction are slower than that of the phosphate.  By using the slope of FIAgram instead of peak height, 
the effect due to coloured and colloidal species usually found in these samples is also decreased.  In 
addition, the stopped-FI technique is simple, inexpensive, rapid, and has a good sensitivity. Also, very 
small amounts of reagents and sample are consumed.  



Mj. Int. J. Sci. Tech. 2008, 2(01), 172-181  179

Table 1.  Content of available phosphate in soil samples found by stopped-FI and batch method 

[P] in soil sample (µg/g) aSample
number

Physical
appearance

sFI method Batch method 

%
Difference b

1 Friable, wet 11.2 + 0.3 11.2 + 0.0 0.0 

2 Friable, wet 11.1 + 0.2 11.0 + 0.2 0.9 

3 Friable, wet 13.3 + 0.3 13.5 + 0.2 -1.5 

4 Friable, wet 24.0 + 1.2 24.1 + 0.0 -0.4 

5 Friable, wet 15.2 + 0.7 15.0 + 0.2 1.3 

6 Laterite 7.4 + 0.2 7.4 + 0.1 -0.8 

7 Friable, wet 12.8 + 0.6 12.6 + 0.1 1.6 

8 Friable, wet 11.9 + 0.5 11.8 + 0.0 0.8 

9 Black soil 120 + 2 119 + 1 0.8 

10 Sand 42.0 + 0.5 42.5 + 0.0 -1.2 

11 Friable, sand 12.4 + 0.5 12.6 + 0.0 -1.6 

12 Friable, wet 5.7 + 0.2 5.7 + 0.1 0.0 

13 Hard, dry 23.4 + 1.2 23.6 + 0.2 -0.8 

14 Friable, wet 11.0 + 0.5 10.9 + 0.1 0.9 

15 Friable, wet 5.1 + 0.3 5.0 + 0.1 2.0 

16 Hard, dry 24.0 + 2.4 24.2 + 0.3 -0.8 

17 Friable, wet 43.2 + 0.6 43.1 +  0.0 0.2 

18 Friable, wet 14.5 + 0.0 14.3 + 0.0 1.4 

19 Mud 3.0 + 0.1 3.0 + 0.0 0.0 

20 Mud 5.0 + 0.0 5.0 + 0.1 0.5 
a  mean of triplicate results 
b  % difference  =  [(FIA value – batch value)/batch value] x 100 
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Table 2.  Content  of  soluble  phosphate  in fertiliser samples found by stopped-FI and batch method 

a  % difference  =  [(FIA value – batch value)/batch value]  x  100 

Conclusions

The stopped FI method based on the phosphate-molybdate-ascorbic acid reaction (the molybdenum 
blue method) has been developed for the determination of phosphate in soil and fertiliser samples.  The 
effect of concentration of reagents was investigated.  The suitable concentration for sodium molybdate, 
ascorbic acid and nitric acid, is 0.02 M, 0.25 %w/v and 0.15 M, respectively. A linear calibration 
graph (plot of slope of the stopped-FIgram versus phosphate concentration) in the range of 0.3-6.0 mg 
P L-1 was employed for the determination of phosphate in samples.  The developed method provides 
various advantages, including high sensitivity and selectivity, and a simple, fast and cheap analysis. 
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Abstract: A stopped-flow injection (FI) spectrophotometric procedure based on iodometric 
reaction for the determination of chlorate has been developed. Standard/sample was injected into a 
stream of potassium iodide solution and then merged with a stream of hydrochloric acid solution to 
produce triiodide. By stopping the flow while the sample zone is being in a mixing coil, a slow reaction 
of chlorate with iodide in acidic medium was promoted to proceed with minimal dispersion of the 
triiodide product zone. When the flow started again, a concentrated product zone was pushed into a 
flow cell and a signal profile due to light absorption of the product was recorded. Employing a lab-built 
semi-automatic stopped-FI analyser, the analysis can be performed with higher degree of automation 
and low chemical consumption. Linear calibration graph in the range of 5-50 mg ClO3

- L-1 was obtained, 
with detection limit of 1.4 mg ClO3

- L-1. Relative standard deviation of 2.2% (30 mg ClO3
- L-1, n=10) 

and sample throughput of about 20 h-1 were achieved. The system was applied to soil samples and 
validated by batch spectrophotometric and standard titrimetric methods. 

Keywords:  chlorate, stopped-flow injection, iodometry, soil 
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Introduction   

Chlorate is utilised in the bleaching process in the pulp and paper industry [1]. In addition, chlorate 
has been employed in agriculture as a herbicide and as a defoliant especially between the years 1930 and 
1950. Recently, especially in Thailand, chlorate compounds, e.g. potassium chlorate, have been 
popularly used for promoting flowering and fruiting of longan. The plant can absorb chlorate through 
both leaf and root [2]. However, there have been some reports on the effect of chlorate causing damage 
to plants. The intake of chlorate in high amounts caused falling of leaves and death in plants [2]. 
Chlorate may compete with nitrate as a substrate for the enzyme nitrate reductase [3-5], which can 
reduce chlorate to chlorite which is toxic to plants [2,6].  

From the above instance, information on chlorate content in soil is therefore useful for controlling the 
effect of chlorate on plants and the environment. Various methods for determination of chlorate have 
been reported such as ion chromatography [4], infrared spectrophotometry [7],  batch 
spectrophotometry [8], and flow injection (FI) [9-10]. Ion chromatography and infrared 
spectrophotometry can quantitate chlorate at low concentration levels, but they require relatively high 
operating costs and complicated instruments. Batch and FI spectrophotometric methods have gained 
interest. They are based on different chemical reactions such as iodometric reactions [11], complexation 
of chlorate with rhenium-α-furildioxime [12], and decolourisation of indigo carmine by chlorate [8]. 
Although those procedures may provide simplicity and rapidness of analysis, they  suffer from 
interferences and low sensitivities. Stopped-FI procedure can increase sensitivity by increasing the 
reaction time in a stopping period, thereby promoting more product. It also reduces the main 
interference due to oxygen in air by allowing the reaction to occur in a closed tube. The stopped-flow 
injection method with amperometric detection system has been developed for determination of chlorate 
in soil [13]. However, it involves a complicated system employing a water bath of 55 oC to accelerate 
the reaction. 

In this work, we propose a stopped-FI spectrophotometric procedure for the determination of 
chlorate utilising iodometric reactions which were reported for batchwise analysis [14]. The sample is 
injected into a stream of potassium iodide and merged with a stream of acidic solution. Then, the 
sample-reagent mixture zone is stopped in a mixing coil to promote the slow reaction of chlorate with 
iodide in acidic medium to produce triiodide while no dispersion of the product zone occurs during the 
stopping period. When the flow starts again, the product zone is pushed into a flow cell giving rise to a 
highly sensitive signal to be recorded as a peak.  Since the reaction proceeds in a closed system the 
interfering effect of oxygen in the air which is usually observed in a batch method is minimised. The 
peak height obtained is proportional to the chlorate concentration. A calibration graph in the range of 5-
50 mg ClO3

- L-1 is achieved with a detection limit of 1.4 mg ClO3
- L-1. Stopped FI also reduces the 

consumption of reagent and consequently minimises waste.  The whole analysis cycle takes about 160 s, 
with a consumption of 2.3 mL of each reagent. 

 
Materials and Methods 

Chemicals 
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Deionised water (Milli RX, Millipore) was used throughout.  All reagents were of analytical reagent 
grade unless otherwise stated.  Potassium chlorate (99.5 %w/w, Merck) was used to prepare a stock 
standard solution of 1000 mg L-1 ClO3

-, by dissolving 0.1474 g of the chemical in water, making up to 
100 mL in a volumetric flask.  Potassium iodide (iodate free, Carlo Erba) (4.1711 g) was dissolved in 
250 mL of water to obtain a 0.1 M iodide solution.  Hydrochloric acid (7 M) was prepared by diluting 
150 mL of conc. hydrochloric acid (Carlo Erba) with water to the final volume of 250 mL.   

 
Sample preparation 

     Soil samples were collected from the longan plantation field in Chiang Mai, northern Thailand.  A 
soil sample was taken from 15 points around the rim of the longan tree, at the depth of 15 cm.  The 
sample was dried and ground before a portion of 100 g was taken for further treatment. 
     A portion (20 g) of each sample was extracted with water (20 mL) by shaking for 1 h. The mixture  
was then filtered through a filter paper (Whatman, No. 42), rinsed with water and the filtrate adjusted to 
a volume of 25.00 mL with water prior to analysis. 
 
Stopped FI setup 

The stopped FI system used is illustrated in Figure 1. A lab-built semi-automatic stopped-FI analyser 
as reported previously was employed. It consisted of a peristaltic pump (MP-3, Eyela, Japan), a 6-port 
injection valve (Upchurch, USA) and a microcontroller (Basic stamp II SX) for timing control of the 
pump and the valves. A detector was a simple spectrophotometer (Spectronic 21, Spectronic 
Instrument, USA), equipped with a 10 mm path-length flow-through cell (Hellma, Germany). All tubing 
used was of PTFE tubing of 0.5 mm inner diameter, except Tygon pump tubing (Saint-Gobain 
Performance Plastics, USA).    

 

 

Figure 1.  Stopped-FIA manifold for determination of chlorate: R1 = 0.1 M potassium iodide, R2 = 7 

M hydrochloric acid, P = peristaltic pump, C = controller, IV = six-port injection valve, MC = mixing 

coil, D = detector, REC = recorder, S = standard/sample, W = waste 
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Procedure 

A standard or sample (55 μl) was injected into a stream of 0.1 M KI, before merging with a stream 
of 7 M HCl and flowing to a mixing coil (see Figure 1). This design prevents the contact of 
concentrated acid with the injection valve, which may cause corrosion of the valve. The flow rate of 
each stream was 2.0 mL min-1. The operation cycle and peak profiles are illustrated in Figure 2. After 
injection for 9.5 s, the sample zone was halted for 90 s in the mixing coil by stopping the pump via the 
control unit of the stopped flow analyser. Then the flow was restarted again to push the zone through 
the detecting flow cell where absorbance at 400 nm was continuously recorded. The last step would 
take 60 s. A calibration graph was a plot of peak height versus chlorate concentration. Concentration of 
chlorate in an unknown sample was then evaluated from the calibration graph.   

 

 
 
Figure 2.  Stopped-FI signal profiles obtained for chlorate concentration of (a) 5 (b) 10 and (c) 20 mg 
ClO3

- L- (T = travelling time: a period from the injection to the stopping point, S = stopping  period: a 
period during which the flow is halted, W = washing time: a period from the restarting of the flow to the 
end of the analysis, A = sample injecting point, B = point of stopping the flow, C = point of restarting 
the flow, D = end point of operation cycle) 
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Results and Discussion   

The stopped-FI method for determination of chlorate involves iodometric chemical reactions as 
follows [14]: 

 

ClO3
- + 6I- + 6H+   →   3I2 + Cl- + 3H2O   (1) 

I2    +    I-     →   I3
-      (2) 

 

The triiodide from this reaction can be detected spectrophotometrically at 400 nm. Hydrochloric acid 
is appropriate for this reaction.  An oxy acid such as nitric acid and sulphuric acid is to be avoided in 
this reaction because it can be oxidised by chlorate. 

The first reaction is slow, depending on concentration of ClO3
-, I- and H+. By increasing the 

concentration of either H+ or I- the reaction can be accelerated. Use of elevated temperature also helps 
[13,15]. However, at high temperature and/or high concentration of H+, iodide is quantitatively oxidised 
by oxygen, so the determination cannot be easily carried out in a batch method. Employing a FI 
manifold, the reaction product can be enhanced during the stopping period designed to extend the 
reaction time in a closed system of the mixing coil before spectrophotometric measurement is taken 
[13,16]. This novel approach is different from the conventional stopped-FI in that the reaction zone is 
halted in the flow cell so that a change in absorbance can be monitored [17-18]. A calibration graph was 
plotted as peak height versus concentration of chlorate. Various parameters affecting the procedure 
were then studied. 

 
Effect of stopping time 

With concentration of potassium iodide and hydrochloric acid being kept constant at 0.3 and 3 M 
respectively, stopping time was varied: 15, 30, 60 and 90 s. A series of standard chlorate solutions 
(100-500 mg ClO3

- L-1) was injected. It was found that higher sensitivity was obtained the longer the 
stopping time. The stopping time of 90 s was chosen due to the limitation of the instrument for which a 
maximum stopping time of 99 s can be set and this period provided enough sensitivity for chlorate 
determination in soil sample.  

 

Effect of iodide and hydrochloric acid concentration   

Effects of concentration of potassium iodide and hydrochloric acid solution were studied in the 
ranges of 0.1-0.6 M and 5-7 M respectively.  With the stopping time of 90 s, a series of standard 
chlorate solutions (5-50 mg ClO3

- L-1) were injected in order to construct a calibration graph for each 
condition. The slopes of the calibration graphs are shown in Figure 3. A higher slope of the calibration 
graph (higher sensitivity) was obtained with using of higher concentrations of either iodide or 
hydrochloric acid, except at 7 M hydrochloric acid wherein a higher concentration of potassium iodide 
led to a lower slope of the calibration graph.  This may be due to the oxidation of the iodide ion by air 
or iodate impurity in potassium iodide chemical, which is more pronounced at high content of acid [13] 
causing high blank signal and low slope. However, the reaction was minimised at lower iodide 
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concentration (0.1 M) because of inadequate quantity of iodide and/or iodate ion for this reaction. 
Potassium iodide and hydrochloric acid at 0.1 M and 7 M respectively were selected for further study. 

 

 
 
Figure 3.  Effect of potassium iodide concentration on sensitivity (slope of the calibration graph of 
chlorate in concentration range of 5-50 mg ClO3

- L-1) at different concentrations (5, 6 and 7 M) of 
hydrochloric acid 
 
Analytical characteristics 

A linear calibration graph in the range of 5-50 mg ClO3
- L-1 (y=0.130x + 0.012, R2=0.996) was 

obtained. The detection limit calculated from the calibration data was found to be 1.4 mg ClO3
- L-1.  The 

relative standard deviation was 2.2% for 10 replicated injections of 30 mg ClO3
- L-1.  With the stopped-

FI, the consumption of reagent and consequently the production of waste could be reduced. Each 
analysis cycle consumed about 2.3 mL each of 0.1 M KI and 7 M HCl solutions. 
 
Analysis of soil samples 

Soil samples were analysed for chlorate content by the proposed method.  They were also analysed 
by a batch spectrophotometric method [8] and the titrimetric standard method [14]. The results are 
summarised in Table 1. Chlorate content found by stopped-FI method (x) agrees well with that found by 
the standard titrimetric method (y), as indicated by the slope, intercept and R2 of the correlation graph 
of the two methods being closed to 1, 0 and 1 respectively (y=0.95x + 0.08, R2=0.997).  According to 
the t-test at 95% confidence level [19], there is no significant difference of the results from the three 
methods. 
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Table 1.  Chlorate content in soil samples obtained by stopped-FI, standard titrimetric and batch 
spectrophotometric method 

 
Sample number Chlorate content found (μg g-1) by 

 Stopped-FI* Titrimetry [14]* Batch 
spectrophotometry[8] 

1 194 + 5 189 + 1 196 
2 258 + 2 245 + 1 226 
3 107 + 4 103 + 7 101 
4 36.5 + 0.4 40 + 2 33.7 
5 49.5 + 0.1 50 + 1 47.8 
6 69 + 1 62 + 2 75.7 
7 167 + 2 155 + 2 142 
8 57.8 + 0.9 46 + 2 28.9 
9 37.8 + 0.3 36 + 2 32.3 

10 101 + 4 102 + 1 91.2 
11 127 + 4 122 + 1 91.7 
12 9.8 + 0.4 9 + 1 10.8 
13 50.4 + 0.5 46 + 1 43.1 
14 106 + 1 96 + 1 119 
15 214 + 4 201 + 2 163 
16 30.0 + 0.6 27 + 1 22.7 
17 10.6 + 0.2 9 + 1 6.4 
18 12.6 + 0.2 11 + 0 6.2 

 *mean of triplicate results 
 

Conclusions 

A novel stopped-FI method is proposed, in which there is a stopping of the flow to hold an injected 
zone of standard/sample in a mixing coil for promoting the reaction to take place without dispersion of 
the resulting product.  It is applied to a slow reaction of chlorate with acidic iodide for the 
determination of chlorate.  The procedure provides a suitable sensitivity for analysis of soil from longan 
plantation fields where chlorate is used to promote fruiting of the longan trees. With a simple instrument 
set-up employing a lab-built semi-automatic stopped-FI analyser, the determination can be done with 
high degree of automation and low reagent consumption.    

Acknowledgements 

We thank the Thailand Research Fund (TRF), the Centre for Innovation in Chemistry: Postgraduate 
Education and Research Program in Chemistry (PERCH-CIC), and the Commission on Higher 
Education (CHE) for support.  Mr. Subhachai Jayavasti is gratefully acknowledged for the technical 
support on the semi-automatic stopped-FI analyser. 
 



 
Mj. Int. J. Sci. Tech. 2008, 2(02), 383-390  

 

 

390 

References  

1. M. Biesaga, M. Kwiatkowsha, and M. Trojanowicz, “Separation of chlorine-containing anions by 
ion chromatography and capillary electrophoresis”, J. Chromtogr. A., 1997, 777, 375-381. 

2. R. Borges, E. C. Miguel, M. R. D. Janice, M. Cunha, R. E. Bressan-Smith, J. G.. Oliveira, and G. 
A. Souza Filho, “Ultrastructural, physiological and biochemical analyses of chlorate toxicity on rice 
seedlings”, Plant Sci., 2004, 166, 1057-1062. 

3. H. S. Srivastava, “Multiple functions and forms of higher plant nitrate reductase”, Phytochem., 
1992, 31, 2941-2947. 

4. B. Nowack and U. Guntan, “Determination of chlorate at low μg/l levels by ion-chromatography 
with postcolumn reaction”, J. Chromtogr. A., 1999, 849, 209-215. 

5. J. Xu, J. J. Trimble, L. Steinberg, and B. E. Logan, “Chlorate and nitrate reduction pathways are 
separately induced in the perchlorate-respiring bacterium Dechlorosoma sp. KJ and the chlorate-
respiring bacterium Pseudomonas sp. PDA”, Water Res., 2004, 38, 673-680. 

6. K. R. Kosola and A. J. Bloom, “Chlorate as a transport analog for nitrate absorption by roots of 
tomato”, Plant Physiol., 1996, 110, 1293-1299.  

7. M. W. Miller, R. H. Philip, J. Underwood, and A. L. Underwood, “Infrared determination of 
chlorate in the presence of other oxyhalogen anions”, Talanta, 1963, 10, 763-768. 

8. B. Chriswell and B. Keller-Lehmann, “Spectrophotometric method for the determination of chlorite 
and chlorate”, Analyst, 1993, 118, 1457-1460. 

9. D. G. Themelis, D. W. Wood, and G. Gordon, “Determination of low concentrations of chlorite 
and chlorate ions by using a flow-injection system”, Anal. Chim. Acta, 1989, 225, 437-441. 

10. K. Tian and P. K. Dasgupta, “Simultaneous flow-injection measurement of hydroxide, chloride, 
hypochlorite and chlorate in Chlor-alkali cell effluents”, Talanta, 2000, 52, 623-630. 

11. D. P. Nikolelis, M. I. Karayannis, and T. P. Hadjhoannou, “Kinetic study of the iodate—iodide and 
chlorate—iodide reactions in acidic solutions, and a method for the microdetermination of 
bromide”, Anal. Chim. Acta, 1977, 94, 415-420. 

12. N. L. Trautwein and J. C. Guyon, “Spectrophotometric determination of chlorate ion”, Anal. Chim. 
Acta, 1968, 41, 275-282. 

13. O. Tue-ngeun, J. Jakmunee, and K. Grudpan, “A novel stopped flow injection—amperometric 
procedure for the determination of chlorate”, Talanta, 2005, 68, 459-464. 

14. G. H. Jeffery, J. Bassett, J. Mendham, and R. C. Denney, “Quantitative Inorganic Analysis”, 5th 
Edn., Longmans, London, 1989, p. 394. 

15. G. Gordon, K. Yoshino, D. G. Themelis, D. Wood, and G. E. Pacey, “Utilisation of kinetic-based 
flow injection methods for the determination of chlorine and oxychlorine species”, Anal. Chim. 
Acta, 1989, 224, 383-391. 

16. K. Grudpan, “Some recent developments on cost-effective flow-based analysis”, Talanta, 2004, 64, 
1084-1090. 

17. K. Grudpan, P. Ampan, Y. Udnan, S. Jayasvati, S. Lapanantnoppakhun, J. Jakmunee, G. D. 
Christian, and J. Ruzicka, “Stopped-flow injection simultaneous determination of phosphate and 
silicate using molybdenum blue”, Talanta, 2002, 58, 1319-1326. 

18. S. Somnam, K. Grudpan, and J. Jakmunee, “Stopped-flow injection method for determination of 
phosphate in soils and fertilizers”, Mj. Int. J. Sci. Tech., 2008, 2, 172-181. 

19. G. D. Christian, “Analytical Chemistry”, 6th Ed., John Wiley & Sons, New York, 1995, p. 90. 
 
© 2008 by Maejo University, San Sai, Chiang Mai, 50290 Thailand. Reproduction is permitted for 

noncommercial purposes. 



,��H��� �.8 
Determination of chloride in admixtures and aggregates for cement by a simple 

flow injection potentiometry, Talanta, 76 (2008) 365-368 



Talanta 76 (2008) 365–368

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

Determination of chloride in admixtures and aggregates for cement by a

simple flow injection potentiometric system

Jaroon Junsomboona, Jaroon Jakmuneea,b,∗

a Department of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand
b Institute for Science and Technology Research and Development, Chiang Mai University, Chiang Mai 50200, Thailand

a r t i c l e i n f o

Article history:

Received 5 February 2008

Received in revised form 7 March 2008

Accepted 10 March 2008

Available online 16 March 2008

Keywords:

Flow injection

Potentiometry

Chloride

Cement

a b s t r a c t

A simple flow injection system using three 3-way solenoid valves as an electric control injection valve

and with a simple home-made chloride ion selective electrode based on Ag/AgCl wire as a sensor for

determination of water soluble chloride in admixtures and aggregates for cement has been developed.

A liquid sample or an extract was injected into a water carrier stream which was then merged with

0.1 M KNO3 stream and flowed through a flow cell where the solution will be in contact with the sensor,

producing a potential change recorded as a peak. A calibration graph in range of 10–100 mg L−1 was

obtained with a detection limit of 2 mg L−1. Relative standard deviations for 7 replicates injecting of 20,

60 and 90 mg L−1 chloride solutions were 1.0, 1.2 and 0.6%, respectively. Sample throughput of 60 h−1

was achieved with the consumption of 1 mL each of electrolyte solution and water carrier. The developed

method was validated by the British Standard methods.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Reinforced concrete is a concrete with incorporating of rein-

forcement bars (rebars) to strengthen a material that would

otherwise be brittle. Typically, concrete has high resistance to com-

pressive stresses (about 4000 psi), but not to tension, while steel

has high strength in tension. The reinforced concrete structures

can support 300–500 times their combined weight [1]. The alkaline

chemical environment of concrete can protect steel from corrosion.

However, chloride (Cl−) content in concrete plays important role on

quality of reinforced concrete, therefore, Cl− induces depassivation

of the steel rebars and initiation of the corrosion process leading

to degradation of the structure. Chloride in concrete comes from

cement, aggregate materials and water used for creating concrete,

or by diffusion of Cl− from outside of the structure through pore

water in concrete. Determination of Cl− in materials for concrete is

necessary. Aggregate materials could be analyzed according to the

British Standard (BS 812: Part 117: 1988), by mean of back titration

of silver nitrate used in precipitation of Cl− by using thiocyanate

as titrant [2]. Referring to BS EN 480-10:1997, Cl− in admixtures

for concrete, mortar and grout was determined by potentiometric

titration with precipitation as silver chloride, monitoring of end

point by using ion selective electrode (ISE) [3]. However, these

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Chiang

Mai University, Chiang Mai 50200, Thailand. Tel.: +66 5394 1909; fax: +66 5394 1910.

E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

methods are tedious, slow and consume large amounts of reagents,

not suitable for analysis a large number of samples. New method

which is faster, less chemical consumption and has higher degrees

of automation would be needed. Several flow based methods have

been reported for determination of Cl− using different detection

principles [4–17]. Spectrophotometric detection based on reaction

of Cl− with mercuric thiocyanate to release SCN− to form com-

plex with Fe3+ has been widely used [4–8]. Turbidity measurement

due to formation of AgCl [9,10] or absorbance measurement of

chloranilate released from silver chloranilate solid phase reactor

[11] was also proposed to avoid using of toxic mercury compound.

By new flow techniques, e.g., sequential injection (SI) [6], FI with

reagent immobilized on solid phase [7], and multisyringe flow

injection (MSFI) [8], the amounts of toxic mercury reagent could

be reduced several orders. Potentiometric detection was also pop-

ularly used in flow system for Cl− determination, which provided

the same sensitivity as the spectrophotometric one [12–17]. A sim-

ple home-made Cl− ISE as in wire [17] or tubular [14,15] format,

or a commercial Cl− ISE [12] has been employed in different flow

techniques.

In this paper, we developed a simple FI system using three 3-way

solenoid valves as an electronic control injection valve and with a

simple home-made Cl− ISE based on Ag/AgCl wire as a sensor for

determination of water soluble Cl− in admixtures and aggregates

for cement. The Cl− ISE could be prepared by oxidation of a jew-

elry grade Ag wire electrochemically or chemically and could be

used for at least 3 months by storage in 3 M KCl. A linear calibra-

tion graph plotting between peak height (mV) versus logarithms of

0039-9140/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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Fig. 1. FI manifold of flow injection potentiometric detection of chloride; SV1-

3 = solenoid valves, S = standard/sample, W = waste, M = mixing coil, D = detector,

ADC = analog to digital converter unit, and PC = personal computer (injection valve

is in loading position).

Cl− concentration in range of 10–100 mg L−1 was obtained with a

detection limit of 2 mg L−1. Relative standard deviation in range of

0.6–1.2% was observed. Sample throughput of 60 h−1 was achieved

with the consumption of 1 mL each of 0.1 M KNO3 electrolyte solu-

tion and water carrier.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical reagent grade. Deionized

water (obtained by a system of Milli-Q, Millipore, Sweden) was used

throughout. A chloride standard stock solution (1000 mg L−1) was

prepared by dissolving 0.1648 g of sodium chloride (Merck, Darm-

stadt, Germany) in water and making up to a volume of 100 mL

in a volumetric flask. A potassium nitrate stock solution (0.10 M)

was prepared by dissolving 5.05 g of potassium nitrate (Merck,

Darmstadt, Germany) in 500 mL of water. A ferric chloride solu-

tion (0.5 M) in 1 M hydrochloric acid was prepared by dissolving

8.11 g of FeCl3 anhydrous (Merck, Darmstadt, Germany) in 100 mL

of 1 M HCl.

2.2. Potentiometric flow through cell and Cl− ISE

A potentiometric flow through cell was fabricated from a Per-

spex plastic block, similar to the previous reported [17], by cutting

and drilling to form channels for inserting a Ag/AgCl wire working

electrode (WE) and a Ag/AgCl reference electrode (RE) (3 M KCl)

(MW-2030, BAS, Indiana, USA), and for solution inlet and outlet.

A silver wire (0.5 mm in diameter) obtained from a local jewelry

shop was used for preparation of a Ag/AgCl electrode. The wire was

polished and cleaned just before immerging it into a solution of

0.5 M ferric chloride in 1 M hydrochloric acid, to form a AgCl film

on the electrode. The electrode was then washed with water and

used as a working electrode by assembling into the flow through

cell described above. The electrode was placed in 3 M KCl solution

after used and can be last long more than 3 months.

2.3. FI manifold

The FI system used is schematically depicted in Fig. 1. It

consisted of a peristaltic pump (Ismatec, Switzerland), a 3-way

connector and three 3-way solenoid valves (Biochemvalve, USA)

connecting to be an injection valve (see Fig. 1), a flow through

cell with Ag/AgCl electrodes connecting to a home-made poten-

tiometer, an analog to digital converter unit for data recording with

relevant software (PowerChrom280, eDAQ, Australia) and a com-

puter. Data acquisition was controlled by eDAQ chart software and

eDAQ FIA extension software was used for data analysis. Sample

loading or injection was performed manually by switching elec-

trical switch for applying power to the solenoid valves. All tubings

used were of PTFE tubing of inner diameter of 0.5 mm, except Tygon

pump tubing (Saint-Gobain Performance Plastics, USA).

2.4. Procedures

The water carrier and 0.1 M KNO3 solution were propelled with

constant flow rate of 1 mL min−1 each, to attain a stable base-

line recording on the computer. While the injection valve was at

loading position (see Fig. 1), a standard/sample was filled in a sam-

ple loop (100 �L), then by turn on the switch to change all three

solenoid valves to another position (injection valve turn to inject-

ing position), the solution in the sample loop was injected into the

system and flowed to the flow cell to monitor for potential differ-

ence between WE and RE as the zone passed the WE, recording as a

peak. A calibration graph was a plot of the peak height obtained as

a function of the logarithm value of concentration of the Cl− stan-

dard. Chloride concentration in a sample was evaluated from the

calibration graph.

Aggregate sample preparation was carried out following the

standard method [2], briefly, soak 2 kg of aggregates (particle size

<20 mm) in 2 kg of deionized water for 24 h and take the super-

natant for analysis.

Admixture sample was prepared following the standard method

[3], briefly, accurately weigh 10 g of a liquid admixture sample and

dilute with deionized water to obtain Cl− concentration within

about the middle range of the calibration graph (dilution about 2–5

times).

3. Results and discussion

3.1. Preparation of Ag/AgCl wire Cl− ISE and condition for FI

system

The Ag/AgCl wire could be prepared by oxidation of a Ag

wire electrochemically or chemically using ferric chloride in HCl.

Effect of oxidation time on sensitivity of the electrode was inves-

tigated. The produced Ag/AgCl electrodes were tested for theirs

performance by using FIA system described in Section 2.3. After pre-

liminary studies (described below), some parameters were fixed,

i.e., concentration of KNO3 electrolyte solution of 0.1 M, flow rate

of water carrier and the electrolyte solution of 1 mL min−1 each line,

injection volume of 100 �L and mixing coil of 50 cm. A series of Cl−

standard solutions was injected into the systems and a calibration

graph (a plot of peak height (Y) versus logarithm of Cl− concentra-

tion (X)) was obtained for each electrode. By electrooxidation of Ag

wire in a 0.1 M HCl for 0.5–3 h to produce AgCl coated Ag wire, the

resulted electrode gave closely response to Cl− ion in concentration

range of 3.6–3550 mg L−1, with slope of 49.8–55.4 mV/decade. The

electrode was tested for its durability by placing it in a 3 M KCl solu-

tion, which was vigorously stirred using magnetic stirrer and the

potential of the electrode was recorded versus a Ag/AgCl reference

electrode for a period of 17 h. It was found that the potential of the

electrode was only slightly change during this period.

Despite the Cl− ISE prepared by this method worked well, the

voltage supplier is needed for electrooxidation of Ag, so the prepa-

ration of the electrode by chemical oxidation [17] was tried. The

clean Ag wire was dipped into a solution containing 0.5 M FeCl3
and 1.0 M HCl for 1–24 h. The electrode was tested for determina-

tion of Cl− in range of 10–100 mg L−1, which was expected to be

found in samples. It was found that the comparable slopes of cal-

ibration graphs (58.1–60.3 mV/decade) were obtained with good

linearities (r2 > 0.999), indicating that the dipping time does not

affect on sensitivity of the electrode. Dipping time of ≥24 h was
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Table 1
Analytical features of the developed FI potentiometric method versus some reported methods

Method Principle Sample Linear range (mg L−1) LOD (mg L−1) R.S.D. (%) h−1 Ref.

FI spect Cl−-Hg(SCN)2-Fe3+ Water 0–50 3 2.5 37 [6]

FI spect Hg(SCN)2 impregnated on epoxy resin

bead

Water 2.0–7.8 0.5 2.2 100 [7]

MSFI spect Cl−-Hg(SCN)2-Fe3+, use small amounts

of reagent

Water 1–40 0.2 0.8 130 [8]

SI turbidity Forming of AgCl precipitate Ground, surface, wastewater 2–400 2 3.7 57 [9]

FI spect Release of chloranilate from silver

chloranilate solid phase reactor

Water 0.5–100 0.3 1.1 80 [11]

SI poten On-line dialysis, tubular Ag/AgCl

electrode

Electroplating bath 3550–35500 – – 40 [14]

FI poten Ag/AgCl electrode with on-line dialysis Milk and coconut water 4–1000 0.4 1.2 90 [16]

SI-LAV poten Ag/AgCl electrode Water 3.6–28.4, 28–298 3.6 0.7–1.3 50 [17]

FI poten Ag/AgCl wire Cement aggregates and admixtures 10–100 2 0.6–1.2 60 This work

Spect = spectrophotometry, poten = potentiometry, FI = flow injection, SI = sequential injection, MSFI = multisyringe flow injection, and LAV = lab-at-valve.

selected for electrode preparation to ensure a good sensitivity and

long time stability of the electrode.

Effect of purity of Ag wire was investigated by using a high purity

Ag wire (diam. 0.25 mm, >99.99%, Sigma–Aldrich) to prepare the

Ag/AgCl electrode. It was found that the sensitivity obtained from

this electrode is comparable to that of preparing from Ag wire from

jewelry shop, usually called Sterling silver which has purity of 92.5%

Ag (slopes of calibration graphs were 58.9 and 58.7 mV/decade,

respectively).

Effect of electrode contacting area was investigated by dipping

Ag wire at different depth (0.5–2.0 cm) for 24 h and the resulted

ISE were tested using FIA system as described above. It was found

that the length of Ag/AgCl electrode did not affect on sensitiv-

ity of Cl− determination (electrode slopes in range of 58.2–59.9

was observed). However, a broader peak was observed for the

longer electrode, thus an electrode length of 1.5 cm which gave a

calibration graph of Y = 59.9X−24.7, r2 = 0.9996) was selected for

further experiment. By keeping the electrode in a solution of 3 M

KCl after used, stability of the electrode was good for longer than

3 months, with slope of calibration graph changing from ∼59 to

∼53 mV/decade.

Carrier and KNO3 electrolyte solutions flow rate in range of

1–4 mL min−1 and length of mixing coil in range of 20–80 cm

were studied, by injecting of 50 mg L−1 Cl− into the system. It was

found that only slightly different in peak height was observed

Table 2
Chloride contents in cement aggregates and admixtures found by the FI potentio-

metric and standard methods

Sample Chloride content (%, w/w)

FI–potentiometrya Standard methodb

Admixtures

1 0.0109 ± 0.0003 0.01

2 0.0113 ± 0.0003 0.01

3 0.0076 ± 0.0002 0.01

4 0.0141 ± 0.0003 0.01

5 0.082 ± 0.003 0.08

6 0.093 ± 0.002 0.09

Aggregates

1 0.0010 ± 0.0001 <0.01

2 0.0080 ± 0.0001 <0.01

3 0.0010 ± 0.0001 <0.01

4 0.0013 ± 0.0001 <0.01

5 0.0014 ± 0.0001 <0.01

6 0.0068 ± 0.0003 0.01

7 0.0069 ± 0.0004 0.01

a Mean of triplicate results.
b BS EN 480-10: 1997 [3] was applied for admixture samples, BS 812: Part 117:

1988 Method A [2] was applied for aggregates samples.

for all flow rate and mixing coil length studied. A flow rate of

1 mL min−1 and mixing coil length of 50 cm were selected. Effect

of pH of 0.1 M KNO3 solution was investigated and found that sim-

ilar peak heights were obtained in pH range of 1–8 and shorter

peaks were observed at pH higher than 10. This has been explained

that Ag2O was formed on the electrode surface at high pH, lead to

diminishing of electrode sensitivity [18]. A KNO3 solution without

adjusting pH was selected. According to the theory, the potential

obtained by ISE depends on temperature, however, all experiments

were carried out in an air condition room of about 25±1 ◦C, thus

no significant variation due to temperature change was obser-

ved.

3.2. Analytical characteristics

Under the selected condition as described above although the

linear range may be extended to higher concentration up to at least

1000 mg L−1 Cl−, a linear calibration graph in the concentration

range of 10–100 mg L−1 Cl− (Y = 58.8X−18.9, r2 = 0.9996) was con-

structed. By using low concentration range, the appropriate dilution

of sample solution was made, thus gave advantages in terms of

minimizing interference effect and matching of viscosity of the

sample to the carrier solution. A detection limit (3 times the stan-

dard deviation of the blank/slope of analytical curve) of 2 mg L−1 Cl−

was achieved. Relative standard deviations for 7 replicates inject-

ing of 20, 60 and 90 mg L−1 chloride solutions were 1.0, 1.2 and 0.6%

respectively. Recoveries were found to be 99.7–102.6% for spiking of

Cl− to the sample at concentrations of 20–90 mg L−1. Performance

of the developed method which used a home-made Cl− ISE was

compared with other methods as shown in Table 1. The devel-

oped method provided comparable performance to the reported

methods but it is simpler, cheaper, consumed smaller amounts of

non-toxic and inexpensive chemicals (1 mL each of water and 0.1 M

KNO3 per injection).

According to literatures [18,19], some halides (I− and Br−),

sulfide, cyanide and some metal ions (Fe3+ and Al3+) are the inter-

ferences in Cl− determination by this kind of ISE in acidic medium,

but not the other common ions, e.g., NO3
−, NO2

−, CO3
2−, SO4

2− and

PO4
3−. Effects of NO2

−, CO3
2−, SO4

2− and PO4
3− on the proposed

method where performed in neutral medium were studied by spik-

ing each ion into 50 mg L−1 Cl− solution. It was found that NO2
−,

CO3
2−, SO4

2− and PO4
3− at least up to 100 mg L−1 did not interfere

(causing a change in peak height of less than 5%). Effects of I−, Br−,

S2−, Fe3+ and Al3+ have also been investigated. It was found that I−,

Br−and S2− seriously interfere, but Fe3+ and Al3+ up to 500 mg L−1

caused a change in peak height of less than 5%. By injecting a series

of I−, Br− or S2− standard solutions (10–100 mg L−1), calibration

graphs of Y = 70.8X−25.7 (r2 = 0.998), Y = 70.2X + 14.5 (r2 = 0.998)
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or Y = 96.5X−16.1 (r2 = 0.989), respectively, were obtained. How-

ever, these ions are usually present in the sample at relatively

low concentrations compared to Cl− and do not significantly

interfere.

3.3. Application to real samples

The system was applied to cement aggregate and admixture

samples. The samples were prepared as described in Section 2.4.

The contents of Cl− in the samples were calculated using a calibra-

tion graph (Y = 57.6X−23.3, r2 = 0.9994) and were found in range

of 8–113 mg L−1, which were converted to % (w/w) of Cl− in sam-

ples as summarized in Table 2. The analysis of aggregate samples by

titrimetric standard method [2] and admixture samples by poten-

tiometric titration standard method [3] was also carried out for

comparison. The standard methods are applied for determination

of total halides, except F−, reported as Cl− content. The Cl− con-

tents obtained from the proposed method were in good agreement

with those from the standard methods, evaluating by t-test at 95%

confidence level [20]. It should be noted that the proposed method

has lower detection limit (0.0002%, w/w), so it can determine lower

level of Cl− in samples with good precision. It is also faster and con-

sumed smaller amounts of reagents. The permission level of Cl− in

concrete admixtures by Thai Industrial Standard (TIS 733–2530) is

0.20±0.01%, while British Standard is 0.10%. The application of the

method could be extended to analysis of water used in preparing

of cement.

4. Conclusion

A simple Cl− ISE and FI potentiometric method have been

developed for the determination of water soluble Cl− content in

aggregates and admixtures for concrete. In comparison to the stan-

dard methods, the developed method provided agreeable results,

moreover it is lower cost, lower reagent consumption, faster

and has lower detection limit. The system gave linear range of

10–100 mg L−1 Cl−, detection limit of 2 mg L−1 Cl−, relative standard

deviation of 0.6–1.2% and sample throughput of 60 h−1, which are

comparable to the previous flow based systems, but with simpler

in instrumentation and no use of toxic or expensive chemicals.
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a b s t r a c t

A simple flow injection (FI) conductometric system with gas diffusion separation was devel-

oped for the determination of Kjeldahl nitrogen (or proteins) in milk and chicken meat. The

sample was digested according to the Kjeldahl standard method and the digest was diluted

and directly injected into the donor stream consisting of 4 M NaOH. In alkaline medium,

ammonium was converted to ammonia, which diffused through the PTFE membrane to

dissolve in an acceptor stream (water). Dissociation of ammonia caused a change in con-

ductance of the acceptor solution, which was linearly proportional to the concentration of

ammonium originally present in the injected solution. A conductometric flow through cell

and an amplifier circuit was fabricated, which helped improve sensitivity of the conducto-

metric detection system. With using a plumbing Teflon tape as a gas diffusion membrane

and without thermostating control of the system, a linear calibration graph in range of

10–100 mg L−1 N-NH4 was obtained, with detection limit of 1 mg L−1 and good precision (rela-

tive standard deviation of 0.3% for 11 replicate injections of 50 mg L−1 N-NH4). The developed

method was validated by the standard Kjeldahl distillation/titration method for the analysis

of milk and chicken meat samples. The proposed system had sample throughput of 35 h−1

and consumed much smaller amounts of chemical than the standard method (275 mg vs

17.5 g of NaOH per analysis, respectively).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Proteins are essential for growth and survival of human and
animals. Proteins in food are commonly found in peanuts,
meat, poultry and seafood. Standard methods for determina-
tion of total proteins are based on Kjeldahl method [1] and
Dumas method [2]. Both the methods involved the quantita-
tive determination of total nitrogen contents in sample and
then the protein contents were calculated using different mul-
tiplying factors suitable for different kind of samples [3]. The

∗ Corresponding author. Tel.: +66 5394 1909; fax: +66 53941910.
E-mail addresses: scijjkmn@chiangmai.ac.th, jakmunee@yahoo.com (J. Jakmunee).

factors are needed in order to account for different amino acid
sequences of different proteins.

The Kjeldahl method consists of the digestion by heat-
ing a substance with sulfuric acid to decompose the organic
nitrogen to ammonium sulfate, and the distillation of the
digest after being alkalized for titrimetric determination of
the released ammonia nitrogen. Potassium sulfate is added
in the digestion step in order to increase the boiling point of
the medium. Some catalysts (mercuric oxide and copper sul-
fate) were added to speed up the decomposition. The digested

0003-2670/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2008.08.012
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solution is distilled with sodium hydroxide, which converts
the ammonium to ammonia. The ammonia is trapped in an
acidic solution, e.g., 4% (w/v) boric acid, and was determined
by titration. Although the method is accurate, reproducible,
and has been used for standardization of other methods, its
drawbacks such as the need to use concentrated sulfuric acid
at high temperature and the relatively long testing time (an
hour or more), compare unfavorably with the Dumas method.

The Dumas method involved combustion of a sample of
known mass in a high temperature (900 ◦C) chamber in the
presence of oxygen. This leads to the release of carbon dioxide,
water and nitrogen. The gases are passed over special columns
that absorb the carbon dioxide and water, and then nitro-
gen was separated from residual carbon dioxide and water
by another column before being measured by a thermal con-
ductivity detector using helium as a carrier gas. The method is
fast (taking a few minutes per measurement) and does not use
toxic chemicals or catalysts. However, its instrument and oper-
ation costs are high. Both the Kjeldahl and Dumas methods do
not give a measure of true protein, as they register non-protein
nitrogen in addition. The Dumas method usually gives higher
protein contents than the Kjeldahl method [4,5].

Flow injection (FI) technique has been applied to automate
the distillation/determination step of the Kjeldahl method
[6–9]. The FI methods help shorten analysis time, reduce
chemical consumption, and provide more reproducible results
with the easy to use, relatively low-cost automated instrumen-
tation. The FI methods are based on separation of ammonium
from the Kjeldahl digest by using gas diffusion membrane and
then determination of ammonium by different detection tech-
niques, e.g., UV–vis spectrophotometry [8], potentiometry [9],
conductometry [6] and bulk acoustic wave-impedance sensor
[7]. Although the conductometric detection is not selective, its
high sensitivity, wide linear response to the analyte concen-
tration and relatively simple instrumentation are attractive.
By employing a gas diffusion membrane, selectivity can be
extremely improved. However, gas diffusion efficiency is usu-
ally low (<40%), so high temperature with thermostat control
is required to improve sensitivity and reproducibility [6,7,10].
Non-linear gas diffusion characteristic is observed [6], which
results in a non-linear calibration graph to be used for quan-
tification of ammonium. Potentiometric and bulk acoustic
wave-impedance sensor also provides a non-linear response.

In this work, a simple FI conductometric (FIC) system with
gas diffusion separation was developed for the determina-
tion of Kjeldahl nitrogen (or proteins). A conductometric flow
through cell and an amplifier circuit were fabricated, which
helped improve sensitivity of the conductometric detection
system. Although a simple and low-cost plumbing Teflon tape
was used as a gas diffusion membrane in a planar gas diffusion
unit and without either using of thermostat bath or optimiza-
tion for good gas diffusion efficiency, the system could provide
a linear calibration graph in range of 10–100 mg L−1 N-NH4,
with detection limit of 1 mg L−1, which was appropriate for
determination of Kjeldahl nitrogen in food samples. A good
precision (0.3% R.S.D. for 11 replicate injections of 50 mg L−1

N-NH4) was achieved. Moreover, the system provided sample
throughput of 35 h−1 and consumed very small amounts of
NaOH (275 mg per analysis), which is much smaller than the
standard Kjeldahl method. The proposed method was applied

to the determination of Kjeldahl nitrogen in milk and chicken
meat samples.

2. Experimental

2.1. Chemicals

All chemicals used were of analytical reagent grade. Deion-
ized water (obtained by a system of Milli-Q, Millipore, Sweden)
was used throughout. Stock standard solution of ammonium
(1000 mg L−1 N-NH4) was prepared by dissolving 0.3821 g of
ammonium chloride (Merck, Germany) and adjusting the vol-
ume to 100 mL with water. Working standard solutions were
daily prepared by diluting the stock solution with water.
Sodium hydroxide solution (4 M) was prepared by dissolving
16.00 g NaOH (Merck, Germany) in 100 mL of water. The solu-
tions used for the Kjeldahl technique were prepared according
to the reference method [1].

2.2. Instrument

FI conductometric system (Fig. 1a) consisted of a peristaltic
pump (Model ISM 935, Ismatec, Switzerland) with pump tub-
ing, an injection valve (Upchurch, USA), a home-made gas
diffusion unit (GDU) [11], a home-made flow through con-
ductometric cell as depicted in Fig. 1(b), a conductometer
(Model 712, Metrohm, Switzerland), a lab-built amplifying and
data collecting unit, and a personal computer. The planar
GDU was fabricated by drilling a groove of 1 mm wide×30 cm
long×0.5 mm deep on each of 2 Perspex plastic blocks, insert-
ing a PTFE membrane (a commercial PTFE (Teflon) tape for
household and plumbing purposes) between the Perspex
blocks to form two channels opposite to each other. The con-
ductometric cell was built by drilling a Perspex block to form
a channel of 1.5 mm i.d. for solution to flow in and out, and
for inserting of two Cu wires (1 mm o.d.) to be used as the
electrodes, as shown in Fig. 1(b). The amplifying and data
collecting unit was built employing a Basic Stamp 2SX micro-
controller (Parallex, USA), as similar to the previously reported
one [12], excepting the new software based on Visual Basic
6.0 (Microsoft, USA) was used instead of Microsoft excel. The
unit accepted the analog input signal in the range of 0–5 V.
PTFE tubing of 0.5 mm i.d. was used to assemble the FI sys-
tem, including a mixing coil (C1) and back pressure coils (C2
and C3).

A block digester instrument (Model DK6, VELP Scientifica,
Italy) was used for Kjeldahl digestion and a steam distillation
unit (Model UDK132, VELP Scientifica, Italy) was employed for
ammonia distillation in the Kjeldahl standard method. Dumas
method was performed by using an automated system (FP-528
Protein/Nitrogen Determinator, LECO, USA).

2.3. FI conductometric procedure

Using the FIC system as shown in Fig. 1(a), a standard/sample
solution was injected via an injection valve into the stream of
4 M NaOH donor stream. Ammonia gas was produced during
the injected zone flowed through a mixing coil (C1) to the GDU,
where the gas diffused though a PTFE membrane to dissolve in
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Fig. 1 – FI conductometric system for determination of Kjeldahl nitrogen, (a) FIC manifold and (b) conductometric flow
through cell; Pump = peristaltic pump (1.0 mL min−1 each line), S = standard/sample, I = injection valve (75 �L sample loop),
C1, C2, C3 = coiled tubes (all 50 cm long), GDU = gas diffusion unit, FC = conductometric flow through cell, W = waste,
D = conductometer, PC = personal computer.

an acceptor stream (water). Both the NaOH and water streams
had the same flow rate of 1.0 mL min−1 each in order to main-
tain an identical pressure on both sides of the membrane. The
ammonium and hydroxide ions produced on the dissolution of
ammonia gas increased conductance of the acceptor stream,
which could be detected and recorded as a peak when the zone
passed through the flow cell. Peak height was linearly propor-
tional to concentration of ammonium in the injected solution.
A linear calibration graph was constructed for examining of
ammonium concentration in the samples.

2.4. Kjeldahl digestion and determination procedures

Sample digestion was carried out according to the reference
procedure [1]. Briefly, an aliquot of 5.00 mL of milk sample was
digested with 7.00 mL of concentrated H2SO4 in the presence
of 7.00 g of K2SO4, 0.10 g of CuSO4 and 5.00 mL of 35% (v/v)
H2O2, in a block digester at 420 ◦C for 30 min or until the clear
solution was obtained. The digest was allowed to cool down
before taking to analysis by the proposed FIC method or stan-
dard Kjeldahl titrimetric method. Thus, two digested solutions
for each sample were employed.

For FIC method, the digest was added with 80 mL water and
filtered through a Whatman No. 40 filter paper into a 250 mL
volumetric flask, then adjusting the volume to the mark with
water. A multi-steps dilution may be applied to reduce the
volume of water used. The solution was injected into the FIC

system in triplicate and the peak heights obtained were used
to examine for ammonium concentration and protein content
of the sample.

For the standard titrimetric determination, the digest was
added with 50 mL water and the digestion tube was assembled
to the distillation unit, where a 50 mL of 35% (w/v) NaOH was
added and steam distillation was performed with the distilled
inserted in a 25 mL of 4% (w/v) boric acid solution. Continue
the distillation until 100 mL of the distillate was obtained. A
few drops of an indicator solution was added to the distil-
late before titrating with a standardized 0.2 M HCl solution for
ammonium content.

3. Results and discussion

3.1. Optimization of the FIC system

The FIC system was developed aiming for a simple automation
system to be used as an alternative to the distilla-
tion/titrimetric determination system of the Kjeldahl standard
method. Kjeldahl digestion converts protein nitrogen (and
other nitrogen) to ammonium. However, apart from ammo-
nium the Kjeldahl digest contains high concentration of acid
and ions of various salts, which are sensed by conductomet-
ric detector, a non-selective detection system. A gas diffusion
membrane was employed to selectively separate ammonium
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(as ammonia gas) from other ions. A previously reported pla-
nar GDU [11] was used in this work because it is simple
and easy to fabricate from low-cost materials. Sensitivity of
the developed FIC system depended on gas diffusion effi-
ciency and detector sensitivity. Thickness and porosity of the
membrane should affect gas diffusion efficiency. Expensive
membranes of known thickness and porosity are available but
in this work we aim for simple and low-cost system, so the
plumbing tape was use as a membrane. Several PTFE (Teflon)
tapes which are widely available for household and plumb-
ing uses were tried. They are variations in the thickness and
smoothness of the tapes and may be with different in loading
materials and degrees of polymer crystallinity, which results
in different degrees of gas permeation. Porosity and accurate
thickness of this kind of membranes are difficult to measure
and with the aim for simple system, we did not investigate on
these issues. It was found that all of the PTFE tapes gave repro-
ducible FI profiles but with variation in peak heights (±25%).
The one which was thin and had smooth surface (manufac-
tured by Indy Hand Tools Co., Ltd., Thailand) was selected as it
provided the best sensitivity. The membrane could be used for
at least 150 injections of sample/standard solutions, without
drastic changes in sensitivity and reproducibility.

Different parameters affected the degree of gas diffusion
through the membrane, such as membrane thickness and
porosity, configuration of GDU, flow rate of a donor and an
acceptor streams, volume of the injected solution, pressure
difference between the donor and the acceptor channels and
temperature. A higher ratio of surface area to volume of GDU
provided small improvement in diffusion efficiency [13]. How-
ever, longer path length GDU may result in higher dispersion
and lower sample throughput. Hence, we used GDU of 30 cm
path length without further optimization. An equal flow rate
of both the streams was chosen in order to maintain nearly
identical pressure on both sides of the membrane, so avoiding
membrane deformation or breakage. It has been reported in
literatures [6,10] that the lower the flow rate the higher diffu-
sion efficiency was obtained, e.g., 80% increment in sensitivity
was achieved by reducing flow rate from 3.2 to 0.9 mL min−1. A
flow rate of 1.0 mL min−1 was selected in order to compromise
between sensitivity and sample throughput.

Effect of injection volume was investigated. Injection vol-
umes of 75 and 100 �L provided nearly equal peak heights of
10 mg L−1 N-NH4, but with significantly broader peak for the
larger volume, so the injection volume of 75 �L was selected.

A mixing coil C3 of 50 cm long was placed before the flow
cell in order to help maintain a constant pressure in the accep-
tor line, leading to a stable baseline and more reproducible
signal to be obtained from the conductometric detector. The
pressure difference between the two sides of the membrane
could be slightly altered by using back pressure coils on both
the streams. The higher pressure on the donor side would
promote diffusion to the acceptor stream. However, too high
pressure difference might lead to membrane deformation and
breakage. The length of back pressure coil of the donor side
(C2) was varied (0–100 cm) while the mixing coil C3 acted
also as an acceptor back pressure coil of fixed length. It was
found that the longer the C2 length the higher sensitivity was
obtained. The coil length of 50 cm was selected because the
longer coil caused breakage of the membrane occasionally.

A thermostat bath is usually needed to obtain reproducible
signal from the gas diffusion systems [6,7,10]. Temperature
change affected both the diffusion efficiency and the detector
response (e.g., in case of potentiometric and conductometric
detectors). By raising the temperature, the higher diffusion
degree was achieved, but with a non-linear calibration graph
obtained [6,7]. In the proposed FIC system, a linear calibration
graph and reproducible signal were obtained without usage of
a thermostat bath, excepting the experiment was performed
in an air conditioning room of about 25±2 ◦C. Thus, the effect
of temperature was not studied and the FIC system without
thermostat control was used.

Another approach to increase sensitivity of the determina-
tion, improvement of detector performance was investigated.
With the conductometric cell shown in Fig. 1(b), the sensitiv-
ity could be increased by carefully adjusting the gap between
the electrodes, which the shorter the gap the higher the sen-
sitivity was obtained. Sensitivity could be further improved by
using amplification circuit of the data acquisition unit. How-
ever, the higher amplification may lead to lower signal to noise
ratio. Amplifier gain of 40-fold was selected as it gave the signal
in a suitable range for the data acquisition unit with accept-
able S/N. Further improvement in sensitivity could be achieved
by adjusting the analog output range of the detector to be
suitable with the amplifier gain. The analog output range of
3 �S V−1 was set in this work as it gave enough sensitivity for
the determination of ammonium in the concentration range
of 10–100 mg L−1, suitable for analysis of food samples.

Kjeldahl digest contained high concentration of sulfuric
acid that would react with NaOH in the donor stream, affecting
the production of ammonia gas. Effect of H2SO4 was investi-
gated in range of 0–2 M by adding the acid into 10 mg L−1 N-NH4

standard solution. The solutions were injected into the donor
stream containing different concentrations of NaOH (2, 4 and
6 M). The results as shown in Fig. 2 indicated that the higher
NaOH concentration provide the more tolerance to acid con-
centration in the sample solution. NaOH of 4 M was selected
as it could tolerate to H2SO4 up to about 1 M and it provided

Fig. 2 – Effect of concentration of sulfuric acid on peak
height of 10 mg L−1 N-NH4, with different concentrations of
NaOH solutions (2, 4 and 6 M) as the donor stream.
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higher sensitivity than 2 M NaOH. The H2SO4 concentration
in the diluted Kjeldahl digest was about 0.5 M, so the solution
could be directly injected into the system.

3.2. Analytical characteristics

The FIC manifold as shown in Fig. 1(a) was employed with a
set of the selected conditions: 4 M NaOH as a donor stream,
water as an acceptor stream, flow rate of each stream of
1.0 mL min−1, the length of all mixing coil and back pres-
sure coils of 50 cm each, sample volume of 75 �L, amplifier
gain 40×, and detector analog range of 3 �S V−1. Under
the above selected conditions, a linear calibration graph
(y = 0.038x + 0.6816, r2 = 0.9945) for the concentration range of
10–100 mg L−1 N-NH4 was obtained with a detection limit (3
S.D.) of 1 mg L−1 N-NH4, which was a suitable concentration
range for the determination of Kjeldahl nitrogen in food sam-
ple. With higher amplifier gain, a lower linear calibration range
(1.0–10.0 mg L−1 N-NH4) was obtained with a detection limit
of 0.2 mg L−1 N-NH4, which might be appropriate for other
kinds of sample. Relative standard deviation was 0.3%, for 11
replicate injections of 50 mg L−1 N-NH4. The relative standard
deviation of overall analytical process (digestion and determi-
nation) was evaluated by 7 replicate analyses of the sample
and was found to be 1.2%, while that of the standard Kjeldahl
titration was 2.3%. Sample throughput of 35 h−1 was achieved
with the consumption of 1.7 mL each of water and 4 M NaOH
(275 mg NaOH) per analysis, which is much lower than the
amounts used by the standard method (17.5 g analysis−1). Fur-
thermore, the NaOH solution could be recycled after purging
out the ammonia gas from the solution. No sample treatment
was needed, except the dilution.

In the alkaline donor solution, acidic gases did not interfere
as they were converted to ions and could not pass though a gas
diffusion membrane. Volatile amines [10,13] should be poten-
tial interferences in GD system but they would not expect
to present in the Kjeldahl digest. Interferences from solu-
tion turbidity and/or metallic species are negligible, because
the digest was diluted several folds and the injected vol-
ume was only 75 �L. No precipitate was observed in the
donor line and a stable baseline signal was obtained for at
least 2 h.

3.3. Comparison of the developed method with
existing methods

Analytical features of different methods for determination
of nitrogen content in food are presented in Table 1. The
widely used standard methods are Kjeldahl method based
on digestion/distillation/titrimetry and Dumas method based
on combustion of sample/determination of nitrogen gas. The
Kjeldahl method is used for standardize other methods,
despite it is slow, tedious and has high consumption. Compari-
son to the standard methods, the developed method is simpler
in instrumentation, lower consumption and has higher sam-
ple throughput. Although the Dumas method is fast and does
not use toxic chemicals or catalysts, its instrument and oper-
ation costs are high.

Comparing to the previous developed FI systems for Kjel-
dahl nitrogen determination, the proposed system provided

Table 2 – Kjeldahl nitrogen contents in milk samples
determined by FIC method and Kjeldahl standard
method [1]

Sample Nitrogen content (%, w/w) % Different

FIC methoda Kjeldahl method

1b 0.414 ± 0.001 0.43 −3.4
2b 0.431 ± 0.001 0.44 −1.9
3b 0.450 ± 0.002 0.47 −3.6
4b 0.464 ± 0.002 0.48 −2.8
5b 0.464 ± 0.002 0.48 −2.8
6b 0.481 ± 0.002 0.49 −2.7
7b 0.433 ± 0.002 0.44 −2.1
8b 0.441 ± 0.001 0.45 −1.4
9b 0.487 ± 0.001 0.51 −5.3

10b 0.428 ± 0.003 0.44 −2.6
11b 0.464 ± 0.001 0.49 −5.2
12b 0.322 ± 0.001 0.32 −0.6
13b 0.397 ± 0.001 0.42 −4.8
14b 0.449 ± 0.002 0.47 −5.3
15b 0.517 ± 0.002 0.51 1.2
16b 0.526 ± 0.003 0.52 1.0
17b 0.401 ± 0.002 0.41 −1.2
18b 0.508 ± 0.001 0.51 0.2
19b 0.500 ± 0.001 0.50 −0.8
20c 0.404 ± 0.002 0.40 −0.0
21c 0.403 ± 0.001 0.41 −1.0
22c 0.408 ± 0.001 0.41 0.2
23c 0.401 ± 0.001 0.41 −1.5
24c 0.389 ± 0.001 0.41 −4.4

a Mean±S.D. of triplicate results.
b Cow milk.
c Soy milk.

wider linear calibration graph than the spectrophotometric
one and with no interference from carbon dioxide. A high
sensitivity could be obtained from the linear calibration graph
of the proposed system, which is better than the logarithmic
response of the potentiometric detection [9] or a non-linear
calibration graph of the other systems [6–8]. Thus, chemo-
metric treatment of the analytical data was not required. The
developed method is simpler and more convenient than ion
chromatographic method [14] and the FI methods based on
spectrophotometric [8], potentiometric [9] and bulk acoustic
wave-impedance sensor [7] detection systems and with no
need for thermostat control of the system. A sample through-
put of 35 h−1 achieved was quite low for FIA systems but
it is better than the previously reported multi-commuted
flow injection system for spectrophotometric determination
of ammonium [13].

3.4. Application to Kjeldahl digests of milk and
chicken meat

The developed system was applied to the determination of
protein contents in various cow and soy milks and instant
chicken meat. The digests were prepared as described in Sec-
tion 2.3, before injecting into the FIC system. Concentrations of
the Kjeldahl nitrogen were calculated from the linear calibra-
tion equation constructing under the same condition as the
samples. The Kjeldahl nitrogen contents in milk and chicken
meat samples are summarized in Tables 2 and 3, respec-
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Table 3 – Nitrogen contents in chicken meat samples determined by FIC method, Kjeldahl standard method [1] and
Dumas standard method [2]

Sample Nitrogen content (%, w/w) % Different

FIC methoda (A) Kjeldahl method (B) Dumas method (C) A vs B A vs C

1 4.62 ± 0.02 4.85 5.05 −4.9 −8.5
2 4.67 ± 0.01 4.74 5.14 −1.4 −9.1
3 4.78 ± 0.01 4.89 5.00 −2.4 −4.4
4 4.61 ± 0.01 4.60 5.07 0.2 −9.1
5 4.71 ± 0.01 4.65 5.06 1.4 −6.9
6 4.66 ± 0.03 4.65 5.05 0.2 −7.7
7 4.70 ± 0.01 4.78 5.03 −1.6 −6.6

a Mean±S.D. of triplicate results.

tively. The results obtained by the proposed procedure were
agreed well with those from the standard Kjeldahl distilla-
tion/titration procedure [1], with percentage different of less
than 5%. According to the paired t-test at 95% confidence level
[15], the results from both the methods were not significantly
different (ttabulated = 2.000 and tcalculated = 0.998 (n = 31)). Nitro-
gen contents in chicken meat obtained from Dumas method
were slightly higher than those obtained from both the pro-
posed method and the standard Kjeldahl method. This fact
is agreed with that previously reported in the literatures [4,5].
Protein contents in samples could be calculated from the Kjel-
dahl nitrogen contents by using different multiplying factors
for different types of samples, i.e., 6.38 for cow milk, 5.71 for
soy milk, and 6.25 for chicken meat [3].

4. Conclusion

A simple FI conductometric system with gas diffusion was
developed for the determination of Kjeldahl nitrogen (or pro-
teins) in milk and chicken meat samples. The sensitivity of
conductometric detection system was improved by using a
special design flow through cell and amplifier circuit. The
system employing a plumbing Teflon tape as a diffusion mem-
brane and without thermostat bath could be used to provide
a linear calibration graph in range of 10–100 mg L−1 N-NH4,
with good precision (0.3% R.S.D. for 11 replicate injections
of 50 mg L−1 N-NH4). The proposed system provided sample
throughput of 35 h−1 and consumed very small amounts of
NaOH, so it is interesting to be used as an alternative method
for determination of proteins.
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1. INTRODUCTION
Ascorbic acid (vitamin C), a water soluble

vitamin is an important micronutrient and
plays many physiological roles in the body,
including as a free radical scavenger, which
may help to prevent free radical induced
diseases such as cancer and Parkinson’s
diseases[1].  It has also been used for the
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prevention and treatment of the common
cold, mental illness, infertility, cancer and
AIDS[2].  Fruits and vegetables are the
principal source of ascorbic acid.  Ascorbic
acid is also added into food and beverage
products and pharmaceutical preparations as
a supplementary source of vitamin C in human
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www.science.cmu.ac.th/journal-science/josci.html
Contributed Paper

ABSTRACT
A flow injection amperometric method with dialysis sample pretreatment for

determination of  ascorbic acid (vitamin C) has been developed.  Standard/sample solution
(50 �L) was injected into a donor stream (deionized water) via an injection valve.  The sample
zone was passed through a dialysis unit to separate the analyte from the matrices.  The dialysate
containing ascorbic acid, in the acceptor stream of 0.1 M phosphate buffer pH 5.6, was
flowed to the amperometric detector for current measurement.  Ascorbic acid was
electrochemically oxidized at glassy carbon electrode giving an anodic peak current proportional
to ascorbic acid concentration.  A linear calibration graph in range of 50 - 800 mg/L ascorbic
acid was obtained.  The relative standard deviation of 10 replicate injections was 1.5 % for 50
mg/L of ascorbic acid.  A sample throughput of 20 h-1 was achieved. The proposed method
was applied to vitamin C tablets and fruit juice samples collected from drug stores, supermarkets
and local suppliers in Chiang Mai.  The results obtained for vitamin C samples are agreed well
with the labeled values, and comparable with those determined by voltammetric method.
The proposed method is rapid, low reagent consumption and does not suffer from colored
and colloidal substances presented in the sample.

Keywords:  flow injection, amperometry, dialysis, ascorbic acid, vitamin C,  fruit juice.
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diets.  However, ascorbic acid is not stable in
the presence of air, heat, light and some metal
ions.  It is necessary for industry to have
rapid and sensitive methods for routine and
reliable determination of  ascorbic acid.
Although method based on visual end point
indophenols titration has been approved by
the Association of Official Analytical Chemist
(AOAC) for the determination of  ascorbic
acid in food products, it has several
drawbacks such as it is tedious and time
consuming procedure with high chemical
consumption, and colored species in sample
may interfere a lot on end point detection.
Various instrumental methods have been
proposed including spectrophotometry[3],
chemiluminescence[4], enzymatic analysis[5],
high performance liquid chromatography[6],
electrophoresis[7] and electrochemistry[8-9].

Many flow injection (FI) methods have
been reviewed for the determination of
ascorbic acid in pharmaceutical preparations,
food products, and biological samples using
different detection systems [10].  Most of the
methods employed the reducing property of
ascorbic acid.  Spectrophotometry in visible
region is the technique more frequently used.
It involved redox reaction with ascorbic acid
in which a colored compound is formed or
decomposed in a reaction.  For example, the
method using chloramine T in the presence
of starch-KI solution[11], the titration
with 2,6-dichlorophenolindophenol[12],
the formation of  Fe(II)-phenanthroline[13],
Fe(II)-ferrocine[14] or Cu(I)-bathocuproine
[15] complexes previous metal ions reduction
by ascorbic acid have been reported.
Decolorized methods such as by reduction
of cerium(IV)[16], reduction of triiodide
[17], reduction of Co(III)-EDTA complex
[18] or photochemical reduction of methylene
blue[19], and a simple fading of  permanga-
nate color by ascorbic acid[20] were
proposed.  Colored substances presented in

sample may seriously interfere in these
methods.  On the other hand, electrochemical
technique did not suffer from this kind of
interference.  The technique is based on direct
electrochemical oxidation of ascorbic acid on
a bare glassy carbon (GCE) or platinum (Pt)
electrode or other modified electrodes.
Electrooxidation on bare GCE or Pt electrode
requires higher potential than the modified
electrode, which may lead to electrode fouling,
poor reproducibility and low selectivity,
especially in batch procedure[21].  Modified
electrodes have been proposed to avoid these
problems [21,22], but complicated process in
preparation and limited stability of the
electrode were found.

In this work, FI amperometric system
using a bare GCE as a working electrode was
developed for determination of  ascorbic acid.
With injecting small volume of sample and
incorporating of on-line dialysis unit,
reproduce signal with improving in selectivity
and without electrode fouling was obtained.
The dialysis unit also provided on-line dilution
of sample, which percentage dialysis of 0.3%
was achieved for cellulose acetate membrane
with molecular weight cut off of 12,000 Da.
Although a lab-built amperometer with a
home-made data acquisition device was
employed, a good sensitivity and linearity
calibration graph was obtained in range of
50-800 mg/L ascorbic acid.  The proposed
method was applied for pharmaceutical and
fruit juice samples.

2. MATERIALS AND METHODS
2.1 Chemicals and Samples

All solutions were prepared with analytical
grade chemicals and with deionized water.
Standard solution of ascorbic acid (1000
mg/L) was prepared daily by dissolving
0.1000 g of ascorbic acid (UNILAB) in water
and adjusting to 100 mL in a volumetric flask.
Supporting electrolyte (0.1 M phosphate
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buffer of pH 6) was prepared by dissolving
14.71 g of sodium dihydrogenphosphate
dihydrate(Fluka) and 1.00 g of disodium
hydrogenphosphate dihydrate(BDH) in water
and making up volume to 500 mL.

Pharmaceutical tablet samples were
obtained from local pharmaceutical stores.
Twenty tablets of  the sample were weighed
and an average weight of a tablet was
calculated before being ground into fine
powder.  Then, 0.6-4.0 g portions were
accurately weighed, dissolved in water to get
appropriate concentrations of ascorbic acid
in solutions.

Fruit juice samples were collected from
supermarkets and local suppliers. Then, the
samples were filtered with cotton wool before
analyses.

2.2 FI Manifold and Procedure
Schematic diagram of the instrumental

set-up of FI amperometric system is shown
in Figure 1.  It consisted of a peristaltic pump
(Ismatec, Switzerland), a six port injection valve
(Upchurch, USA), a home-made dialysis
unit[23] and a lab-built amperometer with a
flow through electrochemical cell (BAS, USA)
and an in-house developed data recording

unit[24] or a commercial data acquisition
system(eDAQ, Australia).  The planar dialysis
unit was similar to the previous report[23],
but with a dialysis membrane (cellulose acetate
membrane of MW cut off  12,000 Da) instead
of  a Teflon membrane.  A GCE (3 mm
diameter), stanless steel and Ag/AgCl
electrodes were used as working, auxiliary and
reference electrodes, respectively.   Standard
or sample (50 �L) was injected into a water
carrier stream and flowed to dialysis unit,
where ascorbic acid dialysed to an acceptor
stream, 0.1 M phosphate buffer pH 5.6.  Flow
rates of both the donor and acceptor streams
are 1.5 mL/min.  Ascorbic acid was diluted
and separated from other matrices in the
samples.  A zone of  ascorbic acid solution in
the acceptor stream flowed further to the flow
through electrochemical cell, where a constant
potential (0.8 V) was applied to a GCE.
Electrooxidation of ascorbic acid produced
anodic peak current which was converted to
voltage and recorded as FI peak.  A calibration
graph is a plot of peak height versus ascorbic
acid concentration.  Concentration of ascorbic
acid in sample was calculated using an equation
obtained from a linear calibration graph.

Figure 1. Schematic diagram of the instrumental set-up of FI amperometric system with on-
line dialysis.
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3. RESULTS AND DISCUSSION
3.1 Optimization of the FI Amperometric
Detection System

Using a single line FI – system without
dialysis unit, 50 �L of the ascorbic acid
standard solution was introduced into
phosphate buffer carrier stream via a six-port
valve.  The injected solution flowed through
the flow cell whereas ascorbic acid was
oxidized to dehydroascorbic acid at a
working electrode.  Preliminary conditions,
0.1 M phosphate buffer solution of pH 6.0
as a carrier solution, flow rate of 1.0 mL/
min were employed.  Effects of various
parameters were investigated as followed.

3.1.1 Type of  Working Electrode
Two types of  working electrode,

platinum disc (2 mm diameter) and glassy
carbon disc (3 mm diameter) electrodes were
investigated, with a fixed potential of 0.1 V
applying to the electrode.  A standard solution

of 100 mg/L ascorbic acid was injected in
11 replicates into the system.  The peak heights
of 19.2 0.6 mV and 20.5 0.6 mV were
obtained for Pt and GC electrodes,
respectively.  Despite both of  the electrodes
could be used, the GCE was selected for
further experiment.

3.1.2 Applied Potential
The applied potential was varied in the

range of  0.1-1.4 V vs. Ag/AgCl reference
electrode.  A 40 mg/L ascorbic acid standard
solution was injected into the system.  It was
found that peak current obtained increased
sharply with applied potential in the range of
0.1-0.8 V and reached maximum at 1.0 V
(Figure 2).  However, baseline drift was
observed for applied potential higher than
0.8 V and higher potential may lead to
oxidation of some interfering substances, so
applied potential of 0.8 V was selected.

Figure 2. FIgram obtained from injecting of 40 mg/L ascorbic acid with different applied
potentials (mV) to the GCE.
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3.1.3 Concentration and pH of Phosphate
Buffer

Concentration of phosphate buffer in the
range of 0.005 – 0.5 M was investigated, while
pH of buffer was fixed at 6.0.  Calibration
graphs in concentration range of 20 – 100
mg/L ascorbic acid were constructed by
plotting peak height obtained versus ascorbic
acid concentration. Slopes, intercepts and r2

of the calibration graphs are shown in
Table 1. Phosphate buffer concentration of
0.1 M was chosen because it provided high
sensitivity with using smaller amounts of
reagent than 0.5 M.

The pH of phosphate buffer was varied
from 3.0 -11.0, while phosphate buffer
concentration was fixed at 0.1 M.  Standard
solutions of ascorbic acid in concentration

range of 20 – 100 mg/L were injected.  With
increasing of the pH, slope of the calibration
graphs slightly decreased as shown in Table 2.
Therefore, buffer of pH 5.6 was chosen
because this solution gave high sensitivity and
was easy to prepare.

3.1.4 Flow Rate
Effect of flow rate of phosphate buffer

carrier solution (0.5 – 4.8 mL/min) was
investigated by injecting various concentrations
of ascorbic acid standard solution (20 -100
mg/L) and constructing a calibration graph
for each flow rate.  Slope of the calibration
graphs are plotted versus flow rate of the
phosphate buffer, as illustrated in Figure 3.  It
was found that the higher flow rate of the
carrier stream, the higher sensitivity was

Table 1.  Effect of  concentration of  phosphate buffer on the determination of  ascorbic acid
by FI amperometric method.

Concentration of Calibration data
phosphate buffer Slope Y – intercept

(M) (mV.L/mg) (mV) r2

0.005 1.0 164.9 0.9888

0.05 16.6 130.9 0.9866

0.10 21.0 11.5 0.9995

0.50 25.8 -81.3 0.9973

Table 2.  Effect of  pH of  phosphate buffer.

pH of phosphate Calibration data
buffer Slope Y – intercept

(mV.L/mg) (mV) r2

3.0 24.7 -32.9 0.9976

5.6* 21.9 -48.5 0.9968

7.3 23.0 -41.6 0.9964

11.1 18.4 -81.3 0.9937

*Not adjusting pH
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obtained.  The flow rate of 1.5 mL/min was
chosen because it provided enough sensitivity
and sample throughput (20 injections per hour)
with lower reagent consumption.

3.2 FI Amperometric System with Dialysis
Unit

Dialysis unit was incorporated to the FI
system as shown in Figure 1, in order to
separate ascorbic acid from other matrices in
samples.  A cellulose acetate membrane of
molecular weight cut off of 12,000 Da was
utilized as a dialysis membrane.  Employing
the selected conditions obtained in section 3.1,
ascorbic acid solutions in concentration range
of 50 – 500 mg/L were injected.  A linear
calibration graph (y=6x10-5x -0.0006, r2 =
0.9915) was obtained. Due to low dialysis
efficiency (about 0.3%), a decrease in sensiti-
vity was observed.  However, it is still useful
for determination of  ascorbic acid in
pharmaceutical and fruit juice samples, which
high concentration of ascorbic acid is
concerned.  By on-line dialysis, dilution factor

of about 300 (calculated from the ratio of
the slope of calibration graphs from the
systems without and with dialysis unit) could
be reproducibly achieved.

3.3 Analytical Characteristics
Using the recommended conditions as

described in section 2.2, a linear calibration
graph in the range of 50 – 800 mg/L ascorbic
acid was obtained (y = 5x10-5x-0.0023 , r2

= 0.9919).  Detection limit calculated from
the calibration data[26] was found to be 45
mg/L.  The relative standard deviation of 10
replicate injections was 1.5 % for 50 mg/L
of ascorbic acid, indicated a good precision
of the method.  Each injection consumed
about 5 mL of reagent and 150 �L of sample.

3.4 Application of the Developed Method
to Real Samples
3.4.1 Vitamin C Tablet Samples

The vitamin C samples from local
drugstores were analyzed for ascorbic acid
by the proposed method.  All samples were

Figure 3.  Effect of  flow rate of  carrier stream on sensitivity of  ascorbic acid determination.
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Table 3.  Ascorbic acid contents in vitamin C tablet samples.

Label
Ascorbic acid found (mg/tablet)

Sample (mg/tablet) FI – % label Voltammetric %label %

amperometric method b Differentc

method a

1. Bio C 1000 1000 1021 6 102 1143 23 114 -11

2. Nat C 1000 998 15 100 1018 15 102 -2.0

3. Berocca 500 487 3 97 539 24 107 -9.6

4. C-500 nopparat 500 491 13 98 588 24 117 -16

5. Mag - C 500 500 525 8 105 615 15 123 -15

6. Flavettes 250 245 23 98 316 13 126 -22

7. Vitacimin 100 97 1 97 117 2 117 -17

8. Vit C 50 Frx 50 49 1 98 58 1 116 -16
a triplicate results
b duplicate results
c % different = [( FI value – Voltammetric value) x100] / Voltammetric value

Figure 4.  FIgram obtained from injecting of  various fruit juice samples.
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prepared as described in section 2.1. Concen-
tration of ascorbic acid in the sample solution
was calculated from peak height obtained
using the calibration graph.  Accuracy of the
proposed method was determined by
comparing results from FI-amperometric
method with those obtained from
voltammetric method [25] and the labeled
values.  The voltammetric method was used
because it does not interfere by the intense
color of sample.  The results are summarized
in Table 3.  It was found that the results
obtained from voltammetric method had a
more positive bias than those obtained by

FI-amperometric method.  Regression
equation: Ascorbic acid content by
voltammetric method = 1.05 (Ascorbic acid
content by FI method) + 34.6; r2 = 0.9909,
indicated a good correlation between the two
methods (the slope is about 1.0).  The positive
bias obtained from voltammetric method may
be due to interference of other ingredients
such as multivitamins.  This problem is
avoided by using FI-amperometric system
with dialysis sample pretreatment.  According
to t-test[26] at 95% confidence level, the results
obtained from the proposed method agreed
well with the labeled values.  Moreover, the

Table 4.  Ascorbic acid contents in fruit juice samples

Ascorbic acid found

Sample Type of sample Label
(mg/L)

No. (mg/L) FI – amperometric %label
method

1 Orange juice - 292 6 -

2 Orange juice - 337 4 -

3 Orange juice 480 280 2 58

4 Guava juice - 244 1 -

5 Apple juice - 337 7 -

6 Orange mixed carrot juice - 118 4 -

7 Blueberry mixed apple juice 180 188 2 104

8 Orange mixed banana juice 180 247 3 137

9 Tangerine juice 330 587 4 178

10 Sai Nam Phueng orange juice - 563 4 -

11 Shogun orange juice 420 488 3 116

12 Guava juice 360 554 4 153

13 Kiwi and grape juice 480 515 18 107

14 Pineapple juice - 549 4 -

15 Broccoli and fruit juice - 440 16 -

16 Mixed vegetable and mixed
fruit juice - 175 1 -
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developed method consumed small amounts
of reagent and sample per analysis, and is
faster than voltammetric method.

3.4.2 Fruit Juice Samples
Preliminary investigation on application

of  the developed system to the determination
of ascorbic acid in fruit juice samples was
carried out.  Each sample was injected in
duplicate and FIgram was obtained as shown
in Figure 4.  Ascorbic acid contents
determined by FI-amperometric method and
the labeled one are summarized in Table 4.
In most of the samples, ascorbic acid
concentrations found are higher than the
labeled values.  More investigations including
comparison of the developed method with
other methods (e.g., voltammetric and
chromatographic methods) will be per-
formed.  It should be noted that the proposed
method should be more appropriate than
spectrophotometric and titrimetric ones for
fruit juice analysis since the amperometric
detection does not suffer from colored and
colloidal interferences and Schileren’s effect.

4. CONCLUSION
A new FI amperometric system with

on-line dialysis sample pretreatment has been
developed.  The proposed system has many
advantages such as low chemical consumption,
high sample throughput, no interference
from colored substances and colloids, good
sensitivity and precision, and a simple bare
GCE could be employed.  Application to
pharmaceutical and fruit juice samples was
demonstrated.  The method may be useful
for research and quality control of food and
pharmaceutical products which a large
number of samples is involved.
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a b s t r a c t

A new extraction procedure based on an off-line extraction column was proposed for extracting of avail-

able phosphorus from soils. The column was fabricated from a plastic syringe fitted at the bottom with a

cotton wool and a piece of filter paper to support a soil sample. An aliquot (50 mL) of extracting solution

(0.05 M HCl + 0.0125 M H2SO4) was used to extract the sample under gravity flow and the eluate was col-

lected in a polyethylene bottle. The extract was then analyzed for phosphorus contents by a simple flow

injection amperometric system, employing a set of three-way solenoid valves as an injection valve. The

method is based on the electrochemical reduction of 12-molybdophosphate which is produced on-line

by the reaction of orthophosphate with acidic molybdate and the electrical current produced was directly

proportional to the concentration of phosphate in range of 0.1–10.0 mg L−1 PO4-P, with a detection limit

of 0.02 mg L−1. Relative standard for 11 replicate injections of 5 mg L−1 PO4-P was 0.5%. A sample through

put of 35 h−1 was achieved, with consumption of 14 mg KCl, 10 mg ammonium molybdate and 0.05 mL

H2SO4 per analysis. The detection system does not suffer from the interferences that are encountered

in the photometric method such as colored substances, colloids, metal ions, silicate and refractive index

effect (Schlieren effect). The results obtained by the column extraction procedure were well correlated

with those obtained by the steady-state extraction procedure, but showed slightly higher extraction

efficiency.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus is a major nutrient for plants and is typically present

in soils for agricultural purposes in the concentration range of

0.03–0.22%. However, the major fractions of P in soil are in the

insoluble forms, which plants cannot utilize. Therefore, it is the

plant-available P, the amount of P extracted by the chemical extrac-

tant, which is correlated well with the amount of P taken up by the

plant that is more important than the total amount of P in the soil

[1]. Orthophosphate is the dominant form of available P useful for

plant grown. Release of available P from soil depends on several

factors such as pH, humidity and type and amount of soil miner-

als. In agricultural practices, P is usually obtained from the applied

fertilizer. However, in soils which contain high levels of iron and

aluminum, P in fertilizer may be absorbed by soils, thus only small

fractions (3–25%) would be available for plants. On the other hand,

application of excessive amounts of fertilizer may cause impact to

the environment due to leaching of the nutrient to the water body.

The determination of available P in soil is necessary for agricul-

tural practices and research in this field. The test values obtained

∗ Corresponding author. Tel.: +66 5394 1909; fax: +66 5394 1910.

E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

are useful for the producers to best manage for the application of

fertilizer and make decisions concerning the profitability of their

operations while managing for impacts such as erosion, nutrient

runoff and water quality [2]. Several chemicals have been used

as extractants for available P. The suitable extractant would give

the best correlation between the amounts of P extracted and P

taken up by the particular plant, which depends on several factors,

such as type and amount of soil minerals, and pH of soil. There

are some commonly used extraction protocol for available P such

as Bray No. 1 (0.025 M HCl + 0.03 M NH4F), Bray No. 2 (0.10 M

HCl + 0.03 M NH4F), North Carolina (0.05 M HCl + 0.0125 M H2SO4),

Troug (0.001 M H2SO4 + (NH4)2SO4 (pH 3.0)), Citric acid (1.0% citric

acid), Egner (0.01 M calcium lactate + 0.02 M HCl), Morgan (0.54 M

HOAc + 0.7 M NaOAc (pH 4.8)) and Olsen (0.50 M NaHCO3 (pH

8.5)) [3,4]. The procedure for soil extraction is based on shaking

known amounts of soil with an accurate volume of the extractant

for extended periods of time to reach a steady-state condition

between the solid and liquid phases. The extract is then filtered and

analyzed for P content by spectrophotometric methods, employing

either molybdenum blue or vanadomolybdate reactions. A stirred

flow extraction chamber [5] and an extraction micro-column [6]

have been proposed for on-line fractionation of P from soil and

sediment under non-steady-state condition. In these procedures,

a fresh extracting solution was continuously propelled though the

0039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2009.01.028
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sample bed, resulting in better extraction efficiency to be obtained.

However, on-line extraction procedure requires a pump and a

micro-column for each soil sample and concerning a long extrac-

tion time, so it is not suitable for extraction of available P involving

a large number of soil samples. Such a protocol is usually applied

for generating the extraction profiles for kinetic study of the leach-

ing process [6]. Thus, we proposed here a batchwise gravity feed

column extraction procedure, which on the other hand utilized a

simple syringe as extraction vessel for each sample and despite it

takes long extraction time, extraction of several samples at the same

time could be carried out in order to increase sample throughput.

The spectrophotometric detection based on molybdenum blue

method either in batch or flow systems is commonly used for

determination of P. The flow system provided higher degrees of

automation and reduced consumption of the chemicals. A multi-

syringe flow injection analysis was proposed for determination of

available P in soils [7]. All injection analysis was developed for

determination of P in soil and sediment extracts [8]. However,

the spectrophotometric detection method suffers potential inter-

ference from colored and colloidal substances and silicate. In flow

analysis, the effect of refractive index or the Schlieren effect can

also be a problem [6,8]. These interferences may present in the soil

extract at high extents. We have developed the FI amperometric

systems, which have higher tolerant to these interferences [9], thus

they should be appropriate for soil analysis.

In this work, a new extraction procedure based on off-line col-

umn extraction was developed for extracting available P from soil.

The collected extract was analyzed for P concentration by using a

FI amperometric method which was based on the electrochemical

reduction of the on-line formed 12-molybdophosphate, producing

an electrical current, which was directly proportional to P concen-

tration. The column extraction was simpler, more convenient to use

and provided higher extraction efficiency than the standard extrac-

tion procedure based on batchwise shaking. The amperometric

detection provided higher selectivity than the spectrophotomet-

ric one, as it did not suffer from colored substances, particulates

and refractive index effect (Schlieren effect), and could tolerate

to silicate at high concentration (up to 1000 mg L−1). The system

could be applied to soil extract without the requirement of mask-

ing agent and with low consumption of chemicals (2 mL each of KCl

and reagent solutions per analysis).

2. Experimental

2.1. Chemicals and materials

All chemicals used were of analytical reagent grade. Deionized

water (obtained by a system of Milli-Q, Millipore, Sweden) was used

throughout. Acidic molybdate solution (0.5%, w/v in 2.5%, v/v sulfu-

ric acid) was prepared by dissolving 1.25 g of ammonium molybdate

(Ajax Finechem, Australia) in water and 6.50 mL of concentrated

sulfuric acid (Merck, Germany) was added before adjusting the

final volume to 250 mL. A 0.1 M potassium chloride was prepared

by dissolving 1.86 g KCl (Merck, Germany) with water and adjust-

ing volume to 250 mL. Orthophosphate stock solution (1000 mg L−1

PO4-P) was prepared by dissolving 0.4394 g KH2PO4 (Merck, Ger-

many) with water and adjusting volume to the mark of a 100-mL

volumetric flask. Working standard solutions in the concentra-

tion range of 0.1–10 mg L−1 PO4-P were daily prepared from an

intermediate solution (10 mg L−1 PO4-P), diluted from the stock

solution. A solution for extraction of phosphate from soil (0.05 M

HCl + 0.0125 M H2SO4) was prepared by diluting 2.10 mL conc. HCl

and 0.35 mL conc. H2SO4 in water and adjusting the volume to

500 mL.

Electrode polishing kit (model MF-1000, BAS, USA) was used for

cleaning of the working electrode.

2.2. FI manifold

The FI system used is schematically depicted in Fig. 1(a).

It consisted of a peristaltic pump (Ismatec, Switzerland) with

pump tubing, an injection device assembled from a set of three-

way solenoid valves (Biochemvalve, USA) [10], a flow through

electrochemical cell (cross-flow cell, Model MF-1093, BAS, USA)

assembling with a 3-mm diameter glassy carbon working electrode

(GCE), a stainless steel auxiliary electrode and a Ag/AgCl reference

electrodes (3 M KCl), and a compact potentiostat (Palmsens Vs 3.6,

Netherlands) with connecting to a personal computer. The three-

way solenoid valves were assembled to be used as an injection

valve, as shown in Fig. 1. Actuation of the valves for loading and

injecting positions was performed by manually switching the elec-

trical power supplied to the valves. PTFE tube of inner diameter of

0.5 mm was used for assembling the system.

2.3. Sample collection and extraction procedures

Soil samples were collected from longan orchards and vegetable

growing field in Chiang Mai, northern of Thailand. A soil sample was

taken from 15 points at a depth of 7 cm and combined together. The

sample was dried in air and ground to a particle sizes of less than

100 mesh.

The standard extraction procedure was carried out by accurately

weighing 1.00 g of soil, putting in a 100-mL Erlenmeyer flask, adding

15.00 mL of the extracting solution and shaking for 30 min. The

extract was filtered through a Whatman No. 5 filter paper into a

polyethylene bottle.

Column extraction was carried out batchwise employing a

plastic syringe fitted at the bottom with cotton wool and a

Fig. 1. (a) FI manifold of flow injection amperometric system for determination of phosphate; (E = 0.1 M KCl, R = 0.5%, w/v molybdate in 2.5%, v/v sulfuric acid, P = peristaltic

pump, S = standard/sample, SV1–SV3 = three-way solenoid valves, MC = mixing coil, FC = electrochemical flow through cell, W = waste, D = potentiostat/amperometric detector,

PC = personal computer) and (b) an extraction column for off-line leaching of soil samples (adapted from a 10-mL plastic syringe).
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piece of filter paper to support the sample (Fig. 1(b)). A portion

(1.0000 g) of ground soil was accurately weighed and put in the

column. An extracting solution (50.00 mL) was carefully poured

into the column and the leachate was collected in a polyethylene

bottle.

Extraction was carried out at room temperature of about

25±2 ◦C.

2.4. FI amperometric determination procedure

A KCl electrolyte solution and an acidic molybdate solution were

pumped at 1.0 mL min−1 each. A standard/sample solution (75 �L)

was injected into the stream of 0.1 M KCl and then merged with the

stream of the acidic molydate solution which then flowed through

a mixing coil (50 cm in length) to the amperometric flow cell.

The 12-molybdophosphate complex produced on-line was then

electrochemically reduced at the glassy carbon working electrode

producing an electrical current, that was directly proportional to

the concentration of phosphate (PO4-P). The current was converted

to voltage and continuously recorded as a FI peak. A calibration

graph was a plot of peak height obtained vs. P concentration. Con-

centration of P in sample was then evaluated from the calibration

graph.

3. Results and discussion

3.1. FI amperometric determination of orthophosphate

The FI amperometric method for orthophosphate determi-

nation is based on the electrochemically reduction of the

12-molybdophosphate which formed on-line by the reaction of

orthophosphate and molybdate in an acidic medium [9]. The

reduction current is linearly proportional to orthophosphate con-

centration. The FI amperometric system for the determination of

orthophosphate in the soil extract was modified from the previ-

ously reported system [9] by replacing the six port injection valve

with the injection valve assembled from three solenoid valves

(SV1–SV3) and a three-way connector, as shown in Fig. 1(a). At

the loading position (as shown in Fig. 1(a)), a standard/sample

was loaded into a sample loop and then by manually switching

current, the solenoid valves were actuated to another posi-

tion to allow the carrier solution (0.1 M KCl) to inject sample

into the reagent solution (0.5%, w/v ammonium molybdate in

2.5%, v/v H2SO4). The reaction product, 12-molybdophosphate

was reduced at the GCE, at a constant applied potential of

0.20 V vs. Ag/AgCl, producing a FI peak that was recorded by a

portable amperometer. Fig. 2 illustrates the FI profiles of phos-

phate standard solution (1.0–10.0 mg L−1 PO4-P) and some samples.

Linear calibration graphs for phosphate in the concentration

ranges of 0.1–1.0 (y = 0.2455x + 0.0014, r2 = 0.9996) and 1.0–10.0

(y = 0.2111x + 0.1389, r2 = 0.9966) mg L−1 PO4-P were obtained. The

detection limit calculated from three times standard deviation of

blank/slope of the calibration graph was found to be 0.02 mg L−1

PO4-P.

Relative standard deviations for 11 replicate injections of

5 mg L−1 PO4-P were 0.5%. A sample throughput of 35 h−1 was

achieved, with the low consumption of reagents (about 2 mL each

of electrolyte and reagent solutions, corresponding to 14 mg KCl,

10 mg ammonium molybdate and 0.05 mL sulfuric acid per analy-

sis).

As reported previously for the determination of P in water sam-

ples [9,10], the FI amperometric method has higher selectivity than

those based on spectrophotometric detection. The method can tol-

erate silicate up to 1000 mg L−1, so no masking agent was needed

for soil analysis. The interferences from some metals such as Fe

Fig. 2. FI profiles for standard phosphate solutions and samples, determined by

FI amperometric system in Fig. 1(a); condition: applied potential 0.20 V, E = 0.1 M

KCl, R = 0.5%, w/v molybdate in 2.5%, v/v sulfuric facid, and flow rate of each line

1.0 mL min−1. Values indicate concentration of phosphate in mg L−1 PO4-P.

and Al at high concentration can be avoided by passing the sam-

ple solution through a cation exchange resin column. However, no

interference was observed for the studied soil samples, so such a

treatment was not necessary. The developed system did not suffer

from colored substances, colloids and Schlieren effect.

3.2. Leaching of available P from soil by extraction column

The standard procedure for extraction of available phospho-

rus from soil is based on shaking of the suspension of soil in the

extractant for a period of time to reach equilibrium (45 min) and fil-

tering of the extract. Different extracting solutions can be utilized,

which may give slightly different available P contents dependent

on the type of soils. The proposed extraction procedure was based

on column extraction and the North Carolina solution (0.05 M

HCl + 0.0125 M H2SO4) was selected as the extracting solution. A

simple 10 mL plastic syringe was adopted to use as a column, by

taking out the plunger and placing a cotton wool and a piece of

a Whatman No. 40 filter paper fitted to the syringe for support-

ing a soil sample as shown in Fig. 1(b). An accurate amount of soil

sample (about 1.00 g) was put in the syringe and an accurate vol-

ume of extracting solution was added carefully to fill the remainder

volume of the syringe. The extraction gravity feed profiles were

investigated by collecting the eluate fractions (15.00 mL each) to

be determined for phosphate concentration. It was found that the

similar profiles were obtained for different soil samples and more

than 99% of the phosphate could be extracted within fraction num-

ber 3, corresponding to extraction volume of 45.00 mL, as shown in

Fig. 3. The volume of extracting solution of 50.00 mL was selected

for further extraction of soil samples. Although the extraction time

of about 50 min was needed, several extractions could be performed

in parallel at the same time, leading to high sample throughput. The

relative standard deviation was 6.0%, for six replicate extractions of

the same soil sample, which was comparable to that of the stan-

dard extraction procedure (6.8%). Although the mini-column could

be incorporated to the FI amperometric system in order to perform

on-line extraction/determination, the low sample throughput was

resulted due to the long extraction time involved. Thus the on-

line extraction was not suitable for determination of available P

in soil, but it might be appropriate for study on sequential extrac-

tion of P associated with different phases of soil employing various

extracting solutions [6].

It should be noted that some extracted solutions obtained had

intense color due to the organic matter present in the soils, which
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Table 1
Available P contents in soil samples, extracted by the proposed and the standard procedures, and determined by the FI amperometric and standard spectrophotometric [11]

methods.

Sample Available phosphorus content (mg kg−1 as PO4-P)*

Column extraction Standard extraction

FI amperometric Spectrophotometric FI amperometric Spectrophotometric

1 1173 ± 4 1152 ± 5 1083 ± 1 1095 ± 7

2 1349 ± 14 1368 ± 3 1235 ± 10 1244 ± 2

3 1085 ± 1 1119 ± 1 960 ± 2 995 ± 2

4 1718 ± 8 1725 ± 9 1535 ± 7 1505 ± 6

5 1810 ± 1 1729 ± 1 1567 ± 4 1533 ± 1

6 473 ± 6 467 ± 1 421 ± 4 422 ± 2

7 1387 ± 8 1352 ± 2 1217 ± 5 1182 ± 2

8 73.9 ± 1.3 60.4 ± 0.1 58.6 ± 0.9 51.5 ± 0.1

9 2160 ± 5 2040 ± 1 1859 ± 4 1749 ± 1

10 1951 ± 1 2060 ± 7 1527 ± 6 1697 ± 1

11 3.7 ± 0.2 4.3 ± 0.1 2.3 ± 0.1 3.2 ± 0.2

12 35.4 ± 0.3 30.8 ± 0.3 28.2 ± 0.1 24.4 ± 0.3

13 45.2 ± 0.2 44.6 ± 0.4 31.0 ± 0.1 31.4 ± 0.2

14 12.9 ± 0.1 13.6 ± 0.1 7.1 ± 0.1 7.6 ± 0.1

15 38.5 ± 1.0 34.9 ± 0.2 24.0 ± 0.2 23.1 ± 0.2

16 65.8 ± 1.0 59.2 ± 0.5 56.6 ± 2.1 52.2 ± 0.3

17 22.4 ± 0.6 26.0 ± 0.2 29.7 ± 0.4 31.9 ± 0.1

* Mean of triplicate results.

may interfere in the spectrophotometric determination, but not in

the FI amperometric system.

3.3. Determination of available P in soil samples

The developed method was applied to the determination of

available P in different soil samples, collected from Longan orchards

and vegetable field in Chiang Mai province of Thailand. Soil extrac-

tion was performed using the developed procedure and a standard

extraction procedure for comparison. The extracts were determined

for available P contents by the proposed FI amperometric method

and standard spectrophotometric method [11] based on molyb-

denum blue reaction using ascorbic acid as a reducing agent and

potassium antimonyl tartrate acting simultaneously as a catalyst

and masking agent. According to t-test at 95% confidence level,

the results obtained from both methods were in good agreement

(tcritical = 2.021, tcalculated = 0.025, n = 17) [12], as presented in Table 1.

It should be noted that the FI amperometric method consumed

much smaller amounts of chemicals and was simpler, faster, more

convenient to use and provided better tolerance to the interferences

Fig. 3. Percentage extraction of phosphate from soil in different fractions of the

extracting solution.

Fig. 4. Available P contents extracted by using the column extraction and standard

extraction procedures.

presented in soil (e.g., colored substances, colloids and silicate) than

the standard spectrophotometric method.

It was found that the phosphate contents found in the extracts

from both the extraction procedures were in good correlation. How-

ever, the proposed extraction procedure provided better extraction

efficiency than the standard method, as shown in Fig. 4. This may

due to the advantage of dynamic extraction that the sample was

in contact with the fresh extracting solution, which flowed through

the sample bed in the extraction column, so no re-adsorption of the

extracted P was occurred. Moreover, the proposed extraction pro-

cedure was simpler, and more convenient to use than the standard

method. The extraction of several samples could be performed at

the same time.

4. Conclusion

A flow injection amperometric method and a new extraction

procedure were proposed for the determination of available phos-

phorus in soil samples. Although the extraction was done by using

a simple column made from a plastic syringe, a better extraction

efficiency than the standard extraction procedure could be accom-
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plished, which was more convenient to perform. The proposed

extraction procedure may be a new alternative way to perform

extraction of available P in routine analysis of soil. The FI ampero-

metric method provided the precise and accurate results, with using

of simple and cost-effective components to assemble the system,

and consumed of smaller amount of chemicals. The amperometric

detection also provided significant advantages over the spectropho-

tometric detection of the standard method, e.g., it can tolerate to

silicate up to 1000 mg L−1 and does not suffer interference from

turbidity and colored substances present in soil samples. The sys-

tem could be developed to higher degrees of automation by control

of the injection valve via a computer.
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