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ABSTRACT 

Project Code:  BRG4780002 

Project Title: Development and Applications of Continuous Systems for Study of 

Bioavailability of Minerals and Heavy Metals 

Investigator:  Juwadee Shiowatana 

   Department of Chemistry, Faculty of Science, Mahidol University 

Email Address:  scysw@mahidol.ac.th 

Project Period:  May 1, 2004 – April 30, 2007 

 

 The determination of information on total concentration of heavy metals or minerals in samples 

has limited use because elements can exist in different chemical forms with varying mobility and 

availability to living organisms and thus can have varying impacts on environment and human life.  

Chemical speciation is therefore necessary.  In this research, a newly developed continuous-flow 

sequential extraction was applied to assess the impact of heavy metals contamination caused by metal 

smelting and mining activities.  Two major case studies were investigated including lead contamination 

in soil and air collected from the area nearby lead smelting industry and cadmium contamination in soil 

and sediment collected from the area in the vicinity of zinc mining industry.  In addition, iron speciation 

in the natural gas pipe line was examined.  Further to a different topic, a novel method for the 

determination of in vitro mineral bioavailability, or mineral bioaccessibility, was developed based on a 

simulated gastric digestion in a batch system followed by a continuous-flow intestinal digestion.  The 

simulated intestinal digestion was performed in a dialysis bag placed inside a channel in a flowing 

stream of dialyzing solution.  The continuous flow dialysis in the intestinal digestion step enables 

dialysable components to be continuously removed for element detection by various detection methods, 

including flame atomic absorption spectrometry (FAAS), electrothermal atomic absorption spectrometry 

(ETAAS), and inductively coupled plasma optical emission spectrometry (ICP-OES).  The interfacing 

between the continuous-flow dialysis system and the detection method was carefully optimized.  The 

precision, accuracy and efficiency of the developed method were compared with the conventional batch 

analysis.  The developed system was applied to examine factors affecting dialyzability, or the mineral 

bioavailability of food. 

 

Keywords:  continuous-flow, sequential extraction, dialysis
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Executive Summary 

Project Title: Development and Applications of Continuous Systems for Study of Bioavailability of 
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Investigaor: Juwadee Shiowatana 

 Department of Chemistry, Faculty of Science, Mahidol University 

Email Address: scysw@mahidol.ac.th 

Project Period: May 1, 2004 – April 30, 2007 

 

 The newly developed continuous-flow sequential extraction has been applied to assess metal 

mobility, bioavailability, and the impact of heavy metals contaminated in environmental systems.  This 

type of study is considered as a futuristic approach used for planning how to perform environmental 

management.  In addition, a novel method for the determination of in vitro mineral bioavailability, or 

mineral bioaccessibility, has been developed based on a simulated gastric digestion in a batch system 

followed by a continuous-flow intestinal digestion.  The simulated intestinal digestion was performed in 

a dialysis bag placed inside a channel in a flowing stream of dialyzing solution.  The continuous flow 

dialysis in the intestinal digestion step enables dialysable components to be continuously removed for 

element detection by various methods, including flame atomic absorption spectrometry (FAAS), 

electrothermal atomic absorption spectrometry (ETAAS), and inductively coupled plasma optical 

emission spectrometry (ICP-OES).  Moreover, the proposed continuous flow dialysis system offers 

information on dialysis kinetics, which could be extrapolated to be of some use for absorption studies.  

The developed system has been applied to examine factors affecting dialyzability, or the mineral 

bioavailability of food, with the ultimate goal to find ways to overcome mineral deficiency of Thai 

people. 

 

Seventeen papers have been published in the international journals as follows: 

 

Continuous-Flow Sequential Extraction 

1. Samontha, A., Waiyawat, W., Shiowatana, J. & McLaren, R.G. 2007, "Atmospheric deposition 

of metals associated with air particulate matter: fractionation of particulate-bound metals using 

continuous-flow sequential extraction", Science Asia, vol. 33, pp. 421-428. (impact factor = _) 
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2. Buanuam, J., Miro�, M., Hansen, E.H., Shiowatana, J., Estela, J.M. & Cerda�, V. 2007, "A 

multisyringe flow-through sequential extraction system for on-line monitoring of 

orthophosphate in soils and sediments", Talanta, vol. 71, no. 4, pp. 1710-1719.  (impact factor = 

2.810) 

3. Kaewkhomdee, N., Kalambaheti, C., Predapitakkun, S., Siripinyanond, A. & Shiowatana, J. 

2006, "Iron fractionation for corrosion products from natural gas pipelines by continuous-flow 

sequential extraction", Analytical and Bioanalytical Chemistry, vol. 386, no. 2, pp. 363-369. 

(impact factor = 2.591) 

4. Buanuam, J., Tiptanasup, K., Shiowatana, J., Miro �, M. & Harald Hansen, E. 2006, 

"Development of a simple extraction cell with bi-directional continuous flow coupled on-line to 

ICP-MS for assessment of elemental associations in solid samples", Journal of Environmental 

Monitoring, vol. 8, no. 12, pp. 1248-1254. (impact factor = 1.523) 

5. Buanuam, J., Miro�, M., Hansen, E.H. & Shiowatana, J. 2006, "On-line dynamic fractionation 

and automatic determination of inorganic phosphorus in environmental solid substrates 

exploiting sequential injection microcolumn extraction and flow injection analysis", Analytica 

Chimica Acta, vol. 570, no. 2, pp. 224-231. (impact factor = 2.894) 

6. Buanuam, J., Shiowatana, J. & Pongsakul, P. 2005, "Fractionation and elemental association of 

Zn, Cd and Pb in soils contaminated by Zn minings using a continuous-flow sequential 

extraction", Journal of Environmental Monitoring, vol. 7, no. 8, pp. 778-784. (impact factor = 

1.523) 

7. Chomchoei, R., Miro�, M., Hansen, E.H. & Shiowatana, J. 2005, "Automated sequential 

injection-microcolumn approach with on-line flame atomic absorption spectrometric detection 

for implementing metal fractionation schemes of homogeneous and nonhomogeneous solid 

samples of environmental interest", Analytical Chemistry, vol. 77, no. 9, pp. 2720-2726. (impact 

factor = 5.646) 

8. Chomchoei, R., Miro�, M., Hansen, E.H. & Shiowatana, J. 2005, "Sequential injection system 

incorporating a micro-extraction column for automatic fractionation of metal ions in solid 

samples: Comparison of the extraction profiles when employing uni-, bi-, and multi-bi-

directional flow plus stopped-flow sequential extraction modes", Analytica Chimica Acta, vol. 

536, no. 1-2, pp. 183-190. (impact factor = 2.894) 
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9. Tongtavee, N., Shiowatana, J., McLaren, R.G. & Gray, C.W. 2005, "Assessment of lead 

availability in contaminated soil using isotope dilution techniques", Science of the Total 

Environment, vol. 348, pp. 244-256. (impact factor = 2.359) 

10. Tongtavee, N., Shiowatana, J. & McLaren, R.G. 2005, "Fractionation of lead in soils affected by 

smelter activities using a continuous-flow sequential extraction system", International Journal 

of Environmental Analytical Chemistry, vol. 85, no. 8, pp. 567-583. (impact factor = 0.917) 

11. Tongtavee, N., Shiowatana, J., McLaren, R.G. & Buanuam, J. 2005, "Evaluation of distribution 

and chemical associations between cobalt and manganese in soils by continuous-flow sequential 

extraction", Communications in Soil Science and Plant Analysis, vol. 36, no. 19-20, pp. 2839-

2855. (impact factor = 0.302) 

 

Continuous-Flow Dialysis 

12. Purawatt, S., Siripinyanond, A. & Shiowatana, J. 2007, "Flow field-flow fractionation-

inductively coupled optical emission spectrometric investigation of the size-based distribution 

of iron complexed to phytic and tannic acids in a food suspension: Implications for iron 

availability", Analytical and Bioanalytical Chemistry, vol. 389, no. 3, pp. 733-742. (impact 

factor = 2.591) 

13. Judprasong, K., Siripinyanond, A. & Shiowatana, J. 2007, "Towards better understanding of in 

vitro bioavailability of iron through the use of dialysis profiles from a continuous-flow dialysis 

with inductively coupled plasma spectrometric detection", Journal of Analytical Atomic 

Spectrometry, vol. 22, no. 7, pp. 807-810. (impact factor = 3.630) 

14. Shiowatana, J., Kitthikhun, W., Sottimai, U., Promchan, J. & Kunajiraporn, K. 2006, 

"Dynamic continuous-flow dialysis method to simulate intestinal digestion for in vitro 

estimation of mineral bioavailability of food", Talanta, vol. 68, no. 3, pp. 549-557. (impact 

factor = 2.810) 

15. Shiowatana, J., Purawatt, S., Sottimai, U., Taebunpakul, S. & Siripinyanond, A. 2006, 

"Enhancement effect study of some organic acids on the calcium availability of vegetables: 

Application of the dynamic in vitro simulated gastrointestinal digestion method with 

continuous-flow dialysis", Journal of Agricultural and Food Chemistry, vol. 54, no. 24, pp. 

9010-9016. (impact factor = 2.322) 

16. Judprasong, K., Ornthai, M., Siripinyanond, A. & Shiowatana, J. 2005, "A continuous-flow 

dialysis system with inductively coupled plasma optical emission spectrometry for in vitro 
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estimation of bioavailability", Journal of Analytical Atomic Spectrometry, vol. 20, no. 11, pp. 

1191-1196. (impact factor = 3.630) 

17. Promchan, J. & Shiowatana, J. 2005, "A dynamic continuous-flow dialysis system with on-line 

electrothermal atomic-absorption spectrometric and pH measurements for in-vitro determination 

of iron bioavailability by simulated gastrointestinal digestion", Analytical and Bioanalytical 

Chemistry, vol. 382, no. 6, pp. 1360-1367. (impact factor = 2.591) 

 

Fifteen papers have been presented at the international and national conferences during the past three 
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vitro bioavailability of vegetables using a novel continuous-flow dialysis system, 7th 
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Eleven students working on this project have been graduated and three are still working on the project.  

A 2-day workshop related to this study was organized in May 2007 with 64 participants from 25 

organizations at the Faculty of Science, Mahidol University to disseminate the knowledge gained from 

this study among Thai scientists and researchers. 
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1.1 
6�$� 

 

&̂))�*��+��&�������%�&�����;�%,���	
��%�$+��)��"�>&A�<&��-����A�+�)+�����$�%�$+��>
<�


����)"��&C�	
�)��<�$:�����:D��A�<+��&������%��&C�>&��%�$/@+�<�$;��$%��  &�����;�%,���	�!$��
A�

�����>�%>
<*%$�
!/F$&�����;�%,���	
��%�$+��)������/�"�>&A�<&��-����A�+�)+���>
<  +��)"�;�+���


��$�������� ��D� +���F+H�/F$�@&[�����%�$J A������)F$)"��&C�	
�)�	"�A�<	"�������<�A);��	"����

���������/A�+��
@
(F���$��������  -
�	���>&��,
+���F+H��%�&�����;�%,���	
��%�$+��)��"�>&A�<

&��-����A�+�)+�����$�%�$+��>
< ��D� bioavailability )�	"�+���F+H�A����H�� ;�%�
�<�)"�+�
�D� A�<

�������A�+���F+H� ����;:$ ;��A�<�<��@�	
�;&�&�����D��$)�+&^))����$����/��:;���������$

�%�$+��	
�>�%�����/��*���A�<���D��+��>
< 
�$��!�)F$�
+��	
��$A������	
��$;	�+��	
��$A����H�� 

(F�$�
����/@++�%� ;�%�
�<�)"�+�
�D��
����;�+�%�$��$+��*��+������*���(F���$�����	
��$+�*���H�� 

�
+	�$��D�+��F�$�D� +��	
��$A����
;+<� (F�$��,
�
!+"���$�&C�	
�������D��$)�+�&C���,
	
�$%�� ;�%��"� ��
��_� 

;������/@+ 

+��	
��$A����
;+<�������
+��:�����:D��A�<A�+��&������%�&�����;�%,���	
��%�$+��)�
@
(F�

>
<��!$;�%&' 1930 ��,
+��A����
;+<��
!A�<�<��@��+
���+�*;�%,���	
�>�%��
��<�$+�*+��	
��$A����$�
�
���  

A�&' 1981 Miller ;��	
���)�� >
<:������,
+��	
��$A����
;+<��:D��A�<A�+��&������%�&�����;�%,���

	
��%�$+�����H��)�
@
(F�>
< (F�$:*�%���
��<�$+�*��,
+��	
��$A����$�
�
���A�+��
+���F+H�,������_+ 

��,
+��	
��$��$ Miller >
</@+�"�>&:�����%��+�
�&C�+��	
��$A����
;+<�;**�D��J (F�$A�<&�����

�%�+��
@
(F�>
<��$,���	
����+���� ��%� ;���(
�� ;�� ��$+��
  ��,
+��	
��$A����
;+<�&��+�*
<��

+����+��
��;**+��*��+���%��A�+���:�������;���"�>�<��_+
<�����>(�� pepsin 	
� pH 2 �&C����� 2 

����-�$ ����%�$��!����+���%��A�+���:������� ;��
<�����>(�� pancreatin ;�� bile salts (F�$�
+��

�&�
���;&�$ pH ��%�$�%���D��$)�+ 2 �&C� 7 ����%�$��!����+���%��A��"�>�<��_+ ��
�%����$���	
������/

;:�%�%���@:�����$����*������%�$��!����+���%��A��"�>�<��_+)�A�<�:D��	"�����%� bioavailability ��$

,����%�$J 

��,
+����$ Miller ��������++����
��	
�	"�A�<���A��@&	
������/;:�%�%������*��>
<����%�$

��!����+���%��A��"�>�<��_+ ;�%��**�
!��$�
&̂�����D��$+��:����	
�;:�%�%����+)�+����*����+��+

��** (F�$>�%�����/	"�>
<����%�$+��	"�>
��>�(�����D��+�*	
��+�
�F!�)��$A���**+���%��;��+��
@


(F���$���H�� 	"�A�<�%� bioavailability 	
����������>
<)�+��,
�
!�
�%���"� 
�$��!���**>
��>�(��;**>��

�%���D��$)F$�����:������%�$;:�%���� -
�	
���)����$ Minihane >
<:������**>
��>�(��A�<�����/:�

���	
������/;:�%�%������*����+��>
<��%�$�%���D��$ ��**
�$+�%���
!&��+�*
<�� Amicon stirred cell 

�"����*+��	"�>
��>�(�� pH )�/@+&��*A�<�&�
���>&��%�$�%���D��$)�+ 2 �&C� 7 ���A� 30 ��	
 +%�������	"�

+��>
��>�(�� )�+��!�	
���)����$ Shen >
<:����A�<�
+��&��*�&�
��� pH ����%�$	"�>
��>�(��;	�+��

&��* pH +%��+��>
��>�(��  Shen 	"�>
��>�(��-
�+��&��* pH 
<��+�������������� NaHCO3 A�
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&�����	
��	%�+�*�%�&�������$�����&C�+�
 (titratable acidity) ��$�����%�$	
��%��+���%��
<�����>(�� 

pepsin ;�<� +��>
��>�(��)�	"�A���������
��_+���A�<����
�� 50 psi 

Wolters ;��	
���)��>
<:������**���
;+<��"����*��,
>
��>�(��;**>���%���D��$ -
�A�<

��**�@:�����$����*��;**	%�+��+��$ (hollow-fiber) ��**�
!&��+�*
<�������	"�&��+�����	
���$��@%

A� water bath 	
�&��*�����@��>�< 41 �$���(��(
�� ������;��������$�����)�/@+&^���%��	%�
@
>&��$�@

:�����$����*��;**	%�+��+��$���
����
�
	
�/@+�%�>�<	
�&���	�$��<���$ hollow-fiber ;���
;	%$

;�%���_+�����:D��&��$+��+����
�����$���������
A��%  ������	
������/;:�%�%�� hollow-fiber >
<)�

/@+*��)��$A���
:�����+�:D��	"�+������������%�>&  (F�$�$��&��+�*�%�$J�����//@+�%��;���"���
�$

>&�@% hollow-fiber )����_)��!����+��>
��>�(�� 

Multicompartmental computer controlled simulated gastrointestinal digestion system >
</@+

:�����F!�;��&����+��A�<A�+��&�������%� bioavailability  ��**�
!&��+�*
<���%���%�$J 	
�

��+��
��;**��**+���%��A�+���:�������;���"�>�<�%���%�$J (duodenum, jejunum ;�� ileum)  �%��

�%�$J ��!�)�/@+�%���D���+�*&^��	
���*���+��&�%�����>(���"����*+���%��  ��**�
!)��%���<�+�* rotary 

pumps ;�� syringe pumps �"����*��*�������
���!"�;��+������$��� ��D��$)�+$���
!�
���/�&���$��A�

+����
��;**��**+���%��;��+��
@
(F���!$;�%+���:�������)�/F$�"�>�<A��% ileum )F$�&C���**	
�

�%���<�$(�*(<��;��>�%$%����+	
�)���<�$�F!� ��,
+����%�$$%��	
�)�&�������%� bioaccessibility >
</@+:����

-
������!"�����	
�� �!"��%��A�+���:�������;���"�>�<��_+ (F�$��,
+���
!A�<�<�

�D� ��
�+;����
��_� ;�%

��%�$>�+_���+��
@
(F�A�<�����:
�$>�%+
���	
 �����%�$�������))�/@+�%��;��
@
(F��:
�$*�$�%���	%���!�

A�$����)���
! >
<:������**+��(F��%����D��*�$;**>���%���D��$ (��**>
��>�(��;**>��

�%���D��$)��%�$$%��-
���,
A����
;+<��:D��)"���$+���%��A��"�>�<��_+ :�)����)�++��
@
(F�;�%,���)�

�+�
�F!�	
�*������"�>�<��_+ ��**	
�:�����F!��
!/@+��+;**�"����*+��>
��>�(��	
���!����+���%��;��+��


@
(F�	
��"�>�<��_+-
�+��>���%����$�������� (���������)D�)�$ NaHCO3) 	
���@%��*/�$>
��>�(��	
�

���A�*��)������	
��%��+���%��
<�����>(�� pepsin A�+���:�������;�<� ��!����+���%��A�+���:��

�����	"�A���**;*	�� 	"�A�<�:��� sample throughput ��D��$)�+�����/	"�+���%��:�<��J+������J

�����%�$>
< A���!����+��)"���$+���%��A��"�>�<��_+��!�+���&�
���;&�$ pH )��+�
�F!�A+�<��
�$+�*�����

	
��+�
�F!�)��$A��"�>�<��_+ (F�$��*���>
<)�++����D�+A�<�����+��>��;��������<��<���$�������� 

NaHCO3 	
��������  ���	
������/;:�%�%����+��+�*�������� NaHCO3 )���
�+�%� dialysate (F�$/@+�+_*

A���
:�����+;�������������&�����;�%,���	
������/;:�%�%������*����+��>
< +��[	
�:����

����%�$&�����;�%,���	
������/>
��>�(�>
<+�*����A�+��	"�>
��>�(����$A�<�<��@����$)����������$

+��*��+��>
��>�(���
+
<�� ;��>
<	"�+��	
��*&����	,���:��$��**	
�:�����F!�-
�+��

&����+��A�<+�*�����%�$ calcium carbonate tablets ;�����$ �:D���F+H��%� dialyzability ��$;���(
�� 
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1.2 �����������	-0���6)��� 

 

1.2.1 �������

��

+)��+�*	��

+%����!�"#�� 

(Continuous-flow dialysis system) 

 

 

 

 

 

 

 

 

���60# 1.1 ��**+��(F��%����D��*�$;**>���%���D��$ (��**>
��>�(��;**>���%���D��$) �:D��A�<�&C���**

;**���
;+<�A�+��)"���$+���%��;��
@
(F������A��"�>�<��_+

 

 +����+;**��**+��>
��>�(�� �
���/�&���$�� 3 �<� 
�$�
! 

- �
+���&�
��� pH A���!��<���$+��>
��>�(�� 

- �
������
�+A�+���������>(�� 

- �����/:� dialysate ��+)�+��**>
��>�(������%�$+��>
��>�(��>
< 

 

  ��**>
��>�(��	
�>
<�����F!�
�$;�
$A��@&	
� 1.1  &��+�*
<��������
#�&�
	
�	"�)�+

;+<� (dialysis chamber) ������� 20 �(������� ;�����
��<��%���@���+��$���A� 0.8 �(������� ���A�

�����+�*#�&�
*��)�
<������*��	
��
�@:������
 12,000-4,000 Da 	
���
�&C�/�$-
�	
�&���
<����F�$�
	%�

(���-�� ������� 5 �(������� ;�����
��<��%���@���+��$���A� 0.2 �(������� �%��&����
+
<����$

	%�(���-����
�%��#�&�
��$������:D���%�+�*��������	�$ (F�$�%�+�*+��*�+�

���
 3 ��������� �:D��

�

�����	
��%��+���%��
<�����>(�� pepsin;���

���>(���D��	
�)"��&C���<��@%/�$>
��>�(�� ����%�$�����

+�*#�&�
/@+��!�
<��;�%�(���-�� -
�	�!$��
/@+�F
A�<��
��<�
<��+�� ���$)�+��!��"������;+<��"����*

>
��>�(����$�$A� water bath 	
���!$�����@�� � 37 + 1 �$���(��(
�� ;�����%����>
��>�(�� 

�������� NaHCO3  /@+&^����<��@%��**>
��>�(��
<�������+��>�� 0.5 – 1.0 ����������%���	
 (F�$)�+

+���F+H�:*�%� �����+��>����$�������� NaHCO3  	
���������D� 1.0 ����������%���	
 dialysate )�/@+

:���+)�+�����;+<�;�<��+_*A���
:�����+��%�$�%���D��$ 
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A�+��>
��>�(�� /�$>
��>�(��)��<�$����
 +%��+���

�����%�$��<�>& )��<�$>�%

��+��;����������	
���@%���A�/�$>
��>�(����+A�<��
-
�A�<+��*�+�

	
��%���<�+�*	%�(���-��	
�

��
��@%���A�/�$>
��>�(�� )�+��!��

�����%�$	
��%��+���%��
<�����>(�� pepsin 2.5 +��� �%��	%�(���-��

����
�� ;�<�:��������� NaHCO3  ��<��@%��**>
��>�(��
<�������+��>�� 1.0 ����������%���	
 ��D�

���	
��<�$+�� 

 

1.2.2 !1�"#���"� 

Flame atomic absorption spectrometer (FAAS), Perkin-Elmer Model 3100 

pH meter, Denver Instrument Model 215 (USA) 

Incubater shaker, Grant Instrument Model SS40-D2 (Cambridge, England) 

 

1.2.3 ���!1�0����������� 

���>(�� pepsin (P-7000, from porcine stomach mucosa) 

���>(�� pancreatin (P-1750, from porcine pancreas)  

bile extract (B-6831, porcine) Sigma (St. Louis, MO, USA). 

��������;���(
������E�� (1000 �����+����%�����) 

�����%�$ >
<;+% ;���(
������*����;**��_
 ;�� �����%�$�� 

 

+�����
���������� pepsin:  ����� pepsin 0.16 +��� A���������+�
>�-
������+ 

0.1 -����� 1 ��������� 

+�����
�� pancreatin–bile extract (PBE) mixture: ����� pancreatin 0.004 +��� ;�� bile 

extract 0.025 +��� A��������� NaHCO3 0.001 -����� 5 ���������  

 

1.2.4 �	-0���6)��
��	����1�!*0��60#�06�N�%�)���������������	����1�!*0��60#�0

����������%������+)��+�*	� 

A�+�����������&�����;���(
��	
��
	�!$��
A������%�$	"�>
<-
�����������%�$ (250 

�����+��� �"����*;���(
��;**��_
 ;�� 10.0 +��� �"����*���D��$
D����) ;�<�	"�+���%��
<����������+�


>����+)�+��	��$>
<��������A� )�+��!��)D�)�$
<���!"�*����	,�� &��*&�������&C� 100.0 ��������� �"����*

��$���	
����D���@%���A�/�$>
��>�(��	
�>
<���$+��	"�>
��>�(�� (retentate) ��!� )�/@+/%���$*
+�+���

���
 100 ��������� ;���<�$/�$>
��>�(�� 2 ���!$ 
<���������� EDTA 0.01 -����� ;�����
<��

��������+�
>����+ 2 �&����(��� �
+ 2 ���!$ )�+��!�	"�+���%��)�>
<��������A� ;�<������������

&�����;���(
��
<���	���� FAAS  
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1.2.5 �	-0���
$����������������!�����%������	-0���%� Titratable acidity 

��!����+��)"���$+���%��A�+���:���������������++����$ Miller �"����*�����%�$

;���(
������*����;**��_
 A�<;���(
������*���� 1 ��_
 (�����%�$���$ 10.0 +���) �����A��!"� 90 

��������� &��* pH �&C� 2.0 
<����������+�
>�-
������+  )�+��!������������� pepsin 1.5 ��������� 

&��* pH �&C� 2.0 �
+���!$
<����������+�
>�-
������+ ;�<�&��*&������
<���!"��&C� 100 ��������� ;�<�

���%�	
������@�� 37 �$���(��(
�� �&C����� 2 ����-�$ &��* pH �&C� 2.0 	�+J 30 ��	
 

Titratable acidity ��$�����%�$ ��>
<-
��"������%�$	
��%��+���%��
<�����>(�� pepsin 2.5 

��������� ������ PBE mixture 625 >�-������ ;�<�>	�	�	
<����������-(�

��>�
��+>(
���<��<� 

0.01 -����� )�+��	��$>
< pH 7.5 

 

1.2.6 �	-0���+)��+�*	��

��)�� (Equilibrium dialysis system) 

*��)������%�$	
��%��+��)"���$+���%��A�+���:�������
<�����>(�� pepsin 2.5 +����$

A�/�$>
��>�(��	
�*��)�A������;+<� ;�<������������� NaHCO3 3 ��������� 	
��
&����� NaHCO3 

���:��,�+�*�%� titratable acidity �$A�*�����	
��%�$����%�$/�$>
��>�(��+�*�����;+<� )�+��!����%������

;+<��<�$�<� � �����@�� 37 �$���(��(
�� �&C����� 30 ��	
 ;�<����� PBE mixture 625 >�-������ �$A�/�$

>
��>�(�� ���%������;+<��<�$�<� � �����@�� 37 �$���(��(
�� �&C����� 2 ����-�$ dialysate )�/@+�+_*A�

��
����"�
�*�:D�����������&�����;���(
�� 

 

1.2.7 �	-0���!�"����������+%����1���!,��,��,���������� NaHCO3 �$�%��
��



+)��+�*	��

+%����!�"#�� 

��!����;�+ A�<��������;���(
������E��	
����
��A���������+�
>�-
������+ 

0.01 -����� �&C������%�$A�+���F+H�/F$��	,�:���$�����+��>����$�������� NaHCO3 A���**

>
��>�(��;**>���%���D��$ -
�*��)������%�$	
��%��+��)"���$+���%��A�+���:�������
<�����>(�� 

pepsin 2.5 +��� �$A�/�$>
��>�(�� 	"�+��>
��>�(��
<���������� NaHCO3 0.001 -����� 	
������+��

>���%�$J ;���+_*��������	
�>
<)�++��>
��>�(�� ��%�$�%���D��$ ;�<��"�>&���������&�����;���(
�� 

�����+��>��	
���������D������+��>��	
�+��>
��>�(���+�
>
<��*@���-
�A�<����>�%���;��

��������	
�>
<)�++��>
��>�(��>�%�+�
+���)D�)�$��+)��+��>& 


�$��!� )�A�<�����+��>����$�������� NaHCO3 	
��������A�+���F+H�������<��<�

��$�������� NaHCO3 �%�$J 	
��
���%�+���&�
���;&�$ pH ��$�����%�$	
��%��+��)"���$+���%��A�

+���:�������	
��
�%� titratable acidity �%�$+�� &��+�*
<�� ��������+�
>�-
������+ 0.01 -�����  

��������+�
>�-
������+ 0.01 -�����;����������+�
;������*�� 0.04 -�����  ��������+�


>�-
������+ 0.01 -�����;����������+�
;������*�� 0.09 -����� (F�$;�%�����%�$�
!�
 pH �	%�+�* 2.0  
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;���
�%� titratable acidity 0.01, 0.05 ;�� 0.10 -���������"�
�* �����%�$
�$+�%�� 2.5 ��������� )�/@+�

��<�

��**+��)"���$+���%��A��"�>�<�%�>& 

 

1.2.8 �	-0���+)��+�*	���%��)�����

+%����!�"#�� 

(Continuous-flow dialysis system) 

��!�;�+ ���
��/�$>
��>�(��;�<�*��)��$A������;+<��"����*>
��>�(��
�$	
�>
<�,�*��

>&;�<� A�<;�%�(���-����������%�$#�+�*�����;+<��:D��A�<&�
���	 ;�<��"������;+<��"����*>
��>�(��

�
!�%�+�*	%�	
�:��������� NaHCO3 	�!$��<�;����+)�+�����;+<� ���$)�+��!�)�%������;+<��$A� water 

bath 	
���������@�� � 37 + 1 �$���(��(
��  �

�����%�$	
��%��+��)"���$+���%��A�+���:���������<��@%/�$

>
��>�(���%��	%�(���-��
<��+��*�+�

 �����+��>
��>�(��
<��+��:��������� NaHCO3 ��<��@%��**


<�������+��>�� 1.0 ����������%���	
  �+_* dialysate �$A���
:�����+	�+ 10 ��	
 ���$)�+>
��>�(��

>
< 30 ��	
 �

 PBE mixture 625 >�-������ �$A�/�$>
��>�(�� ;�<�	"�+��>
��>�(���%��
+ 2 ����-�$ 

;�<��"� dialysate >&���������&�����,���
<���	���� FAAS &�����,���	
�>
��>�(�>
<��!��"����>
<)�+

�������$	�+��
 

 

1.2.9 �	-01$����1��1��������V60#�������
��$����-���+���� (Dialyzability) 

&�����;���(
��	
������/>
��>�(������/ �"�����&C��&����(��� Dialyzability >
<
�$

��+�� 

Dialyzability (�&����(���)  =  ( D – B ) x 100 

              W x A 

��D��   D  �D� &�������$,���	
�>
��>�(�>
<A������%�$ 

B  �D� &�������$,���	
�>
��>�(�>
<A� Blank 

W  �D� �!"����+�����%�$ 

A  �D� ������<��<���$,���A������%�$ 

 

�"����*��,
>
��>�(��;**��
�� ;���(
��	
�>
��>�(�>
<)��"����-
��"����&�����	
�

���������>
<�@���$A�+��
	
�&��������$�����%�$A�/�$>
��>
(��+�*&��������$�������� NaHCO3 	
�

A�<�	%�+�� ��D��$)�+ ,���	
������/>
��>�(�>
<�:
�$��F�$�

���	%���!�	
�)�;:�%�%������*����+��>
<  /<�

&��������$�����%�$A�/�$>
��>�(��+�*&��������$�������� NaHCO3 	
�A�<>�%�	%�+�� �<�$�"����A�<

/@+�<�$ 
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1.3 4����6)�������	
���� 

 

1.3.1 �������

��

+)��+�*	��

+%����!�"#��!�"#����������1��1��������V

60#�������
��$����-���+���� 

+��
@
(F�;�%,����+�
�F!�	
�*������"�>�<��_+�%���<� +��)"���$�����A��"�>�<��_+)F$�&C�

�%���"����A�+��:������**�:D��&������%�+��
@
(F�>
<��$;�%,��� /<������+�

%�$A��"�>�<�%�$+��)�

�
���%�+��
@
(F�>
<��$;�%,��� 
�$��!�+���F+H��
!)F$��A)+��*��+���&�
���;&�$ pH (F�$�&C����;&�	
�

�"���������F�$A���!����+��	"�>
��>�(�� -
�+��[+���&�
���;&�$ pH 	
�>
<)���
��<�$+�*+��[

>
��>�(�� ��,
>
��>�(��;** dynamic >
</@+:����-
���+��)������+��%� ��%� Milller, Minihasnfe, Shen 

;�� Wolters ;��A�$����)���
! �
+��&��* pH 	
�;�+�%�$+�� 

+���F+H������+��>��;��������<��<���$�������� NaHCO3 	
�������� �


���/�&���$���:D����
��;**��**+���%�������A��"�>�<��$���H�� 
�$�
! 

1. +���&�
��� pH )�+ 2.0 �&C� 5.0-6.0 A� 30 ��	
 ;�<��&�
��� pH �&C� 7.0-7.5 ���A� 60 

��	
 ;���$	
����$)�+�
! 

2. +���������>(���"����*+���%�� � ����	
��<�$+���%������� 

3. +���+_* dialysate ��%�$�%���D��$��+)�+��**>
��>�(�� 

 

������/�&���$���<�$�<� )F$�F+H�+�������+��>��	
�������� ;�� ������<��<���$

�������� NaHCO3 	
�������� ����"�
�* 

��**	
������<�$�<������/�"�����D���+�*���D��$ FAAS 	"�+�����)��
;** on-line >
< 

;�%A�+���F+H��
!)��+_*��������	
�>
<)�++��>
��>�(���&C���
	�+ 5 ��D� 10 ��	
 ;�<����������

&�����;���(
���%�>& A�+��
�
! dialysate *�$�%���	%���!�	
��"�>&�����������&�����,��� (F�$�����/�+_* 

dialysate ��!�>&��
 pH ;�������/�+_*>�<���)��
(!"�>
< 

 

1.3.2 ���!�"����������+%�60#!%�����,����������.*!)0��+
1���
�!�� 

+��)"���$+���%��A�+���:�������
<�����>(�� pepsin 	
� pH 2.0 	"�A���**;*	�� 

�"����*��**+���%��A��"�>�<�&C�;**>
��>�(��	
���
��-
�	
������%�$)�/@+;�%��@%A����+��$�D� 

�������� NaHCO3 	
��
������<��<�������� >���%��/�$>
��>�(��	
����A�*��)������%�$	
��%��+���%��


<�����>(�� pepsin �%����$��������	
������/;:�%�%������*��)�/@+�+_*�&C��%��J  (F�$>
<

	"�+���F+H������+��>��	
�����������/F$������<��<���$�������� NaHCO3 	
�������� �%�+��

�&�
���;&�$ pH A�+��	"�>
�>�(�� A�	�$	IH�
 ��+A�<�����+��>��	
���_�)�	"�A�<+�����D��������$

��������	
�>
<)�++��>
��>�(����+)�+��**>
<��_� 
�$��!������/�
����A�+��	"�>
��>�(��
<��
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+��A�<�����+��>��	
���_�>
< ;�%��%�$>�+_���)�	"�A�<�+�
+���)D�)�$��$ dialysate +����D�+�����+��>��

	
��������)F$�<�$:�)����A�<+��:���������	
�>
<)�++��>
��>�(����+)�+��**>
<��_�;���<�$>�%	"�

A�<�+�
+���)D�)�$	
���+�+��>& �@&	
� 1.2 ;�
$+��[>
��>�(����D��A�<�����+��>���%�$J (F�$;�
$/F$+��

�&�
���;&�$��$;���(
��	
������/>
��>�(�>
<��D��A�<�����+��>�� 0.5, 1.0 ;�� 2.5 ����������%���	
 

A�+��:� dialysate ��+)�+��**>
<��%�$��*@�����!� ��+A�<�����+��>�� 2.5 ���������

�%���	
 )�A�<�����:
�$ 50 ��	
 ;�%/<�A�<�����+��>�� 0.5 ����������%���	
 )�A�<�������&����� 100 

��	
 ;�%������<��<���$;���(
��A���������	
�>
<)�++��>
��>�(��)���"�+�%���D��A�<�����+��>��	
���_�

(F�$�&C���)�++���)D�)�$	
��+�
�F!� 
�$��!������+��>��	
���������"����*+���F+H��
! >
<;+% 1.0 ���������

�%���	
 ��D��$)�+A�<����A�+��>
��>�(�����_)��*@������A����� 1 ����-�$ ;��+���)D�)�$	
��+�
�F!���@%

A��+�=�	
������*>
< 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

���60# 1.2 +��[;�
$ (a) &�����;���(
��	
�/@+>
��>�(�>
<  (b) &�����������$;���(
��	
�/@+>
��>�(�

>
< �����+��>���%�$J ��$ dialyzing solution  -
�A�<;���(
��������<� 100 �����+����%����� 

&����� 2.5 ��������� 
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1.3.3 ���!�"��1���!,��,��,����������.*!)0��+
1���
�!��60#!%����� 

	"�+���F+H��:D��&�������%�������<��<���$��������	
�A�<A�+��	"�>
��>�(���:D��A�<

+���&�
���;&�$ pH �&C�>&��������	
��+�
�F!�)��$ �@&	
� 1.3 ;�
$+��[��$+���&�
���;&�$ pH ��D��A�<

������<��<���$�������� NaHCO3 �%�$J >
��>�(������%�$;���(
��;**��_
	
��%��+��)"���$+���%��

A�+���:�������(F�$�
�%� titratable acidity 0.01, 0.05 ;�� 0.1 -����� ����"�
�* ��+��	
��$:*�%� ����

��<��<���$�������� NaHCO3 	
��������A�+��>
��>�(�� +�* �%� titratable acidity ��$�����%�$ �&C�
�$

��+�� 

 

������<��<���$�������� NaHCO3       =   Titratable acidity A���%��-����� 

             25 

 

��D��	"�+��>
��>�(�������%�$;���(
��;**��_
	
��
�%� titratable acidity �%�$J -
�A�<

������<��<���$�������� NaHCO3 	
��"����)�+��+���<�$�<� :*�%�+���&�
���;&�$ pH ���>
��>�

(��A+�<��
�$+�*�����)��$�&C�	
��%�:�A)  
�$��!���+���<�$�<�)�A�<A�+����������<��<���$�������� 

NaHCO3 	
��������A�+��>
��>�(�������%�$;���(
��;**��_
�%�>& ��+�&�
������
��$�����%�$)"��&C�

)��<�$�F+H��������:��,���$������<��<���$�������� NaHCO3 	
��������A�+��>
��>�(�� +�* �%� 

titratable acidity A������%�$���
��!�J  ��%� +��
�����%�$���D��$
D���� :*�%� ������<��<���$�������� 

NaHCO3 	
��������A�+��>
��>�(�� �	%�+�* �%� titratable acidity A���%��-����� ���
<�� 50  ����

;�+�%�$	
��+�
�F!��%�)��
��������)�+A������%�$���D��$
D����	
��%��+��)"���$+���%��A�+���:��������


&��������;��������++�%� (F�$��)	"�A�<�����+��;:�%�%������*���<��$ 
�$��!� �"����*+���F+H�

�����%�$�%�$���
)F$)"��&C�)��<�$�F+H��������:��,���$������<��<���$�������� NaHCO3 	
��������

A�+��>
��>�(��+�*�%� titratable acidity A������%�$���

�$+�%��
<�� 
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���60# 1.3 ��	,�:���$������<��<���$ NaHCO3 �%�+���&�
���;&�$�%� pH ����%�$ dialysis �"����*�����%�$

	
��
�%� titratable acidity �%�$J ���$�%��+��*��+���%��
<�� pepsin 	
������+��>�� 1.0 ���������

�%���	
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1.3.4 ���&'�(�1���V������,����

60#�����,'N� (Method validation) 

��D��$)�+>�%�
�������E��	
�A�<�<��@��+
���+�*�%����������/	
��%�$+��)��"�;�%,���>&

A�<>
< )F$�
����)"��&C�A�+���F+H������%���D��/D���$��**	
�:�����F!��
! -
�	"�+���F+H� analytical 

recoveries ��$,���	
���A) A�+��	
��$�
!A�<�����%�$���$�:D���F+H����%����������/	
��%�$+��)��"�;�%

,���>&A�<;���%��	
��%�$+��>�%�����/�"�;�%,���>&A�<>
< ����$	
� 1.1 ;�
$��+���F+H� :*�%� % 

dialyzability A+�<��
�$+�� ;��:*�%�A�< % recovery 	
������*>
< 

 

�����60# 1.1 �%� analytical recovery ��$,���;���(
���"����*�����%�$���$ (n = 3) 

Total calcium 6890 ± 120 mg kg-1 

 

1.3.5 ���&'�(�1��1��������V60#�������
��$��1�!*0��+����+)� ���0��������

�1�!*0��1���
�!���

!�X)���!1�"#��)"#��� 

�����%�$+��&����+��A�<��**	
�>
<:�����F!�A�+��&������%�+��
@
(F�>
<��$;���(
��

A������%�$���D��$
D���� >
<��+��	
��$
�$;�
$A�����$	
� 1.2 -
�;�
$�%��&�
�*�	
�*+�*��,
+��

>
��>�(����$+��%�$����)���D��J 	�!$;**>
�����;��;**��
��  

��D��$)�+��$>�%�
��,
>
��>�(��A
	
�/@+�����*�&C���,
����E���:D��A�<&������%�+��
@


(F�>
<��$;�%,���A������ 
�$��!�+��%���+��)���%�$J )F$�
��,
+��;��A�<������%�$+�� ��+)�+��!�;�<�

�$��&��+�*�%�$J A������%�$+_�
���%�+��>
��>�(�� �$��&��+�**�$���	"���<�	
��%��A�<>
��>�(�>
<

��+�F!� A����	
��$��&��+�**�$���)�>&��*��!$+��>
��>�(��  (F�$�������%�$J 
�$	
�+�%���� 	"�A�<+��

�&�
�*�	
�*��+��	
��$)�++��%�$����)���%�$J �&C�>&>
<��+ 

�����%�$ Dialyzed    Non-dialyzed   %Recovery 

 Amount 

(mg kg-1) 

%Dialyzability  Amount 

(mg kg-1) 

%Remaining   

���$ 4680 68.1  1800 26.2  94.3 

 4500 65.4  2270 33.1  98.4 

 4780 69.5  2080 30.3  99.8 

�%����
�� 4650 ± 140 67.6 ± 2.1  2060 ± 240 29.9 ± 3.4  97.5 ± 2.9 
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�����60# 1.2 �&�
�*�	
�*�<������$ bioavailability (dialyzability) ��$,���;���(
��A������%�$���D��$
D��

���%�$J ;�� calcium carbonate 	
����������>
<)�++��%���)���%�$J   

 

Sample In vitro  In vivo Ref. 

 Continuous flow Equilibrium   

Powder cow milk 42.7 ± 2.5a 16.3 ± 1.1a (32.6 ±2.2) - This work 

Powder milk-based formula 67.7 ± 2.1 - - This work 

Cow milk - 20.2 ± 1.4 - [22] 

Cow milk - 17.0 ± 0.8 - [18] 

Milk-based formula 13.9 ± 2.6b 10.2 ± 0.7 - [13] 

Milk-based formula 4.3 ± 0.6c - - [13] 

Cow milk - -  46.3 ± 9.5 [23] 

Whole milk - - 31 ± 3 [24] 

Powder cow milk - - 37.4 ± 8.7 [25] 

Calcium carbonate 72.8 ± 2.2a 32.4 ± 1.5a (64.8 ± 3.0) - This work 

Calcium carbonate - - 43.0 ± 5.9 [25] 

Calcium carbonate - - 39 ± 3 [24] 
a n = 3, in brackets are corrected values (
@���	
� 1.2.9) 
b By Shen’s method 
c By Minihane’s method 

 

  ��+��	
��$:*�%� A�$����)���
! +��
�����%�$���D��$
D������� :*;���(
��	
�>
��>�(�

>
<  32.6 ;�� 42.7 �&����(��� ��D��A�<��,
>
��>�(��;**��
��;��;**>
���������"�
�* �
+���F+H�A�

�����%�$���D��$
D���� (F�$:*;���(
��	
�>
��>�(�>
<��+/F$ 67.7 �&����(��� -
��%�&�����+��
@
(F�>
<

��$;���(
��A������%�$���D��$
D����)�++��%���)���%�$J :*A��%�$ 4.3 /F$ 46.5 �&����(��� (F�$�%�	
�;�+�%�$

+���
! �%�)��
��������)�+����;�+�%�$��$�$��&��+�*A������%�$���D��$
D����	
��F+H� ��,
+��	
��$ 

;�� �����	
�A�<   

  +��
�����%�$;���(
������*����;**��_
  $����)���
! :*;���(
��	
�>
��>�(�>
<  64.8 

;�� 72.8 �&����(��� ��D��A�<��,
>
��>�(��;**��
��;��;**>
���������"�
�* ��+��)��*�$+��%����$��

�%� +�������	
�>�%��*@���;���

)"�+�
��$+�������;���(
������*����)��%$���%����������/A�+��

>
��>�(���$;���(
��  A�$����)���
! :*�%� ���$+��)"���$+���%�������%�$A�+���:�������	
� pH 2.0 

�&C����� 2 ����-�$��!� ��������	
�>
<�%���<�$A� ;�
$�%������%�$;���(
������*���������>
<�+D�*��
  

(F�$��))��&C�������	
�>
<�%�  dialyzability 	
��@$+�%�$����)���D�� �%���%�	
�>
<)�+��,
>
��>�(��;**��
��

:*�%���"�+�%� ��)��D��$��)�+���	
�>
<)�++��>
��>�(��*�$�%�����>&����&�
�����������$>
��>�

(��;�<��"�>&���������&����� (F�$��))���
��@%	
������(F�$��!�����
! >�%:*A���,
>
��>�(��;**>
�����  
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�%����+��	
��$)�+��,
���������A����$�
�
���;**��
�� :*�%� >
<�%� bioavailability ��"� (43.0 ;�� 39 

�&����(���)  

  ��D��$
<����,
+��>
��>�(��;**A����
;+<���
��<�$+�*+��&������%�	
�;	<)��$ +��

A�<��,
+���%�$J �:D���F+H� bioavailability )"��&C��<�$:�)���������	
�A�<��%�$����
����$;��+�����$���%�

�%�$J �����)�++��A�<��,
+���

��+�����A�<������

��+��  �:D��A�<����A)�%�A�+��>
��>�(��;�%�����!$

	"����A�<������

��+�� $����)���
!)F$>
<����+�����)��
�%� pH 	
��&�
���;&�$���	"�>
��>�(�� +��[

>
��>�(��;��+��[+���&�
���;&�$ pH ���	"�+��>
��>�(�������%�$;���(
������*����;**��_


���$)�+�%��+��)"���$+���%��A�+���:������� ;�
$
�$�@&	
� 1.4  +��[ pH 
�$+�%�� �
!A�<��_�/F$+��

�&�
���;&�$ pH  	
��&C�>&��������)��$	
��+�
�F!�A����H�� +��[>
��>�(����$;���(
��)��
�%��@$A�

�%���<� ;�<��
�$��%�$�%���D��$���D��+�*+��[�@&	
� 1.2 +��>
��>�(����%�$��*@���A�<�����:
�$ 60 ��	
 

���D��+��+�*+��
�����%�$���D��$
D���� 

  +��[>
��>�(��;��+���&�
���;&�$ pH �%�)��&C�&��-����A�+���F+H��&�
�*�	
�* 

dialyzability ��$�����%�$�%�$���
;��+���F+H���	,�:���$�$��&��+�*A������%�$	
��
���%� dialyzability 

(F�$�<��@�
�$+�%��>�%�����/���������
<����**>
��>�(��;**��
��>
< 

 

 

 

 

 

 

 

 

 

 

 

 

���60# 1.4 +��[;�
$&�����,���;���(
��	
�>
��>�(�>
<;��+���&�
���;&�$ pH ��$��_
 calcium 

carbonate -
���,
+��>
��>�(��A����
;+<�;**>���%���D��$ 

 

1.4 
6���� 

+��)"���$��**+���%��A��"�>�<>
</@+:�����F!��:D��&������%�+��
@
(F�>
<��$;�%,��� ��,


>
��>�(��A����
;+<�;**>���%���D��$�%�)��&C���,
	
�A+�<��
�$+�*��**)��$	
��+�
�F!���++�%���,
>
��>�

(��A����
;+<�;**��
����D��$)�+���	
�;:�%�%������*��>
<)�/@+:���+)�+��**���	"�>
��>�(�� 
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A�$����)���
!��**>
��>�(�� ��%�$$%��;**>���%���D��$>
</@+:����;��A�<A�+��&������%�;���(
��	
�

�%�$+��)������/
@
(F�>
< ;�<��"����&�
�*�	
�*+�*��,
>
��>�(��;**��
�� �%��	
��"����A�+��)"���$

��**+��
@
(F�A�<���D��A��"�>�<+_�D� +��&��* pH ����+�
+���%��A��"�>�<  (F�$	"�>
<-
�+��A�<�����

+��>��;��������<��<���$�������� NaHCO3 A�+��	"�>
��>�(��A�<�������  �$D���>�	
��������

�"����*��,
>
��>�(��;**>���%���D��$ �D� A�<�����+��>����$�������� NaHCO3 �	%�+�* 1.0 ���������

�%���	
 ;��������<��<���$�������� NaHCO3 �F!�+�*�%� titratable acidity ��$�����%�$ ��+)�+��!�;�<�

+�����
�� PBE mixture ������
��A��������� NaHCO3 ��<��<� 0.001 -����� �:D��A�<�
���%�+��

�&�
���;&�$ pH �<��	
���
 ;	�+�����
��A��������� NaHCO3 ��<��<� 0.1 -�����(F�$A�<A���**>
��>�

(��;**��
�� )�+��+��	
��$:*�%���**	
�>
<������!� A�<+���&�
���;&�$ pH  ��%�$�%���D��$  ��,


>
��>�(��;**>���%���D��$>�%>
<A�<�<��@���:���%� dialyzability ��$,����%�$J �:
�$�	%���!� ;�%��$

�����/A�<+��[>
��>�(���:D��+���F+H��������
�
�D��J>
< +���&�
���;&�$ pH ���>
��>�(��)��
��

�%��%� dialyzability ��D��$)�+*�$,����+�
+���+��+��  )F$>
<�
+��:����+�����)��
�%� pH ��%�$�%���D��$

>&:�<��J +�*+��>
��>�(��  +��[>
��>�(��	
���
��<�$+�* pH 	
��&�
���;&�$)��%��A�<��<�A)/F$+��

>
��>�(�� � �����%�$J ;����	,�:���$�$��&��+�*A������%�$	
��
���%��%� dialyzability ��$,�����!� 

��**	
�/@+:�����F!��
!�����/�"�>&��D����%�+�*��**���)��
,���;**�D��>
< ���/F$�����/

���)��
;** on-line>
< A����	
� 1 �
!����+������������:
�$,����

�� �D� ;���(
�� 
<���	���
 FAAS 

;** off-line  A�+���F+H�A�����%�>& ��**>
��>�(��;**>���%���D��$)�/@+��D����%�+�*��%��

���)��
 ��%� ETAAS (���	
� 2), ICP-MS, ICP-OES (���	
� 3);�����)��
;** on-line �:D��A�<�����/

���)��
,���>
<����J ,���>&:�<��J +��;���:D��;�
$A�<��_�/F$+��A�<&��-������$+��[>
��>�(�� 
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���60# 2 

����������

+)��+�*	��

+%����!�"#��60#!�"#�������
 

Electrothermal atomic absorption spectrometer (ETAAS) 

��� pH meter (CFD-ETAAS-pH) 

 

2.1 
6�$� 

 

2.2 �����������	-0���6)��� 

2.2.1 ������
 

2.2.2 ���D��$�D�;����&+��� 

2.2.3 ��&+����"����*�+_*�����%�$�:D�����������
<���	���� ETAAS ;����&+����:D�����)��
 pH  

2.2.4 ��,
+��)"���$+���%��A�+���:�������;��+���%��A��"�>�< 

2.2.4.1 ��,
>
��>�(��;**��
�� 

2.2.4.2 ��,
>
��>�(��;**>���%���D��$ 

2.2.4.3 +�����������&�����,������_+	�!$��
	
��
A������%�$���D��$
D����;��,������_+	
�

���D�)�++��>
��>�(�� 

2.2.4.4 +���"�����%� Dialyzability 

 

2.3 4����6)�������	
���� 

2.3.1 +��[>
��>�(�� 

2.3.2 �%� Dialyzability ��$,������_+A������%�$�� 

2.3.3 +���F+H�����/@+�<�$��$��**	
�:�����F!� (Method validation) 

 

2.4 
6���� 

 

2.5 !����������	� 
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2.1 
6�$� 

 

��**���
;+<�	
�)"���$+���%�������;��
@
(F�����������%�$$%��>
</@+:�����F!�
�$	
�>
<+�%��

>&;�<�A����	
� 1 A�+��&������%�+��
@
(F�>
<��$;�%,���	
��%�$+��)��"�>&A�<&��-����>
<

&��+�*
<����**+��)"���$+���%��A�+���:��;**;*	�� )�+��!���<��@%��**+��)"���$+���%��A��"�>�<

�D���**>
��>�(��;**>���%���D��$ A�$����)���
!��**>
��>�(��;**>���%���D��$)�/@+��D���+�*

��%�����)��
-
���$;�����������;**���>��� �:D�����������&�����,���;����
���+���&�
���;&�$ 

pH ����"�
�* ���	"�>
��>�(��  

$����)���
! �
���/�&���$��A�+�����������,���	
��
&�������"�>
< 
�$��!��	�������������&�����,���	
�

��D�+A�<�D� ETAAS ��+)�+��!�;�<�+����
���+���&�
���;&�$ pH ���	"�>
��>�(�� ��$�
����)"��&C�

�:D��A�<����A)>
<�%� +���&�
���;&�$ pH 	
��+�
�F!�A���**	
�)"���$�F!���!�A+�<��
�$+�*�����)��$	
��+�
�F!�A�

�%�$+�����H�� A�$����)���
!>
<&����+����,
	
�:�����F!��:D����������� dialyzability ��$,������_+A������%�$

���D��$
D�������
�%�$J ��	
�>
<)�/@+�&�
�*�	
�*+�*��,
>
��>�(��;**��
�� 

 

2.2 �����������	-0���6)��� 

 

2.2.1 ���!1�0 

��������*�[�[��� pH 4.00 + 0.01, 7.00 + 0.01, ;�� 10.00 + 0.01 (Merck, Germany) 

�����������_+����E�� (1010 �����+����%�����) 

���>(�� pepsin (P-7000, from porcine stomach mucosa) 

���>(�� pancreatin (P-1750, from porcine pancreas)  

bile extract (B-6831, porcine) Sigma (St. Louis, MO, USA). 

�����%�$���D��$
D���� 

 

+�����
���������� pepsin:  ����� pepsin 0.16 +��� A���������+�
>�-
������+ 

0.1 -����� 1 ��������� 

+�����
�� pancreatin–bile extract (PBE) mixture: ����� pancreatin 0.02 +��� ;�� bile 

extract 0.125 +��� A��������� NaHCO3  0.1 -����� 5 ���������  

 

2.2.2 !1�"#���"����������� 

ETAAS (Perkin–Elmer Analyst 100 atomic absorption spectrometer �%�+�* deuterium arc 

background corrector ;�� Perkin–Elmer HGA-800 heated-graphite atomizer) 
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���D��$��
 pH (Orion Model PCM500 SensorLink) 

Incubator shaker, Grant Instrument Model SS40-D2 (Cambridge, England) 

����_+-	�
 (Orion, ��<��%���@���+��$ 6 ���������) 

 

2.2.3 ��������$�%��
!�X
��������!�"#��	!1���%�)���!61�	1 ETAAS ��� 

!�"#����
��) pH  

��&+����"����*�+_*�������������%�$�:D�����������
<���	���� ETAAS 	"�)�+;+<�(F�$

��+;**A�<+���
<��A��
���
��_+;���
&�������<���:D��A�<�����/���)��
 � ������!�J>
< ;�
$
�$�@&

	
� 2.1 -
�	
�+���
<��A�;��+���
<����+�
��<��%���@���+��$���A����
 3 ;�� 8 ��������� ����"�
�* 

;��+���
<��A��
&�������:
�$ 60 >�-������ ��������	
�>
��>�(�>
<)�/@+&^����<��@%+���
<��A�)�+


<���%�$;�<�>����+�@%+���
<����+;��>����+	�$
<���%�$��$��&+����
! autosampler ��$���D��$ 

ETAAS )��+_*�����%�$>&���!$�� 20 >�-������ �:D�����������&�����,������_+A� dialysate 	�+ 2 ��	
 

(��D��&C��%�$����	
��%�$+�%��
!A�+��
	
�������<��<���$���_+	
�>
��>�(��
�%��$	
�) �"����*+�����)��
 pH 

��&+����"����*�+_*�������������%�$/@+��+;**A�<�
���
A��%+�%�����_+-	�
�:
�$��_+�<�� -
���D���

����_+-	�
+�*��&+����"����*�+_*�������������%�$�
!
<�� o-ring (F�$ dialysate 	
�>������%�$�%���D��$)�/@+

���)��
 pH A���&+����"����*�+_*�������������%�$ 

 

 

 

 

 

 

 

 

 

���60# 2.1 ��**>
��>�(��;**>���%���D��$��D����%�+�*��%�����)��
&����	 ETAAS ;�� pH  

 

2.2.4 �	-0���
$����������������!�����%���������������$�+�� 

 

2.2.4.1 �	-0+)��+�*	��

��)�� 

��������	���
��
�
������������ (Gastric digestion): ���������%�$ 5 ��������� 

;���!"� 5 ��������� �$A������;+<����
 125 ��������� &��* pH �&C� 2.0 
<����������+�
>�-
����
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��+��<��<� 6 -����� ;�<�&��*&�������&C� 12.5 ���������
<���!"� )�+��!������������� pepsin 325 

>�-������ �"������
�$+�%��>&���%�	
������@�� 37 + 1 �$���(��(
�� �&C����� 2 ����-�$ 

��������	���
��
�
������ (Intestinal digestion): ���$)�+)"���$+���%��A�

+���:������� �"����	
�>
<�� 2.5 +��� (	"�+��	
��$ 3 (!"�) �

��<�/�$>
��>�(��(F�$*��)���@%A������

;+<��"����*>
��>�(�� )�+��!������������� NaHCO3  3.0 ��������� �$A������>
��>�(�� �"�>&���%�

	
������@�� 37 + 1 �$���(��(
�� �&C����� 30 ��	
  ���� PBE mixture 625 >�-�������$A�/�$>
��>�(�� 

;�<�	"�>
��>�(���%��&C����� 2 ����-�$  dialysate )�/@+�+_*>&���������&�����,������_+�%�>& 

��������������������
��	�������
 NaHCO3 ����������: �"����)�+�%� 

titratable acidity (F�$ titratable acidity �D� &�����	
��	%�+�*&�������$-(�

��>�
��+>(
�	
�A�<A�+��>	�	

�	�����%�$	
��%��+��)"���$+���%��A�+���:������� A�<>
< pH 7.5  	"�+���F+H�-
��"������%�$	
��%��+��

�%��
<��+���:������� 2.5 +��������� PBE mixture 625 >�-������  ;�<�>	�	�	+�*��������

-(�

��>�
��+>(
���<��<� 0.01-�����  

 

2.2.4.2 �	-0+)��+�*	��

+%����!�"#�� 

��������	���
��
�
������������ (Gastric digestion): ���D����,
>
��>�(��

;**��
�� 

��������	���
��
�
������ (Intestinal digestion): �@&	
� 2.1 ;�
$��:��**

>
��>�(��;**>���%���D��$�:D��)"���$+���%��;��
@
(F���������A��"�>�<��_+���$)�+)"���$+���%��

A�+���:�������;�<�  	"�+���F+H�-
��"����	
�>
<�� 2.5 +��� �

��<�/�$>
��>�(��(F�$*��)���@%A������

;+<��"����*>
��>�(�� (F�$&���	�!$��$�<�$��$�����>
��>�(���%�+�*	%�:��������� NaHCO3 �:D��:�

����������<�;����+)�+�����>
��>�(�� ;�<��"�>&���%�	
������@�� 37 + 1 �$���(��(
�� &���
<��	
�

:�����������+)�+�����>
��>�(��)���D����%�+�*��%�����)��
 ETAAS ;�����D��$��
 pH -
���$

����"�
�* �����+��>
��>�(��
<��+��:��������� NaHCO3 ��<��@%��**
<�������+��>�� 1.0 ���������%�

��	
 ���$)�+>
��>�(�� 30 ��	
 )F$���� PBE mixture 625 >�-�������%����������	�$ ��������	
�

>
��>�(�>
<)�/@+�����������&�����,������_+;����
 pH ��%�$�%���D��$ �
+ 2 ����-�$ 

��������������������
��	�������
 NaHCO3 ����������: ������<��<���$

�������� NaHCO3 	
��������)��F!�+�*�%� titratable acidity ��$�����%�$;�������+��>��	
�A�< ��+A�<

�����+��>��	
� 1.0 ����������%���	
 ������<��<���$�������� NaHCO3 	
��������)��"����>
<-
��"�

�%� titratable acidity ���
<�� 50 (F�$������<��<���$�������� NaHCO3 	
��"����>
<�
!)��&�
����%� pH 

�&C� 5.0 ���$+��>
��>�(�� 30 ��	
 ;���&�
����&C� 7.0 - 7.5 ���$+������ PBE mixture 

+��	"� reagent blank )"��&C�	
�)��<�$�F+H��:D����+�*���&�����,������_+	
�

&��&\]��A�������
�%�$J ���/F$���>(���%�$J 	
�A�<
<�� 
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���60# 2.2 +��*��+��A�+��	
��$�:D���F+H�+��
@
(F�>
<��$;�%,��� 

 

2.2.4.3 ����	!1���%���	���-���!%�X�6�N�%�)60#�0����������!1�"#��)"#������

-���!%�X�60#!%�"�
�����+)��+�*	� 

���$�����%�$ 1.0 +��� �������������������%�$+�
>����+��<��<�+�*>�-
��)�

�&�����+>(
� 30 �&����(��� (������%�� 3:2) 10.0 ��������� �%��	
������@�� 80 �$���(��(
��  )�+��	��$>
<

��������A� �"�>&���������&�����,������_+	�!$��
	
��
A������%�$
<���	���� ETAAS 

+��
���������,������_+	
����D�)�++��>
��>�(�� �"���$���	
����D���@%���A�

/�$>
��>�(��	
�>
<���$+��	"�>
��>�(��/%���$*
+�+������
 100 ��������� ;���<�$/�$>
��>�(�� 2 ���!$ 


<���������� 0.01 M EDTA 3 ��������� ���
<����������+�
>����+ 2 �&����(��� 10.0 ��������� �
+ 2 

���!$ �	�$*
+�+����

��+�� )�+��!�	"�+���%��)�>
<��������A� )�+��!��"�>&���������&�����,������_+

	�!$��
	
��
A������%�$
<���	���� ETAAS 

 

2.2.4.4 ���1$����1�� Dialyzability 

&�����,���	
������/>
��>�(�>
<�����/�"�����&C��&����(��� Dialyzability 

>
<
�$��+��	
�;�
$A����	
� 1.2.9 

A���** CFD ������<��<���$���_+A���������	
�>
<)�+>
��>�(����@%A�

��
�*��-�+����%���������� (F�$���������>
<
<���	���� ETAAS ������<��<�	
����������>
<)��&C����;	�
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��$������<��<���$,������_+	
������/>
��>�(�>
< � ������!�J ��D��$)�+A�<�����+��>�� 1.0 ���������

�%���	
 
�$��!���%����$&�����,������_+)��&C� ��-�+����%���	
 (F�$>
<��)�++���@� &�����+�*�����

+��>�� &��������_+	
�>
��>�(�>
<-
����)��"����>
<)�++�����	��+��:D!�	
�A�<+��[����%�$&�����

A���%�� ��-�+����%���	
 +�*����A���%����	
 ���
+��>
��>�(�� -
�A�<-&�;+�� Origin ��������� 

6.0 

 

2.3 4����6)�������	
���� 

 

2.3.1 ���Z+)��+�*	� 

+��[>
��>�(����$,������_+;��+���&�
���;&�$ pH ���>
��>�(�� ��$�����%�$

���D��$
D�������
�%�$J ;�
$
�$�@&	
� 2.3  ,������_+�����/;:�%�%������*������%�$+���%��A��"�>�<>
<

;��;:�%�%��>
<�
�$��D�� pH �:����F!� pH �:����F!��&C� 5.0 ��%�$�<�J ���A� 30 ��	
 ���D�������)��$	
�

�+�
�F!�A��"�>�<��$���H�� ;�<� pH �:����F!��&C� 7.0 ��%�$��
��_���D��$)�+���� PBE mixture ���$)�+ pH 

�&C�+��$ ,������_+)�;:�%�%������*��>
<�
�$ �+��<� +��
��$�����%�$��,��:D� UHT ;�� ��/���

���D�$ UHT 2  	
���$�$>
��>�(�>
< (F�$��)�&C���)�+�$��&��+�*	
���@%A������%�$�
! >&�%��A�<>
��>�(�

>
<��+�F!� )�+��+��	
��$��$:*�%� �����%�$��/������D�$ UHT 2 A�<�%� dialyzability ��$,������_+�@$+�%�

+��
�����%�$��/������D�$ UHT 1 	�!$	
��
&�����,������_+A������%�$�<��+�%� (;�
$A�����$	
� 2.1)  

+��[>
��>�(����$�����%�$�����;**�$	
������;���(
�� ;�
$
�$�@&	
� 2.3(a) :*�%� 

�����%�$�����;**�$ 1 A�<�%� dialyzability ��$,������_+��"� �:
�$ 1.7 �&����(��� �%�������%�$�����;**�$ 

2 �
�%� dialyzability ��$,������_+��"���+>�%�����/���������>
<  ��+��)������+��%����$���%�;���(
���


*	*�	>&��*��!$+��
@
(F�,������_+ +�>+��$+����*��!$�
!��$>�%�
�"��,�*��	
���
�)�  

+��[>
��>�(����$�����%�$��/������D�$ UHT ;�
$
�$�@&	
� 2.3(b) �����%�$��/���

���D�$	�!$��$���
�
�$��&��+�*
�$�
! -&��
�/������D�$ ��������%�$J ;��;���(
��	
�&������%�$+�� (F�$�


���$���%��������(
;�����������)��%��A�+��
@
(F�,������_+ �%��-&��
�/������D�$)�>&��*��!$+��
@
(F�

,������_+ �%� dialyzability ��$,������_+A������%�$��/������D�$�
! )F$�F!�+�*��	,�:���$�����*��!$;������%��

A�+��
@
(F�>
<��$,������_+ 

�"����*�����%�$��,��:D� UHT ,������_+�����/>
��>�(�>
<���
+��>
��>�(�� 2.5 

����-�$ A����	
������%�$���<��-:
 UHT ,������_+	
������/>
��>�(��
&�������"���+>�%�����/

���������>
< 
�$+��[>
��>�(�� �@&	
� 2.3(c) �����%�$���<��-:
 UHT �
&�����,������_+A������%�$�<��

	
���
A�+��%������%�$	
���D�+���F+H� 

��+��	
��$:*�%�A������%�$���D��$
D�������
�%�$J +��[>
��>�(��;�����������/��$,���

���_+A�+��>
��>�(�>
<)�;�+�%�$+�� -
��$��&��+�*��$�����%�$�
���%���+H����$+��[>
��>�(�� 
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�$��!�+��[>
��>�(�������/A�<&��-����A�+���F+H���	,�:���$�$��&��+�*�%�$J A�������%��%� 

dialyzability ��$,����%�$J 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

���60# 2.3 +��[;�
$&�����,������_+	
�>
��>�(�>
<;��+���&�
���;&�$�%� pH ����%�$+��*��+�� 

dialysis �"����*�����%�$ (a) ���$)�+���  (b) ���D��$
D����/������D�$ UHT  (c) ���D��$
D����

�<��-:
 UHT ���������-
���** CFD–ETAAS–pH -
�A�<�����+��>����$ dialyzing solution 

�	%�+�* 1.0 ����������%���	
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2.3.2 1�� Dialyzability ,��-���!%�X�����������!1�"#��)"#��� 

�%� Dialyzability ��$�����%�$���D��$
D�������
�%�$J 	
����������
<����**	
�>
<:�����F!�

;�
$
�$����$	
� 2.1  :*�%�A������%�$���D��$
D�����
&�����,������_+��@%A��%�$ 0.8 – 17.1 �����+����%����� 

(F�$:*,������_+��+	
���
A������%�$���D��$
D������� 1 ;����"�	
���
A������%�$���D��$
D�����<��-:
 UHT  

;��:*�%�A������%�$���D��$
D������� 1 �
�%� dialyzability 1.7 �&����(��� ���	
�A�+��
���D��$
D������� 2 

;�����D��$
D�����<��-:
 UHT >�%�����/&������%�>
< ��D��$)�+ dialysate �
&�����,������_+��"�+�%�

�

)"�+�
��$���D��$�D���
 A������%�$���D��$
D����,��:D� UHT ���D��$
D����/������D�$ UHT 1 ;�� ���D��$
D��

��/������D�$ UHT 2 �
�%�  dialyzability ��$,������_+ 20.4, 24.9 ;�� 37.7 �&����(��� ����"�
�* )�+��

+��	
��$:*�%� ,������_+A������%�$���D��$
D����/������D�$ UHT �����/>
��>�(�>
<

+�%�A������%�$

���D��$
D������� (24.9-37.7 �&����(���) 

�%� dialyzability ��$,������_+A������%�$���D��$
D�������
�%�$J 	
����������
<����**

>
��>�(��;**��
�� ;�
$
�$����$	
� 2.1 :*�%���	
�>
<)�+	�!$��$��,
>�%;�+�%�$+����%�$�
����"����	
�

��
�*������D������ 95 �&����(��� (t-test)  

 

�����60# 2.1 &�����	�!$��
 &�����	
�>
��>�(�>
< ;���<������$+��>
��>�(� ��$,������_+A������%�$

���D��$
D�����������
  	"�+�����������-
� CFD-ETAAS ;����**>
��>�(��;**��
�� 

(n=3) 

 

 

 

 

 

 

 

 

 

 

2.3.3 ���&'�(�1���V������,����

60#�����,'N� (Method validation) 

��D��$)�+�<�)"�+�
��$�������E��	
�>�%�
�<��@��+
���+�* bioavailability  
�$��!�+��

���)��*����/@+�<�$��$��,
	
�:�����F!�)F$�<�$�F+H� analytical recoveries ��$���	
���A)A������%�$  

-
�+�����������&�����,������_+A������%�$���$	�!$�%��	
�>
��>�(�>
<;��>�%�����/>
��>�(�>
< 
�$

;�
$A�����$	
� 2.2  :*�%� % dialyzability A�<�%�;�+�%�$+����_+�<������%�$+��	"�(!"� (F�$�%�)���)�+
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�����%�$	
�>�%�&C���D!��

��+�� ;��:*�%�A�< % recovery  ��@%A��%�$ 77.9 – 90.5 �&����(��� ���
�� 83.6 

�&����(���  (F�$,������_+*�$�%����))���
��@%A�/�$>
��>�(�� ;�%��%�$>�+_����<���
:��

�$+�%��>�%>
<

�%$���%� % dialyzability 

 

�����60# 2.2 Analytical recovery ��$+�����������,������_+A������%�$���$ (n = 3)  

 

 

 

 

 

 

2.4 
6���� 

 

��,
+��&������%�+��
@
(F�>
<��$,������_+-
���,
>
��>�(��;**>
�����A����
;+<�>
</@+

:�����F!�-
���D����%���**>
��>�(��;**>���%���D��$��%�$$%����<�+�*��%�����)��
 ETAAS ;��

���D��$��
 pH  ��**�
!�����/��
���&�����,������_+	
�>
��>�(�>
<;��+���&�
���;&�$ pH >
<:�<��+��

A����>
��>�(��  (F�$��** CFD-ETAAS-pH �&C����D��$�D�	
�A�<$��>
<

 ����>�%;:$ �:D��A�<A�

+���F+H� dialyzability ;�� bioavailability �<��@�	
�>
<�+
���+�*�%� dialyzability ��$,����%�$J ��!� �����/

A�<&��-����A�+��&����������%�	�$-����+��>
<;����$�����/A�<�F+H���	,�:���$�$��&��+�*A�

������%��%� dialyzability ��$,����%�$J  �����@<�+
���+�* bioavailability ��$����������!�)��&C�&��-����

A�+����$;��+��*��-��	
��������;���%���
������
��$A�+����
�������� 
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���60# 3 

����������

���*'�4���!�"#�
���

+%����!�"#��!�"#�������
%�������
��) ICP-OES 

!�"#�������1�����)�)*'�+)�,�����-���.)��	-0��%��)���� 

 

3.1 
6�$� 

 

3.2 �����������	-0���6)��� 

3.2.1 ���D��$�D� 

3.2.2 ���
� ;��������
 

3.2.3 �����%�$	
�A�<A�+���F+H�;��+�����
�������%�$����� 

3.2.4 +�����������&�����;�%,��� (total mineral content) A������%�$����� 

3.2.5 ��**+��>
��>�(�;**>���%���D��$ (Continuous-flow dialysis, CFD) 	
���D����%�+�*+��

���)��
;** on-line 
<��  ICP-OES ;�����D��$��
�%� pH 

3.2.6 +�����������&�����;�%,���A���������	
��%��+���%��
<����** CFD (dialysate) ;��A�

��������	
����D�)�++���%�� (residues after dialysis) 

3.2.7 +���"������&�����;�%,���	
������/
@
(F�>
< 

 

3.3 4����6)�������	
���� 

3.3.1 +��:���� ;��&������&����	,���:��$��** CFD-ICP-OES �:D��A�<A�+���F+H�

���������/A�+��
@
(F�>
<��$;�%,��� 

3.3.1.1 +����+;** ;����
��!$��** CFD-ICP-OES 

3.3.1.2 +����
�����&C�+�

%�$ (pH measurement) 

3.3.1.3 �F+H�����$ matrix interferences �%�+����

<�� ICP-OES 

3.3.1.4 +�����)��*����A�<>
< (Validation) ��$��** on-line CFD-ICP-OES 

3.3.1.5 +��[+���&�
���;&�$��$>
��>�(�� (Dialysis profile) 

3.3.1.6 +��&�������%�>
��>�(����$;�%,���A���������
�%�$J 	
�>
<)�+A�<��** CFD-ICP-

OES 

3.3.2 +��A�<&��-������$�<��@�	
�>
<)�+��** CFD-ICP-OES A�+���F+H�+��
@
(F�>
<��$;�%,���

A���������;�%,��� 

3.3.2.1 +��&���������������/A�+��>
��>�(�� ;��+�����)��*����A�<>
<��$��,
 

3.3.2.2 +��[+���&�
���;&�$��$+��>
��>�(�� 
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3.3.2.3 +��[+���&�
���;&�$��$>
��>�(����$,������_+A���������,������_+�@&[����

�%�$J 	
��
+����������%$����� ;�������*��!$+��
@
(F� 

 

3.4 
6���� 

 

3.5 !����������	� 
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3.1 
6�$� 

 

 ��**>
��>�(��;**>���%���D��$	
�>
<�
+��:�����F!��
! A��%�$;�+>
<�
+����D����%�+�*��%��

���)��
&����	 AAS 	
�A�<�&��>[ ;�� AAS 	
�>�%A�<�&��>[ (���	
� 1 ;�� 2 ����"�
�*)  +�����)��



<�����D��$���%��
!)�	"�+�����)��
;�%,���>
<���!$��,���  ��%�$>�+_���A�������
;�%,���	
��
�����"����	�$

-����+���������
 
�$��!�A�+���F+H��
!>
<	"�+���%���D�����** CFD ��<�+�*���D��$���)��
;**����;�%

,���
<��+�����)��
���!$�

�� �D����D��$���
��	
:�
��:�:��:�������:	��������������&�-	�������� (ICP-

OES)  ��,
+��&������%�
<����,
�
!>
<	"�+��)"���$+���%��A�+���:�������-
�A�<��**;*	�� (batch) 

���
<��+��)"���$+���%��A��"�>�<;**>���%���D��$ (continuous-flow) (F�$	"�-
�+���%������������<�

>&A�	%�	
����A��
�����%�$�����*��)���@%A�/�$>
��>�(�� 	"�+�����)��
�%� pH ;��������<��<���$

,���A���������	
�;:�%�%��/�$>
��>�(�� 
<�����D��$ pH meter ;�� ICP-OES ����"�
�*  
�$��!���**	
�

:�����F!��
!)F$�����/A�<A�+�����)��
�%� pH ;��������<��<���$;�%,����%�$J A��%��	
��%��+��

>
��>�(���)�+ CFD >
<��%�$�%���D��$���
+��*��+��>
��>�(��  �������
�
��$��**	
�:�����F!��
!

;�
$>�<A��@&	
� 3.1 

 
 

���60# 3.1 ��** CFD-ICP-OES 	
�A�<A�+�����)��
&�����;�%,���	
�>
��>�(�>
< ;�����)��
�%� pH 

 [Judprasong et al., 2005] 

 

3.2 �����������	-0���6)��� 

 

 



-30- 

 

3.2.1 !1�"#���"� 

 Inductively coupled plasma optical emission spectrometer (ICP-OES) 

 �@<�*>�-����[ (Milestone MLS1200 mega, Italy) 

 ���D��$��
 pH (Orion Model PCM500 SensorLink) 

 ���D��$���$����
�
	����� 4 �"�;��%$ (Mettler AJ150, Switzerland) 

 Incubater shaker, Grant Instrument Model SS40-D2 (Cambridge, England) 

    

Inductively coupled plasma optical emission spectrometer (ICP-OES) 

   ���D��$ ICP-OES 	
�A�<A�+����
&�����;�%,����%�$J �D����D��$��%� SPECTRO 

CIROS CCD A�<�@&;**��$�"�;��%$+����
;** axial configuration -
�A�< spray chamber �&C�;+<� ;** 

double pass, Scott-type ;��A�< cross-flow nebulizer (��&+���	�!$��
�&C���$*��H�	 SPECTRO, &���	�

�������) �:D��	"�A�<�������������%�$�+�
�&C�����$#����_+J ��<�>&�@%:�����	
��
:��$$���@$ (plasma) 	
�

	"�A�<��������%�$�&�
����&C�����������;��+����<�������
!A�<�&�
����/���)�+�/���:D!�>&��@%A�

�/�����<� �:D��	"�+�����)��
+�����;�$ (emission) ��$;�%,����%�$J -
���%�����)��
������<�;�$  

�����	
�A�<A�+�����)��

<�����D��$ ICP-OES >
<;+%+"���$ (power) 1350 �����  A�<�����+��(�"����* 

nebulizer 1 �����%���	
 ;��A�<�����+��(�"����*��%���_���*J�* (torch coolant gas) 12 �����%���	
   +��

��
&�������$;�%��;�%,�����������+��$+��A�< Internal standard -
�+���&�
�*�	
�*,���	
��<�$+����


�	
�*+�*,���	
�>�%�
A�,�������;�������$>& (Y) ;�<��"�>&��<�$ calibration curve -
���D�+A�<+�����

;�$ (emission lines) ��$;�%��,���	
��
����)"��:���)��)$ 	�!$	
��&C� ionic line (II) ;�� atomic line (I) -
�

>�%�
+���*+��)�+,����D��J >
<;+% ;�%,���;���(
�� (Ca) 	
����������D�� 396.847(II), 317.933(II), ;�� 

422.673(I) ��-�����  ;�+�
�(
�� (Mg) 	
����������D�� 279.553(II), 279.079(II) ;�� 280.270(II) ��-�

����    [��[���� (P) 	
����������D�� 177.495(I) ;�� 214.914(I) ��-�����   ���_+ (Fe) 	
����������D�� 

238.204(II), 239.562(II) ;�� 259.940(II) ��-�����  ;����$+��
 (Zn) 	
����������D�� 202.548(II), 

206.191(II) ;�� 213.856(II) ��-�����   �"����*,���	
�A�<�&C� internal standards �D�,�����	�	�
�� (Y) 	
�

���������D�� 320.332(II), 371.030(II) ;�� 442.259(II) ��-�����  ;���;+��

�� (Sc) 	
����������D�� 

256.023(II), 361.384(II) ;�� 440.037(II) ��-�����    

 

 3.2.2   ���)� ������!1�0 

  ���
� ;��������
	
�A�<:�<��+�**��H�	�@<���� ;�
$��@%A�����$	
� 3.1  
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�����60# 3.1 ���
� ;��������
	
�A�< 

 

���
� ;��������
 �@<���� 

Hydrochloric acid (AR 37% assay) 

Nitric acid (AR 65% assay) 

Hydrogen peroxide (AR 30% assay) 

Sodium bicarbonate (AR 99.7-100.3% assay) 

Sodium hydroxide (AR 99% assay) 

Na2EDTA (AR 99% assay) 

Ethanol (AR 99% assay) 

Multielemental solution (QCS 01-5, 100 mg mL-1) 

Y (ICP-69N-1 at 1000 mg mL-1)  

Sc (ICP-53N-1 at 1000 mg mL-1) 

Iron (II) sulphate (AR, >99.5%) 

Ammonium iron(III) sulphate (AR, 99-102%) 

Standard buffer solutions pH 4.01, 7.00 and 10.01 

Merck, Germany 

Merck, Germany 

BDH Laboratory,  England 

APS Finechem, Australia 

Merck, Germany 

Merck, Germany 

Merck, Germany 

AccuStandard, USA 

AccuStandard, USA 

AccuStandard, USA 

Carlo Erba, Milano, Italy 

UNIVAR, Australia 

Thermo-Orion, USA 

Enzyme 

   Pepsin (P-7000, from porcine stomach mucosa) 

   Pancreatin (P-1750, from porcine pancreas) 

   Bile Extract (B-6831, porcine) 

 

Sigma, USA 

Sigma, USA 

Sigma, USA 

Dialysis tubing   

   MWCO 12000-14000 Da  (Spectra/por® 4) 

   MWCO 6000-8000 Da (Spectra/por® 1) 

 

Spectrum Laboratories,  USA 

Spectrum Laboratories,  USA 

 

 3.2.3 ��������60#��������&'�(�������!��0������������%�� 

  �����%�$	
�A�<A�+���F+H� ;�
$��@%A�����$	
� 3.2 
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�����60# 3.2  �����%�$	
�A�<A�+���F+H� 

 

�����%�$	
�A�<A�+���F+H� �@<���� ��D� �@<)"���%�� 

����60# 1 

   Milk-based infant formula (SRM 1846) 

   ���$ (Instant powdered milk) �
��<� Nestle®       

   ���<� (Brassica oleracea var. alboglabra, Bail.) 

   ���� (Acacia pennata, L Willd. Subsp.) 

   /�����
�� (Phaseolus aureus Roxb.) 

   �<��������� (Orya sativa) 

   ��D!�>+% 

 

NIST, USA 

���
A�+��$�	:������ 

���
A�+��$�	:������ 

���
A�+��$�	:������ 

���
A�+��$�	:������ 

���
A�+��$�	:������ 

���
A�+��$�	:������ 

����60# 2 

   Calcium fortificants: 

      Calcium carbonate (CaCO3) 

      Tri-calcium phosphate (Ca3(PO4)2) 

      Calcium lactate gluconate (C18H32O20Ca2) 

      Calcium citrate (Ca3(C6H5O7)2) 

      Calcium lactate (Ca(CH3CH(OH)COO)2) 

   Iron fortificants: 

      Iron(II) sulphate (FeSO4.7H2O, Fe 36.8%) 

      Iron(II) fumarate (FeC4H2O4, Fe 32.9%) 

 

      Sodium iron (Fe(III)) ethylenediaminetetraacetic acid  

         (NaFe(III)EDTA, Fe 13%) 

      Fe(II) lactate (C6H10FeO6, Fe 20%) 

      Fe(III) ammonium citrate  (C6H8O7Fe2.2NH3, Fe 20%)     

 

Nutrition Ltd. Partnership,  

     +��$�	:������ 

 

 

 

 

 

Ajax Co., Aubern, Australia 

Vicky Consolidate Co. Ltd.,  

+��$�	:������ 

Akzo Nobel Functional Chemicals 

Co. Ltd., Arnhem, the Netherlands 

Dr. Paul Lohmann Ltd., Germany 

   Zinc fortificants: 

      Zinc sulphate (ZnSO4) 

      Zinc oxide (ZnO) 

      Zinc amino complex (containing 10% Zn) 

Dr. Paul Lohmann Ltd., Germany 

 

 

Ascorbic acid (AR grade, 99.78%) 

Citric acid (AR grade, >99%) 

Phytic acid (AR grade, ~40% in water) 

Tannic acid (AR grade, >99%) 

Oxalic acid (AR grade, >99%) 

Fisher Scientific, UK 

Fluka, Switzerland 

Sigma, USA 

Fluka, Germany 

BDH, England 
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    �������
��!��
��	����� 

   �����%�$�����	
�A�<A�+���F+H��
!>
<;+% ���$ ���<� ���� /�����
�� ��D!�>+% ;��

�<���������  ���
��-
�+����%�(D!������%�$)�+ 3 ���
A�+��$�	:������ ;�%�������%�$(D!�&����� 1-3 

+�-�+��� �"����*�����%�$���$ /�����
�� ;���<��������� ���
��-
�+���"�>&&^��A�<����
�

<�����D��$&^��

;**;�<$ �%�����<� ���� ;����D!�>+% 	"�+���<�$
<���!"�&��&� ;�<����
<���!"�	
�&���)�+;�%,��� 2 ���!$ 

�"���:���%��	
�+��>
<	"�A�<��+
<��+���<� ���$)�+��!�&^��A�<�&C���D!��

��+��
<�����D��$���
������� (food 

processor ��� Tefal® Kaleo Blender, &���	�#���$���) �"�>&	"�A�<;�<$
<��+���*	
������@�� 60 �$��

�(��(
��)�;�<$���	 (24-48 ����-�$) &̂��
<�����D��$&^��A�<����
�
 �+_*A�/�$:�����+;�<�A�%>�<A���<�
@


�����D!�  (desiccator) 	
������@���<�$)�+�%�)�	"�+�����������   

 

 3.2.4 ����	!1���%���	������-��� (total mineral content) ������������%��  

   ���$�����%�$�����&����� 1 +����$A� digestion teflon vessel ����+�
>����+ 10 

���������;�� >�-
��)��&�����+>(
� (H2O2) 1  ��������� 	"�+���%��
<��+��A�<���D��$�%��;**>�-����[ 

(microwave digestion) &��+�*
<�� 5 ��!�����D���!�;�+	
�+"���$ 250 ������&C����� 1 ��	
 ��!�	
� 2 ���
+��

A�<+"���$�&C����� 1 ��	
  ��!�	
� 3 	
�+"���$ 250 ������&C����� 5 ��	
 ��!�	
� 4 	
�+"���$ 400 ������&C����� 5 ��	
 

;����!���
	<��	
�+"���$ 650 ������&C����� 5 ��	
  	"�+���%��)�>
<��������	
�A� /<�>�%A�)�	"�(!"��
+ 1 

��*  ���$)�+>
<��������	
�A� 	"�+���)D�)�$
<���!"�	
�&���)�+;�%,���A�<��* 50 ���������  �:D��	"�+����


&�����;�%,���
<�����D��$ ICP-OES �%�>& 

 

3.2.5 ��

���+)��+�*��

+%����!�"#�� (Continuous-flow dialysis, CFD) 60#

!�"#�������
������
��)�

 on-line )��� ICP-OES ���!1�"#����)1�� pH 

   	"�+��)"���$+���%��A�+���:�������
<����!�����%�>&�
!�D� ���$�����%�$

�����;�<$&����� 0.5-1 +����$A� conical flask 	
��
#�&�
���
 250 ��������� �����
<���!"� 10 ��������� 

&��* pH A�<�&C� 2.0 
<��+�
>�-
������+ (6 M HCl) ;��&��*&��������
	<��A�<�&C� 12.5 +���
<���!"�	
�

&���)�+;�%,��� ���$)�+��!����� 375 >�-��������$�����������>(���&&(�� �"�>&*%�A��%�$�!"���%�	
�

�����@�� 37 �$���(��(
�� 	"�+�����%��&C����� 2 ����-�$ >
<��������	
��%��+���%��A�+���:������� 

(gastric digest)  ;*%$��������	
�>
<�&C� 2 �%�� �%����F�$�"�>&�����������������<��<�	
����������$

��������-(�

��>*����*�����"����*��** CFD �
+�%����F�$A�<�"����*+��)"���$+���%��A��"�>�<

�%�>&  -
����$ 2.0-2.5 +�����$��������	
��%��+���%��A�+���:�������;�<� A�%��<�A� 

dialysis bag 	
�&�
&���	�!$��$
<�� �:D��A�%��<�>&A�	%�;+<�+��$ (dialysis chamber) 
<��+��A�<��_��

�� 

(syringe) �

�����%�$��<�>&  	%�;+<�+��$)��
��$+��(F���$��!���@% (silicone rubber gasket)  ���$)�+A�%

�����%�$��<�>&��
�*�<��;�<� &���	%�
<����F�$��$	%�+��$)���D����%�+�*	%� (tygon tubing) 	
��
+��>��
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��$��������-(�

��>*����*����	
��
������<��<�	
�������� �%��&����
+
<����F�$)��%�	%��:D���"�>&

��<����D��$��
�%� pH ;�� ICP-OES ����"�
�*�%�>&  �"�	%�;+<�+��$*%�>�<A��%�$�!"���%�	
������@���$	
� 

37+0.1 �$���(��(
�����
�%�$+��*��+��>
��>�(�� 
�$;�
$A��@&	
� 3.1   

   A�<��������-(�

��>*����*����	
��
������<��<�	
��������>����<�>&A�
<��

��F�$��$	%�+��$ 
<��+���&�
&^�� (peristaltic pump) 	
��������_� 1 ����������%���	
 ��������	
�>
<��+��

)�+��** CFD /@+�%$��<�>&�@%���D��$��
�%� pH ;����
&�����;�%,���
<�����D��$ ICP-OES ����"�
�*�%�>& 

���$)�+ 30 ��	
������������ pancreatin bile extract (PBE) )"���� 625 >�-��������<�>&-
��%�������

���	�$  (three-way valve)  	"�+�� dialyse �%�>&�
+ 2 ����-�$  �"����*+����
;** off-line CFD-ICP-OES 

)�	"�+���+_*�%����������	
�>
<)�+��** CFD )"������
�� 10 ��������� �:D��	"�+����
�����&C�+�



%�$ ;����
&�����;�%,����%�>&   

 

3.2.6 ����	!1���%���	������-�������������60#4����������)�����

 CFD 

(dialysate) �������������60#!%�"�
��������� (retentate)  

   �:D��A�<�+�
&����	,���:	
�

��$+���+�
����$#�� (good nebulisation 

performance) ;���:D��A�<;�%A)�%�;�%,���	
��<�$+�������������$�$��@%A����:	
�������!"�>
< >�%�+�
+��

�+��+��+%��+�����)��
 )F$�
����)"��&C�A�+������+�
>����+ 4% :�<��	�!$�
 Y ;�� Sc (internal 

standards) ��<����+�*��������	
��%��+���%�� (dialysate) 
<���������_� 1.0 ����������%���	
 +%��+��

���)��

<�� ICP-OES (
�$;�
$A��@&	
� 3.1)  +����
&�����������<��<���$;�%,����%�$J (Ca, Mg, P, Fe, 

Zn) ��$��������	
���D����%���)�+��** CFD A���%��>�-��+����%�+��������%�$��!� �����/�"����>
<

)�++�����)��
������������E����$,����%�$J (external calibration) ;�<��"�����:D!�	
�A�<+��[
<��

-&�;+�����:������� (Microcal Origin, Version 6.0) �	
�*+�*������<��<���$������������E��  

���$)�+��!�	"�+����&�������$;�%,���	
����D���@%A� dialysis bag 
<��+���"�>&�%��
<��+�
>����+)�>
<

��������	
�A� ;�<��"�>&���)��

<�����D��$ ICP-OES  

 

3.2.7 ���1$����%���	������-���60#�����V)�)*'�+)� 

(mineral bioaccessibility, dialysability) [Shiowatana et al., 2006] 

  &�����;�%,���	
�>
<)�+��**>
��>�(�����$)�+)"���$+���%��A��"�>�<��!� ��
��<�$

+�*&�����;�%,���	
��%�$+��
@
(F�>
< (bioaccessibility) 
�$�������
�
A����	
� 1.2.9 
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3.3 4����6)�������	
���� 

 

 ��+��	
��$;����)������+��	
��$ ;*%$��+�&C� 2 �%���D� �%��;�+�+
���+�*+��:������** 

CFD 	
��%���D���+�*+�����)��

<�����D��$ ICP-OES �:D��&������%�+��
@
(F�>
<��$;�%,��� (mineral 

bioaccessibility) �%��	
���$�&C�+���"���	
�>
<)�+��**	
�:�����F!���A�<A�+���F+H�+��
@
(F�>
<��$;�%

,���-
���,
A����
;+<���$;�%,������������� (mineral fortificants) ;������$����%$����� (enhancers) 

;�������*��!$ (inhibitors) +��
@
(F���$;�%,��� 

 ��**+��)"���$+���%����$���H�� (simulated human gastrointestinal digestion) �����&C�+�



%�$A���������	
�>
<)�+��** CFD �&�
���;&�$)�+�%� pH (pH) 2.0 >&�&C� 5.0 ���A� 30 ��	
 ���$)�+

��!��&�
���)�+ 5.0 �&C� 7.0-7.5  -
������)��>
<�F+H�/F$����$�������_�A�+��>�� (flow rate) ;������

��<��<���$��������-(�

��>*����*����	
��%$���%�+���&�
���;&�$�����&C�+�

%�$
�$�������
�
A�

���	
� 1 [Shiowatana et al., 2006] :*�%��������_�A�+��>��	
���������D� 1.0 ����������%���	
 (F�$

:�)����/F$����������$+��>
��>�(�� ;��+���)D�)�$��$��������)�+��** CFD ;��������<��<�	
�

���������$��������-(�

��>*����*����(F�$�"����>
<)�+�����&C�+�
	
�>	�	�	>
<A���%��-����� 

(molarity) ���
<�� 50 �"����*�����%�$����_
;���(
�� ;����+���
�%�$J [Shiowatana et al., 2006]      

�"����*A�+���F+H��
!>
<	"�+�������������&����������&C�+�
	
�>	�	�	>
<��$;�%�������%�$ ;������

�&C�+�
��$�����%�$  ������<��<�	
����������$��������-(�

��>*����*����	
�A�<A�+��>���F!�+�*

���
��$�����%�$;���%������&C�+�
	
�>	�	�	>
<
�$;�
$A�����$	
� 3.3   

 

3.3.1 ��������������!�	�����	6-	[��,����

 CFD-ICP-OES !�"#������

���&'�(�1��������V�����)�)*'�+)�,�����-��� 

 +��:������** CFD 	
���D����%�;** on-line +�*+�����)��

<�� ETAAS >
<���$��>�<A����	
� 

2 [Promchan and Shiowatana, 2005] �:D��A�<A�+����
���&�����;�%,������_+ ;�������&C�+�

%�$

����%�$+��>
��>�(�� ��+)�+��!���$>
<�
+����+;**/<�������%�$���
��_+ (sampling cup) (inlet i.d. 2 

mm ;�� outlet i.d. 15 mm) 	
��
&������ 100 >�-�������:D��A�<A���**+�����)��

<�� ETAAS 

;**�%���D��$ ;����
�����&C�+�

%�$�%�>&A������;+<����
��_+	
���<�����_+-	�
 (a small glass 

combination electrode chamber, i.d. 6 mm) (F�$�
�$;���(���-�� (silicone o-ring) &��$+��>�%A�<��������

>����+)�+��** 

 �"����*+���F+H�A����	
� 3 �
!>
<�
+��A�<��** CFD ��D����%�+�*+�����)��
;�%,���
<�����D��$ 

ICP-OES ;����D����%�+�*���D��$��
�����&C�+�

%�$  ��**	
�:�����F!��
!�����/���)��
&�����;�%,���

����J ,���A����!$�

�� 
<�����D��$ ICP-OES ��%�$�%���D��$���
+��	"�>
��>�(��  ��**�
!&��+�*
<�� 
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3 �%�����+J �D���** CFD ��**+����
�����&C�+�

%�$ ;����**+����
&�����;�%,���
<�����D��$ 

ICP-OES 

 

�����60# 3.3  ������<��<�	
����������$��������-(�

��>*����*����	
�A�<A���** CFD 

�����%�$ 

�����&C�+�
	
�>	�	�	>
< 

(Titratable acidity) 

(x 10-2 -���%�����) 

������<��<�	
����������$

��������-(�

��>*����*���� 

(x 10-4 -���%�����) 

������� 1 (	
����
��
�
�)   

�������� Blank 2.19 4.37 

�<��������� (Jasmine rice) 3.88 7.77 

��D!�>+% (Chicken meat) 9.47 18.94 

/�����
�� (Mungbean) 6.60 13.21 

���� (Acacia pennata) 7.96 15.93 

���$ (Milk powder) 5.71 11.41 

���<� (Kale) 7.21 14.42 

������� 2 �
����������
	� (mineral fortificant)  

�������� Blank 2.18 4.36 

Calcium carbonate 1.82 3.64 

Tri-calcium phosphate 2.66 5.33 

Calcium citrate 3.27 6.54 

Calcium lactate gluconate 3.51 7.03 

Fe(II) sulphate 4.36 8.72 

Fe(II) fumarate 4.36 8.72 

Fe(II) lactate 2.54 5.09 

NaFe(III)EDTA 2.42 4.85 

Fe(III) ammonium citrate 2.42 4.85 

Zinc sulphate 2.55 5.09 

Zinc oxide 2.55 5.09 

Zinc amino complex 2.67 5.35 

   

3.3.1.1  �������

��

 CFD-ICP-OES  

  ��D��$)�+�����+��>����$��������-(�

��>*����*����	
��
������<��<�	
�������� 

;�������+��
@
�������� (uptake rate) ��$ ICP-OES �
�%��	%�+���D� 1 ����������%���	
 
�$��!�+��

��D����%���$	�!$��$��**)F$	"�>
<��
�+  �"����*+�����)��
�����&C�+�

%�$��!�A�<��**��$*��H�	 

Orion (Model PCM500 SensorLink) 	
��
+��A�<��&+����%�:%�$+�*���:�������  +����D����%���**	�!$���
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�D� CFD ICP-OES ;�� pH meter ��!��
���$�"����	
��<�$:�)�����D�+����D����%�  �"����*+����
�����&C�

+�

%�$A�<�����;+<����
��_+	
���<�����_+-	�
-
��
+��>����<�)�+
<���%�$ ;��>����+	�$
<���<�$*� 

��%��

��+�*+���F+H�A����	
� 2 [Promchan and Shiowatana, 2005]  ���$)�+��!���������)�>��>&���

+�*+�
>����+ 4% (	
��
 Y ;�� Sc ��@%) -
��%����������	�$	
�	"�)�+;+<����
��_+ (glass three-way) ;�<�

>����+>&���+��A�	%�:�����+	
��
�&C�&� (mixing coil) +%��+�����)��

<�����D��$ ICP-OES   

  ���D��$ ICP-OES �
�<�

����
<���D� A�<A�+�����������&�����;�%,����%�$J 	
��
A������%�$

	�!$&������@$;��&�������"� (macro and trace elements) -
������/	"�+����
����J ,���
<��+��

������������!$�

�� (simultaneous detection) �
������_�A�+����������� ;���
����>�A�+������������@$ 

(good sensitivity) 

  �:D���&C�+��;�
$A�<��_��%���������	
�>
<)�+��** CFD (dialysate) >�%�
���*+���%�

+�����)��
��$ ICP-OES (matrix interference) )F$>
<	"�+���F+H������%�$���$ ;����+���<��:D��A�<�&C�

���;	� -
�+��A�<��������	
�>
<)�+��** CFD (F�$��@%A�-(�

��>*����*���� 0.01 -����� ;�<��"�>&

���)��

<�����D��$ ICP-OES �&�
�*�	
�*��	
�>
<)�++���������@%A�+�
>����+ 2%    :*�%���
�*

������	
�>
<��$;���(
��;�����_+��$�����%�$���$A���������	
��
+�
�
�%��@$+�%�;**>�%�
+�
��%�$

�
����"����	�$�/��� (p<0.05) 
�$;�
$A�����$	
� 3.4 ��+)�+��!�+���F+H�A���+���<�
<����** on-line 

CFD-ICP-OES :*�%�;�%,���;���(
�� ;�����_+-
�>�%���+�
A�<��
�*��������"�+�%�&����� 5 ;�� 3 

�	%�����"�
�* ��D���&�
�*�	
�*+�*��������	
��
���+�*+��>����$+�
>����+ 4% 
�$;�
$A��@&	
� 3.2 

;�� 3.3 

 

�����60# 3.4  &�����;�%,����%�$J A���������	
�>
<)�+��** off-line ICP-OES (0.01 M NaHCO3) ��$

�����%�$���$�&�
�*�	
�*+�*����������	
��
+�
>����+A�������<��<���
	<�� 2% (n=3) 

 

;�%,��� 

(>�-��+����%�+���) 

����������	
��
+�
>����+A� 

������<��<���
	<�� 2%  (2% HNO3) 

����������	
�>�%�
+�
>����+ 

(0.01 M NaHCO3) 

;���(
�� (Ca) 5845 + 175 a 4090 + 55 a 

;�+�
�(
�� (Mg) 865 + 85 870 + 60 

[��[���� (P) 550 + 45 510 + 40 

���_+ (Fe) 740 + 55 b 375 + 25 b 

��$+��
 (Zn) 510 + 30 495 + 20 
a, b �����+H�	
����D��+����@%A�;/��

��+�� ;�
$/F$����;�+�%�$��%�$�
����"����	�$�/��� (p < 0.05) 
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(b)

0
1000
2000
3000
4000
5000
6000

0 10 20 30 40 50 60 70 80 90 100
Dialysis time (min)

(a)

0
1000
2000
3000
4000
5000
6000

0 10 20 30 40 50 60 70 80 90 100
Dialysis time (min)

Ca conc. (�g g-1) Ca conc. (�g g-1)

 
���60# 3.2 +��[;�
$+��>
��>�(����$;���(
��A���+���<�	
�>
<)�+��** on-line CFD-ICP-OES A�

��������	
��
+�������$+��>����$+�
>����+ 4% (a) ;��>�%�
+�����+�
>����+ (b) 

����"�
�* 

 

(b)

0
5

10
15
20
25
30
35

0 10 20 30 40 50 60 70 80 90 100
Dialysis time (min)

(a)

0
5

10
15
20
25
30
35

0 10 20 30 40 50 60 70 80 90 100
Dialysis time (min)

Fe conc. (�g g-1) Fe conc. (�g g-1)

 
���60# 3.3 +��[;�
$+��>
��>�(����$,������_+A���+���<�	
�>
<)�+��** on-line CFD-ICP-OES A�

��������	
��
+�������$+��>����$+�
>����+ 4% (a) ;��>�%�
+�����+�
>����+ (b) 

����"�
�* 

 

3.3.1.2 �����)1���!�\���))��� (pH measurement) 

  ���D��$��
�����&C�+�

%�$	
�A�<�
��<� Orion (��%� PCM500 SensorLink pH Measurement 

System) +��
	
����������;**�%���D��$ (on-line pH measurement) ��!��
+��A�<����_+-	�
���
��_+A�%>�<A�

�����;+<����
��_+ (sampling cup) ;��&�
���	
<����$+������(F� (rubber o-ring)  ��D����������>��)�+


<���%�$�%����<�>&	%������_+-	�
;�<�>����+
<��*���
�*�<��;�<� )F$�����	"�+���%���%� pH 	"�+���F+H�

+����
�����&C�+�

%�$;**�%�$J 3 ;**�D� 1)	"�+����*�	
�*A�+����
;**&+�� (static reading, off-

line) +�*��������*�[�[�������E�� (buffer solution) 	
������&C�+�

%�$ 4.0, 7.0 ;�� 10.0 ����"�
�*  2) 

	"�+���%���%���������+�

%�$����E��	
��%��+��>�� 1 ����������%���	
 ;�<�	"�+���%���%�

;**�%���D��$ (continuous flow, on-line) ;�� 3) 	"�+���%���%� pH ��$��������	
��
 0.01 -�����

-(�

��>*����*����>���%��;**�%���D��$  :*�%�����>� (sensitivity -
��%���%�)�+ slope ��$��+��

��<���$) ��$+���%���%�	�!$;**&+�� ;��;**	
��
+��>����$��������>�%�
����;�+�%�$+����%�$�
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����"����	�$�/��� (p < 0.05) ;�%:*�%�+���%���%� pH ��$��������-(�

��>*����*���� 0.01 -����� 

;**�%���D��$A�<����>�	
���"�+�%���_+�<�� 
�$;�
$A��@&	
� 3.4 

y = 0.9816x - 0.188
R2 = 0.9997

y = 0.9917x + 0.1118
R2 = 1.0000

y = 1.0050x - 0.1084
R2 = 1.0000

3

4

5

6

7

8

9

10

3 4 5 6 7 8 9 10 

Actual pH

M
ea

su
re

 p
H Buffer: static reading

(off-line)

Buffer: continuous
flow

0.01M NaHCO 
Solution: continuous
flow

3

 
���60# 3.4 �&�
�*�	
�*�����&C���<���$ (calibration curve) ��$+����
�����&C�+�

%�$;**�%�$J   

  

  �@&;**��$�%� pH 	
��%��>
<)�++���%���%�;**�%���D��$ (on-line) ;��>�%�%���D��$ (off-

line) ��$�����%�$���$ �<��������� ;��/�����
�� A����������

��+��	
�>
<)�+��** CFD ;�
$
�$�@&	
� 

3.5   
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(a)

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Dialysis time (min)

pH On-line: Milk powder

Off-line: Milk Powder

 
(b)

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Dialysis time (min)

pH

On-line: Rice

Off-line: Rice

 
(c)

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Dialysis time (min)

pH

On-line: Mungbean

Off-line: Mungbean

 
 

���60# 3.5 �%� pH 	
������%�$J ��$+��>
��>�(��	
��%��>
<)�++���%��;** on-line ;�� off-line ��$

�����%�$���$ (a) �<��������� (b) ;��/�����
�� (c)  
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 +���&�
���;&�$��$+����
�%� pH >�%�
����;�+�%�$+������%�$+����
;** on-line ;��;** off-

line -
�;** on-line A�<�%� pH ��"�+�%��:
�$��_+�<�� 
�$��!�)F$�����/A�<+����
�����&C�+�

%�$A�+����


;** on-line �:D��A�<A�+����
���+���&�
���;&�$�����&C�+�

%�$��$+��>
��>�(�� 

 

  3.3.1.3  &'�(�4�,�� matrix interferences �������	!1���%�)��� ICP-OES 

  ����$+���*+��+�����)��
)�+ matrix �%�$J +�� �+�
�F!�>
<-
���)	"�A�<�+�
+���:���

��D��
��������$+�����)��
  (F�$�+�
�F!�)�+�����+H��	�$+����:;��	�$���
	
��%�$+������%�$

������������E��+�*�������������%�$ 	�$+����: ��%�������D
 ;�$�F$����&C��<�  �%��	�$���
 ��)

	"�A�<�+�
+�����*��$��
��>����A�:�����-
���:����D���������������%�$�
������<��<���$�+�D� 

+�
 ��D� matrix 	
��%�$)�+������������E��  �:D��&��$+��&^�������+�
)�+�������
! )F$)"��&C��<�$	"�A�<

����������$�������E�� ;���������������%�$ �
�����+H��A+�<��
�$+�� (�
 matrix 	
����D��+��) 

  +�����������&��������-
�A�<��,
+��	
���
�+�%� “standard additions” �&C���,
+��	
�����A�<

A�+��&��$+��;��;+<>�&^�������+�
)�++���*+����$ matrix ;���&C���,
	
��
����/@+�<�$��+  	"�>
<

-
�����������������E������J ������<��<��$A��������������%�$ 
�$��!�+���*+����$ matrix A�

���������%�$J )F$���D��+�� �����D�>�%�
��+��	*)�+���$�*+�� ��+)�+��!���,
�
!��$�&C���,
	
�A�<A�+��

���)��*�%��+�
+���*+����$ matrix ��D�>�% 
<��+���&�
�*�	
�*������� (slope) ��$��+����<���$

����%�$������������E��+�*��������	
������������E������J ������<��<�  /<���+��������
�%�

;�+�%�$+��;�
$�%�����*+��+������������
���%�+����
   

  ��������	
�A�<A�+��	"�>
��>�(���D�-(�

��>*����*����	
�������<��<�&����� 10-

4-10-5         -����� ;���
+������+�
>����+A�<>
<&����� 2% 
�$��!�)F$>
<	"�+�����
��������������E��

;�� �������� blank A���������-(�

��>*����*����  +���F+H�����$���$�*+��+����
��$

��������	
�>
<)�++��	"�>
��>�(��
<��+���&�
�*�	
�*���������$��+����<���$����%�$��������

����E��+�*��������	
������������E������J ������<��<� ;�
$A�����$	
� 3.5 :*�%����������$

��+����<���$��$;�%�� emission line ;����$;�%��,��� (;���(
�� ;�+�
�(
�� [��[���� ���_+ ;��

��$+��
) >�%�
����;�+�%�$+�� �����D�>�%�+�
+���*+��+����
��$���$�*+��+����
 
�$��!�)F$�����/	"�

+�����)��
&�����;�%,����%�$J 
<�� ICP-OES A���������	
�>
<)�++��	"�>
��>�(��>
<  
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�����60# 3.5  �&�
�*�	
�*���������$��+����<���$����%�$������������E�� (External calibration 

curve) +�*��������	
������������E������J ������<��<� (Standard Addition) A�

-(�

��>*����*���� 0.01 -����� 

 

 External calibration curve Standard addition 

�1�!*0�� (Ca)   

Ca 396.847 nm y = 6651.6x - 46722.3 y = 6551.6x + 96443.5 

Ca 422.673 nm y = 365.5x - 131.1 y = 356.1x + 9301.1 

Ca 317.933 nm y = 186.3x - 1941.5 y = 186.0x + 3372.3 

����0!*0�� (Mg)   

Mg 279.079 nm y = 3.493x + 116.5 y = 3.492x + 104.2 

Mg 279.553 nm y = 982.2x + 44786.7 y = 964.8x + 340916.9 

Mg 280.270 nm y = 485.9x + 30927.5 y = 490.4x + 161596.7 

Z��Z���� (P)   

P 177.495 nm y = 29.05x + 33.87 y = 31.61x + 506.80 

P 214.914 nm y = 12.38x + 62.26 y = 13.38x + 735.06 

!%�X� (Fe)   

Fe 238.204 nm y = 107.16x - 688.68 y = 107.17x + 1159.72 

Fe 239.562 nm y = 77.58x - 759.20 y = 63.77x + 629.73 

Fe 259.940 nm y = 128.40x - 833.16 y = 123.05x - 1378.91 

������0 (Zn)   

Zn 202.548 nm y = 96.08x + 617.33 y = 95.29x + 45602.30 

Zn 213.856 nm y = 62.55x + 1271.39 y = 56.88x + 28929.30 

 

  3.3.1.4  ������
��
1������+)�,����

 on-line CFD-ICP-OES 

  ��D��$)�+>�%�
�����%�$�������E�� (reference material) �+
���+�*+��
@
(F�>
<��$;�%,��� 


�$��!�+�����)��*����A�<>
< (validation) ��$��** CFD-ICP-OES )F$�&C����$�"���� 	"�-
�+���F+H� 

%recovery ��$;�%,�����$+�����������	�!$��
 (F�$��D�+���������E����$��%��$�� NIST (SRM 1846) 

�D��������
!�$	��+ (milk-based infant formula) �&C����;	� -
�A�<�&C������%�$�����A���** CFD ;�<�

	"�+�������������&�����;�%,���	�!$�%��	
�>
��>�(�>
< (dialysate) )�+��** CFD ;���%��	
����D�)�+

+��>
��>�(� (non-dialysable, retentate) 
<��+��A�<+�
�%�������%��	
����D�)�>
<��������A� ;�<��"�

	�!$��$�%��>&�����������&�����;�%,����%�$J 
<�����D��$ ICP-OES  >
<��+��	
��$
�$;�
$A�����$	
� 

3.6 :*�%�+�������������&�����;�%,���	�!$��
 (total amount) �
�%�>�%;�+�%�$)�+�%�	
���*�>�< (certified 

values)  ��+)�+��!��%��������$;�%,���)�+�%��	
�>
��>�(�>
<;���%��	
����D�)�++��>
��>�(��
�%�>�%
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;�+�%�$)�+	
���*�>�<��%��

��+�� �
�%� % recoveries ��!$;�% 90 + 5% ��$,������_+  )�/F$ 104 + 6% ��$

,���[��[����   

 

�����60# 3.6  ����$+�����)��*����A�<>
<��$&�����;�%,���	
�>
<���������>
<)�+��** CFD-ICP-OES 

A������%�$���������E�� (milk-based infant formula, SRM 1846) (n=3) 

 

 ��	������-��� 

 �1�!*0��

(Ca) 

����0!*0�� 

(Mg) 

Z��Z����

(P) !%�X� (Fe) 

������0 

(Zn) 

1��60#��
� (Certified value, �g g-1) 3670 + 200 538 + 29 2610 + 150 63.1 + 4.0 60.0 + 3.2 

;�%,���	�!$��
  

(Total minerals, �g g-1)* 

3760 + 160 541 + 17 2490 + 96 66.6 + 1.5 62.8 + 1.8 

�%��	
�>
��>�(�>
<  

(Dialysed minerals, �g g-1)* 

2810 + 140 428 + 10 1730 + 200 17.7 + 2.2 51.5 + 3.7 

�%��	
����D�)�++��>
��>�(�  

(Non-dialysed minerals, �g g-1)* 

790 + 46 

 

86 + 12 

 

1040 + 94 

 

42.4 + 5.5 

 

7.8 + 1.0 

 

Dialysed + non-dialysed mineral (�g g-1) 3600 + 140 514 + 6 2690 + 145 60.1 + 5.0 59.0 + 4.9 

�<������$>
��>�(�� (Dialysis, %) 76.3 + 3.7 79.6 + 1.9 69.6 + 5.0 26.5 + 3.2 85.7 + 5.7 

�<������$�%��	
����D� (Element retained, %) 21.6 + 1.2 16.0 + 2.2 41.8 + 3.8 63.6 + 5.2 12.5 + 1.6 

������,��4���� (Sum, %) 97.9 + 3.7 95.6 + 1.2 103.8 + 5.8 90.1 + 5.4 94.2 + 8.6 

      

* >
<	"�+����+�* blank ��+;�<� (blank subtracted) 

 

3.3.1.5  ���Z���!��0#������,��+)��+�*	� (Dialysis profile)  

  ��**  CFD ��+���D�)�+)�A�<�<��@���$�<����+��>
��>�(��;�<� ��$A�<�<��@���$

+���&�
���;&�$�%� pH ;��+���&�
���;&�$��
�*;�%,����%�$J 
<�� (F�$�%��	"�A�<��<�A)+���&�
���;&�$	
�

�+�
�F!�����%�$+��>
��>�(�� ;��&^))��	
��%$��/F$+��>
��>�(��  -
�:�)����)�+;+�
<�������$

+��[+���&�
���;&�$��$�����&C�+�

%�$A��@&	
� 3.6 :*�%��%� pH �&�
���;&�$)�+&����� 2.0 A�+��

�%����$+���:�������>&�&C�&����� 5.0 ���A� 30 ��	
��$+���%��A��"�>�< ;���&�
����&C� 7.0-7.5 

���$)�+ 1 ����-�$(F�$A+�<��
�$+�*+���&�
���;&�$	
��+�
�F!�A���**+���%����$���H��  �%�+���&�
���;&�$

��$;�%,���A������%�$ blank ;�
$A��@&	
� 3.6 :*�%�&�����;�%,����%�$J �
�%���"��D��<��+�%� 4 mg L-1 

�"����*	�+,��� �@$��
�D�[��[����	
�������<��<� 3 /F$ 7 mg L-1 ��D��$)�+,����
!�&C��$��&��+�*��$

���>(���%�$J ��%�$>�+_���A�+���F+H����!$�
!>
<	"�+����+�*�%���$ blank ��+  
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 +��[+���&�
���;&�$��$>
��>�(����$;�%,����%�$J A������%�$���$ ;�����<� 	
�>
<	"�+�� 

�F+H�
<����** CFD-ICP-OES ;�
$��@%A��@&	
� 3.7  :*�%��@&;**+���&�
���;&�$��$>
��>�(���


��+H��A+�<��
�$+�� �
�%��@$��
	
�&����� 10 ��	
��$+��>
��>�(�� ���$)�+��!��%���
�$)�/F$��
�*

�$	
� (baseline)  +���&�
���;&�$A��%�$&����� 30-40 ��	
�+�
�F!���D��$)�+����$+���

�������� PBE 

��<�>&A���** � ���� 30 ��	
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Inject Pancreatin Bile Extract
 

���60# 3.6  +��[+���&�
���;&�$��$>
��>�(����$ blank 



-45- 

 

 

(a)

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Time (min)

Conc. (mg L-1)

0

1

2

3

4

5

6

7

8

pH

Ca Fe x 10

Mg P

Zn x 10 pH

Inject Pancreatin Bile Extract  
(b)
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Inject Pancreatin Bile Extract  
���60# 3.7 +��[+���&�
���;&�$��$>
��>�(����$�����%�$���$ (a) ;�����<� (b)  

 

 �@&	
� 3.8 ;�
$+��[+���&�
���;&�$��$>
��>�(����$;���(
�� (;�
$�&C����;	���$,���

�%�$J)A������%�$�����	
�A�<A�+���F+H�  :*�%�A������%�$���<�;�����$�
+��>
��>�(�>
<��%�$��
��_�

��!$;�%�%�$������<�)�/F$&����� 30 ��	
  -
���:���&�����+��>
��>�(�>
<��$;���(
����
�$)�+��+

>&�<��;�
$>
<�D� ���<�>���$>����������	��+>����>��D!�>+%>�<���������>/�����
�� ()�+&����� 

13867 /F$ 56 �g g-1) �F!�+�*&�����;���(
��	
�>
��>�(�>
< 
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(a)

 
���60# 3.8  +��[+���&�
���;&�$��$>
��>�(����$;���(
��A������%�$������%�$J 

 

  3.3.1.6 ������!�	�1��+)��+�*	�,�����-�������%����	)����` 60#+)�
��������

   ��

 CFD-ICP-OES  

  �%����������/A�+��>
��>�(�� (dialysability) �"����>
<)�++�����%�:D!�	
�A�<+��[

��$+��>
��>�(�)�+��**	
�:�����F!��	
�*+�*������������E����$;�%,����%�$J ����$	
� 3.7 ;�
$

&�����;�%,���	
����������>
<	�!$&�����;�%,���A��������$�!"����+;�<$  &�����;�%,���	
�>
��>�(�>
< ;��

�%��	
����D�)�++��>
��>�(� &�����;�%,���;���(
���
�%���"���
A������%�$�<��������� (56 + 3 �g g-1) 

;���@$��
A���+���<� (13870 + 540 �g g-1) �<������$+��>
��>�(��A������%�$�%�$J �
�%�����%�$�<��

�� 61 /F$ 93  �<�����%��	
����D�)�++��>
��>�(��
�%��<���� 4 /F$ 40 ;���������$	�!$��$�%���
�%��<��

�� 94 /F$ 105  �%��,����D���
�%�
�$;�
$A�����$	
� 3.8  -
����&�D�+��>
��>�(�>
<��$;�%,����F!���@%+�*

���
��$�����%�$;��&�����;�%,���	
��
A������%�$  ��%����$;�����<��
&�����;���(
�� ;�+�
�(
�� 

[��[���� ;����$+��
�@$ �%����D!�>+%�
���_+�@$ �&C��<�  �<������$+��>
��>�(����$;���(
�� 

;�+�
�(
�� ;����$+��
�
�%���!$;�%�<���� 36 /F$ 93  �%��,���[��[�����
�%�;�+�%�$+����+��!$;�%  9 + 1% 

A��<�����/F$ 56 + 3% A����$ A����	
�,������_+�
�%�>
��>�(����"��<���� 5-10 �	%���!�  �������$	�!$

�%��	
�>
��>�(�>
<;���%��	
����D�)�++��>
��>�(���$;�%,���;�+�
�(
�� [��[���� ���_+ ;����$+��
 

�
�%�A��%�$	
������*>
<�D��<���� 82-107, 79-107, 86-103 ;�� 87-108 ����"�
�*     
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�����60# 3.8  &�����;�%,���)�+��** CFD-ICP-OES A���������
�%�$J (�%��!"����+;�<$) (n=3) 

 Jasmine Chicken Mungbean Acacia Milk Kale 

 rice meat  pennata powder  

Calcium       

Total minerals (�g g-1) 56 + 3 299 + 13 819 + 43 1650 + 30 6890 + 120 13870 + 540 

Dialysed minerals (�g g-1) 44 + 2 279 + 9 714 + 35 1220 + 55 5560 + 280 8520 + 430 

Non-dialysed minerals  

   (�g g-1) 

8 + 2 12 + 5 119 + 27 482 + 25 1030 + 30 5520 + 240 

Dialysed + non-dialysed 

minerals (�g g-1) 

52 + 4 290 + 13 842 + 26 1760 + 91 6580 + 280 14030 + 520 

Dialysis (%) 78 + 3 93 + 3 87 + 4 74 + 3 81 + 4 61 + 3 

Element Retained (%) 14 + 3 4 + 2 15 + 3 31 + 2 15 + 0.5 40 + 2 

Sum (%) 94 + 6 100 + 4 103 + 3 105 + 6 96 + 4 101 + 4 

Magnesium       

Total minerals (�g g-1) 157 + 3 878 + 30 1410 + 3 1980 + 12 763 + 29 4690 + 310 

Dialysed minerals (�g g-1) 95 + 4 814 + 13 1050 + 40 1640 + 44 628 + 46 3130 + 100 

Non-dialysed minerals  

   (�g g-1) 

34 + 6 47 + 2 459 + 3 417 + 7 69 + 3 1470 + 40 

Dialysed + non-dialysed 

minerals (�g g-1) 

129 + 3 861 + 14 1507 + 43 2080 + 50 697 + 45 4600 + 90 

Dialysis (%) 60 + 2 93 + 2 74 + 3 84 + 2 82 + 6 67 + 2 

Element Retained (%) 22 + 4 5 + 0.2 33 + 0.2 21 + 1 9 + 0.4 31 + 1 

Sum (%) 82 + 2 98 + 2 107 + 3 105 + 2 91 + 6 98 + 2 

Phosphorus       

Total minerals (�g g-1) 839 + 41 6060 + 209 4000 + 60 8540 + 220 6610 + 310 5990 + 60 

Dialysed minerals (�g g-1) 77 + 8 2720 + 90 525 + 13 3250 + 120 3680 + 180 3240 + 210 

Non-dialysed minerals  

   (�g g-1) 

699 + 26 2490 + 340 3750 + 40 5390 + 260 1610 + 30 1840 + 40 

Dialysed + non-dialysed 

minerals (�g g-1) 

776 + 25 5210 + 370 4280 + 60 8630 + 340 5160 + 140 5280 + 60 

Dialysis (%) 9 + 1 45 + 1 13 + 0.3 38 + 1 56 + 3 54 + 3 

Element Retained (%) 83 + 3 45 + 1 94 + 1 63 + 3 23 + 2 31 + 1 

Sum (%) 92 + 3 90 + 2 107 + 1 101 + 4 79 + 2 88 + 1 
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�����60# 3.8  &�����;�%,���)�+��** CFD-ICP-OES A���������
�%�$J (�%��!"����+;�<$) (n=3) (�%�) 

 Jasmine Chicken Mungbean Acacia Milk Kale 

 rice meat  pennata powder  

Iron       

Total minerals (�g g-1) 3.8 + 0.1 15.2 + 0.8 46.8 + 2.1 113.4 + 10.2 69.0 + 1.4 90.9 + 8.6 

Dialysed minerals (�g g-1) 0.2 + 0.1 0.7 + 0.2 2.2 + 0.3 11.8 + 0.9 3.7 + 0.7 4.8 + 0.4 

Non-dialysed minerals  

   (�g g-1) 

3.2 + 0.1 14.0 + 0.3 41.4 + 1.4 104.9 + 1.9 55.5 + 3.1 85.5 + 2.8 

Dialysed + non-dialysed 

minerals (�g g-1) 

3.5 + 0.1 14.7 + 0.4 43.6 + 1.4 116.7 + 2.7 59.2 + 3.4 90.4 + 2.6 

Dialysis (%) 6 + 1 5 + 1 5 + 1 10 + 1 5 + 1 5 + 1 

Element Retained (%) 84 + 3 92 + 2 89 + 3 92 + 2 80 + 4 94 + 3 

Sum (%) 91 + 3 96 + 2 93 + 3 103 + 2 86 + 5 100 + 3 

Zinc       

Total minerals (�g g-1) 19.4 + 0.6 27.5 + 1.8 29.6 + 0.4 44.0 + 3.2 50.7 + 2.3 32.0 + 4.0 

Dialysed minerals (�g g-1) 10.8 + 1.3 22.9 + 0.7 21.3 + 0.2 15.9 + 0.6 38.3 + 1.7 18.2 + 0.9 

Non-dialysed minerals  

   (�g g-1) 

6.5 + 0.7 6.9 + 0.2 10.4 + 0.8 22.9 + 0.8 7.2 + 0.1 15.1 + 0.8 

Dialysed + non-dialysed 

minerals (�g g-1) 

17.3 + 1.4 29.8 + 0.7 31.5 + 0.6 38.8 + 0.6 44.3 + 1.1 32.6 + 0.8 

Dialysis (%) 55 + 7 83 + 2 72 + 1 36 + 1 76 + 3 57 + 3 

Element Retained (%) 33 + 4 25 + 1 35 + 3 52 + 2 14 + 0.2 47 + 2 

Sum (%) 89 + 7 108 + 3 106 + 2 88 + 2 87 + 2 102 + 3 

 

3.3.2   ���������.����,��,�����60#+)�
����

 CFD-ICP-OES �����&'�(����    

)�)*'�+)�,�����-��������!��	����-��� [Judprasong et al., 2007] 

  3.3.2.1 ������!�	�1��������V�����+)��+�*	����������
��
 

   1������+)�,���	-0 

  ��%��

��+�*A����	
�;�<���D��$)�+>�%�
�����%�$�������E�� (reference material) �+
���+�*

+��
@
(F�>
<��$;�%,��� 
�$��!�+�����)��*����A�<>
< (validation) ��$��** CFD-ICP-OES ��$

�����%�$;�%,���	
������$A������A��@&[�����%�$J (mineral fortificants) )F$)"��&C�	
��<�$�F+H� 	"�-
�

+���F+H� %recovery ��$;�%,���	�!$��
 (;���(
�� ���_+ ;����$+��
) 	"�+�������������&�����;�%,���

	�!$�%��	
�>
��>�(�>
< (dialysate) )�+��** CFD ;���%��	
����D�)�++��>
��>�(� (non-dialysable, 

retentate) ;�<��"�	�!$��$�%��>&�����������&�����;�%,����%�$J 
<�����D��$ ICP-OES  >
<��+�����������
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�$;�
$A�����$	
� 3.9 :*�%��������$�%��	
�>
��>�(�>
< ;���%��	
����D�)�++��>
��>�(��
�%�

A+�<��
�$+�*&�����;�%,���	�!$��
 (F�$�
 %recovery A��%�$�<���� 94.5-102.8  -
��
�%�����;�%� 

(repeatability, RSD) ��$,���	�!$��� (Ca, Fe, Zn) �<��+�%��<���� 3 

  �<������$���������/A�+��>
��>�(���$;���(
��A���������;���(
�� (calcium 

fortificants) A��@&[�����%�$J �
�%�>�%;�+�%�$+����@%A��%�$&������<���� 75-80 :*�@$��
A��@&��$

;���(
��(����� (calcium citrate, 81.8+2.5%)  �%����$����������$+��
 (zinc fortificants) �
�%���!$;�%�<��

�� 45.0+2.2 A��@&��$���&��+�*��$+��
-+�
����-� (zinc amino complex) )�/F$�<���� 53.1+2.7 A�

�@&��$��$+��
(���[� (zinc sulphate)  �"����*�@&[�����%�$J ��$��������,������_+ (iron fortificants) �
�%�

���������/A�+��>
��>�(�;�+�%�$+��  ���_+(II)(���[� (iron(II)sulphate), ���_+(II);�_���� 

(iron(II)lactate) ;�����_+(II)[@�����	 (iron(II)fumarate) �
�%��<���� 41-45 (F�$>�%;�+�%�$+��  �%�����

��������_+A��@&��$ NaFe(III)EDTA �
�%����������/A�+��>
��>�(��@$��
 (81.3+2.2%) 	�!$�
!�����/

�,�*��)�+�%� stability ����%�$���&��+�* iron-EDTA (log K of 25.7 for Fe(III) and 14.3 for Fe(II) 

[Hurrell RF, 1997; Furia TE, 1980])  �%����������/A�+���+�
������$(<������%�$ EDTA +�*-��� 

�F!���@%+�*�%� effective stability constant (Keff) � �%� pH ��F�$J  -
��%� Keff �
!�����/�"����>
< � 	
�����

�&C�+�

%�$�%�$J ��%� Keff ��$ EDTA ;�� Fe(III) �
�%� 12.3 	
������&C�+�

%�$ 2, 19.2 	
������&C�+�



%�$ 5, 22.4 	
������&C�+�

%�$ 7 ;�� 25.7 	
������&C�+�

%�$ 12  ��+)�+��!���$�
�%��@$��
��D��

�&�
�*�	
�*+�*,����D��J �D�	�$;
$ Cu(II) (log K 18.8), ��$+��
 Zn(II) (log K 16.5) ;��;���(
�� Ca(II) 

(log K 10.7)  
�$��!���D�� EDTA ��@%A�����������&C�+�

%�$��$+���:������� )F$��
>
<�%��+�
�&C�

���&��+�*����%�$ EDTA +�* Fe(III) ;��&��$+��+���+��+����$ Fe(III) A��������D���%� pH �@$�F!�   

[Hurrell RF, 1997] 
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�����60# 3.9 ��+�����)��*����A�<>
<��$�����%�$��������;�%,��� Ca, Fe ;�� Zn mineral fortificants 

(n=3) 

 

1���!,��,��,�����-��� (�g g-1 fortificant)a 

���!��	����-��� 

(Fortificants) ��	���6�N�%�) 
����60#+)��+�*�+)� 

(Dialysed) 

����60#!%�"�
�����

+)��+�*� 

(Non-dialysed) 

Dialysed + 

Non-dialysed 

Calcium fortificants:     

   Calcium carbonate 4890 + 270 3630 + 100 

(74.2 + 2.1) 

1130 + 210 

(23.2 + 4.2) 

4750 + 170 

(98.8 + 4.9) 

   Tri-calcium phosphate 4460 + 260 3360 + 110 

(75.3 + 2.5) 

970 + 110 

(21.7 + 2.5) 

4340 + 50 

(95.7 + 3.5) 

   Calcium lactate  

        gluconate 

3740 + 270 2940 + 90 

(78.6 + 2.4) 

710 + 80 

(19.0 + 2.2) 

3660 + 50 

(96.5 + 3.1) 

   Calcium citrate 4050 + 230 3310 + 100 

(81.8 + 2.5) 

740 + 90 

(18.3 + 2.1) 

4060 + 60 

(99.0 + 3.1) 

Iron fortificants:     

   Fe(II) sulphate 

 

1200 + 84 507 + 16 

(42.4 + 1.3) 

660 + 15 

(54.8 + 1.3) 

1170 + 25 

(97.3 + 2.0) 

   Fe(II) fumarate 

 

1280 + 33 524 + 16 

(40.9 + 1.2) 

680 + 6 

(53.2 + 1.0) 

1210 + 15 

(94.5 + 1.1) 

   Fe(II) lactate 

 

1350 + 53 609 + 19 

(45.0 + 1.4) 

751 + 35 

(55.5 + 2.6) 

1360 + 44 

(100.5 + 3.3) 

   Sodium iron EDTA 

 

1340 + 50 1090 + 30 

(81.3 + 2.2) 

287 + 20 

(21.5 + 1.0) 

1380 + 30 

(102.8 + 2.2) 

   Fe(III) ammonium  

         citrate 

1440 + 54 364 + 10 

(25.2 + 0.7) 

994 + 76 

(73.5 + 5.6) 

1360 + 78 

(100.4 + 5.8) 

Zinc fortificants:     

   Zinc sulphate 683 +  9 363 + 19 

(53.1 + 2.7) 

323 + 21 

(48.1 + 3.1) 

692 + 26 

(101.2 + 3.8) 

   Zinc oxide 1124 + 20 516 + 27 

(46.1 + 2.4) 

586 + 18 

(52.4 + 1.6) 

1002 + 39 

(98.4 + 3.4) 

   Zinc amino complex 1140 + 30 514 + 25 

(45.0 + 2.2) 

577 + 24 

(50.5 + 2.0) 

1090 + 20 

(95.5 + 1.6) 
a�%�	
���@%A��$��_*;�
$������<��<���$;�%,���   
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  3.3.2.2  ���Z���!��0#������,�����+)��+�*	� 

  ��**>
��>�(��	���>& -
���:��A���** batch dialysis A�<�"���*��:��A���D��$��$

�%�>
��>�(���	%���!� �%��A���**+��>��;**�%���D��$ (continuous-flow dialysis) ��!�A�<�<��@��:����F!�

��++�%��D�>
<�<��@���$+���&�
���;&�$;�%,�������%�$>
��>�(�� ;���<��@�+���&�
���;&�$A��%�$����

�%�$J (time-based dialysis profile) ��** CFD-ICP-OES 	
�:�����F!��
!�
�<��@���$+��[��$�@&;** �D�

+���&�
���;&�$��$;�%,���;�������&C�+�

%�$����%�$>
��>�(�� (dialysis profiles and pH change) 
�$

;�
$A��@&	
� 3.9 (
<��*�) ;��+���&�
���;&�$;**����A��%�$�����%�$J (time-dependent cumulative 

plot) 
�$;�
$A��@&	
� 3.9 (
<���%�$) (F�$�<��@���$+��[����%�$������<��<���$;�%,����%�$J 	
�>
��>�(�

>
<�	
�*+�*���� A�<�<��@�A����$)�������� (kinetic information) �%������+��>
��>�(�������/�"����

>
<)�+�%�������� (slope) ��$+��[����%�$>
��>�(��   

  �%� pH �&�
���;&�$)�+&����� 2.0 �&C�&����� 5.0 ���A� 30 ��	
 ;���&�
����&C� 

7.0-7.5 ���$)�+ 1 ����-�$
�$;�
$A��@&	
� 3.9 (
<��*�) �%��+��[������$&��������_+	
�>
��>�(�>
< 

;�
$��@%
<���%�$ :*�%�,������_+	
�>
��>�(�>
<�:����F!���%�$��
��_�A��%�$+%���

���>(�� PBE ;�<�

�:����F!��
+��_+�<�� ;����
	<��+_�$	
� �<������$>
��>�(�������/�"����>
<)�+���������$+��[�
! 

(+��[
<���%�$ ����D�)  ����$����%�$J 	
��
���%�+��>
��>�(�������/;�
$>
<��%�$��
�)�
<��+��[�
!  

��%�A��@&	
� 3.9 
<���%�$ :*�%��������(
 (ascorbic acid) ;�
$����$+���%$�����+��
@
(F�,������_+

-
���:��A��%�$���$)�+ 20 ��	
 (�����&C�+�

%�$��++�%� 4) ���$)�+>
��>�(�� ��+)�+��!�)���_�

>
<�%�+��>
��>�(���$,������_+>�%�&�
���;&�$��D�������&C�+�

%�$�
�%���++�%� 6 A�	�!$+��
	
��
;��>�%

�
 ascorbic acid �&C���A�<,������_+A��@&��$(���[�	
��
+�������������(
�
�%�>
��>�(���<���� 63 ��D��

�&�
�*�	
�*+�*	
�>�%�
+�������������(
 (�<���� 49)  +��[	
�;�
$	�!$��$;**�
!)�A�<A�+���F+H�+��
@
(F�

>
<��$;�%,��� ���	�!$����$����%$�����;�������*��!$+��
@
(F�  
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���60# 3.9 +��[+���&�
���;&�$��$>
��>�(����$,������_+;���%� pH (�@&
<��*�) ;��+��[+��

�&�
���;&�$;**����A��%�$�����%�$J (cumulative plot) ��$,������_+;���<������$ 

>
��>�(�� (�@&
<���%�$) �"����* FeSO4 	
�>�%�
 ascorbic acid (a) ;���
 ascorbic acid (b)  
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3.3.2.3  ���Z���!��0#������,��+)��+�*	�,��-���!%�X������!��	�-���

!%�X����Z��������` 60#�0���!�	�������!��	���������
��N����)�)*'� 

  ��������;�%,������_+ ;���(
��;����$+��
 �
+��A�<+����%�$+�<�$���$A��������=�

�����	
������;�%,����%�$J   >
<	"�+���F+H�	�!$��������,������_+ (iron fortificants) ��������,���;���(
�� 

(calcium fortificants) ;������������$+��
 (zinc fortificants)  ;�%�:D��A�<��_���:>
<��
�)���$+��A�<�<��@�

	
�>
<)�+��** online CFD-ICP-OES )F$���"�������:��A��%��	
��&C���������,������_+�	%���!�   

  ��������,������_+	
�����A�<�
�����@&[���� ;�%	
�A�<A�+���F+H����!$�
!�D����_+A��@&��$ 

Fe(II) sulphate, Fe(II) fumarate, NaFe(III)EDTA, Fe(II) lactate ;�� Fe(III) ammonium citrate  ��D��$)�+

���������/A�+��
@
(F� ����>�%�@$��+ ;���
+��A�<+����+  +��[+���&�
���;&�$��$,������_+	
�

>
��>�(�>
< ;��+���&�
���;&�$�%� pHA��@&[������$�����������_+�%�$J ;�
$A��@&	
� 3.10 :*�%�

�����/;*%$>
<�&C� 3 +��%�����<������$+��>
��>�(��D�+��%�	
��
�%���
�*��"� (�<���� 25 �"����* Fe(III) 

ammonium citrate) ��
�*+��$ (�<���� 41-45% �"����* Fe(II) sulphate, Fe(II) fumarate ;�� Fe(II) 

lactate) ;����
�*�@$ (�<���� 81 �"����* NaFe(III)EDTA)  +��[+���&�
���;&�$��$>
��>�(����$,���

���_+A��@&��$ Fe(III) ammonium citrate :*�%��
�����+��>
��>�(����"�A��%�$ 30 ��	
;�+;���$	
�A�

	
���
 	"�A�<�
�%�>
��>�(���:
�$�<���� 25.2 �	%���!�  �%��+��[+���&�
���;&�$��$>
��>�(����$,���

���_+A��@&��$ Fe(II) sulphate, Fe(II) lactate ;�� Fe(II) fumarate �
�%�>
��>�(���<���� 42, 45 ;�� 41 

����"�
�*  ;�%)���_�>
<�%�+��[���%��
!�
����(�*(<����+�F!���D���
�����@&;**��$+���&�
���;&�$  


�$��!�)F$>
<�
+��&������<��@�A�<�����/��<�A)>
<$%��
<��+��	"��&C�+��[+���&�
���;&�$��$>
��>�

(����$,������_+A��@&��$+������&����� (cumulative plot) 
�$;�
$��@%A��@&	
� 3.10 (
<���%�$) (F�$

;�
$	�!$&�����,������_+ (�g g-1) ;���<������$+��>
��>�(����$��������,������_+A��@&[�����%�$J  

���������$+��[	
�>
<�
!�����/*%$*�+/F$�����+��>
��>�(���$,������_+A������%�$ �����+��

>
��>�(�+%���

���>(�� PBE �
�%��@$ ;��;�+�%�$+��>&������
��$��������,������_+  ��������,���

���_+A��@&��$ NaFe(III)EDTA  �
�%�+��>
��>�(��@$��
 (�<���� 81) A����	
���������,������_+A��@&

��$ Fe(III) ammonium citrate �
�%���"���
 (�<���� 25) 	�!$�
!��D��$)�+�%��$	
� (stability constant) ��$

���&��+�* EDTA ;�� citrate +�*���_+(III) �
�%�;�+�%�$+����+  (log K = 25.7 and 11.8, respectively 

[Furia TE, 1980])  ��+)�+��!���$��_���
�)�>
<)�+�����+��>
��>�(�A��%�$����%�$ 0-30 ��	
A��@&

[������$ NaFe(III)EDTA �
�%��@$��
A����	
� Fe(III) ammonium citrate �
�%���"���
 A����	
��@&[�����D��

�
�����>
��>�(���@%����%�$�
!  +���&�
���)�+���_+(II) >&�&C����_+(III) ;�<��+��+���&C� Fe(OH)3 ��!�

�+�
�F!�	
��%� pH ��++�%� 4 [Salovaara et al., 2003] 
�$��!����������/A�+��>
��>�(���$��������,���

���_+�@&[�����%�$J �
�%��$	
���D����
+��>
��>�(����$)�+�����%��>& 30 ��	
 (�%� pH&����� 5) 

�+��<��@&[������$ NaFe(III)EDTA (F�$:*�����+��>
��>�(��@$��
��!$;�%�����+��*��+��>
��>�(��  

��+)�+��!����$)�+�

 PBE ;�<� (�%� pH&����� 5-7) �@&[�����
!��$�$>
��>�(�>
<��%�$�%���D��$  �<����
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��$>
��>�(����$[�����
!A��%�$+%���

 PBE ��!��
�%��@$/F$�<���� 58 ��D���	
�*+�*	�!$��
	
�>
��>�(�

>
< (�<���� 81) 
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���60# 3.10 +��[+���&�
���;&�$��$>
��>�(����$,������_+ ;���%� pH (�@&
<��*�) ;��+��[+��

�&�
���;&�$;**����A��%�$�����%�$J (cumulative plot) ��$,������_+;���<������$

>
��>�(�� (�@&
<���%�$) A���������,������_+A��@&[�����%�$J  a) Fe(II) sulphate  b) Fe(II) 

fumarate  c) NaFe(III)EDTA  d) Fe(II) lactate ;�� e) Fe(III) ammonium citrate 
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�������$��	
�>
<�F+H�/F$����$+�
���	�
���%�$J (Organic acids) 	
��
���%�+��
@
(F�>
<��$,������_+ 

:*�%��������(
�
���%$�����+��
@
(F���$,������_+A��@&	
��&C� non-heme iron 	�!$	
��&C����A�,������� 

;�������$������� [Hallberg and Brune, 1986] 	�!$+���F+H�A�;**���
	
��$ (in vitro) [Nayak and 

Nair, 2003, Salovaara et al., 2003] ;��A�;**+��	
��$+�*���$�
�
��� (in vivo) [Siengenberg et al.,1991; 

50] 
�$��!�)F$�
+�������������(
A��������=�������������
�:D��&��$+����	
��+�
)�+�����*��!$+��
@
(F�

&����	>[��		
�:*��A�:D���+���
�%�$J  �
+���F+H�:*�%�+�
(����+ (Citric acid) 	
������$A������

	
��*	
��
�<��;��/������D�$�&C��$��&��+�*���+  �
���:���+��
@
(F���$,������_+ 2-3 �	%� [Gillooly et 

al, 1983, Derman et al., 1987]  ���&��+�*���%��
!>
<A�<A�+���F+H���$����%$�����;�������*��!$+��
@


(F���$,������_+  �@&	
� 3.11 (
<��*�) ;�
$+���&�
���;&�$��$>
��>�(����$,������_+ ;���%� pH��$

���_+A��@&��$ Fe(II) sulphate 	
��
+��������������+��
@
(F� (�������(
 +�
(����+) ;�������*��!$+��
@


(F� (+�
>[��+ ;	���� ;����+(����) 	
���
�%���%�,������_+�D� 3:1 /F$ 4:1 
�$+���F+H���$ Lynch ;�� 

Stoltzfus [Lynch and Stoltzfus, 2003]  )�++���F+H�:*�%����	
������$A������ (additives) �
����%�$��+

�%�+���&�
���;&�$��$>
��>�(����$,������_+A��@&��$ Fe(II) sulphate -
���:���������(
  ��_�>
<��


A��%�$;�+ (0-30 ��	
) ��$+��>
��>�(�� 	�!$�
!��D��$)�+�������(
�
�����+���&�
���[����)�+ Fe(II) >&

�&C� Fe(III) ��D���%� pH �
�%��@$�F!�  �������(
)�;�
$*	*�	�
!>
<

��D���%� pH �
�%��<��+�%� 6.0 /F$ 6.8  ��D��

�%� pH �@$+�%��
!�������(
)�>�%�����/;�
$*	*�	�
! [Derman et al., 1987]  ��+)�+�
!�������(
��$�+�
�&C�

���&��+�*	
�������!"�>
< (soluble complexes) +�*���_+��D���%� pH �
�%���"�	"�A�<���&��+�*�
!��$�$

������!"�>
<;��
@
(F�>
<  ;�%��D���%��&C�+�

%�$�@$�F!�
�$	
�:*A�*������"�>�<��_+ [Hurrell RF, 1997] 	"�

A�<�+�
+���&�
���)�+ Fe(II) >&�&C� Fe(OH)3  
�$)���_�>
<)�++�����
+��>
��>�(���$���_+(II)(���[�	
�

�����������(
 ��D���%� pH ��++�%� 6 (�@&	
� 3.11 �@&
<��*�)  �����+��>
��>�(���$���_+(II)(���[�	
�����

�������(
;��+�
(����+A��%�$ 0-40 ��	
 (�%� pH �<��+�%� 6) �
�%��@$��++�%�	
�>�%>
<�
+�������������(
;��

+�
(����+ (�@&	
� 3.11 �@&
<���%�$) (F�$��_�>
<��%�$��
�)��%������/;*%$;�+����;�+�%�$����%�$����:���

+��
@
(F�;�������*��!$+��
@
(F���$,������_+  �%����+���:��������+��>
��>�(��A��%�$+%���

 PBE 

��D����������:���+��
@
(F�:*>
<��
A�+��
��$�������(
 A����	
�+�
(����+;�
$*	*�	��
�)�A��%�$

���$�

 PBE 	�!$�
!��D��$)�+�����*���A�+�� chelate ��$+�
(����+
<����@% carboxylic ;�� hydroxyl 	
��%��

&��$+��>�%A�<,������_+�&�
���>&�&C� iron hydroxides (F�$>�%�����/������!"�>
< ;����$	"�A�<�+�
�&C�

���&��+�* Fe(III)-citrate 	
���$�$������!"�>
< [Salovaara et al., 2003] ��+)�+��!�)���_�>
<)�++��	
�

�%��$	
� (log K, stability constant) ��$���_+(III)+�*+�
(����+�@$+�%�+��
��$���_+(II) �D� 11.8 ;�� 3.2 

����"�
�* 
�$��!�+�
(����+)F$�����/�+�
���&��+�*>
<+�*	�!$���_+(II) ;�����_+(III)  	
������&C�+�



%�$&����� 3-4 ���_+(II) �����/�+�
�&C� tridentate complex +�*+�
(����+ [Fe(II) cit]- 
<����@% 

carboxylic 2 ���;����@% hydroxyl 1 ��@%   +��*��+�� oxidation ;�� hydrolysis ��$���_+(II) 	"�A�<�+�


�&C����&��+�* tridentate ferric-citrate [Fe(III)OH cit]-  (F�$)�/@+>�-
�>�(�>&�&C����&��+�* 

bidentate, [Fe(III)OH2 cit]2- 	
�������!"�>
< [Salovaara et al., 2003] 
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A�	�$��$+���<��  A�+��
	
��
�����*��!$+��
@
(F�,������_+ ���	
��
+���F+H�+�������;�<�:*�%�

�
����
�)��D�+�
>[��+ (phytic acid) :*�%�/<�����+�
>[��+�$A����_+(II)(���[� &��������_+	
�

>
��>�(�>
<��"���++�%�	
�>�%>
<����-
���:��A��%�$ 0-30 ��	
;�+��$>
��>�(�� (�@&	
� 3.11d 
<���%�$)  

	�!$�
!��D��$)�++�
>[��+�
&��)��* (negatively charged) �����/	"�&��+�����+�*&��)�*�+��$���_+	"�A�<

���_+
@
(F�>
<�
�$  ���$)�+�

 PBE ��<�>&:*�%�+��[+���&�
���;&�$��$&�����,������_+����%�$

>
��>�(����$���_+(II)(���[�	
�����+�
��+(���+ (oxalic acid) ;�
$�%�>
��>�(�>
<�<���$��%�+�� (�@&

	
� 3.11f) �%��$	
� (log K, stability constant) ��$+�
��+(���++�*���_+(III) �
�%� 9.4 -
���D��:�)����	
��%� 

effective stability constants (log Keff) 	
��%� pH 5, 6 ;�� 7 �
�%� 2.9, 4.7 ;�� 6.1 ����"�
�* [Furia TE, 1980]  


<�������
!���_+	
��+�
���&��+�*+�*��+(���+)F$��$�$>
��>�(�>
<;�<�%��%� pH �
�%���++�%� 5 

 ����$���������/A�+��>
��>�(�>
<��$,������_+	
��
����%$�����;�������*��!$+��
@
(F� 

;�
$��@%A�����$	
� 3.10  -
�;�
$�%����_+	
�>
��>�(�>
<�&C� ��$�%�$�D��%�$+%�� ;���%�$���$+���

 

PBE ��<�>&A���** CFD  �:D����
���:I��+�����$���	
�A�<A��F+H�&�����,������_+A��@&���_+(���[�

	
��
+�������������(
 ;��+�
(����+ :*�%��
�%�>
��>�(���<���� 62.8+1.6 ;�� 61.9+2.3 ����"�
�* A��%�$

+%���

 PBE ����$�������(
�%$���:���+��>
��>�(�>
<��
�)���++�%�+�
(����+  (�<���� 48.8 +��
	
�����

�������(
  �<���� 42.9 +��
	
�����+�
(����+ �&�
�*�	
�*+�*�<���� 41.6 A�+��
	
��&C����_+(���[�	
�>�%>
<

�������A
)  A��%�$���$�

 PBE �������(
+��*;�
$��+���%$�����+��>
��>�(���$���_+>
<�<��+�%�+�


(����+ (�<���� 14.0 ;�� 18.9 �&�
�*�	
�*+�*�<���� 7.4 +��
	
�>�%�������A
)  �"����*+��
	
�����+�
>[��

+:*�%��
�%�>
��>�(����"�+�%�	
�>�%>
<����&�������F�$��F�$ A����	
�+������+�
;	���+ ;��+�
��+(�

��+ �%$���
+��>
��>�(���_+�<�� (&������<���� 40 �&�
�*�	
�*+�*�<���� 49 	
�>�%>
<�������A
)  -
�

���&���������/A�+��>
��>�(���$,������_+A�[�������_+(II)(���[� ��
�$�"�
�*)�+��+>&�<��


�$�
!�D�+��
	
������������(
 (�<���� 63) > +��
����+�
(����+ (�<���� 62) > >�%>
<�������A
 (�<���� 49) > 

+��
����+�
��+(���+ (�<���� 41) > +��
����+�
;	���+ (�<���� 38) > +��
����+�
>[��+(�<���� 21)   
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�����60# 3.10 &�����,������_+	�!$��
;�����_+	
�>
��>�(�>
<A����_+(II)(���[� 	
��
+����������%$�����

;�������*��!$+��
@
(F� (n=3) 

 

 

Iron fortificants 

 

Fe(II) sulphate 

(FeSO4) 

FeSO4 with 

ascorbic acid 

FeSO4 with 

citric acid 

FeSO4 with 

phytic acid 

FeSO4 with 

tannic acid 

FeSO4 with 

oxalic acid 

Total Fe in each study is 1210 + 24 (�g g-1) 

Dialysed Fe (�g g-1) and percent dialysis (%) 

   - Before 30 min 

 

 

502 + 20 

(41.6)a 

589 + 15 

(48.8) 

518 + 19 

(42.9) 

225 + 31 

(18.7) 

407 + 15 

(33.7) 

350 + 9 

(29.0) 

   - After 30 min 89 + 4 

(7.4) 

169 + 4 

(14.0) 

229 + 9 

(18.9) 

26 + 4 

(2.2) 

51 + 2 

(4.2) 

146 + 4 

(12.1) 

   - Sum 592 + 24 

(49.0 + 2.0) 

758 + 20 

(62.8 + 1.6) 

747 + 28 

(61.9 + 2.3) 

251 + 34 

(20.8 + 2.8) 

458 + 17 

(37.9 + 1.4) 

496 + 13 

(41.1 + 1.1) 

Non-dialysed Fe 

    (�g g-1) 

564 + 12 

(46.7 + 1.0) 

396 + 36 

(32.8 + 3.0) 

520 + 16 

(43.1 + 1.3) 

952 + 34 

(78.9 + 2.9) 

704 + 25 

(58.3 + 2.1) 

700 + 10 

(58.0 + 0.9) 

Dialysed  +   

   non-dialysed Fe 

    (�g g-1) 

1156 + 25 

(95.7 + 2.0) 

1155 + 47 

(95.7 + 3.9) 

1267 + 25 

(101.4 + 2.1) 

648 + 58 

(99.7 + 3.9) 

1162 + 23 

(96.2 + 1.9) 

1196 + 10 

(99.1 + 0.9) 

a �%�	
���@%A��$��_*;�
$�%��<������$>
��>�(�� 
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���60# 3.11  +��[+���&�
���;&�$��$>
��>�(����$,������_+A�[�������_+(II)(���[� 	
���������%$�����

;����*��!$+��
@
(F� (�@&
<��*�) ;��+��[+���&�
���;&�$;**����A��%�$�����%�$J 

(cumulative plot) ��$,������_+;���<������$>
��>�(�� (�@&
<���%�$) A���������,���

���_+A��@&[�������_+(II)(���[�	
��
+����������%�$J  a) >�%�������A
  b) �����������(
  c) ����

+�
(����+  d) ����+�
>[���+  e) ����+�
;	���+ ;�� f) ����+�
��+(���+ 
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3.4 
6���� 

 

 ��** CFD-ICP-OES 	
�:�����F!��
!�&C���**	
�$%�� ��
��_� ;�������/���)��
;�%,������!$��

����J ,���:�<��+��>
<��%�$�%���D��$  ��+)�+��!���$�����/��
��������&C�+�

%�$ ;��+��

�&�
���;&�$��$;�%,�������%�$>
��>�(��>&:�<��J +��  >
<	
��*��**	
�:�����F!��
!+�*�����%�$�%�$J 

�������
  �<��@���$���������/A�+��>
��>�(���$;�%,��� +��[+���&�
���;&�$��$�����&C�+�



%�$ ;��+���&�
���;&�$��$;�%,�������%�$>
��>�(����!� �&C�&��-�����"����*+��&������

���������/A�+��
@
(F�>
<��$;�%,��� ;��A�<A�+���F+H�����$&^))���%�$J	
��
���%�+��
@
(F���!� 	"�

A�<��<�A)+���&�
���;&�$	
��+�
�F!�����%�$>
��>�(��    

 ��** CFD-ICP-OES-pH 	
�:�����F!��
!�����/A�<A�+����
���+��*��+��>
��>�(����$;�%

,����%�$J ;���%� pH>
<A�	�+�%�$���� (time-dependent dialysis) ��**�
!>
<�"���&����+��A�<A�+���F+H�

��������;�%,���*�$���
	
�A�<����A������ ;��+���F+H�����$����%$�����;�������*��!$+��
@
(F���$

;�%,��� (F�$�&C�+��A�<��**>
��>�(��A�+���F+H��&C����!$;�+  +��[+���&�
���;&�$��$>
��>�(��

��$;�%,��� ;��+��[+���&�
���;&�$;**����A��%�$�����%�$J (cumulative plot) ��$&�����;�%,��� 

;���<������$>
��>�(�� >
<;�
$A�<��_���%�$��
�)�A�+����
���+���&�
���;&�$����%�$>
��>�(��

	
��
����)�+���	
������$A������  (F�$>�%�����/��_�>
<
<��+��*��+��>
��>�(��;**	���>&  ��**�
!

)F$�
&��-����A�+��A�<�&C����D��$�D��"����*+��&�������%����������/A�+��
@
(F�>
<��$;�%,���A�

����� ;�����	
������$A������ 
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���60# 4 

��������

!�"#�������%���� Flow field-flow fractionation ��
 Inductively coupled plasma 

optical emission spectrometer �����&'�(�������
��������,��),����������
��%����

-���!%�X���
 Phytic acid ��� Tannic acid ����%�� 

 

4.1 
6�$� 

 

4.2 �����������	-0���6)��� 

4.2.1 ������
;�������%�$ 

4.2.2 ��,
+���F+H�+��)�*�������%�$,������_++�* Phytic acid  ;�� Tannic acid 

4.2.3 ��,
+��*%������%�$A������+�
�*����D����**+���%�������-
�&���)�+���>(�� 

4.2.4 ��,
+��)"���$+���%��A���**+���%��A����
;+<� 

4.2.5 ���D��$�D� 

4.2.6 ��,
+���"����+��+��)�������$,������_+������
 

 

4.3 4����6)�������	
���� 

4.3.1 +���	
�*����E����$+��;�+
<����** Flow field-flow fractionation (FlFFF) 

4.3.2 +��+��)�������$,������_+��D���
  Phytic acid  ;�� Tannic acid 

4.3.3 +��+��)�������$,������_+A�����+�
��+���<�;���!"���A������+�
�*����D����**

+���%�������-
�&���)�+���>(�� 

4.3.4 +��+��)�������$,������_+A�����+�
��+���<�;���!"������$+���%��A���**+���%��A�

���
;+<� 

 

4.4 
6���� 

 

4.5 !����������	� 
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4.1 
6�$� 

 

&̂���+����
;���,������_+)�
�&C�&^���	�$-����+��	
�:*��+	���-�+ -
���
�&C�

������%���<���� 20 ��$&����+�-�+ �
+���"���������������,������_+;����,
	�$-����+���:D���:���

&�����+����*;���"�>&A�<&��-������$,������_+A��%�$+�� ,������_+	
���@%A��@& non-heme iron )�
�&C�

,������_+	
��%�$+��>
<��*)�+�������+	
���
 -
��%�$+��)�
@
(F�,������_+���
�
!	
��(����"�>�<��_+A�

�@&;**��$>��������� (F�$&�����+��
@
(F�;���"�>&A�<&��-�����F!���@%+�*&^))��������%�$ -
������

*�$���
��+:*�����*��!$+��
@
(F�,������_+	
���@%A��@& non-heme iron �&C��$��&��+�* >
<;+% phytic acid 

;�� tannic acid  

Phytic acid �&C����&��+�* Myo-inositol 	
�:*��+A������)"�:�+,��:D�;����+*�$���
 

)�++��	
� phytic acid �
-��$��<�$	
��
��@% Phosphate �&C��$��&��+�*/F$ 6 ��@% )F$�%$��A�<�&C�����
���	
��


���������/�@$A�+���F
)�*+�*,����������
(F�$���>&/F$,������_+
<�� -
�A�����$����)��:*�%� 

���&��+�*��$,������_++�* phytic acid �&C����&��+�*	
�>�%�����/
@
(F�>
<	
��"�>�<��_+  

Tannic acid )�
�&C����&��+�* polyphenolic compound 	
�:*>
<A����D��$
D���������
 ��%� 

>���;
$ �*
��� +�;[ ��
"� ;������
�� ��+)�+�
!��$:*>
<A�������������
��%� �<��[��$ �$�%� ;:� 

+�<�� /���
"� /���;�+ ;���_�+-+;�� -
� tannic acid ��D����@%A������	
��&C�+�
)�	"�A�<�+�
��@% galloyl 	
��


����*��!$+��
@
(F�,������_+ )�++��	
��$��&��+�*��$������
�������*(�*(<�� ,������_+ ��)�
+��

������+�*-���+����*��!$+��
@
(F��<�$�<���D����������
�%�$J (F�$�%$���%����������/A�+��
@
(F�

��$;�%,������_+  +���F+H�+��+��)�������$,������_+������
)�A�<�<��@�	
��&C�&��-����;���
����

��<�A)��+�F!�A���D��$��$+��
@
(F���$,������_+A���**+���%�������  

A�+���F+H�+��+��)�������$,������_+������
)��<�$A�<�	������D����%�����%�$�	����+��

;�+�����%�$������
������;����%�����)��
&�����,�������>��@$ �	����	�$-����-�+��['>
<��*

+���"�������%�$+�<�$��<�$A�+���F+H�
�$+�%����%� +��A�<�	���� gel chromatography �%��+�*�	���� 

flame atomic absorption A�+���F+H�+��+��)�������%�$�����;���F
)�*+�*-���+���D����$ ;�
��
�� 

��$+��
 	�$;
$ ;���$��A��%���!"��%����$+�<$ lobster   +��A�<�	���� size exclusion chromatography 

(SEC) 	
��%���<�+�*�	���� Inductively coupled plasma mass spectrometry (ICP-MS) A�+���F+H�+��)�*���

;��&�
&�%����$-���A�-&��
����A�<�����+��	
��$�%�$J ;��A�+���F+H�+��+��)�������$

-���A����&��+�*	
��
���
-���+���%�$J A������%�$��_
 ;�%
<���	����-����-� +��['�
�<�)"�+�
*�$

&��+����%� �<�$�
+�����
��A�<���	
��<�$+������������
����*����	,��  ��%�+����+�

<�����	"������

���	�
��(F�$�
������%$��+ &��+�*+�*+��A�<���	"���������	�
���&C����	"������;���[�	
����D���	
�A�

���������)�%$A�<�+�
&^��� Carbon overloading A�+�����)��

<���	���� ICP-MS 

�"����*�	����+��;�+;** non-chromatographic techniques ��%�$ FlFFF 	
���D����%���<�+�*

�	�������)��
,�������>��@$��%�$ ICP-OES ��D� ICP-MS >
</@+�"�����A�����$����)��	
��+
����<�$+�*
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+���F+H�+��+��)�����������
��$,������
�%�$J A������%�$�������
��%� -&��
� ��-���+�� ;��

;*�	
��
��&C��<� )�+�����%�$$����)����$ Barnes ;�� Siripinyanond >
<�"������	���� FlFFF-ICP-MS 

�:D��A�<A�+���F+H�+��+��)�����������
��$-����%�$JA�-&��
��������
��%� metallothionein, 

carbonic anhydrase, ceruloplasmin, alcohol dehydrogenase ;�� thyroglobulin �
+�����%�$$����)����F�$�D�

$����$ Jackson et al 	
�>
<�"�����+��A�<�	���� FlFFF-ICP-MS �:D���F+H�:I��+���+��
@
(�*,���

�@����
����$;*�	
��
� ��+)�+�
!��$�
�
+����$����)��	
�&���*�����"���_)A�+��A�< FlFFF-ICP-MS ;�� 

FlFFF-ICP-OES A�+���F+H�+��+��)�����������
��$,����%�$J A������%�$�������
 

A�$����)���
!>
<	"�+���F+H�+��)�*�������%�$,������_++�* phytic acid ;�� tannic acid -
�

��
���)�++��+��)�����������
��$,������_+ ��+)�+�
!��$	"�+���F+H�+��+��)�����������
��$

,������_+A������%�$����+�
��+���<�;���!"���(F�$�
���$���%��
 phytic acid ;�� tannic acid �&C�

�$��&��+�*����"�
�* -
�+��	
��$)��F+H�+��+��)�������$,������_+A������%�$���$*%�A������

+�
�*����D����**+���%�������-
�&���)�+���>(�� (F�$)��
+��&��*���:+�
�*������%�$A�<

���D��+�*A���**+���%���������$���H�� ��+)�+�
!>
<	"�+���F+H�+��+��)�������$,������_+A�

�����%�$���$�%��+���%��A���**+���%��A����
;+<�-
�������_�>(�� pepsin ;�� pancreatic bile extract 

�$A������%�$ ��** FlFFF-ICP-OES >
</@+:����;���"���A�<A�+���F+H�+��+��)�����������
��$

,������_+A������%�$
�$+�%�� 

 

4.2 �����������	-0���6)��� 

 

4.2.1 ���!1�0����������� 

��_�>(�� pepsin (P-7000, from porcine stomach mucosa) 

��_�>(�� pancreatin (P-1750, from porcine pancreas) 

bile extract (B-6831, porcine) Sigma (St. Louis, MO, USA) 

phytic acid (FW = 660.04 Da; Fluka, Italy) 

tannic acid (FW = 1700.79 Da; Fluka, Italy) 

monodisperse polystyrene sulfonate 4.3, 17 and 49 kDa (PSS) (Fluka, Italy) 

�����������_+����E�� (1000 �����+����%�����) 

+�����
���������� pepsin:  ����� pepsin 0.16 +��� A���������+�
>�-
������+ 

0.1 -����� 1 ��������� 

+�����
�� pancreatin–bile extract (PBE) mixture: ����� pancreatin 0.004 +��� ;�� bile 

extract 0.025 +��� A���������-(�

��>*����*���� 0.001 -����� 5 ���������  
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+�����
�������%�$��+���<�: �<�$��+���<�
<���!"�&���)�+>���� �*	
������@�� 65ºC )�

;�<$;���
�!"����+�$	
� *
A�<����
�
 

+�����
�������%�$�!"���: �!"���/�$+F�$�"���_)�@&;�%A��!"� 120 ���������	
������@�� 80ºC �&C�

���� 10 ��	
 �"��!"����� centrifuge 	
�������_� 3000 ��*�%���	
 �&C����� 20 ��	
 �:D��	"�+��;�+�%��

����� 

+�����
�� carrier liquid ��$��** FlFFF 	
� pH 2.0: �)D�)�$�������� 0.8 �����������$

+�
>�-
������+ 37% A��!"�&���)�+>���� 1 ���� 

+�����
�� carrier liquid ��$��** FlFFF 	
� pH 5.0: �)D�)�$�������� 0.8 �����������$

+�
>�-
������+ 37% A��!"�&���)�+>���� 800 ��������� &��* pH ��$���������	%�+�* 5 
<��

��������-(�

��>*����*���� ���$)�+��!�	"�+��&��*&��������$���������	%�+�* 1 ����
<���!"�

&���)�+>����  

+�����
�� carrier liquid ��$��** FlFFF 	
� pH 7.0: �)D�)�$�������� 0.8 �����������$

+�
>�-
������+ 37% A��!"�&���)�+>���� 800 ��������� &��* pH ��$���������	%�+�* 5 
<��

��������-(�

��>*����*���� ;��&��* pH ��$���������	%�+�* 7 
<����������-(�

��>�
��+>(
� 

���$)�+��!�	"�+��&��*&��������$���������	%�+�* 1 ����
<���!"�&���)�+>����  
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4.2.2 �	-0���&'�(����
�
�����%����-���!%�X���
 Phytic acid  ��� Tannic acid 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

���60# 4.1 ��,
+��*%������%�$A������+�
�*����D����**+���%�������-
�&���)�+���>(���:D��A�<A�

+���F+H�+��+��)�����������
��$,������_+  

 

	"�+�����
�������%�$�����!����
�$;�
$A��@&	
� 4.1  -
�)�	"�+�����
��A�<�����%�$�


������%���!"����+����%�$,������_+;�� phytic acid (��D� tannic acid) �	%�+�* 1:10, 1:50 ;�� 1:100 -
��


������<��<���$,������_+�	%�+�* 300 �����+��� �%� ���� �"����*+��&��* pH ��$��������	"�>
<-
�+��

�������������)D�)�$��$+�
>�-
������+ -(�

������*���� ��D�-(�

��>�
��+>(
� 

 

4.2.3 �	-0���
�������������[�����)!
�!��"����

���������%��.)����&
��

!��+*�� 

	"�+�����
�������%�$�����!����
�$;�
$A��@&	
� 4.1  �"����*�����%�$����+�
���<�)�	"�

+��&��* pH �����%�$ 2.5 ���������A�<�	%�+�* 2.0, 5.0 ;�� 7.0 ;��&��*&�������&C� 5 ��������� �"����*

�����%�$����+�
���<�;���!"���	
�	"�+�����������������_+�:��� 	"�+������ 1.5 �����������$��������

phytic acid, tannic acid, �!"��� ;������������+���<��+�
 

����,������_+ 

&��* pH ��������A�<�	%�+�* 2.0, 5.0 and 7.0 

*%�	
������@�� 37°C �&C����� 2 ����-�$ 

Centrifuge 	
� 3000 ��*�%���	
�&C����� 20 ��	
 

�������� ��+�� 

;�+
<�� Fl-FFF -
�>�%�
+��A�< 

cross-flow field 

(�:D���F+H��%�$ <500kDa fraction) 

;�+
<�� Fl-FFF -
��
+��A�< 

cross-flow field 

 (�:D���F+H��%�$ >1kDa,<500kDa fraction) 



-66-

���_+����E��	
��
������<��<� 1000 �����+����%����� �$A������%�$	
��
&������ 2.5 ���������	"�+��&��* 

pH A�<�	%�+�* 2.0, 5.0 ;�� 7.0 ;��&��*&�������&C� 5 ��������� 

 

4.2.4 �	-0���
$���������������

���������%��,��������� 

A�+��)"���$+���%��A���**+���%��A����
;+<�  �����%�$)�/@+�%��A���** gastric 

digestion 
<����_�>(�� pepsin ;���%�� pancreatic digestion 
<����_�>(�� PBE ����"�
�* -
�	"������,
+��

A� �@&	
� 4.2 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

���60# 4.2 ��,
+��)"���$+���%��A���**+���%���������$�%�$+�� 

�����%�$ (��$;�_$ 0.5 +��� ��D� ��$���� 2.0 +���) 

&��*&�������&C� 10 ���������
<���!"�&���)�+>���� 

&��* pH �&C� 2.0 

&��*&�������&C� 12.5 ���������
<���!"�&���)�+>���� 

��������������_�>(�� pepsin 375 >�-������ 

*%�	
������@�� 37°C �&C����� 2 ����-�$ 

&��* pH �&C� 5 

;*%$�����%�$�� 2.5 ��������� &��* pH �&C� 7.0 

��������������_�>(�� PBE 625 >�-������ 

*%�	
������@�� 37°C �&C����� 30 ��	


*%�	
������@�� 37°C �&C����� 2 ����-�$ 

���
$�������������

���!�����%�� 

(Gastric digestion) 

���
$�����������60#


�	!����������%����

���!�������$�+��!�X� 

���
$������������� 

�$�+��!�X� 

(Intestinal digestion) 

,�N�60# 1 

pH 2.0 

,�N�60# 2 

pH 5.0 

,�N�60# 3 

pH 7.0 

���������
<�� 

 Fl-FFF 

&��*&�������&C� 5.0 ���������
<���!"�&���)�+>���� 

���������
<�� 

 Fl-FFF 

���������
<�� 

 Fl-FFF 



-67-

4.2.5 !1�"#���"� 

pH meter, Denver Instrument Model 215 (USA) 

Incubater shaker, Grant Instrument Model SS40-D2 (Cambridge, England) 

FlFFF system (Model PN-1021-FO, Postnova Analytics, Landsberg, Germany) 

ICP-OES system Spectro CirosCCD (SPECTRO Analytical Instruments, Kleve, Germany) 

 

A�+��	
��$ ��** FlFFF 	
��
��%�����)��
�&C� UV spectrophotometer )��%���<�+�* 

ICP-OES -
�	"�+��������������A�<�$D���>�	
�+"���
 A� ����$	
� 4.1 

 

�����60# 4.1 �$D���>���$���D��$�D�A�+�����������

 

4.3 4����6)�������	
���� 

 

4.3.1 ���!60�
����{��,��������)�����

 Flow field-flow fractionation 

(FlFFF) 

A�+���	
�*����E����$+��;�+
<����** FlFFF ��!� ��D�+A�< monodisperse 

polystyrene sulfonate (PSS) 	
����
-���+���%�$J �&C��������E��-
�)�	"�+�����������;�+ PSS ���
 

4.3, 17 ;�� 49 kDa A���** FlFFF 	
�A�< carrier liquid 	
��
 pH 2.0, 5.0 ;�� 7.0 )�+��!�	"�+����<�$+��[

FlFFF   

Carrier liquid 

- pH 2.0 

- pH 5.0 

- pH 7.0 

 

0.01 M HCl 

0.01 M HCl adjusted to pH 5.0 by NaHCO3 

0.01 M HCl adjusted to pH 7.0 by NaOH 

Membrane 1000 Da MWCO, poly(cellulose acetate) 

Channel flow rate / mL min-1 0.75 

Cross flow rate / mL min-1 2 

  

ICP-OES   

RF generator frequency / MHz 27.2 

RF power / W 1350 

Nebulizer gas flow rate / L min-1 1 

Coolant gas flow rate / L min-1 12 

Auxiliary gas flow rate / L min-1 1 
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����E��;���"������+���������:��,����$��<�����%�$�%� logarithm ��$ retention time (tr) ;�����


-���+�� (M)  

 

log tr =0.572logM-0.556, R2=0.984   ...................................(1) 

log tr =0.437logM-0.065, R2=0.999  ...................................(2) 

log tr =0.526logM-0.100, R2=0.994  ...................................(3) 

 

��+��	
� (1)-(3) �&C���+���������:��,����$��<�	
�>
<)�++��;�+ PSS A���** FlFFF 	
�A�< carrier liquid 

	
��
 pH 2.0, 5.0 ;�� 7.0 ����"�
�* -
���+��
�$+�%���
!)�/@+�"�>&A�<A�+���"�������
-���+����$

�����%�$;�+A���** FlFFF 	
�A�< carrier liquid 	
��
 pH 2.0, 5.0 ;�� 7.0 ����"�
�* 

 

4.3.2 ������
�����,��-���!%�X�!�"#��0  Phytic acid ��� Tannic acid 

��D��$)�+A���**+���%���������$���H�� pH )��
+���&�
�����%�$�<�J )�+ 2.0 	
�

+���:�������>&�&C� 7.0 	
�*������"�>�<��_+ (F�$�&C�*�����	
��%�$+���
+��
@
(F�;�%,����@$	
���
  A�+��

��)���
!)F$��A)�F+H�+��+��)�������$,������_+������
	
� pH 2.0, 5.0 ;�� 7.0 -
�A�<�	���� FlFFF-

ICP-OES 

)�+�@&	
� 4.3(a-d) :*�%���D�����������,������_+-
�>�%�
+������ phytic acid >�%:*�%��
+��

+��)�������$,������_+A��%�$	
����������>
<A��%�$ >1 kDa, >500 kDa (�@&	
� 4.3(d),���) 	�!$�
!�+�
)�+ ,���

���_+������
���
��_++�%� membrane A���** FlFFF 	"�A�<,������_+/@++"�)�
��+)�+��** FlFFF A�

+��
	
��
+������ phytic acid ,������_+;�� phytic acid )��+�
�&C����&��+�*	
��
���
A��%�F!� ;��)�A�<

������,������_++��)�����A��%�$	
� FlFFF-ICP-OES �����/���������>
<A��%�$ 1 – 1.5 ��	
;�+��$

+��;�+��D��%�$���
-���+�� ~1 kDa ;��+��+��)�������$,������_+
�$+�%��A�<����
��<�$+�*

������ molecular absorption 	
�>
<)�+ UV-spectrophotometer (�@&	
� 4.3 (a)-(c),(<��) -
�A�< peak 

maxima 	
��"�;��%$�

��+��A�	�+J +��
 ��+)�+�
!��������$,������_+A��%�$�
!)��@$�F!���D���:���&����� 

phytic acid A�<�@$�F!� ;��)�++��	
��$��D��:�)����A�<&����� phytic acid �$	
� :*�%���D�� pH �@$�F!�+��

)�*�������%�$,������_+;�� phytic acid )��@$�F!�
<��-
���$�+�>
<)�+������+��+��)�������$,���

���_+A��%�$ ~1 kDa 	
��@$�F!�  
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(b)

(c)

(a)

Time (min) 

(d)

1.2 min (>1 kDa) 

1.3 min (>1 kDa) 

1.2 min (>1 kDa) 

1.0 min (>1 kDa) 

1.0 min (>1 kDa) 

1.5 min (>1 kDa) 

1.0 min (>1 kDa) 

1.2 min (>1 kDa) 
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���60# 4.3 (a-d) +��+��)�����������
��$,������_+(������)�+ UV spectrophotometer (<��;��ICP–

OES ���) ��D���
 phytic acid &������%�$J -
�	"�+���F+H�	
� pH 2.0 (a), 5.0 (b), ;�� 7.0 (c)      

�@& d ;�
$+��+��)�����������
��$,������_+��D��>�%�
+������ phytic acid; ,������_+ : phytic 

acid �	%�+�* 1:10 (������
���), 1:50 (�$+��	F*), ;�� 1:100 (�$+��-&�%$) 

 

+��+��)�������$,������_+������
/@+)"�;�+��+�&C�����%�$�D�  

(a) <1 kDa 

(b) >1 kDa ;�% <500 kDa 

  (c) >500 kDa 
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�����60# 4.2  �<����+��+��)�����������
��$,������_+��D���
 phytic acid ;�� tannic acid &������%�$J 

-
�	"�+��*%������%�$A������+�
�*����D����**+���%�������-
�&���)�+���>(��	
� 

pH 2.0, 5.0 ;�� 7.0 

������������
��������,��),��-���!%�X� (%) �������� 

 
pH 

<1 kDa >1 kDa, <500 kDa >500 kDa 

,������_+ : phytic acid 2.0 16.0 2.0 81.9 

(1:10) 5.0 3.9 25.5 70.7 

 7.0 6.0 45.5 48.4 

,������_+ : phytic acid 2.0 49.6 50.4 0.0 

(1:50) 5.0 19.8 66.0 14.2 

 7.0 0.0 93.8 6.2 

,������_+ : phytic acid 2.0 45.2 54.8 0.0 

(1:100) 5.0 17.2 82.8 0.0 

 7.0 4.5 95.5 0.0 

,������_+ : tannic acid 2.0 98.9 1.1 n.d. 

(1:10) 5.0 0.5 0.4 99.1 

 7.0 0.1 0.6 99.3 

,������_+ : tannic acid 2.0 98.9 1.2 0.0 

(1:50) 5.0 0.9 0.7 98.4 

 7.0 1.1 0.6 98.2 

,������_+ : tannic acid 2.0 98.9 1.1 n.d. 

(1:100) 5.0 2.5 16.1 81.5 

 7.0 1.7 1.7 96.6 

 

����$	
� 4.2 ;�
$+��+��)�������$,������_+������
-
�;�
$�&C���
�%���<������$

+��+��)�����������
A��%�$�%�$J 	
�+"���
�<�$�<� )�+��+��	
��$:*�%� phytic acid �
&����	,���:

A�+���F
)�*,������_+�@$ -
�+��	
��$	
�������%���!"����+ 1:10 ,������_+�+��+���%��+�* phytic acid 

(>500 kDa) A�+��	
��$	
�	�+J pH  �"����*+��	
��$	
�������%�� 1:50 ;�� 1:100 ,������_+�%��A��%

)���@%A��%�$ <1 kDa ;����D�� pH �@$�F!��&C� 5.0 ;�� 7.0 )��&�
���>&+��)������@$�F!�A��%�$ >1 kDa, 

<500 kDa  

�"����*��+��	
��$��$ tannic acid :*�%� ,������_+�%��A��%)�+��)�����A��%�$ <1 

kDa ��D�� pH �	%�+�* 2.0 ;���+��+��	��	
��D�� pH �@$�F!��&C� 5.0 ;�� 7.0 +��)�����A��%�$ >500 kDa 

�+��<�+��	
��$	
�������%�� 1:100 )�:*,������_+&������<���� 16 +��)�����A��%�$ >1 kDa, <500 

kDa 	
� pH �	%�+�* 5.0  
�$;�
$A� �@&	
� 4.4 
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���60# 4.4 +��+��)�����������
��$,������_+��D���
��
�%��-
��!"����+,������_+�%� phytic acid �	%�+�*   

1 : 100 -
�	"�+��*%������%�$A������+�
�*����D����**+���%�������-
�&���)�+���>(��

	
� pH 2.0 (������
���), 5.0 (�$+��-&�%$) ;�� 7.0 (�$+��	F*) 

 

)���_�>
<�%�,������_+�
���������/A�+���F
)�*>
<

+�*	�!$ phytic acid ;�� tannic acid -
���:��	
� pH 

5.0 ;�� 7.0 (F�$�&C��%�$ pH 	
���
��<�$+�*�����	
��"�>�<��_+ 
�$��!�)���_�>
<�%� phytic acid ;�� tannic 

acid �
����*��!$+��
@
(F���$,������_+ 

 

4.3.3 ������
�����,��-���!%�X���������)4��1��������N$������[�����)!
�

!��"����

���������%��.)����&
��!��+*�� 

 

)�++��	
���+���<�;���!"����
�����*��!$+��
@
(F�,������_+�&C��$��&��+�* >
<;+% phytic 

acid ;�� tannic acid ����"�
�* (F�$�����/�%$����*��!$+��
@
(F�,������_+>
< A�+��	
��$�
!)F$>
<

	"�+���F+H�+��+��)�����������
��$,������_+A�����+�
��+���<� ;���!"��� -
������%�$)�/@+���
��


<����,
+��*%������%�$A������+�
�*����D����**+���%�������-
�&���)�+���>(�� ;����,
+��

)"���$+���%��A���**+���%��A����
;+<�;**������_�>(�� -
�)�	"�+���F+H�	
� pH 2.0, 5.0 ;�� 7.0 

;�%��D��$)�+&�����,������_+	
��
��@%�
��A��!"�����@%A���
�*��"� 
�$��!�)F$>
<	"�+������,������_+�$A�

�����%�$�!"���A�<�
������<��<��	%�+�* 300 �����+����%����� 

)�+��+��+��)�����������
��$,������_+���$�%��+��*%�A������+�
�*����D��

��**+���%�������-
�&���)�+���>(��	
�A�����$	
� 4.3 :*�%�	
� pH 2.0 ,������_+)���@%A��@&,������_+

������D�+��)�����A��%�$���
 <1 kDa ;�%+��+��)�������$,������_+
�$+�%��)��+�
+���&�
���;&�$

	��	
��D�� pH �@$�F!��&C� 5.0 ;�� 7.0 -
�A������%�$����+�
��+���<�)�:*+��+��)�������$,������_+A�

5.2 ��	
 (~25 kDa) 

0

5000

10000

15000

20000

25000

0 2 4 6 8 10 12 14

Time (min)

Ir
on

 e
m

is
si

on
 in

te
ns

ity
 (c

ps
)



-72-

�%�$ >1 kDa, <500 kDa 
�$;�
$A��@&	
� 4.5(a) (F�$��
��<�$+�*��+��	
��$��$ phytic acid +%����<��
! 

;�%A�+��
�����%�$����+�
���<�	
��
+������,������_+)��+��+����%�$��
�*:�����D�� pH �@$�F!��&C� 5.0 

;�� 7.0 ;��:*�%�,������_++��)�������@%A��%�$
�$+�%���D� >500 kDa ;�%��$�$:*,���*�$�%��+��)�����

A��%�$ >1 kDa, <500 kDa ��%�+�� 
�$;�
$A��@&	
� 4.5(b) 

 

�����60# 4.3 �<����+��+��)�����������
��$,������_+A�����+�
��+���<� ����+�
��+���<�	
��
+������

,������_+ �!"���	
��
+������,������_+ -
�	"�+��*%������%�$A������+�
�*����D����**+��

�%�������-
�&���)�+���>(��	
� pH 2.0, 5.0 ;�� 7.0 

������������
��������,��),��-���!%�X� (%) 
�������� pH 

<1 kDa(a) >1 kDa, <500 kDa(b) >500 kDa(c) 

2.0 100.0 0.0 0.0 

5.0 36.5 63.5 0.0 

������)4��1���� 

7.0 4.2 95.8 0.0 

2.0 100.0 n.d. n.d. 

5.0 3.3 3.9 92.8 

������)4��1����

60#�0���!�	�-���

!%�X� 7.0 3.0 3.5 93.5 

2.0 91.9 n.d. 8.1 

5.0 21.0 18.5 60.5 

�N$���60#�0���!�	�

-���!%�X� 

7.0 18.5 7.2 74.3 

(a) :D!�	
�A�<+��[+��+��)�������$,������_+��D��>�%A�< cross flow field ��+�*
<�� (b) 

(b) :D!�	
�A�<+��[+��+��)�������$,������_+��D��A�< cross flow field 

(c) &�����,������_+	�!$��
��+�*
<�� (a) ;�� (b) 

n.d. �
������<��<���"�+�%� detection limit (0.2 �����+��� �%� ����) 

 

A�+��
��$�����%�$�!"���	
��
+������,������_+ :*�%���D�� pH �@$�F!��&C� 5.0 ;�� 7.0 �+�


+���+��+����%�$��
�*:��� ;��:*�%�,������_++��)�������@%A��%�$
�$+�%���D� >500 kDa ;��:*,���

*�$�%��+��)�����A��%�$ >1 kDa, <500 kDa 	
� pH 5.0 ;���
��+H��+��+��)�����
�$;�
$A��@&	
� 

4.5(b) (F�$��
��<�$+�*��+��	
��$��$ tannic acid +%����<��
! 

 

4.3.4 ������
�����,��-���!%�X���������)4��1��������N$���%��������������



���������%��)���� 

����$	
� 4.4 ;�
$+��+��)�����������
��$,������_+���$+���%��
<����**+���%��

�����A����
;+<� -
�)�+��+��	
��$:*�%����$�%��+���%��A�	�+J ��!���� 	�+�����%�$;�
$+��

+��)�����A���$�%�$�D� <1 kDa ;�� >500 kDa ��
�$+�%��;�
$A�<��_��%�+��������_�>(��)��%���%��
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���&��+�*	
���@%A��%�$ >1 kDa, <500 kDa >&�&C����&��+�*	
��
���
 <1 kDa (F�$�&C��%��	
���
�%�

�%�$+�������/
@
(F�>
< 	"�A�<>�%:*+��+��)�����A��%�$ >1 kDa, <500 kDa  �"����*,������_+	
�+��)��

���A��%�$ >500 kDa ��
�%��&C�,������_+	
�)�*�����@%+�*�����*��!$+��
@
(F�;���+�
+���+��+��-
��&C�

�%��	
�>�%�����/�%��>
< 
 

�����60# 4.4 �<����+��+��)�����������
��$,������_+A�����+�
��+���<�	
��
+������,������_+ ;���!"�

��	
��
+������,������_+ ���$+���%��A���**+���%��A����
;+<�	
� pH 2.0, 5.0 ;�� 7.0 
 

������������
��������,��),��-���!%�X� (%) 
�������� ,�N�60# 

<1 kDa >1 kDa, <500 kDa >500 kDa 

1 (pH 2.0) 94.8 nd 5.2 

2 (pH 5.0) 29.7 nd 70.3 

������)4��1���� 

3 (pH 7.0) 15.5 nd 84.5 

1 (pH 2.0) 82.8 nd 17.2 

2 (pH 5.0) 27.5 nd 72.5 

�N$���60#�0���!�	�-���!%�X� 

3 (pH 7.0) 21.2 nd 78.8 

 

�@&	
� 4.6 ;�
$+��[�&�
�*�	
�*+��+��)�����������
��$,������_+A������%�$�!"���	
�

�
+������,������_+���$�%��+��*%�A������+�
�*����D����**+���%�������-
�&���)�+���>(��

;�����$+���%��A���**+���%��A����
;+<� )�+��;�
$A�<��_��%�,������_+	
�)�*��@%+�*�����*��!$+��
@


(F�*�$�%�������//@+�%��>
<
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ABSTRACT:     The fractionation and elemental association of some heavy metals in air particulate matter from
two different sources, a smelter and heavy vehicle traffic, were investigated using a continuous-flow sequential
extraction procedure. Air particulate matter (a combination of wet and dry deposition) was collected monthly
for one year and was analyzed by a four-step continuous-flow sequential extraction procedure employing a
modified Tessier scheme. Examination of crustal enrichment factors (EF

crust
) suggested that the Cd, Zn and

Pb in the air particulate matter were predominantly of anthropogenic origin. Total Pb deposition in the dry
season was found to be higher than that in the wet season, and may be attributed to soil dust. However, the
fractional distribution of metals between forms did not differ between seasons. The results showed that the
reducible phase (Fe/Mn oxides) was the largest fraction of Pb in air particulate matter from both the smelter
and heavy traffic sites. The overlain metal extraction profiles demonstrated a close elemental association
between Al and Pb in the acid-soluble phase of air particulate matter. In the reducible fraction, Pb was found
to dissolve earlier than Fe indicating that Pb could occur adsorbed onto Fe oxide surfaces in the air particulate
matter.

KEYWORDS: air particulate matter, continuous-flow sequential extraction, enrichment factor.

INTRODUCTION

Air particulate matter, together with associated
metal contaminants, can be formed as the result of
both natural and anthropogenic processes. Typical
natural sources are the sea, giving rise to saline particles,
or wind-blown dust derived from the land. Human
activity produces air particulate matter as a result of
industrial activities, traffic emissions and combustion
processes. In particular, mining and smelting activities
are important sources of heavy metals in the
environment. For example, lead smelters are one of the
most important sources of Pb pollution in the
environment. Another source of Pb, still important in
some countries, is the combustion of leaded gasoline.
Lead is a toxic element and is dangerous to human
health even at relatively low levels. Knowledge of the
bulk concentrations of metal contaminants is essential
for an assessment of ecosystem risk. Lead
contamination in the vicinity of smelters is mainly
airborne and represents a long-term pollution effect
on the environment.

Environmental risk assessment of metals associated
with air particulates has usually been based on the total

concentrations of the metals. This can provide
information on the degree of contamination, however,
the mobility of metals in the environment depends not
only on their total concentration but also on the
associations and forms present in the solid phase by
which they are bound. These forms include the following
broad categories: soluble; exchangeable; carbonate-
bound; Fe and Mn oxide-bound; organic matter-bound
and residual1. Understanding the mode of occurrence
of metals in air particulates is essential for the
environmental assessment of this form of
contamination.

One approach to the study of the distribution of
metals among these physicochemical phases is the use
of phase-selective chemical extractions involving
multiple extracting reagents2. The reagents employed
in sequential extractions have been chosen on the basis
of their selectivity and specificity towards particular
physicochemical forms. Sequential extraction
techniques are widely used to fractionate metals in
solid samples on the basis of the leachability/
extractability of different metal forms3,4.

In our previous work, a continuous-flow extraction
system has been developed to perform chemical

doi: 10.2306/scienceasia1513-1874.2007.33.421
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speciation by sequential extraction of both metals5 and
nonmetals6 in solid materials. Compared with batch
extraction systems, the procedure is rapid, has less risk
of contamination, has the possibility of further
automation, and is easy to perform. The system has also
been found to have less problems of readsorption due
to the shorter extraction times required7. In addition,
the extractogram (a graphical plot of concentration
versus extraction volume) offers additional information
about chemical association of metals in the solid phases.

This study aims to investigate the use of a continuous-
flow sequential extraction system to determine the
fractionation of metals in air particulate matter. Another
objective was to use the extractograms obtained from
the dynamic extraction system for interpretation of
elemental associations in the various air particulate
fractions. Results obtained from this work should
improve our understanding of the forms and elemental
associations of metals in air particulate matter.

MATERIALS AND METHODS

Sampling Sites
The study sites are an area surrounding a small lead

smelter located in Saraburi province, approximately
110 km north of Bangkok, Thailand and a heavy traffic
area in central Bangkok, Thailand. The smelter has
been operating for the last 10 years and its main activity
is to recycle lead from old batteries. The criterion for
the location of monitoring stations of air particulate
matter was that each site should be clear of shelter from
the wind and not overhung by electricity cables or tall
trees. For sampling at the lead smelter site, three
sampling locations were chosen at distances of 2 km,
1 km and 300 m from the smelter. The site in central
Bangkok was located in one of the busiest traffic
junctions (near Victory Monument). At each site,
atmospheric deposition of particulates and metals was
monitored for a period of one year. At all sites, duplicate
samplers were installed within 20 m of each other.

Design of Air Particulate Collectors
Passive air particulate collectors provide a relatively

simple method for monitoring dust particles deposited
by both dry and wet deposition. The plastic cones used
as collectors were constructed from polyethylene
funnels and were 25 cm in diameter with an internal
depth of 12.5 cm. The edges of the plastic funnels were
cut in a zigzag shape to discourage birds from perching
and thus minimize contamination from bird excreta
(Fig. 1). At each monitoring site, the plastic funnels
were mounted on posts 1.6-1.8 m above ground level
to avoid contamination by saltating soil particles. The
tubing connecting the plastic funnels to the receiving
bottles, and the bottles themselves, were shielded with

black plastic sheeting to prevent algal growth. Rainfall
and particles passively deposited into the plastic funnel
were collected in a 4-L bottle which was replaced
monthly. A known volume of high purity water was
used to flush particles out of the plastic funnel down
the tube into the bottle at the time of sample collection.
After collection and transport to the laboratory, samples
were filtered through a glass microfibre filter (Whatman
GF/B (Maidstone, UK), 47 mm diameter, 1 micron
particle retention) and the sample volume determined.
The pH of the samples was also measured. The
particulate matter retained on the filter was then
subjected to continuous flow extraction, and the filtered
solutions containing soluble constituents were analysed
separately.

The volume of samples for wet season months (June-
October) was quite consistent at approximately 3 L,
and in dry season months at approximately 0.1 L. Air
particulates in August were chosen to represent the
wet season, and air particulates in March, the dry season.
These two months were selected because they are in
the middle of the wet and dry seasons, respectively, and
less likely to be affected by instability of changing
weather.

Chemicals and Apparatus
All chemicals used were of analytical grade. Multi-

Fig 1. The photograph of an air particulate collector.
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Extraction Procedure
Since it was impossible to remove air particulate

matter from the filters collected from the samplers
without loss of material, the whole central portion of
the filter through which the solution had passed was
cut from the filter and transferred to a clean extraction
chamber. Following addition of a magnetic bar, a glass
microfibre filter was then placed on the outlet followed
by a silicone rubber gasket, and the chamber cover was
securely clamped in position. The chamber was
connected to the extractant reservoir and the collector
vial using tygon tubing and placed on a magnetic stirrer.
The magnetic stirrer and peristaltic pump were switched
on to start the extraction. The extracting reagents
continuously flowed through the chamber to effect
sequential extraction. The extract passing the
membrane filter was collected at 30 mL volume intervals
to obtain six subfractions for each extractant. Extraction
was carried out until all four extraction steps were
completed. Elemental concentrations in extracts were
determined by ICP-QMS.

Dissolution of Residues
A closed-vessel microwave digestion system

(Milestone model MLS-1200 Mega, Bergamo, Italy)
was used for pseudo-total digestion of air particulate
matter residues. Residues from the extraction chamber
were transferred to the digestion vessels together with
concentrated HNO

3
 (4 mL) and 37% HCl (2 mL). The

vessel was then tightly sealed and subjected to
microwave digestion. After cooling, the digested
solutions were made up to volume in volumetric flasks
before ICP-QMS measurements. The total amounts of
metals associated with the particles were determined
by summation of metals in exchangeable, acid soluble,
reducible, oxidizable and residual fractions.

Quality Control
Analytical quality assurance was addressed by

undertaking duplicate analysis of all extracted solutions.
Blank analysis was performed frequently and every
time a change of reagents or materials was used.

RESULTS AND DISCUSSION

Total Metal Deposition and Enrichment Factors
The samples were obtained in this study using

sample collectors modified from Gray et al.8 as
described in section 2.2. The material collected would
have resulted from a combination of both wet and dry
deposition processes. Total metal deposition was
calculated from a combination of the amounts of soluble
metals, as determined in the original sample filtrates,
and the amounts of metals determined in the various
particulate matter fractions. At each sampling, at all

element stock solution for ICP-MS (AccuStandard, Inc.
CT, USA) was used for the preparation of standard
solutions. An inductively coupled plasma quadrupole
mass spectrometer (ICP-QMS, Perkin Elmer ELAN
6000) was used for the elemental determination of air
particulate extracts.

Fractionation Scheme
A modified Tessier sequential extraction scheme2

was carried out using the following solutions:
Step 1 (F1): 0.01 M Mg(NO

3
)

2
 (exchangeable

fraction)
Step 2 (F2): 0.11 M CH

3
COOH (acid soluble fraction;

carbonate or specifically sorbed)
Step 3 (F3): 0.01 M NH

2
OH.HCl adjusted to pH 2

with HNO
3
, 85ºC (reducible fraction; Fe/Al/Mn oxide-

bound)
Step 4 (F4): 8:3 v/v (30% H

2
O

2
:0.02 M HNO

3
), 75ºC

(oxidizable fraction; organic-bound)
Step 5 (F5): Aqua Regia (residue fraction)

Continuous-Flow Extraction System
Extraction Chamber
An extraction chamber was designed to allow

containment and stirring of air particulate samples.
Extractants could flow sequentially through the
chamber and leach metals from the targeted phases.
The chambers and their covers were constructed from
borosilicate glass to have a capacity of approximately
10 mL. The outlet of the chamber was furnished with
a glass microfibre filter GF/B (47 mm diameter, 1 μm
particle retention, Whatman, Maidstone, UK) to allow
dissolved matter to flow through. Extractant was
pumped through the chamber using a peristaltic pump
(Micro tube pump, MP-3N, EYELA, Tokyo Rikakikai
Co. Ltd.) at varying flow rates using tygon tubing.
Heating of the extractant in steps 3 and 4 was carried
out by passing the extractant through a glass heating
coil approximately 120 cm in length, which was placed
in a water bath. The flow extraction setup is shown in
Fig. 2.

Fig 2. The set-up of the continuous-flow extraction system.



4 2 4                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               ScienceAsia ScienceAsia ScienceAsia ScienceAsia ScienceAsia 33 (2007)33 (2007)33 (2007)33 (2007)33 (2007)

four sites, solution and air particulate samples from
both duplicate samplers were analyzed. The volume
and pH of the rainwater harvested by the samplers,
together with total metal depositions (solution plus
particulate) are shown in Table 1.

In the dry season, harvested rainwater ranged from
1.6 to 13.2 mm month-1, and from 52 to 70 mm month-

1 in the wet season. The rainwater pH was around 8 in
the wet season and varied from 4 to 7 in the dry season.
The higher pH of rainwater harvested in the wet season
was attributed to activities including biomass burning
which produces oxides of Ca, Mg and K to neutralize
the acidity of rainwater. In the wet and dry seasons,
photochemical processes, driven by sunlight
presumably cause oxidation of SO

2
 and NO

x
 to give

acidic rainwater9.
Pb, Cd and Zn are the most common toxic metal

contaminants in air particulates because they appear
in gasoline, car components, oil lubricants and are
widely used in industry. Sources of metal contamination
in air particulates have been reviewed10. Table 1 shows
that the concentration of Pb in air particulate matter
adjacent to the lead smelter area (L1) is distinctly
elevated and decreases with distance from the smelter
in both dry and wet seasons, implicating the lead smelter
as the point source of contamination. The highest Zn
content was obtained at sampling site L4, most likely
originating from traffic-related sources (vehicle tyres).

Total Pb depositions at locations L1 and L2 were
substantially higher in the dry compared with the wet
season, in spite of the much higher rainfall in the latter.
This may be related to a greater deposition of wind-
blown dust material in the dry season. Nriagu11 has
indicated that wind-blown dusts are a major source of
Pb emissions worldwide.

Trace metals in aerosols are derived from a variety
of sources including the earth’s crust, the oceans, the
biosphere, and a number of anthropogenic processes.
The degree to which a trace metal in an aerosol is
enriched, or depleted, relative to a specific source can
be assessed to a first approximation using an
enrichment factor (EF

crust
)12. The enrichment factor

(EF
crust

) of an element in an aerosol sample is defined as

EF
crust

 = 
� �
� �

Cxatm
CAlatm

Cxcrust
CAlcrust

� �
� 	
� 	� 	

 �

where (C
xatm

) and (C
Alatm

) are the concentrations of
the atmospheric trace metal and Al, respectively, and
(C

xcrust
) and (C

Alcrust
) are their concentrations in average

crustal material. The enrichment factor (EF
crust

) was
determined in this study based on the total depositions
of trace elements and Al relative to their average crustal
concentrations as reported by Mason and Moore13.

As an approximate guide, values of EF
crust

 lower
than 10 (in effect 10 times the level of samples with no
enrichment) are believed to have originated from
normal weathering of crustal material. Values of EF

crust

larger than about 101 are referred to as enriched
elements and may have some sources other than crustal
weathering, possibly anthropogenic. The higher the
value of EF

crust
, the more likely that an anthropogenic

source is involved.
The high enrichment factors (101 – 103) for Pb, Cd

and Zn suggest a substantial anthropogenic input for
these three metals. Not only the lead smelter, but also
vehicular exhaust emission  was a major source of Pb
contamination. Pb is still persistent in road dust from
earlier vehicular exhaust emission before leaded
gasoline was banned, because of its long residence time
in the environment14. Similar to earlier reports10,15,
particulate Zn in ambient air probably has its origin
from automobile sources, i.e., wear and tear of
vulcanized rubber tyres, lubricating oil and corrosion
of galvanized vehicular parts. Cadmium is being emitted
mainly from industrial activities and industrial and
domestic wastes related with paints and batteries. In
contrast, iron (Fe) shows no enrichment (EF

crust
 H•1)

and EF
crust

 for Al by definition is 1.0. The metals Pb, Cd
and Zn are all relatively volatile metals, and because
they are readily transported in air, have been referred
to as atmosphile elements16. Previous studies have
reported the accumulation of Pb and Cd in the soil

Table 1. Rainwater volumes, pH and total metal depositions (g ha-1 month-1) for representative dry and wet season months
(n =2).

.

RainfallRainfallRainfallRainfallRainfall pH ofpH ofpH ofpH ofpH of
LocationLocationLocationLocationLocation (mm month(mm month(mm month(mm month(mm month-1-1-1-1-1))))) rainfallrainfallrainfallrainfallrainfall PbPbPbPbPb CdCdCdCdCd ZnZnZnZnZn

DryDryDryDryDry WWWWWete te te te t DryDryDryDryDry WWWWWete te te te t DryDryDryDryDry WWWWWete te te te t DryDryDryDryDry WWWWWete te te te t DryDryDryDryDry WWWWWete te te te t

L1 1.6 52.0 8.04 7.25 78.51 ± 64.50 10.26 ± 7.25 0.41 ± 0.33 0.91 ± 0.00 106.2 ± 34.92 116.7 ± 33.73
L2 2.0 65.2 8.51 7.57 8.25 ± 1.83 0.92 ± 0.083 1.25 ± 0.17 0.34 ± 0.17 71.3 ± 36.25 70.9 ± 5.83
L3 2.2 67.8 8.06 6.14 0.22 ± 0.008 0.26 ± 0.092 1.16 ± 0.00 0.33 ± 0.25 54.0 ± 22.33 52.4 ± 9.20
L4 13.2 70.3 8.34 4.59 2.84 ± 0.33 2.42 ± 1.04 1.42 ± 0.33 0.17 ± 0.00 110.2 ± 25.00 233.3 ± 51.53

L1, L2, L3: 0.3, 1 and 2 km from lead smelter, respectively.
L4: Heavy traffic area.
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surrounding the smelter17,18.
Fractionation of Metals in Air Particulate Samples

For Pb and Zn, concentrations of these metals in
the filtered solutions obtained from the air samplers
were all below detection limits, i.e. all of the Pb and Zn
were associated with the air particulate matter. In the
case of Cd, for three samples (L2 and L3 wet season,
L4 dry season) some Cd was detected in the water-
soluble fraction, equivalent to depositions of between
0.42 and 1.24 g Cd ha-1 month-1, and accounting for
between 23 and 84% of the total Cd deposition for
those samples. For the other samples, all of the Cd was
associated with the air particulate matter.

Information on the fractionation of metals in air
particulate matter is essential for considering their
mobility, mechanisms of transformation and also their
environmental risk. The fractionation of Pb, Cd and Zn
in air particulate matter has been studied previously
using sequential extraction procedures1,19,20. These
studies found that Pb was strongly associated with
carbonate and Fe-Mn oxide phases.

Metal fractionation data for the four sites is shown
in Table 2. However, it should be noted that for sites L2
and L3in particular, the concentrations of metals in
several fractions were close to the detection limits. The
samples from the most contaminated sites (L1 and L4)
provide the most complete sets of data. For these sites,

Fig 3. Mean EF
crust

 values for metals (Pb, Cd, Zn, Fe and Al)
deposited at different sites (L1-L4).

(b) W(b) W(b) W(b) W(b) Wet seasonet seasonet seasonet seasonet season

(a) Dry season(a) Dry season(a) Dry season(a) Dry season(a) Dry season

Table 2. Fractional distribution of metals in representative air particulate matter from dry and wet seasons as determined
using a continuous-flow sequential extraction procedure.

.

FractionFractionFractionFractionFraction Metal deposition in air particulate fractions (g haMetal deposition in air particulate fractions (g haMetal deposition in air particulate fractions (g haMetal deposition in air particulate fractions (g haMetal deposition in air particulate fractions (g ha-1-1-1-1-1 month month month month month-1-1-1-1-1)))))
L1L1L1L1L1 L2L2L2L2L2 L3L3L3L3L3 L4L4L4L4L4

Dry seasonDry seasonDry seasonDry seasonDry season WWWWWet seasonet seasonet seasonet seasonet season Dry seasonDry seasonDry seasonDry seasonDry season WWWWWet seasonet seasonet seasonet seasonet season Dry seasonDry seasonDry seasonDry seasonDry season WWWWWet seasonet seasonet seasonet seasonet season Dry seasonDry seasonDry seasonDry seasonDry season WWWWWet seasonet seasonet seasonet seasonet season

LeadLeadLeadLeadLead
F1 ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04)
F2 5.25 ± 4.50 0.42 ± 0.25 ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) 0.50 ± 0.00 ND (<0.04)
F3 61.92 ±61.50 6.25 ± 8.08 ND (<0.16) ND (<0.16) ND (<0.16) ND (<0.16) 1.67 ± 0.17 1.25 ± 0.33
F4 9.67 ± 2.75 1.42 ± 2.00 6.75 ± 2.17 ND (<0.04) ND (<0.04) ND (<0.04) ND (<0.04) 0.17 ± 0.17
F5 1.67 ± 1.17 2.17 ± 0.92 1.50 ± 0.33 0.92 ± 0.083 0.22 ± 0.008 0.26 ± 0.092 0.67 ± 0.17 1.00 ± 0.08

Sum 78.51 ± 64.5010.26 ± 7.25 8.25 ± 1.83 0.92 ± 0.083 0.22 ± 0.008 0.26 ± 0.092 2.84 ± 0.33 2.42 ± 1.04
CadmiumCadmiumCadmiumCadmiumCadmium

F1 ND (<0.01) ND (<0.01) ND (<0.01) ND (<0.01) ND (<0.01) ND (<0.01) ND (<0.01) ND (<0.01)
F2 0.33 ± 0.33 0.83 ± 0.08 ND (<0.0003)ND (<0.0003)ND (<0.0003) ND (<0.0003) 1.25 ± 0.08ND (<0.0003)
F3 ND (<0.002) ND (<0.002) 1.08 ± 0.17 0.17 ± 0.17 1.08 ± 0.08 0.33 ± 0.25 ND (<0.002) ND (<0.002)
F4 ND (<0.001) ND (<0.001) ND (<0.001) ND (<0.001) ND (<0.001) ND (<0.001) ND (<0.001) ND (<0.001)
F5 0.08 ± 0.00 0.08 ± 0.00 0.17 ± 0.00 0.17 ± 0.00 0.08 ± 0.08 ND (<0.003) 0.17 ± 0.00 0.17 ± 0.00

Sum 0.41 ± 0.33 0.91 ± 0.00 1.25 ± 0.17 0.34 ± 0.17 1.16 ± 0.00 0.33 ± 0.25 1.42 ± 0.33 0.17 ± 0.00
ZincZincZincZincZinc

F1 2.1 ± 2.92 4.1 ± 5.83 ND (<0.12) 1.2 ± 1.67 ND (<0.12) 0.7 ± 0.92 ND (<0.12) 2.8 ± 4.00
F2 25.5 ± 21.17 22.0 ± 2.90 ND (<0.22) ND (<0.22) ND (<0.22) ND (<0.22) 38.5 ± 11.00 6.8 ± 5.33
F3 8.2 ± 11.58 1.1 ± 1.50 ND (<0.08) ND (<0.08) ND (<0.08) ND (<0.08) 34.3 ± 8.83 9.3 ± 3.75
F4 2.1 ± 3.00 2.2 ± 3.08 10.0 ± 1.17 ND (<0.25) 3.8 ± 5.33 4.0 ± 5.58 6.6 ± 1.25 7.4 ± 2.25
F5 68.3 ± 44.50 87.3 ± 54.17 61.3 ± 35.08 69.7 ± 4.25 50.2 ± 17.00 47.7 ± 0.17 30.8 ± 43.67 207.0 ± 39.92

Sum 106. ± 34.92 116.7 ± 33.73 71.3 ± 36.25 70.9 ± 5.83 54.0 ± 22.33 52.4 ± 9.20 110. ± 25.00 233.3 ± 51.53

ND: Not detectable.
L1, L2, L3: 0.3, 1 and 2 km from lead smelter, L4: Heavy traffic area.
F1: Exchangeable, F2: Acid soluble, F3: Reducible, F4: Oxidizable, F5: Residue fractions.
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it was observed that Pb occurred predominantly in the
reducible fraction, with much smaller amounts
occurring in the acid-soluble, oxidizable and residual
fractions. There was no Pb in the exchangeable fraction.
The predominance of Pb in the Fe-Mn oxide (reducible)
fraction is in broad agreement with previous reports
for air particles1,19,20 and soil dusts15,21. The adsorption
of Pb cations onto the Fe-Mn oxide phase is considered
as a reasonably universal fixation process.

Cadmium occurred predominantly in the in acid
soluble or reducible phases, while the highest
proportions of Zn occurred mainly in the residual phase.
Zinc in this fraction is unlikely to be easily released
under natural conditions, however at sites L1 and L4
there were also reasonable amounts of Zn present in
the acid-soluble fraction.

Elemental Associations of Lead in Air Particulate
Samples Based on Extractograms

For investigation of elemental associations,
comparison of extractograms obtained from
continuous-flow sequential extraction can be used
(graphic plots of metal concentrations in subfractions
versus subfraction number) It is possible to evaluate
the elemental associations in the various extracted
solid phases by comparing the details of peak profiles
and peak shapes of overlain extractograms.

The distribution and chemical associations of Pb
and major elements (Al and Fe) in air particulate matter
for contaminated air particulate samples (300 m from
lead smelter and heavy traffic area) can be evaluated
using the extractograms shown in Fig. 4. Chemical
associations of Pb in air particulate matter were not
studied at sampling sites L2 and L3 because of the low
concentrations of Pb in each fraction (Table 2).

For the contaminated air particulate matter at the
lead smelter site (L1), although the Pb occurred

predominantly in the reducible phase, Pb and Al had
similar dissolution patterns within the acid soluble phase
in both wet and dry seasons (Fig. 4: 1a and b). This
indicates a close association between Pb and Al in the
acid soluble phase of contaminated air particulate
matter. In contrast, in the reducible phase, the Pb peak
was found to increase rapidly early in the fraction,
preceding the bulk of the Fe (and Al) dissolution in this
phase. This has been taken as an indication that the Pb
is mostly adsorbed on oxide (Fe/Al) surfaces; the results
being very similar to the extractograms of soil samples
collected at the same site17. The air particulates are
probably therefore derived mainly from wind-blown
dust at the site.

Extractograms for contaminated air particulate
matter from the heavy traffic area site (L4) also show
associations of Pb with the Fe/Al oxide phases (Fig. 4:
2a and b). Therefore, irrespective of the source of the
contamination, the extractograms appear quite similar.

Fig 4. Extractograms for air particulate matter obtained using
the continuous-flow sequential extraction procedure for
contaminated air particulate: L1 in the dry season (1a)
and L1 in the wet season (1b), L4 in the dry season (2a)
and L4 in the wet season (2b).

Fig 5. Monthly rainfall data (a) and fractional distribution of
Pb (b), Al (c), and Fe (d) for air particulate matter
collected near a lead smelter (site L1).
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Monthly Fractional Distribution of Pb in Air
Particulate Matters

Monthly data for the fractional distribution of Pb
in air particulate matter are shown in Fig. 5-6. The data
are shown together with rainfall (mm) and pH from
May, 2004 to April, 2005.

At both sites, the fractional distribution of Pb, Al
and Fe between chemical forms in contaminated air
particulate matter was quite similar for all months, with
no obvious differences between the dry and wet seasons.
It can therefore be concluded that seasonal change
does not affect the distribution of chemical forms of
Pb, Al and Fe in air particulate matter. Considering the
metal content of the particulate matter, it was clearly
observed that total metal concentrations were higher
in the dry compared with the wet months (Fig. 5 and
6). This was most clearly observed at sampling site L1.
Soil aerosols normally make the largest contribution to

atmospheric pollution with Al and Fe as the most
abundant metals acting as markers22,23. In the dry season,
wind-blown dusts are likely to be more abundant at
both the smelter and heavy traffic sites with resulting
deposition of particulate matter occurring by
sedimentation or diffusion.

CONCLUSION

A continuous-flow sequential extraction system was
used to study the fractionation and elemental association
of metals in air particulate matter. For air particulate
matter from the lead smelter and traffic-related dust
examined in this study, Pb was predominantly present
in the reducible fraction, with moderate amounts
occurring in the oxidizable and residual fractions, and
a small amount being associated with the acid soluble
phase. Examination of extractograms showed close
associations between Al and Pb in the acid soluble
phase for the contaminated air particulate matter from
the lead smelter. In contrast, in the reducible fraction,
Pb appeared to dissolve earlier than Fe and Al suggesting
that Pb is adsorbed on Fe/Al oxide surfaces in air
particulate matter. Similar extractograms for soil
collected from the same location suggests wind-blown
dust to be the source of the particulate matter.
Extractograms of Pb in particulate matter from a heavy
traffic area also showed close associations of Pb with
the major elements Al and Fe. Total Pb deposition in the
dry season was found higher than in the wet season
supporting the suggestion that soil dust is the
predominant source of the atmospheric particulate
matter. The fractional distribution of Pb, Al and Fe in
particulate matter was very similar for both dry and wet
seasons.
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A continuous-flow sequential extraction system was used to study the distribution of Pb, and
its association with other elements (Fe, Al and Ca), in soils around a Pb smelter. Soil samples
were analysed by a four-step continuous-flow sequential extraction procedure employing
a modified Tessier/BCR scheme. Recoveries of Pb using the flow system (88–111%) were higher
than those obtained using a conventional batch extraction system. There were also some
differences in Pb distribution between fractions as determined using the two extraction systems.
The most abundant fraction of Pb was extracted during the dissolution of soil oxides (Fe/Al).
Extractograms (plots of concentration of elements vs. extractant volume/time) indicated that
anthropogenic Pb was predominantly adsorbed onto Fe oxide surfaces in contaminated soils.
In soil profiles, the highest amounts of Pb were found in the topsoil surface layers (0–5 cm)
of the contaminated soils with only limited movement into subsurface layers.

Keywords: Continuous-flow extraction system; Elemental association; Sequential extraction;
Pb; Smelter

1. Introduction

Many heavy metals are very common in industrial and domestic usage. Consequently,

wastes containing heavy metals have been dispersed into the environment through their

improper management and disposal. Metal smelters are important industrial point

sources of heavy metals. Toxic metals emitted into the atmosphere can be re-deposited

onto the land and accumulate in the soil. Moreover, the accumulated metals in soil may

be taken up by plants, which could cause human health problems through the food

chain. Therefore it is important to assess soil contamination in order to understand

the potential adverse effects and to impose appropriate control measures.
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In most circumstances, risk assessment to human health from contamination of
soils by heavy metals has usually been based on total concentrations of metals in soil.
This can provide information on the degree of contamination [1]. Unfortunately, the
potential risk from contaminated soil is not dependent on the total concentration
of the element alone, but on the chemical reactivity of the element or the chemical
species of the element of interest. The identification of chemical species or forms and
their quantitative data should be used to assess the bioavailability, toxicity and
environmental impact of contaminant metals. In recent years, there has been
development of chemical testing procedures to measure bioavailability to plants of
metals and metalloids in soil [2]. In general, sequential extraction using a series of
chemicals of increasing strength is a widely used method for metal fractionation and

evaluation of the potential of metal leaching [3]. The sequential extraction approach
can provide detailed information about the origin, mode of occurrence, biological
and physicochemical availability, mobilization, and transport of metals [4]. Elements
extracted in the same extraction steps have been used as evidence of their chemical
association (e.g. [5]). However, this may not always be absolutely correct, because
elements extracted from the same phase may not have dissolved simultaneously but
at different times during the same extraction step. In our previous work, we have
developed a continuous-flow system for sequential extraction [6, 7], which has shown
many advantages over the batch system such as speed, ease of operation, less vulner-
ability to variation in extraction conditions, high extraction efficiency and freedom
from operational contamination. The flow system has also been proved to reduce the

problem of metal readsorption and redistribution during extraction in comparison
with the batch system [8]. Extractograms, i.e. plots of concentration of element
extracted vs. subfraction number (in effect time) obtained using the system also
provides kinetic information and information on solid phase elemental associations [9].

The purpose of the present study is to investigate the use of a continuous flow
extraction system to determine the distribution of Pb in soils contaminated by
atmospheric fallout from a metal smelter. The study compares the results obtained
using the flow system with those obtained for the same soils using a traditional batch
extraction system. A secondary objective was to use the extractograms obtained from
the flow extraction system for interpretation of elemental associations in the various
soil fractions. Results obtained from this work should help improve our understanding
of the transformations of contaminant Pb at an industrially contaminated field site.

2. Materials and methods

2.1 Soil samples

Surface soil samples (0–5 cm) were sampled from the area surrounding a small
Pb smelter located in Saraburi Province, approximately 110 km north of Bangkok,
Thailand (figure 1). The smelter has been operating for the last 10 years and it is
used essentially to recycle Pb from old batteries. Sampling was carried out at distances
of between 0 and 2.5 km from the smelter by taking several subsamples with a trowel,

and bulking from an area of approximately 0.5m2 at each location. Since the land
surrounding the smelter has many different private owners, only parts of the area
were accessible. The areas sampled were all uncultivated grassland. A preliminary
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sampling of topsoils from the site was carried out and the total concentrations of Pb in
these samples were determined. The results showed that total Pb concentrations varied
in the range of 20–250mg kg�1 Pb. Five of the topsoil samples were then chosen for
further study to represent a range from background to high concentrations of
Pb (Samples C1, S1, S2, S3 and S4). Background topsoil samples were sampled at
a distance of 2 km from the smelter. The chemical and physical properties of these
five soils are shown in table 1. For studying the distribution of Pb with soil depth,
three soil profiles were sampled at depths of 0–5 and 5–10 cm from the surface at
distances of less than 200m from the Pb smelter (locations P1, P2 and P3, figure 1).
A further sample was taken from the base of each profile (20–30 cm) in the expectation
that the soil at this depth would most likely be completely unaffected by the smelter
emissions. Soil samples were dried at 30�C in an oven for 5 d. All the samples were
then ground and sieved through a 2-mm stainless steel sieve. All soils were stored in
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Figure 1. Map showing the sampling sites in the area adjacent to the smelter.

Table 1. General soil characteristics.

Soil
Total Pb
(mgkg�1) pH

Sand
(%)

Silt
(%)

Clay
(%)

Org. C
(%)

Total Fe
(%)

Total Al
(%)

Total Ca
(mgkg�1)

Control C1 21.2 5.54 21.3 56.9 21.8 2.23 5.1 1.8 2844
Soil S1 69.9 6.51 20.5 63.6 15.9 2.89 7.6 1.2 3282
Soil S2 99.2 6.17 24.6 61.9 13.5 1.47 4.7 0.8 2259
Soil S3 143.0 5.91 17.1 65.1 17.8 1.81 3.3 1.1 1875
Soil S4 246.6 5.73 20.5 61.4 18.1 2.65 3.4 1.1 2251
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a desiccator prior to laboratory analysis. Soil pH was measured in a water suspension
using a soil/solution ratio of 1 : 2.5 after the suspensions were shaken for 24 h
on a reciprocating shaker at 20�C [10]. Total carbon content was determined by a
LECO CNS 2000 Analyser. Soil texture was obtained using the Malvern Laser Sizer
method [11]. Total Pb, Fe, Al and Ca were determined by acid digestion as described
by Kovacs et al. [12] followed by atomic absorption spectrophotometric detection.

2.2 Standard reference material (SRM)

SRM 2711 was purchased from the National Institute of Standards and Technology
(NIST) (Gaithersburg, MD). This is a moderate contaminated soil (particle
size<74 mm) from Montana. It has been prepared to achieve a high degree of homo-
geneity with certified total elemental concentrations provided. Hence, it is suitable
for use to validate the proposed continuous-sequential extraction method. The SRM
is guaranteed for homogeneity provided that analyses are performed using a minimum
sample size of 250mg.

2.3 Preparation of standard solutions and glassware

The chemical reagents in this work were of analytical grade. Ultra-pure water from
a MilliQ water purification unit (Millipore, Bedford, MA) was used throughout this
work. All glassware used was cleaned and soaked in 10% HNO3 and rinsed with
ultrapure water before use. Standard stock solutions (1000mgL�1) were purchased
from Merck, (Darmstadt, Germany) or prepared in-house from pure metals.
Working standard solutions for calibration of graphite furnace atomic absorption
spectrophotometry (GFAAS) measurements were prepared by diluting the stock
solution with ultrapure water or with extracting reagents before use.

2.4 Fractionation scheme

The fractionation scheme used was based essentially on the Tessier et al. [13] and BCR
[14] schemes but with substantial modifications to enable its use with the flow extrac-
tion system. The geochemical phase at each extraction step is operationally defined
according to the reagents used as shown in table 2. The phases extracted should
be considered as nominal rather than absolute chemical fractions. For step I

Table 2. Sequential fractionation procedure.

Step Nominal fraction Extractant
Extraction conditions

(Batch method)

I Exchangeable 0.01M Mg(NO3)2
a Shaken 24 h, 25�C

II Acid-soluble (carbonate or
specifically sorbed)

0.11M CH3COOHb Shaken 16 h, 25�C

III Reducible (Fe/Al/Mn oxide-bound) 0.1M NH2OH �HCl, pH 2b Shaken 6 h, 96�C
IV Oxidizable (organic-bound) 30% H2O2 : 0.02M HNO3 (8 : 3 v/v)a Shaken 5 h, 85�C
V Residual HNO3þH2O2

c Acid digestion

aModification from Tessier et al. scheme [13, 15].
bModification from BCR scheme [14].
c Acid digestion, Kovacs et al. procedure [12].
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(exchangeable phase), which is not required in the BCR scheme, 0.01M Mg(NO3)2 was
used as the extractant. Many authors use 1M MgCl2 for this phase following the
Tessier et al. [13] scheme. However, using a nitrate salt reduces the background absorp-
tion when determining Pb with GFAAS. The lower strength salt was used to simulate
desorption of the most weakly bound ions (exchangeable) into the soil solution (e.g. [15,
16]). For Steps II and III the reagents used in the BCR sequential extraction scheme
were used [14]. Step IV was modified from the Tessier et al. [13] scheme by using
only 30% H2O2 : 0.02M HNO3 (8 : 3 v/v) because intermittent addition of NH4OAc

during extraction is not practical in the flow system. The last step (Step V) was
performed using the HNO3/H2O2 digestion procedure of Kovacs et al. [10]. Such
digestions are often referred to as pseudo-total analyses [17] since they do not include
metals trapped within the lattices of silicate minerals. However, true total analyses are
not considered necessary for the assessment of metal-contaminated soils since only
those metals potentially available for leaching and biological processes are usually
of interest [18].

In the batch extraction system, the soil sample was weighed accurately into a
centrifuge tube and the extractions at each step were carried out using the equilibration
times as shown in table 2. A water bath was used for the extraction steps where higher
temperatures were required. Centrifugation (10,000 rpm for 10min), decantation and

filtration steps (Whatman filter paper, No. 52) were used for separation of the liquid
and solid phases at each step. This differs from the Tessier et al. [13] procedure in
which supernatants were removed by pipette. In this work, the original five soil samples
(C1, S1–S4) were fractionated using both batch and continuous-flow extraction systems
to examine the accuracy and efficiency of these two extraction systems. The sets
of samples taken from different depths (P1–P3) were fractionated using the flow
extraction system only.

2.5 Continuous-flow extraction system

2.5.1. The extraction chamber. An extraction chamber was designed to allow contain-
ment and stirring of a weighed sample of soil. Extractants are pumped sequentially
through the chamber and leach metals from the targeted phases. The chambers and
covers were constructed from borosilicate glass to have a capacity of approximately

10mL [6, 7]. The outlet of the chamber was furnished with a filter (Whatman
[Maidstone, UK]) glass microfibre filter GF/B, 47-mm diameter, 1-mm particle
retention). Extractant was pumped through the chamber using a peristaltic pump
(Micro tube pump, MP-3N, EYELA [Tokyo Rikakikai Co., Ltd.]) at varying flow
rates using tygon tubing of 2.25mm inner diameter. Heating of the extractants in
Steps III and IV was carried out by passing the extractants through a glass heating
coil approximately 120 cm in length, placed in a water bath. However, because of
heat loss problems, even when the glass heating coil was immersed in a thermostat
water bath controlled at 95�C, the maximum temperatures achieved in the extraction

chamber were between 80 and 85�C. Thus, for Step IV in particular, the temperatures
used were somewhat lower than those used for the batch system (table 2).

2.5.2. Extraction procedure. A weighed sample (1.00 g) was transferred to a clean
extraction chamber together with a magnetic bar. A glass microfibre filter was then
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placed on the outlet followed by a silicone rubber gasket, and the chamber cover was
securely clamped in position. The chamber was connected to the extractant reservoir
and the collector vial using tygon tubing and placed on a magnetic stirrer. The magnetic
stirrer and peristaltic pump were switched on to start the extraction. The extracting
reagents were continuously and sequentially pumped through the chamber. The
extracts passing through the membrane filter were collected in subfractions of
10–30mL volume intervals until all four leaching steps were completed. For most
soils examined, it was found that 120–180mL were sufficient to leach the metals
completely for each step.

2.5.3. Residue digestion. Residue digestion was performed using an acid digestion
method [12] on a heating block. This system was equipped with a heating program.
Amounts of 0.5–1.0 g of dried soil sample or residue from the extraction chamber
were transferred to digestion tubes together with 5mL of HNO3 (70%) and 5mL of
H2O2 (30%). The digestion tubes were placed on a heating block and the digestion
was operated following the recommended heating program for 6 h [12]. The digest
solutions were cooled to room temperature, and filtered through Whatman filter
paper No. 52, were then made up to volume in a volumetric flask. Total metal
concentrations were determined by both a single digestion of non-fractionated soil
and by summation of extractable metals in each subfraction of the exchangeable,
acid-soluble, reducible, oxidizable and residual fractions.

2.6 Analysis of extracts and acid digests

Lead concentrations in extracts were determined using graphite furnace atomic absorp-
tion spectrophotometry (GFAAS). The GFAAS measurements were performed with
a Perkin Elmer (Norwalk, CT) Analyst 100 equipped with a deuterium background
corrector and an HGA-800 heated graphite atomizer. The sample was introduced to
the atomizer using an AS-72 autosampler. Flame atomic absorption (FAAS) measure-
ments for Fe, Al and Ca were performed using a Perkin Elmer Model 3100 spectro-
meter equipped with deuterium background correction. Concentrations of metals
were obtained by the matrix-matched standard calibration method. Working standard
solutions were prepared in the same extracting reagent as the sample solutions.

3. Results and discussion

3.1 Validation of the continuous-flow sequential extraction
system using a standard reference material

We initially evaluated the proposed continuous-flow sequential extraction system by
carrying out a sequential extraction of 0.25 g of NIST standard reference material
(SRM 2711). The resulting analytical data are shown in table 3. The sums of each
element determined (Pb, Fe, Al and Ca) found in all fractions (Iþ IIþ IIIþ IVþ
Residue) were compared with the reference values of acid leaching data provided
by NIST. It was found that they agreed reasonably well within the range of reference
values provided indicating that the extraction data obtained from the continuous-
flow extraction system are reliable.
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3.2 Comparison of Pb fractionation obtained using continuous-flow
and batch sequential extraction techniques

Table 4 compares the distribution of Pb in soils obtained using the flow system and

a conventional batch method. In the flow system, the amounts of Pb in each individual

phase were obtained by summation of the amounts in all subfractions of each step.

In general, the flow system gave better recoveries of Pb compared to the batch

system for all samples analysed. The summation of Pb fractions obtained using the

flow method also showed good agreement with the total concentrations from a single

total analysis. The recoveries in the batch system were poorer, probably as a result

of losing particulate matter at each stage during centrifugation and filtration.

However, the flow extraction is a closed system, which effectively solves this problem.

The precision (repeatability) of the flow system appears to be slightly lower than for

the batch system (see standard deviations in table 4). This is probably due to the

summation of data from several subfractions for each fraction in the flow system.
Although the overall recoveries of Pb was higher using the flow system, in the first

two exchangeable and acid soluble phases, the amounts of Pb extracted using the

flow system were lower than those obtained using the batch system. Lead is very

strongly sorbed onto soil and the flow rate of extractant at 3–5mLmin�1 (calculated

as approximately 0.5 h total contact time) may have been too fast to allow adequate

equilibration between solution and solid phases. In contrast, in the batch system,

equilibration was carried out for 16 or 24 h for these fractions (table 2). In addition,

although not significant in terms of overall recoveries, the Pb concentrations in

subfractions of Steps I and II were often near or below detection limits. For the soil

oxides (Fe/Al); extraction step, the amounts of Pb extracted using the flow system

were higher than those obtained using the batch system. Conversely in the following

step (oxidizable), the amounts of Pb extracted using the flow system were lower than

those obtained using the batch system. These observations can be explained by the

readsorption of Pb in the batch system. Chomchoei et al. [8] have investigated and

compared the readsorption process in both batch and flow systems. For Pb, their

results clearly showed that for the conventional batch system, there was significant

readsorption in both the reducible and oxidizable steps. Some Pb extracted in the

reducible phase was readsorbed and could be dissolved in the next step; the oxidizable

phase. Hence the batch system tends to underestimate the Pb associated with the Fe/Al

oxides and overestimates the Pb associated with the oxidizable fraction. In contrast,

readsorption is not observed for the continuous-flow extraction system [8]. Little

readsorption occurs in the flow system because the extracted Pb is gradually removed

from the system in the flowing extractant before it can be readsorbed on the solid phase.

According to the results of the present work, the amount of Pb in the reducible step

appears to be more completely dissolved and removed in the flow system. It can be

observed from the extractograms (figure 2) that the concentration of Pb approaches

the baseline towards the end of the reducible step. However, this is not the case for

the oxidizable step, which normally takes a longer time to complete because of clogging

of the filter paper by dispersed soil. This is often found in the flow extraction for this

step because the oxidizable phase is often complex and the extraction temperature

achievable is not high enough for rapid dissolution of organic matter in this phase.

The concentration of some elements remained well above the baseline when

the extraction (Step IV) was discontinued. This also suggests an additional reason
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why the amounts of Pb extracted in this step in the flow system are lower than those
obtained in the batch system (table 4), with some of Pb in effect being carried over
to the residual phase. The mean proportions of Pb present in individual fractions
obtained from the both batch and flow extraction systems are shown in figure 3.
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Figure 2. Extractograms obtained using the continuous-flow method for (a) control C1, (b) contaminated
soil S4, and (c) contaminated soil P2 (0–5 cm). For purposes of clarity, Pb concentrations in fraction III have
been scaled down by factors of 10 (C1 and P2) or 100 (S4).
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Although clearly there are differences between the two systems, in both systems the
highest proportion of Pb was found in the reducible fraction (60–80%), followed by
the residual (10–40%), organic/sulphide bound (1–15%), acid-soluble (0.8%) and
exchangeable (0.005%) fractions. However, for the following parts of this study, only
the flow system has been used. This system was selected because of advantages
in reducing soil loss, potential contamination and readsorption phenomena, and
providing better overall Pb recoveries.

3.3 Examination of anthropogenic Pb in the soil using the flow system

When anthropogenic Pb is deposited and incorporated into the soil, it can be
distributed and fixed by different soil phases [19]. Table 5 shows the differences
in amounts of Pb (mg kg�1) in individual fractions between the control and the
contaminated samples (i.e. anthropogenic Pb) as determined using the flow extraction
system. It can be seen that in the contaminated soils, the anthropogenic Pb is
distributed between all the individual phases. However, the distribution is substantially
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Figure 3. A comparison of mean fractional distributions of Pb in soils as determined by batch and
continuous-flow methods.

Table 5. The distribution of contaminant Pb determined using the flow sequential extraction system.

Contaminant Pba (mg kg�1)

Sample Step I Step II Step III Step IV Residue Sum

Soil S1 0.05 0.00 29.86 �0.09 10.76 40.85
Soil S2 0.03 0.65 85.05 0.81 2.46 89.00
Soil S3 0.08 1.67 112.26 1.12 8.65 123.78
Soil S4 �0.08 3.46 217.77 3.25 13.04 237.44

Mean % 0.005 0.88 87.89 0.74 10.44

Control C1 % 0.51 0.28 54.41 4.04 40.75

a Pb concentrations in fractions of control C1 have been subtracted.
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different to that of the native soil Pb found in the control soil. Considering each
fraction, there are very small proportions of contaminant Pb in the exchangeable,
acid soluble phases, and oxidizable phases; 0.005, 0.883 and 0.74% respectively.
Most of the contaminant Pb appears in the reducible phases (88%), with an
approximate 10% in the residual fraction. This result is in agreement with earlier
reports that soil oxides are important scavengers of heavy metals in soils (e.g., [20]).
However, previous studies, including soils with relatively high organic matter contents,
have shown that in such soils, anthropogenic Pb may occur predominantly in the
oxidisable fraction [21, 22].

The above results demonstrate considerable soil pollution with Pb in the vicinity of
the smelter. Our sequential extraction data also agrees with some previous studies,
which have measured metal concentrations of soils affected by smelters [23–25]. Such
studies have suggested that sequential extraction investigations are good tools to
distinguish between contaminated and native soils. The mineral phases that hold
heavy metals appear to be significantly different in the native soils compared to
contaminated soils. The typically lithogenic metals Fe, Al, Ca and Pb usually occur
in uncontaminated soils predominantly in the most stable fractions. Lead of anthropo-
genic origin has considerably higher proportions in mobile fractions and
correspondingly lower proportions in residual phases.

3.4 Lead fractionation in samples from different depths

Data on metal fractionation of soil at different soil depths is essential for considering
the processes of metal transformation, mobility and bioavailability as well as the
long-term risk assessment. Total Pb concentrations in different layers of polluted
soils have been measured and monitored previously [23, 24]. These studies found that
Pb fractionation differed between topsoils and subsoils. Mobile Pb (exchangeable
and acid soluble fractions) was high in topsoils and much lower in subsoils.

In this present study, in order to assess the vertical extent of soil contamination,
topsoil and subsoil concentrations of Pb were compared using the flow sequential
extraction technique (table 6). In all three profiles sampled, at a distance of 0.2 km
from the emission point source, the highest concentrations of Pb were found in the
topsoils, ranging from 350–450mg kg�1 (table 6). However, Pb concentrations in the
subsurface layers (5–10 cm and 20–30 cm) were much lower and differed from one
point to another. The concentrations of Pb at a depth of 30 cm are the lowest and
similar to background concentrations (ca 10–15mgkg�1). This indicates that the Pb
of anthropogenic origin showed high accumulations at the soil surface and only
moves slowly downward through the soil profile. The Pb fractionation data for the
different depth samples are summarized in table 6. The results demonstrate that
there are significant increases of anthropogenic Pb (mg kg�1) in topsoil samples
found in the first two most mobile fractions; the exchangeable and acid-soluble
fractions. However, most anthropogenic Pb was present in the reducible fraction
due to the ability of soil oxides (Fe/Al) to fix Pb. The enhancement of the available/
mobile pool in the topsoil is probably responsible for the limited movement of Pb
down into the deeper layers. However, most of the Pb leached from the topsoil appears
to be fixed by soil oxides in the 5–10 cm layer, limiting any further movement to deeper
layers. These results are similar to those reported in many previous studies [23, 24, 26].
For example, Ettler et al. [26] have estimated downward penetration rates of between
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0.3 and 0.36 cmy�1 for Pb in soils surrounding a Pb smelter. On this basis, since the

smelter in the current study has been operating for only 10 years, it is probably not

surprising that Pb movement downwards appears to be somewhat limited.

3.5 Chemical associations of Pb and major elements
(Fe, Al and Ca) in soil fractions using extractograms

One of the problems when using batch sequential extraction to study chemical associa-

tions is the non-absolute evidence of elemental associations. Elements extracted in the

same extraction step have been used as evidence of their chemical associations.

However, this may not always be absolutely correct, because elements extracted in

the same extraction step may not have dissolved simultaneously but at different

times during the extraction step. For the continuous-flow sequential extraction, the

extractants were continuously and sequentially pumped through the chamber contain-

ing the soil samples. The extracts were collected at set volume intervals (subfractions)

with time until each extraction step was completed, as indicated by the extraction

profiles reaching baseline. The graphical plot of metal concentrations in subfractions

vs. subfraction number is called an extractogram. Using overlayed extractograms for

different elements, and by comparing detailed peak profiles and peak shapes, it is

possible to evaluate the elemental associations in the various extracted solid phases

[9, 27]. If two elements are closely associated in a particular geochemical phase, they

should show similar peak shapes, and a high correlation between amounts extracted

in each subfraction of the particular phase. Metals, which are not closely associated,

but are leached in the same extraction step, will show peak profiles, which do not

coincide with time during the extraction. As a result, the extractogram enables a

detailed examination of possible associations between elements, and therefore provides

an insight into the sources of elements present in each fraction.
The distribution and chemical associations of Pb and major elements in soil (Fe, Al

and Ca) for a control and contaminated soils (topsoils) can be evaluated using

the extractograms shown in figure 2. Variations in the Pb extraction profiles between

the control and contaminated soils are most likely due to the difference between the

lithogenic and anthropogenic origin of Pb particularly in the reducible phase. The

extractograms for the exchangeable phase show little difference in extraction profiles

of Pb between the contaminated and control soils. In the exchangeable fraction, very

small amounts of Pb were found and extracted along with Ca extracted in the

early stages.
Some previous studies of the Pb smelting process have reported that the Pb emission

from smelters is predominantly in the form of Pb sulphates (PbSO4, angelsite) [28, 29],

or as a combination of Pb sulphates and chlorides (PbCl2, cotunnite) [25]. Although

PbSO4 is less soluble than PbCl2, both compounds will dissolve in the soil, and there-

fore the very small amounts of Pb in the exchangeable fraction found in this work may

be derived from these sources. The more soluble PbCl2 in particular could also be

responsible for the slight downward movement of Pb observed in this study. Li and

Thornton [29] also suggested that the large amounts of Ca (55%) present in the

exchangeable fraction were due to the possible presence of CaSO4 in the area

surrounding the smelter. However, they could also be due to Ca adsorbed by the

exchange complex.
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In the acid soluble phase, it is difficult to see the profile of Pb present in the control
soil since Pb in this particular fraction was found at very low concentrations. However,
the Pb profile seems to be lagging behind the Ca profile in both the control and
contaminated samples. The small amounts of Ca extracted most probably results
from the low contents of CaCO3 in our soil samples. The concentrations of Pb found
in the contaminated soils in the acid soluble step remained relatively high with no
sign of approaching the baseline. These continuous leaching signals are possibly a
contribution from Pb sorbed on the surface of soil oxides. Dissolution of Fe oxide
was negligible as no Fe peak was observed in this particular step.

In the reducible and oxidizable steps, Fe and Al were found in significant amounts.
The predominant fraction for Pb appeared in the reducible fraction. However, there are
some significant visual differences observed in the extractograms between the control
and contaminated soils. It can be seen in the extractogram of the control soil
(figure 2a) that Pb does appear to dissolve at the same time as Fe and Al in the
reducible fraction (Step III). This indicates a close association between Pb and soil
oxides. In contrast, for the contaminated soils, the initial Pb peak was found to
rise rapidly in the early part of this stage, and preceded the bulk of the Fe and Al
dissolution. Data obtained using batch methods are unable to provide this type
of information.

On the basis of the above patterns observed in the extractograms, it could be
concluded that Pb was predominantly absorbed on the Fe/Al oxide surfaces, indicating
an anthropogenic origin. The results also suggest that Fe/Al oxides are the major
components of importance in fixing heavy metals in the soils at this contaminated site.

In the oxidizable fractions, the extraction step could not be carried out to completion
as discussed previously. However enough data was produced to consider the chemical
associations in this step. The extractograms of Pb do not show up as well-defined peaks
decreasing to the baseline by the end of the fraction, and there is no clear correlation
of the Pb extractograms with those Fe, Al and Ca.

The visual interpretation of elemental associations using the extractogram is strongly
supported by examination of the extraction data using plots of mole ratios of Pb/Fe
in the reducible phase. The mole ratio of Pb/Fe in each subfraction was plotted against
subfraction number for this particular phase as shown in figure 4. It can be seen that
high ratios of Pb/Fe were found in the early subfractions in contaminated soils and
correspond to Pb adsorbed on the Fe oxide surfaces. According to the plots of the
Pb/Fe mole ratios of the contaminated soils, the Pb/Fe mole ratios decreased with
subfraction number and approached a constant value. The more highly contaminated
soils show higher Pb/Fe mole ratios in the early subfractions. This mole ratio
plot can be used as a tool for identification of anthropogenic origin and degree
of contamination.

4. Conclusions

A continuous-flow extraction procedure was applied to contaminated soils from
an area adjacent to a Pb smelter. The results obtained from this study demonstrate
that the flow system was an effective and accurate method for fractionating soil Pb.
The sum of Pb in all subfractions obtained using this method gave good recoveries
when compared with results of total concentration obtained from total digestion.
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In addition, the continuous-flow system eliminates some tedious procedures, such as

centrifugation and manual filtration that are required for the batch method.

However, it must be recognized that the results obtained using the continuous-flow

system, in terms of Pb distribution between fractions, are likely to differ to some

extent from those obtained using conventional batch techniques. The reasons for this

have been fully discussed above. For the soil samples examined in this study, Pb was

predominantly present in the reducible and residual phases. The most predominant

fractions for Fe and Al are the residual phases, followed by the reducible phases.

In contrast, most Ca is in the exchangeable and residual phases.
An additional advantage of the flow system is the detailed information obtained

from the extractogram. Detailed investigations using extractograms, particularly for

inter-element comparisons, can clearly provide useful information not possible with

the batch technique. The flow system has a high potential for evaluating elemental

associations and the modes of occurrence of Pb in soil samples. The fractionation

profiles/extractograms of Pb were found to depend strongly on the metal origin. For

contaminated soils in this study, the extractograms have shown that Pb was predomi-

nantly adsorbed on soil oxide surfaces, especially in topsoil samples, indicating

anthropogenic origin. The visual interpretation of Pb adsorption on the surface using

extractograms is strongly supported by an examination of the Pb/Fe mole ratio

plots. Total concentrations of anthropogenic Pb were much higher in topsoils than in

subsoils. However, enhancement of Pb in the most available/mobile fractions

(exchangeable and acid soluble) in the topsoil (0–5 cm) had resulted in a limited

movement of Pb into the underlying soil (5–10 cm). There was no further detectable

movement of Pb below this layer.
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Figure 4. Pb/Fe mole ratio plots for subfractions in the reducible phases of the control and
contaminated soils.
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[26] V. Ettler, M. Mihaljevič, M. Komárek. Anal. Bioanal. Chem., 378, 311 (2004).
[27] J. Shiowatana, R.G. McLaren, N. Chanmekha, A. Samphao. J. Environ. Qual., 30, 1940 (2001).
[28] D.J. Oyedele, I.B. Obioh, J.A. Adejumo, A.F. Oluwole, P.O. Aina, O.I. Asubiojo. Sci. Total Environ.,

172, 189 (1995).
[29] X. Li, I. Thornton. Appl. Geochem., 16, 1693 (2001).

Fractionation of lead in soils 583



Evaluation of Distribution and Chemical
Associations between Cobalt and

Manganese in Soils by Continuous-
Flow Sequential Extraction

N. Tongtavee and J. Shiowatana

Department of Chemistry, Faculty of Science, Mahidol University,

Bangkok, Thailand

R. G. McLaren
Soil and Physical Sciences Group, Agriculture and Life Sciences

Division, Lincoln University, Canterbury, New Zealand

J. Buanuam

Department of Chemistry, Faculty of Science, Mahidol University,

Bangkok, Thailand

Abstract: In this study, a strong association between cobalt (Co) and manganese (Mn)

in different geochemical soil phases (fractions) was evaluated using a continuous-flow

sequential extraction technique employing a modified Tessier extraction scheme. With

the flow system, detailed extraction profiles of Co and Mn in soils could be obtained by

plotting concentrations of the elements extracted against extraction time (plots referred

to as extractograms). Extractograms may be used as an indicator of whether the

elements dissolving in the same extraction step are closely associated, or are merely

extractable with the same reagent. From the soil samples studied, the coincidence of

Co and Mn peaks seems to indicate a close association of these elements in the

exchangeable, reducible, and oxidizable fractions. Analysis of flow extraction data

suggested that the association between Co and Fe is not as strong as reported in

previous studies based on the statistical analysis of batch fractionation data.
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INTRODUCTION

Most micronutrients in the soil have been inherited from soil parent materials,

in which the micronutrients occur in the crystal structure of various primary

and secondary minerals. During soil development, micronutrients are

released as soluble ions, which can either be lost from the soil by leaching,

be reincorporated into new secondary minerals, or react in a variety of ways

with other soils constituents (McLaren and Cameron, 1996). Cobalt (Co),

although not essential for all plants, is required for the fixation of nitrogen

by rhizobium bacteria. It is also essential in the diets of ruminant animals

for the formation of vitamin B12. Deficiency results in anemia, loss of

appetite, and poor growth rates. Deficiencies are likely to occur in cows and

sheep if pasture Co levels are less than 0.08mg Co/kg dry matter (McLaren

and Cameron, 1996). Soil Co availability to plants is very dependent on

both soil pH and soil moisture status (McLaren, 2002). It has also been demon-

strated that soil Co reactivity and solubility are also significantly influenced

by soil manganese (Mn) status through the strong fixing ability and redox

reactions of Mn oxides (Taylor et al., 1964; McKenzie, 1969; Taylor and

McKenzie, 1966). In a soil fractionation study, Li et al. (2001b) have also

shown a significant correlation between soil Co and Mn. This study indi-

cated the presence of substantial amounts of Co and Mn in soil iron (Fe)

oxide fractions, and multiple regression analysis suggested that Fe and

Mn oxides have a considerable influence on the distribution of Co in soils.

The chemistry of Co, and its availability to plants, therefore appears to be

dominated by its association with Mn oxide minerals. Understanding the

relationship between these two elements could be important for the manage-

ment of pastures that are deficient in Co for grazing animals. Indeed, some

previous studies have attempted to investigate the importance of the sorption

of Co by Mn minerals in soils in relation to plant Co uptake (Adams et al.,

1969; Tiller et al., 1969).

Sequential extraction using batch methods to fractionate metals in solid

materials has become widely used and well recognized and is a useful

technique for determining chemical phases of metals in soil materials.

Elements extracted in the same extraction steps have been used as evidence

of their chemical association. However, this may not always be absolutely

correct, because elements extracted from the same phase may not have dis-

solved simultaneously but at different times during the same extraction step.

In previous work, a continuous-flow system was developed for the

sequential extraction of soils (Shiowatana et al., 2001a, 2001b), which has

shown many advantages over the batch system including speed, ease of

operation, less vulnerability to variation in extraction conditions, high extrac-

tion efficiency and freedom from operational contamination. The flow system

has been proven to reduce the problem of metal readsorption and redistri-

bution during extraction in comparison with the batch system (Chomchoei

et al., 2002). Extractograms, i.e., plots of concentration of element extracted
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vs. subfraction number (in effect time) obtained using the system also provides

kinetic information and information on solid-phase elemental associations.

The aim of the present study is to use the continuous-flow sequential

extraction system to investigate the elemental associations between Co, Mn,

and Fe in a range of soil samples.

MATERIALS AND METHODS

Soil Samples and Standard Reference Material

Four soil samples, from the study by Li et al. (2001b), differing substantially in

Co and Mn status, and in chemical and physical properties, were selected for

this study. The chemical properties of the experimental soils are given in

Table 1. Soil samples were air-dried and ground to pass through a 2mm

stainless steel sieve, and were stored in a desiccator prior to laboratory analysis.

For the validation of the detection method and the extraction system,

a standard reference material (SRM 2711) was also used. This material

(particle size ,74mm) was a moderately contaminated soil from Montana

in the United States.

Preparation of Standard Solutions and Glassware

The chemical reagents in this work were of analytical grade. Ultra-pure water

from a MilliQ water purification unit (Millipore, Bedford, MA) was used

Table 1. Properties of the soils used for cobalt and manganese fractionationa

Soil

Waimakariri Mangaotaki Magaopiko Makarewa

New Zealand

classificationb
Recent soil Allophanic soil Recent soil Gley soil

Soil pH 5.61 4.92 4.97 4.95

Sand (%) 52.4 26.1 49.8 47.6

Silt (%) 33.1 48.9 40.2 42.6

Clay (%) 14.5 25.0 10.0 9.8

Org.C (%) 2.37 5.53 9.81 6.18

Total Fe (%) 2.08 2.44 3.04 4.08

Total Al (%) 1.16 2.28 6.92 3.22

Total Co (mg/kg) 6.09 6.37 7.57 14.0

Total Mn (mg/kg) 301 697 965 1030

aData from Li et al. (2001a).
bHewitt (1993).
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throughout this work. All glassware used was cleaned and soaked in 10%

HNO3 and rinsed with ultra-pure water before use. Standard metal solutions

(1000mg/L) were purchased from Merck, (Darmstadt, Germany) or

prepared in-house from pure metals. Working standard solutions were

prepared by diluting the stock solution with ultrapure water or with extracting

reagents before use.

Fractionation Scheme

The fractionation scheme used was slightly modified from the Tessier scheme

(Tessier et al., 1979). The geochemical phases at each step are largely opera-

tionally defined by the reagents used as shown in Table 2. The phases

extracted should be considered as nominal rather than absolute chemical

fractions. All soil samples and SRM 2711 were fractionated using both the

batch and the continuous-flow extraction systems.

Continuous-Flow Extraction System

The Extraction Chamber

An extraction chamber was designed to allow containment and stirring of a

weighed sample of soil. Extractants are pumped sequentially through the

chamber and leach metals from the targeted phases. The chambers and

covers, as shown in Fig. 1, were constructed from borosilicate glass to

have a capacity of approximately 10mL. The outlet of the chamber was

furnished with a filter [Whatman (Maidstone, U.K.) glass microfiber filter

GF/B, 47-mm diameter, 1-mm particle retention] to allow dissolved matter

to flow through. Extractant was pumped through the chamber using a peristal-

tic pump [Micro tube pump, MP-3N, EYELA (Tokyo likakikai Co., Ltd.)] at

varying flow rates using tygon tubing of 2.25mm inner diameter. Heating of

Table 2. Sequential fractionation procedure for soil cobalt and manganese

Step Nominal fraction Extractant

Extraction conditions

(Batch method)

I Exchangeable 0.01 M Ca(NO3)2 Shake 24 h, 258C
II Acid-soluble

(specifically sorbed)

0.11 M CH3COOH Shake 16 h, 258C

III Reducible

(Fe/Mn oxides)

0.1 M NH2OH. HCl, pH 2 Shake 6 h, 968C

IV Oxidizable

(Organic-bound)

30% H2O2: 0.02 M HNO3

(8:3 v/v)
Shake 5 h, 858C

V Residual HNO3þHF Microwave digestion
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the extractants in Steps III and IV was carried out by passing the extractants

through a glass heating coil approximately 120 cm in length, placed in a

water bath. However, because of heat-loss problems, even when the heating

coil was immersed in a thermostat water bath controlled at 958C, the

maximum temperatures achieved in the extraction chamber were between

80 and 858C. Thus, for Step IV in particular, the temperatures used were

somewhat lower than used for the batch system (Table 2).

Extraction Procedure

A weighed sample (0.25–1.00 g) was transferred to a clean extraction

chamber together with a magnetic bar. A glass microfiber filter was then

placed on the outlet followed by a silicone rubber gasket, and the chamber

cover was securely clamped in position. The chamber was connected to the

extractant reservoir and the collector vial using tygon tubing and placed on

a magnetic stirrer. The magnetic stirrer and peristaltic pump were switched

on to start the extraction. The extracting reagents were continuously and

sequentially pumped through the chamber. The extracts passing through

the membrane filter were collected in subfractions of 10–30mL volume

intervals until all four leaching steps were completed. For most soils

examined, it was found that 120–180mL were sufficient to leach the metals

completely for each step.

Residue Digestion

Residue digestion was performed using a Milestone microwave digestion

system model MLS-1200 Mega. This system was equipped with a MLS-

1200 plus EM-45 Exhaust Module for operations with MDR Microwave

Figure 1. Continuous-flow extraction system (modified fromShiowatana et al., 2001b).
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digestion Rotors and 240 control Terminal. Amounts of 0.1 g of dried soil

sample or residue from the extraction chamber was transferred to each

vessel together with 4mL of HNO3 (70%), 4mL of H2O2 (30%), and 2mL

of HF (48%). The vessels were placed in a microwave digester and the

digestion was carried out following the recommended heating program for

30min. The clear digest solutions were cooled to room temperature, and

were then brought up to a final volume of 50.00mL in a volumetric flask.

Total metal concentrations were determined by both a single digestion of

non-fractionated soil and by summation of extractable metals in each subfrac-

tion of the exchangeable, acid-soluble, reducible, oxidizable, and residual

fractions.

Analysis of Extracts and Digests

Cobalt concentrations in the extracts were determined using graphite furnace

atomic absorption spectrophotometry (GFAAS). The GFAAS measurements

were performed with a Perkin Elmer (Norwalk, CT) Analyst 100 equipped

with a deuterium-arc background corrector and an HGA-800 heated graphite

atomizer. The sample was introduced to the atomizer using an AS-72 auto-

sampler. Flame atomic absorption (FAAS) for Mn and Fe was performed

using a Perkin Elmer Model 3100 spectrometer equipped with deuterium

background correction. Concentrations of metals were obtained by the

standard matrix-matching calibration method. Working standard solutions

were prepared in the same extracting reagent as the sample solutions to be

measured.

RESULTS AND DISCUSSION

Distributions of Cobalt and Manganese in Soil Determined

by Flow and Batch Systems

In order to evaluate the flow extraction system, both the batch and flow

extraction systems were used for the same sets of samples. For examination

of the accuracy and precision of the proposed flow system, SRM 2711 was

analyzed and the results were compared with the certified values. The analyti-

cal results are shown in Table 3. It was found that both flow extraction and

batch extraction methods gave good recoveries for the elements studied.

This indicates that the extraction data obtained from the continuous-flow

extraction system is reliable. Based on these findings, the four soil samples

were then extracted to study the distributions and chemical association

between Co, Mn, and Fe in soils.

Table 4 compares the distributions of Co, Mn, and Fe in soil samples

using the flow system and a conventional batch method. In the proposed
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flow system, the amount of each element in an individual phase was obtained

by summation of the amounts in all subfractions of each step. For all samples

analyzed, the concentrations of Co extracted were found to be slightly lower

for the flow system compared to the batch method, probably because of limit-

ations of analytical detection in each subfraction, especially in the exchange-

able and acid-soluble phases. Cobalt in some subfractions was not detectable

because of a dilution effect. However, it can be seen from the results in Table 4

that the summation of Co fractions was, on average, within +10% of the

single total Co determinations.

For Mn fractionation, the summation of Mn fractions obtained using

the flow method showed reasonable agreement with those obtained using

both the conventional batch method, and with the single total Mn determi-

nation. For Fe fractionations, the summation of Fe fractions was found to

be consistently 20% lower than the total Fe determinations. These errors

were probably caused by high concentrations of Fe in the subfractions.

Each subfraction needed a considerable dilution prior to measurement by

FAAS. In general, for all elements, the repeatability of the flow system

appears to be as acceptable as that obtained using the batch system.

The elemental distributions between fractions on a proportional basis

using both the batch and flow methods are shown in Fig. 2. Considerable vari-

ations in elemental distributions between the different soils, depending on the

geochemical composition of each soil were observed. For most soils, very

small proportions of Co were found in the first two fractions (exchangeable

and acid-soluble) while the largest proportion in most soils was found in

the residual fraction. For Mn, small amounts of Mn were found in the oxidiz-

able (organic-bound) fraction, and the largest proportions were found in the

residual and reducible (Fe-Mn oxides) fractions. For Soils 1, 2, and 4, the

distributions of Co and Mn between fractions were similar for the batch and

flow systems. However, there appeared to be some differences between the

two methods for Soil 3. In this case, both the proportions of Co and Mn in

the Fe-Mn oxides fraction were smaller, and those in the residual fraction

were higher in the flow compared to the batch system. Overall the mean pro-

portions of total soil Co present in different fractions decreased in the order:

Residual . Fe-Mn oxides . organic-bound � acid-soluble . exchangeable

fractions. The proportional distribution of Mn in each fraction differed

slightly from that for Co decreasing in the order: Residual . Fe-Mn oxides .
acid-soluble � exchangeable . organic-bound fractions.

For Fe fractionations, the highest proportions of Fe were found in the

residual and in the Fe-Mn oxides fractions. For all samples, the distributions

of Fe determined with the flow system appeared slightly different from

those distributions determined using the batch system. The proportions of

Fe determined in the Fe-Mn oxides and organic-bound fractions as determined

using the flow system were smaller than those obtained using the batch

system. The greatest proportion (.86%) of Fe extracted using the flow

system was found in the residual fraction. This can be explained by the fact

Co and Mn Association by Flow Extraction 2847



Figure 2. Comparison of elemental distribution (Co, Mn, Fe) in soils, on a

proportional basis, as determined by batch (b) and continuous-flow (f) methods.
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that the temperature in the heated Steps (III and IV) in the flow system was

about 15–208C lower than the temperatures achieved in the batch system.

As discussed, this is due to heat loss during the transfer of the extractant

from the heating bath to the extraction chamber. The temperature was

probably not high enough to dissolve all of the crystalline iron oxide forms

in the reducible fraction. Particularly in Soil 2, there was a large difference

between the flow and batch systems in the proportion of Fe determined in

the residual phase (Fig. 2). This was probably caused by a high content of

silt and clay in this soil, resulting in low extraction efficiency for the

flow system. On average, the distribution of Fe in each fraction decreased

in the order: Residual s Fe-Mn oxides . organic-bound s acid-soluble�
exchangeable.

Evaluation of Elemental Distributions and Associations Using

Extractograms

The distributions and chemical association between Co, Mn, and Fe in soils

were evaluated employing the continuous-flow extraction system, in which

the extractants were continuously and sequentially pumped through the

chamber containing the soil sample. The extracts were collected at set

volume intervals (subfractions) with time until each extraction step was

completed, as indicated by the extraction profiles reaching baseline.

By using overlayed extractograms for different elements, and by

comparing detailed peak profiles and peak shapes, it is possible to evaluate

the elemental associations in the various extracted solid phases (Shiowatana

et al., 2001c; Hinsin et al., 2002). If two elements are closely associated in a

particular geochemical phase, it is expected that they should show similar

peak shapes, and a high correlation between amounts extracted in each sub-

fraction of the particular phase. These metals, which are not closely associated,

but are leached in the same extraction step, will show peak profiles, which do

not coincide with time during the extraction. As a result, correlations between

concentrations of the different elements in the subfractions will be poor.

Elemental distributions and chemical associations of Co, Mn, and Fe for

the four soils in the present study can be evaluated using the extractograms

shown in Figs. 3a and 3b. Variations between the four sets of extractograms

are due to the geochemical/mineralogical differences between the soils.

The extractograms show some evidence for the association of Co and Mn.

Although not explicit in the first two phases (exchangeable and surface

adsorbed) since Co in particular was found in very small concentrations.

However, for Soil 1, the extractograms clearly show a close association

between Co and Mn in the acid-soluble phase (II). For all four samples, the

extractograms show that the predominant phase (excluding the residual

fraction) for both Co and Mn is the reducible phase (Fe-Mn oxides). In this

phase, the strong coincidence of the peak shapes for Co and Mn indicate

Co and Mn Association by Flow Extraction 2849



simultaneous dissolution of the two elements, providing clear evidence of

their elemental association in all four samples. However, Fe (which was

also extracted in the same phase) gave a much broader peak throughout the

extraction step and therefore did not appear to be closely associated with

either Mn or Co. In Soil 4, the Co peak appeared simultaneously with the

first Mn peak, but not associate with the second Mn peak.

The extractograms obtained from the continuous-flow extraction system

show that, apart from the large amounts in the residue (Table 4), Fe was

found predominantly in the reducible and oxidizable (organic-bound)

phases. In all cases, there was significant dissolution of both Co and Fe in

those two phases. However, the extraction peak shapes of Co and Fe in the

Figure 3a. Extractograms obtained using the continuous-flow method for Soil 1 and

Soil 2. (Sample/chamber volume ratio 0.75 g/10mL; subfraction volumes of 10, 15,

30, and 30mL in fractions I, II, III, and IV, respectively.)
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reducible fraction (III) were distinctly different from each other. As can be

seen in the extractogram of Soil 1 (Fig. 3a), Co does appear to dissolve at

the same time as Fe in the early stages of the reducible fraction. This might

indicates some association between Co and Fe; however the divergence

between the Co and Fe extractograms later in the fraction would mean that

the distribution of Co within Fe oxides is not uniform. The coincidence of

an early Fe peak with the main Co and Mn peaks could possibly be due to

the dissolution of amorphous Fe oxides; however for Soils 2, 3, and 4, the

initial Fe peak clearly lagged behind those of Co and Mn. It would

therefore appear that there was no simultaneous dissolution of Co and Fe in

the subfractions of the reducible phase.

The close relationship between Co and Mn, but not with Fe, was

also observed in the oxidizable (organic-bound) phase (Figs. 3a and 3b).

Figure 3b. Extractograms obtained using the continuous-flow method for Soil 3 and

Soil 4. (Conditions as in Fig. 3a)
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The extraction profiles of Co and Mn showed up as a peaks decreasing to the

baseline by the end of the fraction, whereas for Fe, for three of the soils, con-

centrations remained well above baseline when the extraction (Step IV) was

discontinued.

Evaluation of Association between Elements

Using Statistical Correlations

In previous studies (Li et al., 2001a) batch sequential extraction data has been

used to evaluate the chemical association between Co and Mn in the soil.

Chemical associations are examined by the calculation of correlation coeffi-

cients (r) between the amounts (or proportions) of Co and Mn determined

in the same extraction step. Highly significant correlations have been inter-

preted as the two elements having close associations. Nevertheless, results

from such studies have demonstrated that the amounts of Co and Mn

extracted in the reducible phase are strongly correlated (Jarvis, 1984), and it

has been suggested that the association is due to the strong sorption of Co

by Mn oxides. More recently, Li et al. (1999, 2001a, 2001b) have reported

chemical relationships and associations between Co, Mn, and Fe for batch

extraction data, based on linear correlation analysis. However, since the

batch system provides only a single metal concentration value for each extrac-

tion step, correlations as found using the batch technique may not always

indicate a true elemental association. Elements may be dissolved at

different times during the same extraction step.

To further investigate possible relationships between Co, Mn, and Fe in

soil, Li et al. (2001b) also used multiple regression modeling based on

batch fractionation data. Their multiple regression models suggested that

the Fe content of the soils strongly influences the proportions of both Co

and Mn present in exchangeable, reducible, and organic-bound fractions.

In this current work, linear correlation (r) was used to evaluate the

relationships between Co and Mn and between Co and Fe, using the flow

extraction data. For each phase of each sample, the r value was calculated

for the linear correlations between extractable Co and extractable Mn concen-

trations in the subfractions of that phase. The r values between Co and Mn, and

between Co and Fe, calculated in this way from the flow extraction data, are

summarized in the first four columns of Tables 5 and 6. For comparison

purposes, correlations calculated using the batch extraction data for all four

samples are shown in the last columns of Tables 5 and 6.

It was found that, in the flow system, concentrations of Co and Mn in the

reducible phase were highly and significantly correlated for three of the soils

(r . 0.95). For Soil 4, the correlation was not as high (r ¼ 0.80) and as noted

previously, the extractogram for this soil showed a second Mn peak that was

not accompanied by a corresponding peak for Co. In comparison to the corre-

lations between Co and Mn in the reducible phase, those between Co and Fe
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were not significant for three of the soils and only significant at P . 0.05 for

the fourth soil (Table 6). It is interesting to note that for the batch extraction

data, equally high r values were calculated for the reducible fraction, between

Co and Mn, and between Co and Fe. However, because of the small number of

samples neither r value was statistically significant.

Apart from the reducible fraction, correlations between Co and Mn for the

flow extraction data were also generally high for the exchangeable fraction

(Table 5). However, correlations for the acid-soluble and oxidizable

fractions were much more variable, ranging from highly significant for

some soils to nonsignificant for others. Correlations between Co and Fe in

the oxidizable fraction were much poorer than between Co and Mn in the

same fraction. Correlations were not calculated between Co and Fe in the

Table 5. Correlations (r) between Co and Mn concentrations in fractions obtained

from flow and batch extractions

Fraction

Flow extractiona Batch

extraction

(all soils)bSoil 1 Soil 2 Soil 3 Soil 4

Exchangeable 0.91��� (9) 0.86�� (9) 0.68� (9) 0.90��� (9) 0.66

Acid-soluble 0.88�� (8) 0.34 (8) 0.81� (8) 0.44 (8) 0.71

Reducible 0.99��� (12) 0.99��� (12) 0.96��� (12) 0.80�� (12) 0.90

Oxidizable 0.88��� (11) 0.20 (11) 0.69� (11) 0.85��� (11) 0.67

�P , 0.05; �� P , 0.01; ���P , 0.001.
ar values calculated from concentrations in individual subfractions; number of

subfractions for each soil/fraction shown in parenthesis.
br values calculated from metal concentrations in particular fractions of the four

soils.

Table 6. Correlations (r) between Co and Fe concentrations in fractions obtained

from flow and batch extractions

Fraction

Flow extractiona Batch

extractionb

(all soils)Soil 1 Soil 2 Soil 3 Soil 4

Exchangeable ND ND ND ND 0.89

Acid-soluble ND ND ND ND 0.11

Reducible 0.69� (12) 0.32 (12) 0.46 (12) 0.14 (12) 0.86

Oxidizable 0.66� (11) 0.24 (11) 0.42 (11) 0.58 (11) 0.37

�P , 0.05.
ar values calculated from concentrations in individual subfractions; number of

subfractions for each soil/fraction shown in parenthesis.
br values calculated from metal concentrations in particular fractions of the four soils.

ND ¼ not determined since Fe concentrations at or below detection limit.
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exchangeable and acid-soluble fractions because of the negligible concen-

trations of Fe extracted.

In the case of the batch extraction data, in addition to the high (but

nonsignificant) r values between Co and Mn or Fe in the reducible fraction,

relatively high r values were obtained for some of the other fractions (Tables

5 and 6). However, unlike the flow extraction data, these did not generally

agree with the trends between elements observed in the extractograms.

CONCLUSIONS

This study has demonstrated that a continuous-flow extraction system can be

used to fractionate Co, Mn, and Fe in soils with similar precision and accuracy

to those obtained using a traditional batch fractionation procedure. In addition,

the continuous-flow system reduces some tedious procedures, such as

centrifugation and manual filtration that are required for the batch method.

A four-step continuous-flow extraction can be completed within 5–7 h,

compared with 5 days for a batch method. Although clearly requiring a

greater number of chemical analyses than the batch system, an additional

advantage of the flow system is the detailed information obtained from the

extractogram. This appears to be a very useful tool for evaluating a

true chemical association between elements. The visual interpretation of

elemental associations using the extractograms is strongly supported by

examination of the flow extraction data using a statistical correlation

technique. In contrast, there are clearly limitations in using the data

obtained from batch extractions to examine the association between elements.

For the soils in this study, results from the flow extraction system suggest

a clear association between Co and Mn but little direct evidence of a strong Co

interaction with Fe. This contrasts with some previous studies using batch

fractionations, in which statistical correlations between Co and Fe have

been taken as evidence for an association between these elements.
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Abstract Flow field–flow fractionation–inductively cou-
pled plasma optical emission spectrometry (FlFFF–ICP–
OES) was applied to achieve the size-based fractionation of
iron in a food suspension in order to gain insights into iron
availability. The binding of iron with phytic and tannic
acids, employed as model inhibitors of iron availability in
foods, was investigated at pH 2.0 (representing stomach
fluid), pH 5.0 (the transition stage in the upper part of the
duodenum), and pH 7.0 (the small intestine). In the
presence of phytic acid, iron was found as a free ion or it
was associated with molecules smaller than 1 kDa at pH
2.0. Iron associated with molecules larger than 1 kDa when
the pH of the mixture was raised to 5.0 and 7.0. In the
presence of tannic acid, iron was again mostly associated
with molecules smaller than 1 kDa at pH 2.0. However, at
pH 5.0, iron and tannic acid associated in large molecules
(∼25 kDa), while at pH 7.0, most of the iron was associated
with macromolecules larger than 500 kDa. Iron size-based
distributions of kale extract and tea infusion containing
phytic and tannic acids, respectively, were also examined at
the three pH values, with and without enzymatic digestion.
Without enzymatic digestion of the kale extract and the tea
infusion at pH 2.0, most of the iron was released as free
ions or associated with molecules smaller than 1 kDa. At
other pH values, most of the iron in the kale extract and the
tea infusion was found to bind with ~2 kDa and >500 kDa
macromolecules, respectively. Upon enzymatic gastrointes-

tinal digestion, the iron was not observed to bind to
macromolecules >1 kDa but <500 kDa, due to the enzymatic
breakdown of large molecules to smaller ones (<1 kDa).

Keywords Iron . FlFFF . ICP–OES .

Size-based elemental fractionation

Introduction

Iron deficiency is one of the commonest nutritional
problems worldwide, affecting ~20% of the world’s
population. Various iron fortification and dietary strategies
have been proposed to maximize the intake and the
bioavailability of iron [1]. Non-heme Fe, which comprises
most of the Fe taken in, is absorbed in ionic form by receptors
on the mucosa cells, and its bioavailability varies depending
on the Fe status of the subjects and different dietary factors.
Some food components show a marked inhibitory effect on
the absorption of non-heme Fe in humans [2]. The strong
inhibitory effects of phytic acid (PA) and tannic acid (TA) on
iron absorption have been documented previously [3, 4].
Phytic acid (myo-inositol-1,2,3,4,5,6-hexakisphosphate) is the
most abundant myo-inositol compound. It is reported to
occur as highly phosphorylated molecules that are present
in cereal grains and seeds, and it is an excellent chelator of
metal ions [5–7]. Owing to the presence of six phosphate
groups in very close proximity in the molecule, it strongly
binds practically any metal ion. According to its pKa of
∼1.1 [8], phytic acid is present in ionic form under slightly
acidic conditions and is thus able to bind with free metal
ions. Most research suggests that the formation of
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phytate–metal complexes in the intestinal tract prevents
metal absorption [2–4, 9, 10].

TA is a hydrolyzable tannin that was reported to have a
high capacity to bind iron to form a stable complex [11].
TA is a polyphenolic compound found, along with other
condensed tannins, in beverages such as red wine, beer,
coffee, black tea, green tea, as well as many foodstuffs such
as grapes, pears, bananas, sorghum, black-eyed peas,
lentils, and chocolate [12, 13]. TA is hydrolyzed by acid
to form glucose and gallic acid. The latter contains a galloyl
group, which has been implicated in the inhibition of iron
absorption through the binding of iron [14].

As food compositions are very complex, iron and other
minerals may be associated with molecules or particles of
different sizes. Therefore, knowledge of the size-based
distribution of iron in food suspensions during gastrointes-
tinal digestion should lead to a better understanding of iron
absorption. To study size-based elemental distribution, it is
necessary to couple a separation unit with elemental
detection. Gel chromatography with flame atomic absorp-
tion and polarographic detection was used to study the
distributions of free and bound cadmium, zinc, copper, and
silver in lobster digestive gland extract [15]. Size-based
metal distributions (of free ion, low molecular weight
bound, and medium molecular weight bound forms)
provide information about metal–protein binding and
release behavior under different conditions. Size exclusion
chromatography (SEC) hyphenated with inductively cou-
pled plasma mass spectrometry (ICP–MS) was found to be
useful for exploring metal binding and association behav-
ior, as reviewed by Sadi [16]. Wuilloud et al. employed
SEC–UV–ICP–MS to determine the molecular weight
distributions of associations of metal with various com-
pounds in edible mushroom [17]. A Superdex-75 column
was used to examine the association of metals with
molecules of different molecular weights in fungi porcini
mushroom. In chromatographic techniques, organic sol-
vents are often used as the carrier liquid, and a sample
pretreatment step is necessary to clean up the sample prior
to sample introduction. The organic solvent can cause
carbon overloading in the plasma of the ICP-MS.

The non-chromatographic technique flow field–flow
fractionation (FlFFF), when coupled with a highly sensitive
elemental detection unit such as an inductively coupled
plasma optical emission spectrophotometer (ICP–OES) or
ICP–MS, has been exploited to investigate the binding and
association of elements with various kinds of molecules,
such as proteins [18], macromolecules [19–22], and
bacteria [23]. Barnes and Siripinyanond performed a
feasibility study of the applicability of FlFFF–ICP–MS to
metal fractionation in a protein standard including metal-
lothionein, carbonic anhydrase, ceruloplasmin, alcohol
dehydrogenase, and thyroglobulin [18]. The simple inter-

face between the FlFFF and ICP–MS, resulting from their
compatible flow rates, makes this a potentially promising
and versatile technique for elemental fractionation in
proteins. Jackson et al. successfully used FlFFF–ICP–MS
to investigate uranium sorption behavior on bacterial cells
[23]. Recent reports have suggested that FlFFF–ICP–MS
and FlFFF–ICP–OES are highly capable techniques for
investigating metal binding and association behavior via
size-based metal distributions.

In this work, the binding of iron with phytic acid and
tannic acid in food suspensions was investigated using
FlFFF–ICP–OES. The size-based distribution of iron in
kale extract and tea infusion with and without enzymatic
digestion was also examined. Non-enzymatic incubation of
the sample at pH 2.0, 5.0 and 7.0 was performed in order to
mimic the pH conditions of the gastrointestinal digestion
processes in the stomach, the upper part of the duodenum,
and the small intestine, respectively. To obtain enzymatic
incubations, pepsin and pancreatic bile extract, which are
predominantly found and known to be active in the
respective stages of gastrointestinal digestion, were added.
To our knowledge, this is the first attempt to use
hyphenated FlFFF–ICP–OES to investigate the size-based
distribution of an element in a food suspension at various
pHs during simulated gastrointestinal digestion.

Experimental

Chemicals and samples

Deionized water (MilliQ plus, 18.2 MΩ cm−1) was used
throughout the experiments. All glassware was washed with
liquid detergent, rinsed with water, soaked overnight in
10% HNO3, and rinsed again before use. All chemicals
were of analytical grade. All standard working solutions of
iron were prepared by diluting a 1000 mg L−1 standard
solution of iron (prepared from Fe(III) nitrate by Merck,
Darmstadt, Germany) with deionized water. Phytic acid
(FW=660.04 Da; Fluka, Milan, Italy) and tannic acid (FW=
1700.79 Da; Fluka, were weighed and dissolved in deionized
water to create stock solutions for the iron-inhibitor binding
study. The enzymes pepsin (P-7000, from porcine stomach
mucosa), pancreatin (P-1750, from porcine pancreas), and
bile extract (B-6831, porcine) were from Sigma (St. Louis,
MO, USA). A pepsin solution was prepared by dissolving
0.16 g of pepsin in 1 mL of 0.1 M hydrochloric acid, and a
pancreatin bile extract (PBE) mixture was made by dissolv-
ing 0.004 g of pancreatin and 0.025 g of bile extract in 5 mL
of 0.001 M NaHCO3.

Fresh Chinese kale was washed with deionized water. It
was then dried at 65 °C to constant weight and ground up
before being stored in a desiccator until required. To prepare
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the tea infusion, instant tea was bought from a local market
and prepared by following the recommended instructions. A
tea bag was dipped in 120 mL of deionized water and heated
at 80 °C for 10 min. To obtain kale extract, 1 g of dried,
ground Chinese kale was added to 10 mL of deionized water
and heated at 80 °C for 10 min. The suspension was then
centrifuged at 3000 rpm for 20 min in order to separate out
the precipitated residue. The tea infusion and the Chinese
kale extract was stored at 4 °C until use.

The carrier liquid for FlFFF operating at pH 2.0, 0.01 M
HCl, was prepared by diluting 0.8 mL of 37% HCl
(Merck) in 1000 mL of deionized water. Carrier liquids at
pH 5.0 and 7.0 were prepared by adding 0.8 mL of HCl to
800 mL of deionized water and then adjusting to the
required pH using NaHCO3 and NaOH solutions. The
solution volume was finally made up to 1000 mL.
Monodisperse polystyrene sulfonates (PSS) (Fluka), which
were used as FlFFF molecular weight calibrating standards
(4.3, 17, and 49 kDa), were individually prepared by
diluting in deionized water to obtain 10 mg mL−1. All
samples were centrifuged at 3000 rpm for 20 min to
eliminate large particles before the FlFFF investigation.

Iron-inhibitor binding study

A flow chart for this sample preparation process is shown
in Fig. 1. According to the literature, an iron:phytic acid
weight ratio in excess of 1:10 (∼1:1 mole ratio) clearly
inhibits iron availability [24]. To demonstrate the degree of
iron binding that causes the inhibition of iron absorption,
1:10, 1:50, and 1:100 weight ratios were therefore selected.
Phytic and tannic acids were individually mixed with
300 mg L−1 iron at weight ratios (iron:phytic acid/tannic
acid) of 1:10, 1:50 and 1:100. The pH was adjusted with
dilute HCl or NaHCO3 or NaOH solutions in order to
investigate iron binding at pH values of 2.0, 5.0, and 7.0.

Non-enzymatic incubation

For the unspiked kale extract, the pH of 2.5 mL of the kale
extract was adjusted to either 2.0, 5.0, or 7.0. The final
volume was adjusted to 5.0 mL. For the iron-spiked kale
extract or tea infusion, 1.5 mL of the 1000 mg L−1 standard
solution of iron was added to 2.5 mL of the kale extract or
tea infusion before pH adjustment. The solution volume
was finally made up to 5.0 mL. The flow chart for this
sample preparation process is shown in Fig. 1.

Gastrointestinal digestion

Simulated gastrointestinal digestion of food samples was
carried out starting with peptic digestion with pepsin, and
then pancreatic digestion with PBE (see Fig. 2). In the

simulated peptic digestion step, a portion of the sample
(0.5 g for a solid sample or 2.0 mL for a liquid sample) was
added to 10.0 mL of purified water and adjusted to pH 2.0
with 6 M hydrochloric acid. The volume of the sample
suspension was finally adjusted to 12.5 mL with purified
water, and 375 μL of pepsin solution was added. This
digestion step was performed in an incubator shaker at 37±
1 °C for 2 h. After that, the suspension pH was adjusted to
5.0 and incubated for 30 min to simulate the digestion in
the upper part of the duodenum, at the juncture between the
stomach and the intestine. An aliquot of 2.5 mL of the
digestate at pH 5.0 was taken, adjusted to pH 7.0, and
diluted to 5.0 mL. The freshly prepared PBE mixture
(625 μL) was then added, and the incubation was continued
for 2 h.

Instrumentation

A pH meter (model 215, Denver Instrument, Denver, CO,
USA) with a glass combination electrode was used for all
pH measurements. Commercial standard buffers (Merck) of
pH 4.00 and 7.00 were employed for the pH calibration. An
incubator shaker, model SS40-D2 from Grant Instruments
(Cambridge, UK), was used to incubate the samples at 37±
1°C. A FlFFF system (model PN-1021-FO, Postnova
Analytics, Landsberg, Germany) equipped with a 1000-Da
molecular weight cut-off poly(cellulose acetate) membrane
(Postnova Analytics) was used. The FlFFF channel was
27 cm long, 2.0 cm wide and 0.0254 cm thick. A high-
pressure liquid chromatography (HPLC) pump (model PN
2101, Postnova Analytics) was employed to deliver the
channel flow. Another HPLC pump of the same model was
employed to regulate the cross-flow. The FlFFF can be

Solution of PA or TA or tea infusion or kale 

Add Fe standard 

Adjust the mixture pH to 2.0, 5.0 and 7.0 

Incubate at 37˚C, 2 h 

Centrifuge at 3000 rpm for 20 min 

Supernatant Precipitate 

Fl-FFF without 
cross-flow field 

(to observe <500kDa fraction) 

Fl-FFF with 
cross-flow field 

 (to observe >1kDa,<500kDa fraction) 

Fig. 1 Non-enzymatic mixing of test samples (kale extract and tea
infusion) containing phytic acid (PA) or tannic acid (TA) with iron
solution, at various pH values, to investigate the size-based iron
distribution
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operated in two modes; with and without cross-flow. In the
presence of cross-flow, sample components that are smaller
than the membrane cutoff (1 kDa) are forced through a
membrane and leave the channel, whereas the remaining
components are separated under cross-flow field. Without
using cross-flow, all sample components are retained in the
channel and leave the channel through the outlet connected
to the detectors. UV absorption of the eluted molecules was
monitored at 254 nm by a UV-visible spectrophotometer
(model S 3210, Postnova Analytics). An end-on view
Spectro CirosCCD ICP–OES system (Spectro Analytical
Instruments, Kleve, Germany) was used as an elemental
detector. The outlet of the spectrophotometer flow cell was
connected directly to the modified Lichte nebulizer of the
ICP–OES system with poly(tetrafluoroethylene) tubing.
The operating conditions employed when taking FlFFF
and ICP-OES measurements are summarized in Table 1.
The iron emission was monitored at 238.20(II), 259.94(II)
and 239.56(II) nm.

Calculating the iron distribution

To gauge the total iron concentrations in the phytic and
tannic acid experiments, including those involving the iron-
spiked and unspiked kale extracts and the tea infusion, their
wet acid digestates were measured by ICP–OES using
external calibration. After enzymatic and non-enzymatic
incubation, the sample suspension was separated into
supernatant (assumed to be the <500 kDa fraction) and
precipitation phases (assumed to be the >500 kDa fraction).
The total iron in the supernatant was calculated from the
area of the iron fractogram obtained without cross-flow
field of the supernatant. The iron in the precipitation phase
(>1 kDa but <500 kDa) was calculated from the area of the
iron fractogram obtained with cross-flow field of the
supernatant.

The iron associated with the supernatant was calculated
by subtracting the iron in the precipitation phase from the
total iron in the supernatant. The >500 kDa fraction was

Sample (0.5 g for solid or 2.0 g for liquid) 

Adjust to 10 mL with DI water 

Adjust the mixture pH to 2.0 

Adjust to 12.5 mL with DI water 

Add pepsin solution 375 μL

Incubate at 37˚C, 2 h 

Adjust the mixture pH to 5.0 

An aliquots of 2.5 mL, adjust the pH to 7.0 with NaHCO3 

Add PBE solution 625 μL

Incubate at 37˚C, 30 min 

Incubate at 37˚C, 2 h 

Gastric digestion 

Transition stage 
from gastric to 

intestinal digestion 

Intestinal digestion 

Stage 1 

pH 2.0 

Stage 2 

pH 5.0 

Stage 3 

pH 7.0 

to Fl-FFF 

to Fl-FFF 

to Fl-FFF 

Adjust to 5.0 mL with DI water 

Fig. 2 Enzymatic digestion pro-
cedure used to simulate gastro-
intestinal digestion

736 Anal Bioanal Chem (2007) 389:733–742



obtained by subtracting the total iron concentration in the
supernatant from the total iron concentration in the samples.
The percentage distributions were calculated by dividing
the iron concentration in each fraction by the total iron
concentration and multiplying by 100.

Results and discussion

I. FlFFF channel calibration

To calibrate the FlFFF channel effectively, the type of
molecular weight standard used should be selected careful-
ly. In this study, poly(styrene sulfonate) standards were
selected for two reasons. The first reason is the similar
secondary structure (a random coil) of the phytic and tannic
acids and the poly(styrene sulfonate). Second, in contrast to
protein standards, poly(styrene sulfonate) maintains its
structural integrity at the pH values examined in this work.
As FlFFF has rarely been performed at pH 2, we carefully
evaluated the feasibility of performing size characterization
at this acidic pH, and found that satisfactory results were
obtained.

By calibrating the FlFFF channel with known molecular
weight poly(styrene sulfonate) standards (4.3, 17.0, and
49 kDa), calibration functions were obtained for each pH
value, as follows:

log tr ¼ 0:572 logM � 0:556;R2 ¼ 0:984 for pH 2:0
log tr ¼ 0:437 logM � 0:065;R2 ¼ 0:999 for pH 5:0
log tr ¼ 0:526 logM � 0:100;R2 ¼ 0:994 for pH 7:0

The parameters tr and M represent retention time (min)
and molecular weight (kDa), respectively. The retention time
(tr) was measured at the peak maximum of the fractogram.
These equations were used to translate the retention time into
molecular weight information. The slightly different calibra-
tion equation at each pH may be due to changes in the

properties of the FlFFF membrane at different pH values,
which could lead to a slight shift in retention. Therefore,
channel calibration must be performed at all pH values
studied.

II. The size-based distribution of iron in the presence
of inhibitors

FlFFF–ICP–OES fractograms were obtained in order to
study the binding behavior of iron to phytic and tannic
acids at pH 2.0, 5.0, and 7.0 (Fig. 3a–d, right, and Fig. 4),
considering the pH change from ∼2.0 to ∼7.0 in the
gastrointestinal pathway where iron and other minerals are
absorbed. The amount of phytic acid was varied by
employing weight ratios (Fe:PA) of 1:10, 1:50 and 1:100,
and size-based distribution profiles of iron at pH 2.0, 5.0,
and 7.0 were obtained. The molecular weight at the peak
was calculated from the molecular weight calibration
equation obtained at each pH value. Initially, fractograms
of iron solution with phytic and tannic acids were
examined. Without any phytic or tannic acids, iron in its
free form is not retained in the FlFFF channel, and it is thus
forced to pass through the channel membrane and leave the
channel. Therefore, no iron distribution is seen in the
fractogram, as shown in Fig. 3d, right. However, upon
binding with an inhibitor with a large molecular weight, the
iron phytate chelation results in larger molecules which are
retained above the channel membrane, gaving an iron
signal at 1–1.5 min, equivalent to a molecular weight of
~1 kDa. The UV fractograms of the retained molecules
showed similar profiles to those of the iron distribution
profiles, suggesting that iron was highly associated with the
phytic acid molecules (Fig. 3a–d, left). The UV fractograms
and iron distributions gave peak maxima at the same
retention time for every phytic acid iron ratio. The peak
areas of UVabsorption and iron distribution increased when
the phytic acid to iron ratio was increased.

Table 1 Instrumental operat-
ing conditions FlFFF condition

Carrier liquid
pH 2.0 0.01 M HCl
pH 5.0 0.01 M HCl adjusted to pH 5.0 by NaHCO3

pH 7.0 0.01 M HCl adjusted to pH 7.0 by NaOH
Membrane 1000 Da MWCO, poly(cellulose acetate)
Channel flow rate (mL min−1) 0.75
Cross flow rate (mL min−1) 2

ICP–OES condition
RF generator frequency (MHz) 27.2
RF power /W 1350
Nebulizer gas flow rate (L min−1) 1
Coolant gas flow rate (L min−1) 12
Auxiliary gas flow rate (L min−1) 1
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At all pH values studied, the iron association in the
FlFFF-observable range of >1 kDa but <500 kDa was
found to increase when more phytic acid was added. The
highest association, as observed from the peak areas in
Fig. 3, right), was found for weight ratios of 1:50 and 1:100
at pH 7.0. For a fixed amount of phytic acid, the binding of
iron and phytic acid increased when the pH was increased.

Three molecular weight ranges were then classified: (a)
<1 kDa; (b) >1 kDa but <500 kDa; and (c) >500 kDa. The
size-distributions of the iron associations for all three
weight ranges are summarized in Table 2. Fraction (b)
was calculated from area under the fractogram, as observed
using FlFFF–ICP–OES. The iron associated with molecules
smaller than 1 kDa (a) was obtained from the area of the
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Fig. 3a–d Fractograms (UV detection on the left and ICP–OES
detection on the right) for iron in the presence of varying amounts of
phytic acid at pH 2.0 (a), 5.0 (b), and 7.0 (c). d shows fractograms of

iron without phytic acid. Fe:PA was 1:10 (triangles), 1:50 (filled
circles), and 1:100 (unfilled circles)
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fractogram yielded by FlFFF–ICP–OES without the appli-
cation of cross-flow field minus the same value for (b). The
equivalent value for the fraction larger than 500 kDa (c)
was calculated by subtracting the values for (a) and (b)
from the total iron value.

High associations between iron and phytic acid were
observed for every pH and every iron:phytic acid ratio. For
an iron:phytic acid ratio of 1:10, the iron was largely
distributed in the >500 kDa fraction at all pH values tested.
For the other iron:phytic acid ratio, the amount of iron in
this fraction was less significant. This phenomenon was in
agreement with the results reported by Evan and Martin

[25], who found that iron phytate precipitated at ratios of
approx. 1:10 and 1:40. Free iron or iron associated with
molecules smaller than 1 kDa was clearly predominant at
pH 2.0. The amount of iron in this fraction decreased when
solution pH was increased to 5.0 and 7.0. At pH 5.0 and
7.0, the iron was concentrated in the fraction associated
with phytic acid (>1 kDa), as observed in the FlFFF
fractogram. Most of the iron was associated with phytic
acid.

In the presence of tannic acid, iron was associated with
small molecules (<1 kDa) at pH 2.0 (Table 2). At pH 5.0
and 7.0, however, iron only appeared in the >500 kDa
fraction, except for an iron:tannic acid ratio of 1:100 at pH
5.0, as illustrated in Fig. 4. The association of iron with
macromolecules (~25 kDa) was observed at tr = 5.2 min. At
high levels of tannic acid and for slightly acidic conditions,
the iron that formed macromolecules with tannic acid did
not precipitate completely. For other ratios and at pH 5.0
and 7.0, precipitation readily occurred when the iron and
tannic acid solutions were mixed. The amount of free iron
or iron associated with molecules smaller than 1 kDa was
extremely low. It can therefore be concluded that iron was
completely bound to tannic acid when the pH was higher
than 5.0.

At pH 5.0 and 7.0, most of the iron was associated with
the phytic acid or tannic acid. The phytic and tannic acids
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Fig. 4 Iron fractograms of iron in tannic acid (weight ratio 1:100) at
pH 2.0 (triangles), 5.0 (unfilled circles) and 7.0 (filled circles)

Table 2 Size-based distributions of iron in the presence of various concentrations of phytic acid (PA) and tannic acid (TA) at pH 2.0, 5.0, and 7.0

Sample pH Proportions of iron (%)

<1 kDa(a) >1 kDa, <500 kDa(b) >500 kDa(c)

Fe + PA (1:10) 2.0 16.0 2.0 81.9
5.0 3.9 25.5 70.7
7.0 6.0 45.5 48.4

Fe + PA (1:50) 2.0 49.6 50.4 0.0
5.0 19.8 66.0 14.2
7.0 0.0 93.8 6.2

Fe + PA (1:100) 2.0 45.2 54.8 0.0
5.0 17.2 82.8 0.0
7.0 4.5 95.5 0.0

Fe + TA (1:10) 2.0 98.9 1.1 n.d.
5.0 0.5 0.4 99.1
7.0 0.1 0.6 99.3

Fe + TA (1:50) 2.0 98.9 1.2 0.0
5.0 0.9 0.7 98.4
7.0 1.1 0.6 98.2

Fe + TA (1:100) 2.0 98.9 1.1 n.d.
5.0 2.5 16.1 81.5
7.0 1.7 1.7 96.6

(a) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES without the cross-flow field minus the value for (b)
(b) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES with the cross-flow field
(c) Obtained from the total iron minus the values for (a) and (b)
n.d., not determined, as the concentration in this fraction was lower than the detection limit of 0.2 mg L−1

Total iron concentration was 300 mg L−1 .
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showed high potential to produce iron complexes which are
reportedly not absorbable by the intestine [2–4, 9, 10].

III. Size-based distributions of iron in kale extract
and tea infusion

Kale and tea contain inhibitor molecules—phytic acid and
tannic acid, respectively. The inhibitors in kale and tea can
bind with the iron to form iron complexes, and so they
exhibit an inhibition effect. Therefore, the size-based
distribution of iron in kale extract and tea infusion was
investigated at pH 2.0, 5.0, and 7.0 under both non-
enzymatic and enzymatic conditions. Due to the low iron
content in tea itself, free iron was spiked into the tea
infusion to a level of 300 mg L−1 prior to investigation.

Table 3 shows the proportions of iron in each of three size
groups for kale extract and tea infusion. The proportions
were calculated as in the iron-inhibitor binding study
(Table 2).

From Table 3, the proportions of iron in the small size
fraction (<1 kDa) were similar for all sample types. The
highest proportion of iron was observed at pH 2.0. At an
acidic pH of 2.0, iron was in the free form (or was
associated in molecules of <1 kDa), except in the case of
iron-spiked tea infusion, when precipitation was observed.

For the unspiked kale extract, the iron was concentrated
in the FlFFF-observable range (>1 kDa, <500 kDa) at pH
5.0 and 7.0. The distribution profiles shown in Fig. 5a show
that iron was associated with macromolecules of approxi-
mately the same molecular weight as in Fig. 2 (>1 kDa).
Phytic acid, which binds to the iron, may be present in kale
extract. Iron-spiked kale also gave iron distribution profiles

Table 3 Size-based distributions of iron for kale extract, iron-spiked kale extract and iron-spiked tea infusion at pH 2.0, 5.0, and 7.0

Sample pH Proportions of iron (%)

<1 kDa(a) >1 kDa, <500 kDa(b) >500 kDa(c)

Kale extract 2.0 100.0 0.0 0.0
5.0 36.5 63.5 0.0
7.0 4.2 95.8 0.0

Iron-spiked kale extract 2.0 100.0 n.d. n.d.
5.0 3.3 3.9 92.8
7.0 3.0 3.5 93.5

Iron-spiked tea infusion 2.0 91.9 n.d. 8.1
5.0 21.0 18.5 60.5
7.0 18.5 7.2 74.3

(a) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES without cross-flow field minus the value for (b)
(b) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES with cross-flow field
(c) Obtained from the total iron minus (a) and (b)
n.d., not determined, as the concentration in this fraction was lower than the detection limit of 0.2 mg L−1
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Fig. 5a–c Iron fractograms for iron in kale extract (a), iron-spiked
kale extract (b) and iron-spiked tea infusion (c) at pH 2.0 (triangles),
5.0 (unfilled circles) and 7.0 (filled circles)
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that peaked in the FlFFF-observable range (>1 kDa,
<500 kDa) at pH 5.0 and 7.0, as shown in Fig. 5b.

From Table 3, it is clear that most of the iron was
distributed in the small molecular size fraction at pH 2.0.
The iron was found in the large molecular size fraction
when the pH was raised to 5.0 and 7.0. At pH 5.0, iron
associated with macromolecules was observed, as the peak
maximum occurred at 5 min or ~25 kDa (Fig. 5c), in
agreement with the iron–tannic acid binding experiment
(Fig. 4).

The fractograms for the kale extract (Fig. 5a) and the
iron-spiked kale extract (Fig. 5b) show a similar degree of
association in the range of >1 kDa but <500 kDa.
Insufficient numbers of phytic acid binding sites in kale
and the high iron concentration may have caused precipi-
tation at slightly acidic (pH 5.0) and neutral (pH 7.0)
conditions. Most of the unbound iron in iron-spiked kale
precipitated and was distributed in the large molecular
fraction (>500 kDa) at pH 5.0 and 7.0, as shown in Table 3.

IV. Size-based distributions of iron in kale and tea infusion
after gastrointestinal digestion

To observe the change in the size-based distribution of iron
as a result of gastrointestinal digestion, simulated enzymatic
digestion was carried out by peptic and then pancreatic
digestion. The iron distribution after each stage of gastro-
intestinal digestion of the kale extract and iron-spiked tea
infusion is shown in Table 4. Both samples showed
different iron distributions compared to those obtained after
non-enzymatic incubation. No iron was observed in the
FlFFF-observable size range (>1 kDa, <500 kDa). This
shows that, upon gastrointestinal digestion, the iron-bound
molecules were digested and converted to free irons and
iron associated with molecules smaller than 1 kDa. The
inhibitor in the sample was believed to bind with iron,
forming an insoluble iron compound, especially at stages 2
and 3 of the simulated gastrointestinal digestion, as can be
seen in Table 4.

Table 4 Size-based distributions of iron in iron-spiked tea infusion and kale extract at each stage of gastrointestinal digestion

Sample Stage Proportions of iron (%)

<1 kDa(a) >1 kDa, <500 kDa(b) >500 kDa(c)

Tea infusion (iron-spiked) 1 (pH 2.0) 94.8 nd 5.2
2 (pH 5.0) 29.7 nd 70.3
3 (pH 7.0) 15.5 nd 84.5

Kale extract 1 (pH 2.0) 82.8 nd 17.2
2 (pH 5.0) 27.5 nd 72.5
3 (pH 7.0) 21.2 nd 78.8

(a) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES without cross-flow field minus the value for (b)
(b) Obtained from the area of the iron profile yielded by FlFFF–ICP–OES with cross-flow field
(c) Obtained from the total iron minus the values of (a) and (b)
n.d., not determined, as the concentration in this fraction was lower than the detection limit of 0.2 mg L−1
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Fig. 6a–b Size-based distribu-
tion of iron in iron-spiked tea
infusion after (a) non-enzymatic
mixing at different pH values
and (b) enzymatic gastrointesti-
nal digestion
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In the gastrointestinal digestion of iron-spiked tea infusion,
iron did not completely precipitate after full gastrointestinal
digestion at pH 7.0. This suggests that the tea infusion may
contain less tannic acid than was added in the iron–tannic acid
binding experiment.

In Fig. 6, size-based distributions of iron in the spiked
tea infusion at different pH values both with and without
enzymatic gastrointestinal digestion are compared. The
distributions were found to be similar at pH 2.0. The
results from the non-enzymatic study at pH 5.0 and 7.0
show that the soluble iron is partially associated with the
inhibitor, as shown by the proportions in the range >1 kDa,
<500 kDa. In contrast, the enzymatic digestion results in a
negligible iron macromolecule binding fraction, as seen
from the FlFFF fractogram. It seems probable that the iron
in the molecular range of >1 kDa, <500 kDa is digested
during enzymatic digestion; it is partially released as free
forms and as some iron chelate precipitates.

All soluble iron was present as free iron or iron
associated with molecules smaller than 1 kDa, which is
absorbable. The iron bound to macromolecules may be
digested to small molecules and released as free iron or
precipitated after enzymatic digestion, depending on the
nature and composition of the food sample.

Conclusion

A hybrid technique where flow field–flow fractionation
(FlFFF) is coupled to inductively coupled plasma optical
emission spectrometry (ICP–OES) has shown the potential
to be an alternative investigation tool for monitoring the
size-based distributions of elements in food suspensions
during simulated gastrointestinal digestions. Using the
technique, iron binding with food components—exempli-
fied by phytic acid and tannic acid in this study—can be
investigated. The FlFFF exhibited several advantages over
chromatographic techniques due to its ability to investigate
wider pH and molecular size ranges. However, the FlFFF
has limitated applicability in other studies that require
higher resolution.

With or without enzymatic digestion, iron strongly
associates with phytic acid at every pH, whereas strong
association with tannic acid was observed only when the
pH was raised to 5.0 and 7.0. The investigation provides a
better understanding of the elemental fractionation of iron–
phytic acid and iron–tannic acid complexes during gastro-
intestinal digestion processes. Tea and kale, which contain
tannic and phytic acids, respectively, exhibited the potential
to bind with iron and yield similar distributions to those
obtained for iron–phytic acid and iron–tannic acid. The

ingestion of non-heme iron-containing foods with tea and
kale may cause iron absorption to be inhibited during
gastrointestinal digestion. The fractionation power of Fl-
FFF coupled with the highly sensitivity of ICP–OES is
potentially a useful technique for estimating the in vitro
iron bioavailability, circumventing the need for a tedious
and lengthy procedure. The study of bioavailability will
lead to further management strategies for counteracting
inhibition and promoting better mineral bioavailability.
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A continuous-flow dialysis (CFD) method with an on-line inductively coupled plasma optical

emission spectrometric (ICP-OES) simultaneous multielement measurement for the study of in

vitro mineral bioavailability was previously reported. The method was based on a simulated

gastric digestion in a batch system followed by a continuous-flow intestinal digestion—dialysis

with on-line measurement of dialysed mineral concentration by ICP-OES. This study

demonstrates how the dialysis profiles obtained could be exploited to understand differences of

mineral dialysability and the effect of enhancers and inhibitors. The graphical plot of time-

dependent cumulative dialysed mineral concentrations and percent dialysis was efficiently used for

these purposes. Iron fortificants in various chemical forms were used to demonstrate the effect of

their anionic parts on dialysability together with enhancement and inhibition effects from food

acids.

Introduction

Mineral bioavailability has usually been determined by in vivo

measurements. As an alternative to human and animal in vivo

studies, the availability of minerals or trace elements has also

been estimated by simple, rapid and inexpensive in vitro

methods.1 In vitro methods based on simulated gastrointest-

inal digestion with continuous-flow dialysis (CFD) were devel-

oped.2–5 These methods measure the fraction of mineral

accessible pool in diets which is of potential absorption.

Although a true absorption is not determined, in vitromethods

have frequently been used to predict and compare the bio-

availability of minerals from different foods.6,7

In our previous reports, the CFD system was operated with

flame AAS,4 electrothermal AAS5 and inductively coupled

plasma optical emission spectrometric (ICP-OES)8 detections

for studies of minerals of nutritional importance (Ca, Mg, P,

Fe and Zn). The objective of this study was to demonstrate the

use of dialysis profiles to understand the differences of dialy-

sability of minerals, taking the advantage of the time-depen-

dent dialysis data obtained from the developed CFD method.

Effects of the different chemical forms of mineral fortificant

and the inhibition and enhancement effects from common

components in food were elaborated.

Being carried out by an in vitro equilibrium batch dialysis

method, previous studies provided no insight information to

explain the dialysability results obtained. This work shows

how to exploit the time-dependent dialysis information from

the continuous-flow dialysis approach to clearly demonstrate

the factors affecting in vitro bioavailability. Such investigation

has been exemplified for Ca, Fe and Zn. In order to illustrate

the concept, however, only Fe is described in this manuscript.

Experimental

Instrument and equipment

The detail of continuous-flow dialysis (CFD) system con-

nected to a pH measurement module and ICP-OES detection

unit has been described elsewhere.8 A shaking water bath

(Memmerts, Memmert GmbH, Germany), controlled at

37 � 1 1C was used both for simulated gastric and intestinal

digestions. The Orion SensorLink pH measurement system

(ThermoOrion, USA), model PCM500, equipped with a

PCMCIA slot and a personal computer, was used to monitor

pH during digestion and dialysis.

Determination of iron by ICP-OES was performed using a

SPECTRO CIROS CCD, axial configuration, equipped with a

glass spray chamber (double pass, Scott-type) and a cross-flow

nebuliser (all from SPECTRO, Kleve, Germany). The ICP-

OES operating conditions were as follows: power 1350 W;

nebuliser gas flow 1 L min�1; and auxiliary gas flow 12 L

min�1. Selected emission lines were: Fe, 238.204 (II), 239.562

(II) and 259.940 (II). Emission lines for internal standards

were: Y, 320.332 (II), 371.030 (II) and 442.259 (II) and Sc:

256.023 (II), 361.384 (II) and 440.037 (II) nm.

Reagents and solutions

The enzymes: pepsin (P-7000, from porcine stomach mucosa);

pancreatin (P-1750, from porcine pancreas) and bile extract

(B-6831, porcine) were from Sigma (St. Louis, Missouri,

USA). The preparation procedures of the digestive enzyme
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pepsin, pancreatin bile extract (PBE) have been described

elsewhere.4

Three sets of stock solution containing multi-element stan-

dards (QCS 01-5 at 100 mg mL�1), Y (ICP-69N-1 at 1000 (mg
mL�1) and Sc (ICP-53N-1 at 1000 (mg mL�1); as internal

standards, were from AccutraceTM (AccuStandards, Connec-

ticut, USA). Standard solutions were prepared immediately

before use by dilution of stock standard with 2% HNO3.

Sample preparation

Five iron fortificants including iron(II) sulfate (Ajax Co. Ltd.,

Aubern, Australia), iron(II) fumarate (Vicky Consolidate Co.

Ltd., Bangkok, Thailand), sodium iron(III) ethylenediaminete-

traacetic acid (Akzo Nobel Functional Chemicals Co. Ltd.,

Arnhem, The Netherlands), iron(II) lactate, iron(III) ammo-

nium citrate (Dr Paul Lohmanns Co. Ltd., Emmerthal,

Germany) were investigated. The iron concentration for simu-

lated gastrointestinal digestion experiment was approx. 1 mg

metal mL�1.
Ascorbic acid and citric acid (Fisher Scientific, Leicester-

shire, England) were selected to study enhancement of mineral

absorption at molar ratio of enhancer to mineral of 3 : 1. For

inhibition experiments, phytic acid (Sigma, USA), tannic acid

(Fluka, Steinheim, Germany) and oxalic acid (BDH, Poole,

England) were used at the same molar ratio of 3 : 1.

Simulated gastrointestinal digestion procedure and

determination of dialysability

To study in vitro bioavailability of minerals, an in vitro gastric

digestion was performed in a batch system (mimicking diges-

tion in the stomach where no mineral absorption takes place),

followed by an intestinal digestion in a CFD system. The CFD

in the intestinal digestion step enables dialyzable components

to be continuously removed for element detection. Gastric di-

gestion was performed according to the procedure of Miller.1

Dried samples were accurately weighed (0.5–1.0 g), mixed with

10 g of Milli-Q water, adjusted to pH 2.0 with 6 M HCl and

adjusted to 12.5 g using pure water. To carry out pepsin–HCl

digestion, 375 mL of pepsin solution (16% w/v) was added.

The mixture was then incubated for 2 h at 37 � 1 1C in a

shaking water-bath. This mixture was further used in the

following intestine digestion.

For intestinal digestion and dialysis, a CFD-ICP-OES

system was used.8 A portion of the mixture after gastric

digestion (2.0 g) was injected into the flattened dialysis bag

(MWCO 12–14 kDa) 10 mm flat wide, 17.6 cm in length (cellu-

SepsH1, Membrane Filtration Products, Texas, USA) in the

dialysis chamber via a syringe. The dialysing solution of

optimum concentration (3–9 � 10�4 M NaHCO3) flowed

through the chamber around the bag at 1 mL min�1 and the

temperature was controlled at 37 � 1 1C. A 625-mL freshly

prepared pancreatin-bile extract (PBE) mixture containing

0.4% w/v pancreatin and 2.5% w/v bile extract was slowly

injected after 30 min and dialysis was continued for an

additional 2 h. The dialysable components were transported

in the dialysing solution into the pH measurement cell and

finally to the ICP-OES. To obtain good nebulisation perfor-

mance and to ensure that iron remained soluble, the stream of

dialysing solution was acidified by mixing with a stream of 4%

nitric acid, which also contained 1 mg L�1 of Y and Sc, used as

internal standards at 1.0 mL min�1. A blank of gastrointest-

inal digestion-dialysis was also performed in each experiment.

The iron concentration of the dialysate (mg mL�1) was

obtained by on-line ICP-OES measurement with external

calibration using standard solutions in NaHCO3 of similar

concentration to the dialysing solution. Total dialysed amount

was determined by integration of the signal through the whole

dialysis time using a computer program (Microcal Origin,

Version 6.0). Dialysability in percent was calculated as fol-

lows: Dialysability (%) = 100 � D/C, where D = dialysed

iron content (mg g�1 sample) and C = total iron content

(mg g�1 sample).

Results and discussion

CFD-ICP-OES: Analytical recoveries and dialysability

assessment

To validate the analytical procedure, the recoveries of iron

were determined. The iron concentrations in the dialysate and

the non-dialysed counterparts in the retentate were measured.

Non-dialysed iron concentration in the retentate was deter-

mined after acid decomposition of the remains of sample

suspension in the dialysis tube with subsequent ICP-OES

detection. The total iron content of the sample was also

determined after microwave decomposition of the sample.

The summations of dialysed and non-dialysed amounts were

compared with the total iron content. For all iron fortificants

studied herein, the sum values of the dialysed and non-dialysed

iron contents were close to the total values with recoveries

ranging from 94.5 to 102.8%. Repeatability of percent dialy-

sability of iron in all fortificants determined was better than

3% RSD.

Various chemical forms of iron fortificants provided sig-

nificantly different iron dialysability. Iron(II) sulfate, iron(II)

lactate, and iron(II) fumurate provided similar percent dialy-

sability of 41–45%. Iron(III) ammonium citrate shows lowest

percent dialysability (24–26%). The protected iron compound,

NaFe(III)EDTA, gave the highest percent dialysability (79–

83%). This phenomena can be explained by high stability

constants of iron–EDTA complexes having the value logK of

25.7 for Fe(III) and 14.3 for Fe(II).8,9 Formation of complexes

prevents iron(III) in food from precipitating when pH rises

resulting in high dialysability.

Dialysis profiles

While a batch dialysis system provides only a single value of

dialysed amount at equilibrium, the continuous-flow dialysis

system (CFD) offers both dialysed amount and time-based

dialysis profile information. Dialysis profiles and pH change

(Fig. 1 and 2, upper frame) and time-dependent cumulative

plot of dialysed iron amount (Figs. 1 and 2, lower frame) can

be obtained from the continuous measurement of dialysed iron

concentrations and pH. The pH change (right axis of upper

frame) from approx. 2.0 of the gastric digest to ca. 5.0 within

30 min of intestinal digestion and to ca. 7.0–7.5 after 1 h was

close to what occurs in the human gastrointestinal tract. The
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graphical plot of dialysed iron concentration with respect to

the dialysis time offers kinetic information of dialysis. The

cumulative dialysed iron (Fig. 1 and 2, lower frame) increased

before PBE injection, gradually increased after PBE injection

and finally became constant. The slope of this graphical plot

could demonstrate the rate of dialysis process. From this plot

(Fig. 1, lower frame), iron fortificants can be divided into three

groups according to their dialysability (low at 25% for iron(III)

ammonium citrate; medium at 41–45% for iron(II) sulfate,

iron(II) fumarate, iron(II) lactate; and high at 81% for

NaFe(III)EDTA). The slopes are distinguished in two parts,

before and after PBE injection at 30 min (Fig. 1, lower frame).

The low dialysability (trace (e)) resulted from small slope

before 30 min and almost zero thereafter. The medium dialy-

sability (traces (a), (b) and (d)) can be seen to originate from

higher slope before 30 min and almost zero thereafter. The

high dialysability (trace (c)) was obtained from high slope

before 30 min and small slope thereafter. The conversion of

Fe(II) to Fe(OH)3 is preferred at pH above 4.10 Therefore, the

dialysability of all studied iron fortificants ceased after 30 min

(pH B 5) except that of the protected compound

NaFe(III)EDTA.

Effect of enhancers and inhibitors on iron dialysability

Many organic acids have been reported to show enhancement

(ascorbic,11–15 citric acids16,17) and inhibition (phytic, tannic

and oxalic acids) effects. These compounds were used for the

study of effect of enhancer and inhibitor on iron dialysability.

Fig. 2 (upper frame) shows profiles of iron dialysability of

iron(II) sulfate with some enhancers (ascorbic and citric acids)

and inhibitors (phytic, tannic and oxalic acids) at molar ratio

of enhancer/inhibitor and iron between 3 : 1 to 4 : 1 (as used by

Lynch and Stoltzfus18). Dialysis profiles of iron(II) sulfate were

obviously affected by the presence of additives. The dialysis

profile of iron(II) sulfate with ascorbic acid added at molar

ratio of ascorbic acid to iron of 3 : 1 remarkably shows higher

degree of dialysis in the first 30 min of dialysis. This is

probably because ascorbic acid can decrease the transforma-

tion rate of iron(II) to iron(III) when pH increases. Iron(III) can

be reduced by ascorbic acid only when the pH is below a limit,

somewhere between pH 6.0 and 6.8. Above that pH limit,

ascorbic acid is no longer an effective reducing agent for

Fe(III).19 In addition, ascorbic acid can form soluble complexes

with iron at low pH that makes it remain soluble and absorb-

able at a more alkaline duodenal pH. Higher pH favors the

conversion of Fe(II) to Fe(OH)3. The reduction rate of iron(III)

by ascorbic acid decreases markedly as the pH increases.

Dialysability of iron(II) sulfate with ascorbic acid ceased at

pH 46 (Fig. 2, upper frame). The dialysis rates (at 0–40 min,

pH o6) of iron(II) sulfate with ascorbic and citric acids added

were higher than that of iron(II) sulfate alone (Fig. 2, lower

frame). The cumulative plots of iron(II) sulfate with and

without enhancers and inhibitors are clearly distinguished.

Fig. 1 Dialysis profiles of iron with pH change (upper frame) and

corresponding cumulative plots (lower frame) for different chemical

forms of iron fortificants: (a) iron(II) sulfate, (b) iron(II) fumarate, (c)

NaFe(III)EDTA, (d) iron(II) lactate and (e) iron(III) ammonium citrate.

Fig. 2 Dialysis profiles of iron(II) sulfate with enhancers and inhibi-

tors (upper frame) and their cumulative plots and percentage dialysis

(lower frame): (a) FeSO4 only; (b), (c), (d), (e), (f) for FeSO4 with

ascorbic, citric, phytic, tannic and oxalic acids, respectively.

This journal is �c The Royal Society of Chemistry 2007 J. Anal. At. Spectrom., 2007, 22, 807–810 | 809



The dominant increasing effect was observed before PBE

injection in the case of ascorbic acid while citric acid showed

significant effect after PBE injection. This is due to the

chelating property of citric acid that presumably occurs

through its carboxylic and hydroxyl groups, preventing iron

from formation of insoluble iron hydroxides.10 The stability

constant (logK) of citric acid with Fe(II) and Fe(III) are 3.2 and

11.8, respectively.9 So, the dialysability of the citrate complex

of Fe(III) at pH 45 gradually increased.

On the other hand, dialyses of iron(II) sulfate with phytic or

tannic acids, well-known strong iron inhibitors, were drama-

tically lower than that of iron(II) sulfate, especially in the first

30 min of dialysis (Fig. 2(d) and (e)). Since phytate and tannate

are negatively charged, they can react with positively charged

Fe ions, leading to the inhibition effect. After PBE injection

(pH 45), the dialysis profile of iron(II) sulfate with oxalic acid

showed a gradual increase of dialysed iron (Fig. 2(f), lower

frame). The stability constant (logK) of oxalate with Fe(III) is

9.4, with the effective stability constants at pH 5, 6 and 7 being

2.9, 4.7 and 6.1, respectively.9 As a result, dialysis of the

oxalate complex of Fe(III) continues even at pH 45. In

conclusion, the descending order of the iron dialysability is

FeSO4 with ascorbic acid (63%) B with citric acid (62%) 4
FeSO4 only (49%) 4 with oxalic acid (41%) 4 with tannic

acid (38%) 4 with phytic acid (21%).

Conclusions

The CFD-ICP-OES-pH system was used for monitoring time-

dependent dialysed minerals concentration and pH during

dialysis. The system was applied to study the dialysability

and effect of food components for iron fortificants. The

mechanisms of enhancement and inhibition were investigated

for the first time by a dynamic dialysis system. Dialysis profiles

and their cumulative plots showed the changes of dialysis in

the simulated intestinal digestion as affected by other food

components. Such study is not possible using a batch dialysis

system. The proposed approach is anticipated to be a useful

tool to evaluate bioavailability of food or even non-food

components consumed by humans.
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Abstract

A system for dynamic continuous-flow dialysis during intestinal digestion for an in vitro simulation of gastrointestinal digestion is presented
as an alternative to human and animal in vivo methods for estimation of the bioavailability of minerals. The method is based on the in vitro
batch dialysis method described by Miller, which was developed into a continuous-flow system of a simple design to perform dynamic dialysis
in the intestinal digestion stage. A flow dialysis system has the advantages of simulation being close to in vivo physiological conditions because
pH change during dialysis is gradual and dialyzed components are continuously removed. The proposed new design performed dialysis during
a continuous flow of dialyzing solution (NaHCO3) around a dialysis bag containing peptic digest, which is placed inside a glass dialysis
chamber. Gradual change of dialysis pH, similar to that occurring in the gastrointestinal tract, was obtained by optimization of flow rate and
concentration of NaHCO3. The dialysate collected in fractions was analyzed to determine dialyzed minerals and pH change in the course of
dialysis. The method was tested by determination of calcium bioavailability of powder milk and calcium carbonate tablets.
© 2005 Elsevier B.V. All rights reserved.

Keywords: In vitro method; Bioavailability; Continuous-flow

1. Introduction

The total concentration of a mineral micronutrient in
food does not provide information about its bioavailability.
Speciation of a micronutrient or the determination of its
chemical forms in food and in the gastrointestinal tract
is essential to the understanding and the prediction of its
availability for absorption [1]. This is often difficult to
perform. Nutrient bioavailability has usually been estimated
by in vivo human study. In vivo experiments, however, are
time consuming and very expensive and often give variable
results caused by uncontrollable physiological factors.
Laboratory in vivo experiments in animals are sometime
used as a model for human. Experiments with animals are
less expensive but are limited by uncertainties with regard to
differences in metabolism between animals and human. As
an alternative to in vivo human and animal studies, nutrient

∗ Corresponding author. Tel.: +66 2 201 5124; fax: +66 2 354 7151.
E-mail address: scysw@mahidol.ac.th (J. Shiowatana).

bioavailability has also been estimated through in vitro meth-
ods [2–9]. These methods have gained popularity because of
their simplicity, precision, speed of analysis and relatively
low cost.

Interest in development of in vitro methods for estimating
bioavailability of essential mineral elements dates back to at
least the early 1930s [2]. These methods provide insights on
minerals and trace element nutrition that are not achievable by
human or animal experiments. The earliest trial [2] assumed
ionizable minerals as potentially available and determined
ionizable iron in food by extracting with complexing agents
such as �,�′-dipyridyl and bathophenanthroline. Another
approach attempted to simulate gastrointestinal digestion
conditions and determined soluble or dialyzable minerals
[3–9]. Particularly, the in vitro method developed in 1981
by Miller et al. [5] has been reported to provide availability
measurements that correlate well with in vivo studies for iron.
This method has been the basis for several in vitro methods
for estimation of the bioavailability of iron and other min-
erals such as calcium and zinc [10,11]. The in vitro method

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2005.04.068
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involves a simulated gastrointestinal digestion with pepsin
at pH 2 for 2 h during the gastric stage and with a mixture of
pancreatin and bile salts along with a gradual pH change from
2 to 7 during the intestinal stage. The proportion of the com-
pounds diffusing across a semipermeable membrane during
the intestinal stage is used as a prediction of the elemental
bioavailability.

In Miller’s method, equilibrium dialysis is performed to
obtain dialyzable compounds during intestinal digestion. The
drawback is that dialyzed components are not removed during
dialysis, as occurred in the real situation of the digestive tract.
This may cause lower dialyzability. Therefore, a modified
continuous dialysis in vitro method was developed by Mini-
hane et al. [12] in which dialyzed components were removed
continuously. The model developed by Minihane et al. used
an Amicon stirred cell for continuous dialysis. The pH was
adjusted gradually over a 30 min period from 2.0 to 7.0 before
dialysis was started. Minihane’s method was further modified
by Shen et al. [13] to obtain a gradual pH change during the
dialysis instead of adjusting the pH before dialysis. Shen et al.
performed continuous dialysis by introducing a gradual pH
adjustment using a small dialysis bag filled with an amount
of NaHCO3 equivalent to the predetermined titratable acidity
of the peptic digest. The dialysis was carried out in a vessel
under a pressure of 50 psi.

Wolters et al. [9] developed an in vitro method for con-
tinuous dialysis of minerals and trace elements based on a
hollow-fiber system. The hollow-fiber system for continuous
dialysis consists of a reaction vessel placing in a water bath
at 41 ◦C. The food suspension in this vessel is pumped via a
peristaltic pump through a suction tube into the hollow-fiber
membrane. A fine filter cloth stretched across the inlet of
the hollow-fiber and a magnetic stirrer was used to prevent
clogging of the hollow-fiber by large particles. Components
in the suspension that could pass through the hollow-fiber
membrane were dialyzed and collected in a plastic bottle for
subsequent analysis. That part of the suspension that could
not pass through the hollow-fiber membrane was pumped
back into the reaction vessel where these components could
be digested further and recirculated into the hollow-fiber for
complete dialysis.

A multicompartmental computer controlled simulated
gastrointestinal digestion system has been developed [14]
and applied [15,16] for evaluation of bioavailability. The
system consists of several successive compartments to
simulate the digestion in the stomach, duodenum, jejunum
and ileum. Compartments are connected by peristaltic valve
pumps to regulate the transfer of digestive enzymes. The
system was also equipped with rotary pumps, syringe pumps
for water pressure and secretion controls. Because the model
aimed to mimic the whole GI-tract from stomach to ileum,
it was rather complicated and not easy to perform. A simple
method to access maximum bioaccessibility based on flow
injection leaching of food sample by artificial saliva, gastric
juice and intestinal juice was recently developed [17].
The method has the advantages of rapidity and simplicity.

However, because leaching was accomplished in only a few
minutes, the food sample may only be partially digested and
leached.

In the present study, a simple setup for continuous-flow
dialysis to perform an in vitro simulated intestinal digestion
was developed. Considering that mineral absorption takes
place mainly at the intestinal digestion stage [5], this setup
was designed for dialysis in the intestinal digestion stage
to occur by a continuous flow of dialyzing solution (dilute
NaHCO3 solution) around the dialysis tubing containing the
gastric digestate. The gastric digestion was performed in a
batch manner to effect high sample throughput because a
large number of samples could be digested at the same time.
In the simulated intestinal digestion stage, gradual change
of pH, similar to that occurring in the intestinal tract, was
obtained by optimization of flow rate and concentration of
NaHCO3. The dialysate collected in fractions was analyzed
to determine the amount of dialyzed minerals. The graphi-
cal plot of dialyzed minerals with time of dialysis provides
kinetic information of the dialysis process. The feasibility
of the developed system was tested by applying it to evalu-
ate dialyzability of calcium in calcium carbonate tablets and
powder milk.

2. Experimental

2.1. Design and setup of continuous-flow dialysis system

A continuous-flow dialysis system was designed to serve
three objectives: a gradual pH change at the early stage of
dialysis, a convenient means of addition of enzymes at will
and continuous removal of dialyzable components during
dialysis.

The proposed dialysis system is presented schematically
in Fig. 1. A dialysis chamber was designed to allow contain-
ment of a dialysis tubing, around which dialyzing solution
could flow during dialysis. The chamber (ca. 20 cm in length
and 0.8 cm inner diameter) and its cover were constructed
in-house from borosilicate glass. Dialysis tubing MMCO
12,000–14,000 Da (Spectra/Por, Thomas Scientific, USA)
was used. To prepare the dialysis chamber, a dialysis tubing

Fig. 1. Schematic diagram of the proposed continuous flow in vitro dialysis
setup.
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of 10 mm flat width and ca. 17.5 cm in length was tied at
both ends, one end with a silicone tube (2 mm inner diameter
and 5 cm long) inserted for the injection of a peptic digest
sample and required enzymes. The other end of this silicone
tube is pierced through an aperture in the chamber cover to
allow convenient addition of a peptic digest aliquot and PBE
mixture via a three-way valve by a 3 ml disposable syringe
(both were purchased from a local medical equipment
supplier). The cover was tightly sealed onto the chamber
with a silicone gasket and a rubber band. The dialysis
chamber was placed in a shaking water bath at 37± 1 ◦C.
The dialyzing solution (NaHCO3) from the reservoir was
pumped through the chamber using a peristaltic pump
(Eyela, Model MP-3N, Japan). The dialysis flow can be
adjusted between 0.5 and 10 ml min−1 but 1.0 ml min−1 was
found to be optimal. Dialyzable components in the peptic
digest suspension could pass through the dialysis membrane
and collected in plastic collectors.

To perform dialysis, the prewashed [18] dialysis tubing is
prepared as above. Before adding the peptic digest, the dial-
ysis tubing is flattened to remove any air bubbles or liquid
inside using a syringe connecting to the silicone tube insert.
Peptic digest aliquot of 2.5 ml is then injected through the
same silicone tube. The dialyzing solution of optimum con-
centration is flowed through at 1.0 ml min−1 or at the required
flow rate.

2.2. Instrument and equipment

Determination of calcium by flame atomic absorption
spectrometer (FAAS) was performed using a Perkin-Elmer
Model 3100 equipped with deuterium background correc-
tion (CT, USA), providing a background corrected signal.
The operating parameters for measurement of calcium were
422.7, 0.7 nm band width and air–acetylene flame. The cal-
cium contents of the dialysate and digested samples were
determined using standard addition method.

A pH meter of Denver Instrument Model 215 (USA) with
a glass combination electrode was used for all pH measure-
ments. Commercial standard buffers (Damstadt, Germany)
of pH 4.00± 0.01 and 7.00± 0.01 were employed for the pH
meter calibration.

An incubator shaker from Grant Instrument, Model SS40-
D2 (Cambridge, England), was used to shake and incubate
samples at 37± 1 ◦C.

2.3. Chemicals and test materials

Enzymes pepsin (P-7000, from porcine stomach mucosa),
pancreatin (P-1750, from porcine pancreas) and bile extract
(B-6831, porcine) were from Sigma (St. Louis, MO, USA).
Ca standard solution (1000 mg l−1) was a certified NIST stan-
dard.

A pepsin solution was prepared by dissolving 0.16 g
pepsin (P-7000, from porcine stomach mucosa) in 1 ml of
0.1 M of hydrochloric acid.

A pancreatin–bile extract (PBE) mixture was prepared by
weighing 0.004 g pancreatin and 0.025 g bile extract into a
beaker and dissolving in 5 ml of 0.001 M sodium bicarbonate.
The concentration of sodium bicarbonate in PBE solution was
prepared at 0.001 M so that addition of PBE (after 30 min of
intestinal digestion) will not disturb the pH change already
optimized.

Calcium carbonate tablets (dietary supplement) were
from Vitamin World (New York, USA). Milk samples were
obtained from a local supermarket.

2.4. Determination the total calcium content in test
materials and in residues after dialysis

To determine the total calcium content of each calcium
source, the sample (250 mg for tablet and 10.0 g for milk
powder) was dissolved by wet digestion with nitric acid to
clear solution and diluted to 100.0 ml with pure water. For
residues after dialysis, the food suspension after dialysis was
transferred from the dialysis tube into a beaker (100 ml) and
rinsed with two aliquots (3 ml each) of 0.01 M EDTA washing
and two aliquots (10 ml each) of 2% HNO3 washing before
subsequent digestion to clear solution. The calcium contents
were determined by flame atomic absorption spectrometry
using standard addition method.

2.5. Peptic digestion and determination of titratable
acidity

Peptic digestion was performed according to the proce-
dure of Miller [5]. For calcium carbonate tablet, 90 ml of
pure water was added to one tablet (250 mg) and the pH was
adjusted to 2.0 with diluted HCl. For milk samples, powder
milk of 10.0 g and pure water were added into a 100 ml flask
and the mixture was shaken to obtain a suspension of 90 ml.
The pH was adjusted to 2.0 by addition of a dilute HCl solu-
tion. To each sample suspension, 1.5 ml of pepsin solution
was added and pH was adjusted again to 2.00 before the total
volume was adjusted to 100.0 ml with pure water and the
sample was incubated in a shaking water bath at 37 ◦C for
2 h. The pH was adjusted to 2.00 every 30 min.

Titratable acidity of peptic digest was determined by titrat-
ing a 2.5 ml aliquot to which 625 �l of PBE mixture was
added, using standard 0.01 M NaOH as a titrant to a pH of
7.5.

2.6. In vitro equilibrium dialysis method

A 2.5 ml portion of the peptic digest was added into the
dialysis bag in the dialysis chamber. Then, 3.0 ml of dialyz-
ing solution containing an amount of NaHCO3 equivalent to
the titratable acidity of the peptic digest was injected into
the dialysis chamber to fill the space in the chamber outside
of the dialysis bag. The sample was incubated in a shaking
water bath at 37 ◦C for 30 min before 625 �l of PBE mixture
was added and incubation continued for an additional 2 h.
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The dialysate was collected for subsequent determination of
calcium content.

2.7. Optimization of flow rate and concentration of
sodium bicarbonate for continuous-flow dialysis

Firstly, standard calcium solution in 0.01 M HCl was sub-
jected to continuous-flow dialysis with varying flow rate of
sodium bicarbonate. The sample (2.5 ml) was introduced into
the flattened dialysis tubing. The dialysis was performed
using 0.001 M sodium bicarbonate and the dialysate frac-
tions were collected continuously for calcium determination.
The flow rate that gave a complete dialysis in a short time
without too much dilution effect of dialysate was considered
as optimal.

Then, the optimal sodium bicarbonate flow rate was used
to study the effect of its concentration on pH change. Pep-
tic digest samples of varying titratable acidities, including
peptic digest containing 0.01 M HCl, peptic digest contain-
ing 0.01 M HCl with 0.04 M ascorbic acid, and peptic digest
containing 0.01 M HCl with 0.09 M ascorbic acid, were used.
These peptic digests had pH values and titratable acidities
of 2.0, 0.01 M; 2.0, 0.05 M and 2.0, 0.10 M, respectively.
Each sample (2.5 ml) was subjected to the simulated intesti-
nal digestion.

2.8. In vitro dialysis method with continuous flow

To start the simulated pancreatic intestinal digestion, a seg-
ment of dialysis tubing was prepared and placed in the dialysis
chamber as described earlier. A silicone gasket was placed on
the outlet, and the chamber cover was securely clamped. The
chamber was connected to the sodium bicarbonate reservoir
and the collector containers using tygon tubings and placed
in a water bath. A 2.5 ml pepsin digest sample was injected
into the dialysis tubing via the silicone tube insert using a
syringe. The bath temperature was maintained at 37± 1 ◦C.
The peristaltic pump was switched on to start the dialysis. The
dialysis flow rate was 1 ml min−1. The dialysate was collected
at 10 ml intervals in plastic containers for 30 min before a
625 �l freshly prepared PBE mixture was added and dialysis
was continued for an additional 2 h. The dialysate fractions
were subjected to FAAS measurement after all fractions were
collected. Then, the dialyzed amount of an element was calcu-
lated by summation of the amounts in all dialysate fractions.

2.9. Calculation of dialyzability

The amount of dialyzed calcium is expressed as a per-
centage of the total amount present in the sample as follows:

Dialyzability (%) = (D− B)× 100
W × A

where D and B are the total and blank amounts (�g), respec-
tively, of mineral dialyzed, W the dry weight (g) of sample

used for dialysis and A is the concentration of calcium in
the dry sample (�g g−1). For equilibrium dialysis, the dia-
lyzed calcium is calculated as twice of the amount dialyzed
when the volumes of the peptic digest and the dialyzing solu-
tion were equal because the dialyzed amount accounted for
only one half of the dialyzable amount in equilibrium dialy-
sis. When the volumes were not equal, correction was made
accordingly.

3. Results and discussion

3.1. Design of continuous-flow system for in vitro
determination of mineral bioavailability

As the absorption of minerals and trace elements is taking
place in the earlier part of the small intestine, simulation of the
conditions prevailing in the small intestine is the most critical
step for in vitro methods aiming at prediction of the bioavail-
ability of minerals and trace elements. Variation in the pH
conditions in the course of intestinal digestion is a major
cause of variability of results of dialyzability [13,19–21].
Therefore, this study has given particular attention to the
process resulting in pH change and considered it important
to provide a pH profile during dialysis corresponding to the
dialysis profile. The dynamic in vitro methods developed by
Miller [5], Minihane [12] and Shen et al. [13], Wolters et al.
[9] and this study have slight differences in the pH change
during dialysis and duration of dialysis as summarized in
Table 1.

Optimization of the flow rate and concentration of dia-
lyzing solution has been performed to achieve the following
requirements for a close simulation of intestinal digestion in
human:

1. Change of pH from 2.0 to about 5.0–6.0 in 30 min and
to approximately 7.0–7.5 in 60 min and being constant
thereafter.

2. Addition of digestive enzymes at required time via a three-
way valve.

3. Continuous removal of dialyzed minerals from the dialysis
system for determination.

Aiming at the above requirements, firstly a flow rate was
selected. Then, the concentration of sodium bicarbonate was
optimized.

Although the proposed dialysis system can be connected
to the FAAS instrument for online detection, this study chose
to collect the dialysate fractionwise (every 5 or 10 min) for
subsequent calcium determination. By this way, dialysate
samples are not totally consumed and can be kept for pH
measurements and for repeated confirmation.

3.2. Selection of dialyzing solution flow rate

The peptic digestion was performed in pepsin solution at
pH 2 in a batch system. For intestinal digestion, in contrast to
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the equilibrium dialysis method where samples are incubated
in sodium bicarbonate solution of sufficient concentration,
optimal concentration of sodium carbonate solution was con-
tinuously flowed around the dialysis tubing containing peptic
digest and the dialysate was collected fractionwise. Thus, the
optimal flow rate was selected and the effect of concentra-
tion of sodium bicarbonate on pH change during the course
of dialysis was studied. In theory, a faster flow rate can facil-
itate removal of the dialyzed minerals from the system and
can speed up the dialysis. However, a fast flow can result in
dilution of the dialyzed minerals in the dialyzing solution.
The optimal flow rate should assist fast transfer of dialyz-
able mineral through the membrane and should not cause
too much dilution of the dialyzed minerals. The dialysis pro-
files were obtained at different flow rates as shown in Fig. 2.
Dialysis profiles show the kinetics of dialyzable calcium pen-
etrating through the semipermeable membrane for 0.5, 1.0
and 2.5 ml min−1 flow rates.

It can be seen that faster flow rate at 2.5 ml min−1 could
remove dialyzable calcium faster and quantitative dialysis
was obtained in about 50 min while slow flow rate at
0.5 ml min−1 took a longer time (ca. 100 min) to complete
the removal. However, the concentration of calcium in
dialysate was lower for the faster flow as a result of dilution
effect. Therefore, 1.0 ml min−1 flow rate was considered as

Fig. 2. Profiles of dialyzed amount (a) and cumulative dialyzed amount
(b) of calcium at varying flow rate of dialyzing solution. Standard calcium
(100 mg l−1) 2.5 ml was used.

a compromised flow rate for this application because the
dialysis could be completed within 1 h and the dilution effect
was acceptable.

3.3. Optimization of concentration of sodium
bicarbonate dialyzing solution

The concentration of dialyzing solution has to be opti-
mized to obtain the required pH increase during the course of
dialysis. It was found that NaHCO3 concentration of 0.002 M
was optimal for peptic digest of calcium carbonate tablets
having titratable acidity of 0.05 M (Fig. 3b). The dialysis pH
profiles for peptic digest of 0.01 and 0.1 M titratable acidi-
ties at various concentrations of dialyzing solution are also

Fig. 3. Effect of concentration of dialyzing solution (NaHCO3) on pH
change during dialysis for peptic digests of different titratable acidities. Flow
rate 1.0 ml min−1.
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Table 2
Analytical recovery of calcium for powder milk sample (three individual replicates are shown)

Sample Dialyzed Non-dialyzed %Recovery

Amount (mg kg−1) %Dialyzability Amount (mg kg−1) %Remaining

Powder milk-based formula 4680 68.1 1800 26.2 94.3
4500 65.4 2270 33.1 98.4
4780 69.5 2080 30.3 99.8

Average 4650± 140 67.6± 2.1 2060± 240 29.9± 3.4 97.5± 2.9

Total calcium 6890± 120 mg kg−1.

shown in Fig. 3a and c. From the results of Fig. 3, opti-
mum concentration of dialyzing solution was found to show
an approximate linear relationship with the titratable acidity
and the following equation can be drawn:

Optimum NaHCO3 concentration

= titratable acidity in M
25

The optimal NaHCO3 concentration for more than 10 pep-
tic digests of calcium carbonate tablet samples with different
titratable acidities were calculated using the above equation
and the pH profiles were found to demonstrate satisfactory
pH change during dialysis. So this equation will be used to
obtain appropriate concentration of dialyzing solution for cal-
cium carbonate peptic digests. It should be noted that the
above equation can be applied for calcium carbonate and
other tablets, and may not be applied to other types of food
digest. For peptic digests of powder cow milk, the optimum
dialyzing solution was found to be one fiftieth of the titrat-
able acidity in M. This difference is probably due to the higher
concentration of suspended matter in peptic digest of pow-
der cow milk which resulted in slow rate of mass transfer in
the dialysis tube and across the dialysis membrane. There-
fore, this should be determined when different new types of
sample are to be studied.

3.4. Method validation by analytical recovery study

Since there is no reference materials providing bioavail-
ability data available, validation of the proposed method can
only be done by studying of analytical recoveries of the min-
eral of interest. A milk sample was subjected to the proposed
analytical procedure to determine the dialyzable calcium in
the dialysate and the non-dialyzable calcium in the retentate.
The results are given in Table 2. It can be seen that per-
cent dialyzability of calcium is reproducible and the percent
recoveries are acceptable.

3.5. Application of the proposed method to estimate
calcium dialyzability of calcium carbonate tablets and
milk samples

As examples to show the applicability of the dialysis sys-
tem developed, calcium dialyzability for calcium carbonate
tablets and milk samples was studied. Table 3 shows the
results of dialyzable calcium determined by the developed
continuous-flow method and the equilibrium method together
with some previously reported values.

Since there has not been an accepted standard procedure
for in vitro method for estimation of bioavailability, differ-
ent authors used different procedures or conditions in their
work. Furthermore, components in the samples (especially
for formulated milk, which may contain different additives)

Table 3
Comparison of percent bioavailability (or dialyzability) of calcium for milk samples and calcium carbonate by different authors and procedures

Sample In vitro In vivo Ref.

Continuous flow Equilibrium

Powder cow milk 42.7 ± 2.5a 16.3± 1.1a (32.6± 2.2) – This work
Powder milk-based formula 67.7 ± 2.1 – – This work
Cow milk – 20.2± 1.4 – [22]
Cow milk – 17.0± 0.8 – [18]
Milk-based formula 13.9 ± 2.6b 10.2± 0.7 – [13]
Milk-based formula 4.3 ± 0.6c – – [13]
Cow milk – – 46.3 ± 9.5 [23]
Whole milk – – 31 ± 3 [24]
Powder cow milk – – 37.4 ± 8.7 [25]
Calcium carbonate 72.8 ± 2.2a 32.4± 1.5a (64.8± 3.0) – This work
Calcium carbonate – – 43.0 ± 5.9 [25]
Calcium carbonate – – 39 ± 3 [24]

a n = 3, in brackets are corrected values as indicated in Section 2.9.
b By Shen’s method.
c By Minihane’s method.
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Fig. 4. Profile of dialyzed calcium and the pH change for peptic digest of
calcium carbonate tablet by a continuous flow in vitro method.

may inhibit or promote dialyzability. This makes it rather
impossible to compare results of different authors.

For milk samples, it was found in this work that dialyz-
ability of calcium in powder cow milk was 32.6 and 42.7%
for equilibrium and continuous-flow methods, respectively.
The powder milk-based formula has a high dialyzability
at 67.7%. Many authors have reported different values of
bioavailability of calcium in milk ranging from 4.3 [13] to
46.3% [23]. This probably was attributed to the different sam-
ple compositions, procedures and conditions being used. For
calcium carbonate tablet, our results of %dialyzability were
very high at 64.8 and 72.8 for equilibrium and continuous-
flow methods, respectively. Some authors indicated that
incomplete disintegration and/or dissolution of the tablet
could limit the degree of dialysis [26]. In this study, the peptic
digest was seen to be clear after 2 h of peptic digestion at pH
2.0 indicating of solubilization very close to completion. This
could possibly be the reason for high dialyzability. The dia-
lyzability for equilibrium method gave slightly lower value
probably due to loss during transfer of the dialysate from the
dialysis chamber for AAS measurement, the step not required
in the continuous-flow method. The in vivo result from a
balance study [24,25] reported lower bioavailability values
(43.0 and 39%).

Because in vitro dialysis method is a relative rather than
an absolute estimation, the use of this method to estimate
bioavailability has to be done with careful consideration
of dialysis conditions [20,21] and report should serve as a
relative evaluation under the same dialysis procedure and
conditions. To confirm the similar conditions of dialysis
being performed, this work considers monitoring of pH
during dialysis a crucial necessity. Fig. 4 shows the dialysis
profiles and the pH change during dialysis for calcium car-
bonate after peptic digestion. The pH profiles demonstrate pH
change following the physiological conditions. The dialyzed
calcium profiles show maximum value at the first dialysate
fraction and gradually lower values similar to the profile of
Fig. 2. The dialysis took about 60 min to complete. Similar
observation was also evident for milk samples (not shown).

The continuous-flow dialysis profile and pH change are
expected to be useful for comparative study of dialyzability
of different foods and the study of the effects of food com-
ponents on dialyzability. Such detailed investigation is not
possible using the equilibrium dialysis system.

4. Conclusions

Simulated intestinal digestion has been developed for
estimation of nutrient bioavailability. The continuous flow
in vitro method is believed to be more representative of in
vivo physiological conditions than that based on equilibrium
dialysis because dialyzable components are continuously
removed from the simulated intestinal digestion system dur-
ing dialysis. In this study, a simple in vitro continuous-flow
dialysis method was developed and used for estimation of
calcium availability in comparison with the conventional in
vitro equilibrium dialysis method. The most important part
for successful simulation of the intestinal absorption was the
pH adjustment during intestinal digestion. This was obtained
by flowing dialyzing solution of appropriate concentration
through a glass dialysis chamber containing the dialysis
tubing with peptic digest inside. The optimum conditions
for continuous flow in vitro method were a flow rate of
1.0 ml min−1 and varying concentration of dialyzing solution
(NaHCO3) depending on titratable acidity of the sample. In
order that the PBE mixture would not drastically affect the pH
change on its addition, PBE was prepared in 0.001 M sodium
bicarbonate instead of 0.1 M as in the equilibrium dialysis.
As a result, this proposed method achieved a gradual change
of pH. The results from continuous-flow dialysis system not
only can be used for estimating dialyzability of minerals but
also provide dialysis profiles for detailed investigation. Since
pH change during dialysis can greatly affect dialyzability due
to precipitation for some elements, simultaneous monitoring
of the pH change was also performed. The dialysis profiles
of dialyzed mineral together with corresponding pH change
can help understand the dialysis changes with time and the
effect of food components on mineral dialyzability.

Although other elements, elemental detection systems
and online measurement can be performed to demonstrate
additional advantages of this proposed system, only calcium
with a FAAS and off-line detection was attempted to prove
the feasibility of the concept in this report. Future studies
with online and other elemental detection systems such as
inductively-coupled plasma spectrometry will be performed
to cover more elements and to show the usefulness of the
dialysis profiles obtained.
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Enhancement Effect Study of Some Organic Acids on the
Calcium Availability of Vegetables: Application of the Dynamic

in Vitro Simulated Gastrointestinal Digestion Method with
Continuous-Flow Dialysis
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UPSORN SOTTIMAI, SUTTHINUN TAEBUNPAKUL, AND ATITAYA SIRIPINYANOND
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Thailand

The effect of added organic acids on the calcium availability of vegetables was investigated using
the dialysis profiles obtained from an in vitro simulated gastrointestinal digestion with continuous-
flow dialysis method. Citric acid was the most effective enhancer followed by tartaric, malic, and
ascorbic acids. For amaranth, which has a low calcium availability (5.4%), a significant increase of
availability was observed with increasing concentrations of all acids studied. With the continuous-
flow dialysis approach, organic acids could be observed to promote the dialyzability even at an elevated
intestinal pH. An enhancement effect from added organic acids was not clearly observed for Chinese
kale, which itself contains a high amount of available calcium (52.9%).

KEYWORDS: Calcium availability; vegetables; organic acid; in vitro method; continuous flow

INTRODUCTION

Vegetables, especially green leafy vegetables, are known as
a rich source of dietary calcium. Unfortunately, some vegetables
with high contents of calcium show very low availability. The
low calcium availability in vegetables was derived from the
presence of some substances (phytate, oxalate, and dietary fiber
components) which bind calcium to form unabsorbable com-
pounds (1, 2).

The effect of some organic acids on calcium availability has
been documented. An enhancement effect by ascorbic acid (3)
and citric acid (4, 5) was reported. Many literature data on the
effect of an enhancer or an inhibitor on the mineral availability
are available. These studies were often carried out by adding
the enhancer or inhibitor directly to foods followed by an in
vitro or an in vivo availability evaluation. The in vitro method
was widely performed by the method or modified methods of
Miller (6) using a simulated gastrointestinal digestion with an
equilibrium dialysis procedure. The methods involve enzymatic
digestion with pepsin at pH 2 followed by digestion-dialysis
in the presence of pancreatin-bile extract (PBE) at a gradual
pH change from 2 to 7.5. The earlier conventional dialysis
procedure provides a single value of the dialyzable amount of
the element of interest at the equilibrium condition. It is simple
and has been well accepted. However, in the equilibrium
method, the dialyzed components are not continuously removed,
as occurred in the intraluminal digestive tract, and therefore,
this approach does not mimic the dynamic absorption process

in the body and does not give information of time-dependent
changes of dialysis during the course of gastrointestinal diges-
tion.

Therefore, in vitro gastrointestinal digestion with continuous-
flow dialysis procedures have been proposed as a closer
simulation of the in vivo physiological conditions as opposed
to that based on equilibrium dialysis, because dialyzable
components are continuously removed from the digestion
mixture during dialysis (7-10). The continuous-flow procedures
also are readily adaptable to automatic computer control (9)
and on-line detection (11, 12). The computer-controlled in vitro
dynamic system was applied for many case studies of the
bioavailability of both minerals (13, 14) and food mutagens (15).

Continuous monitoring of dialyzed minerals and pH change
during dialysis provides profiles which are believed to be useful
for the interpretation of enhancing or inhibiting effects. The aim
of this work was to apply the dynamic in vitro simulated
gastrointestinal digestion with continuous-flow dialysis method
for the first time to demonstrate the use of dialysis profiles to
investigate the effect of some organic acids on the calcium
dialyzability of vegetables by looking into the time-dependent
profiles obtained. Amaranth and Chinese kale were selected in
this study to represent vegetables of low and high calcium
availability, respectively (16). Four common organic acids, i.e.,
ascorbic, citric, tartaric, and malic acids, were studied.

EXPERIMENTAL DETAILS
Equipment and Materials. For measurement of calcium in dialy-

sates, a Perkin-Elmer model 3100 flame atomic absorption/emission
spectrometer (FAAS/FAES) was used. Calibration standards were
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prepared in sodium bicarbonate of the same concentration as the
dialyzing solution. The measurement was carried out with an air-
acetylene flame. The calcium emission intensity was monitored at 422.7
nm with a 0.7 nm slit width.

A pH meter (Denver Instrument model 215, Colorado) with a glass
combination electrode was used for all pH measurements. Commercial
standard buffers (Merck, Darmstadt, Germany) of pH 4.00 ( 0.01 and
7.00 ( 0.01 were employed for the pH calibration. An incubator shaker
from Grant Instrument, model SS40-D2 (Cambridge, England), was
used to incubate the samples at 37 ( 1 °C.

Chemicals and Samples. The enzymes pepsin (P-7000, from porcine
stomach mucosa), pancreatin (P-1750, from porcine pancreas), and bile
extract (B-6831, porcine) were from Sigma (St. Louis, MO). A pepsin
solution was prepared by dissolving 0.16 g of pepsin in 1 mL of 0.1 M
hydrochloric acid and a PBE mixture by dissolving 0.004 g of pancreatin
and 0.025 g of bile extract in 5 mL of 0.001 M sodium bicarbonate
(6). Calcium standard solution (1000 mg/L) was prepared by dissolving
an appropriate amount of calcium carbonate (Carlo Erba, Italy) in 1%
(v/v) hydrochloric acid. The dialyzing solution was prepared by
dissolving an appropriate amount of sodium bicarbonate in 1 L of
purified water. The optimum concentration of sodium bicarbonate was
determined from the titratable acidity, which was determined by titrating
a 2.5 mL aliquot of peptic-digested sample to which 625 μL of PBE
mixture was added, using standard 0.01 M NaOH as a titrant, to a pH
of 7.5 (10). Ascorbic, malic, citric, and tartaric acids were obtained
from Fluka Chemicals (Switzerland) and were confirmed to contain
an undetectable amount of calcium at the concentrations being used.

Fresh amaranth, Chinese kale, and other vegetables were purchased
from local markets and were cleaned and rinsed with purified water.
Only the edible parts were then dried at 65 °C to constant mass and
ground to store in a desiccator for use throughout the study to ascertain
that similar vegetable lots were used.

Determination of the Total Calcium Content of Food Samples.
A 0.5 g amount of sample was accurately weighed in a TFM vessel,
and 10 mL of a HNO3/H2O2 (3:2 v/v) mixture was added. Then acid
dissolution was performed in a microwave digestion system (Milestone,
model MLS-1200 Mega, Connecticut) according to the manufacturer’s
instructions. The clear solution was diluted with purified water to obtain
a volume of 50.0 mL. The solution was then transferred to a
polyethylene bottle. The calcium content was determined by flame
atomic emission spectrometry using standard addition calibration.

Design and Setup of the Continuous-Flow Dialysis System (10).
A continuous-flow dialysis (CFD) system was designed to serve three
objectives as follows: to facilitate a gradual pH change at the early
stage of dialysis (30 min), with the pH being maintained at 7.5 at the
later stage (after 60 min), to provide a convenient means of addition
of enzymes at the time and amount required, and to enable continuous
removal of dialyzable components during dialysis.

The proposed dialysis system is presented schematically in Figure
1. A dialysis chamber was designed to allow containment of the dialysis
tubing, around which the dialyzing solution could flow during dialysis.
The chamber (ca. 20 cm in length and 0.8 cm inner diameter) and its
covers were constructed in-house from borosilicate glass. Dialysis tubing
of MWCO 12000-14000 (Spectro/Por, Thomas Scientific) was used.
To prepare the dialysis chamber, dialysis tubing of 10 mm flat width

and ca. 17.5 cm length was tied at both ends, one end with a silicone
tube (2 mm inner diameter and 5 cm long) inserted for the injection of
a peptic digest sample and required enzymes. The other end of this
silicone tube was pierced through an aperture in the chamber cover to
allow convenient addition of a peptic digest aliquot and PBE mixture
via a three-way valve by a syringe. The cover was tightly sealed onto
the chamber with a silicone gasket and a rubber band. The dialysis
chamber was placed in a shaking water bath at 37 ( 1 °C. The dialyzing
solution (NaHCO3) from the reservoir was pumped through the chamber
using a peristaltic pump (Eyela, model MP-3N, Japan) with a flow
rate of 1.0 mL/min. Dialyzable components in the peptic digest
suspension could pass through the dialysis membrane and be collected
in plastic collectors.

Although the proposed dialysis system can be connected to the pH
meter and elemental detection instrument for on-line detection, in this
study we chose to collect the dialysate fractionwise for subsequent
calcium determination. In this way, dialysate samples are not totally
consumed and can be kept for further analyses or later confirmation.

Simulated Gastrointestinal Digestion Procedure with Continu-
ous-Flow Dialysis. Simulated gastrointestinal digestion of food samples
was carried out starting with peptic digestion with pepsin in a batch
system, followed by pancreatic digestion with PBE in the CFD system
(see the flow chart in Figure 2).

In the simulated peptic digestion step, a dried homogeneous vegetable
sample (0.5 g) or cooked vegetable (equivalent to a 0.5 g dry mass)
was suspended in 10 mL of purified water and adjusted to pH 2 with
6 M hydrochloric acid. The sample suspension volume was finally
adjusted to 12.5 mL with purified water and spiked with 375 μL of
pepsin solution. This digestion process was performed in an incubator
shaker at 37 ( 1 °C for 2 h. The titratable acidity of the peptic digest
was determined by titrating a 2.5 mL aliquot to which 625 μL of PBE
mixture was added, using standard 0.01 M NaOH as a titrant, to a pH
of 7.5. This titratable acidity was used for calculation of the optimal
concentration of the dialyzing solution (10).

After the simulated peptic digestion, intestinal digestion with
continuous-flow dialysis was carried out. The dialysis chamber was
prepared as described earlier. Before use, the dialysis tubing was
flattened to remove any air bubbles or liquid inside. Then, the 2.5 g
peptic-digested sample was added via the three-way valve using a
syringe connected to the silicone tube insert. The dialysis temperature
was maintained at 37 ( 1 °C. The peristaltic pump was switched on to
start the pancreatic digestion with a flow rate of 1 mL/min. The dialysate
from the chamber was collected at 10 mL intervals in plastic vials for
60 min and then at 10 or 30 mL intervals for an additional 90 min.
The freshly prepared PBE mixture (625 μL) was added into the dialysis
bag by means of syringe injection via the three-way valve at 30 min.
All dialysate fractions were subjected to pH measurement and calcium
determination after completion of the pancreatic digestion.

Simulated Gastrointestinal Digestion Procedure with Equilibri-
um Dialysis. The peptic digestion was carried out similarly as
mentioned above. Then a 2.5 mL portion of the peptic digest was added
into the dialysis bag in the chamber of the dialysis system setup.
However, instead of flowing the dialyzing solution, 3.0 mL of dialyzing
solution containing an amount of NaHCO3 equivalent to the titratable
acidity of the peptic digest was injected into the dialysis chamber to
fill the space in the chamber outside the dialysis bag. The sample was
incubated in a shaking water bath at 37 ( 1 °C for 30 min before 625
μL of pancreatin-bile extract mixture was added and incubation
continued for an additional 2 h. The dialysate was collected for
subsequent determination of the calcium content.

Estimation of Calcium Availability. The amount of dialyzed
calcium in a sample after the simulated gastrointestinal digestion was
calculated from the summation of dialyzed calcium in all dialysate
fractions and was expressed as a percentage of the total amount of
calcium present in the sample:

where D ) total amount of dialyzed calcium (μg), W ) amount of
sample used (g) as the dry mass of the original sample, and A )
concentration of calcium in the original dry sample (μg/g).

Figure 1. Diagram of the proposed continuous-flow in vitro dialysis system.

availability (%) ) (D × 100)/(WA)
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RESULTS AND DISCUSSION

In Vitro Simulated Gastrointestinal Digestion: Equilib-
rium vs Dynamic Dialysis Approaches. The differences
between the in vitro gastrointestinal dialysis with traditional
equilibrium and the continuous-flow dialysis approaches are
important to consider. Only a single value of the dialyzable
amount of minerals at the equilibrium condition is obtained from
the equilibrium dialysis procedure, whereas a time-dependent
change of the dialyzed amount of mineral during the course of
gastrointestinal digestion is obtained from the continuous-flow
approach. A dynamic in vitro method with continuous removal
of dialyzed components should be a better estimation of
availability than the equilibrium in vitro method. Naturally, the
results obtained from the two approaches are different, owing
to the fact that the equilibrium method is based on the dialysis
equilibrium of minerals between both sides of the dialysis
membrane. Dialysis ceases when the concentrations of dialyz-
able components on both sides are equal. On the other hand, in
the dynamic continuous-flow in vitro method, all the dialyzable
components could possibly permeate through the membrane
because fresh dialyzing solution was fed to the system continu-
ously. To demonstrate this fact, standard 100 μg/mL calcium
carbonate in 1% (v/v) HCl was subjected to the two dialysis
procedures using the procedure described. The calcium avail-
ability as determined by the continuous-flow in vitro method
was higher than that obtained from the equilibrium dialysis
method (Table 1). The dialyzed amounts obtained from the
equilibrium approach were found to be dependent on the volume
ratio of the peptic digest and the dialyzing solution as sum-
marized in Table 1. For a given case in which the volumes of
the peptic digest and the dialyzing solution are equal (10 mL
each), the dialyzed amount from the continuous-flow in vitro
method was approximately 2 times that of the equilibrium in

vitro method. In other words, the dialyzed amount accounted
for only half of the dialyzable amount in the equilibrium dialysis.
Since the continuous-flow approach provides the total dialyzable
amount through continuous removal of dialyzable minerals, the
results from the equilibrium dialysis should be corrected to
match the value obtained from the continuous-flow dialysis
procedure using the following equation:

where Dcorrected (%) ) the corrected D (%), Duncorrected (%) )
the D (%) obtained from the amount dialyzed in the equilibrium
dialysis, Vs ) sample volume (mL), and Vd ) dialyzing solution
volume (mL).

This rationale was confirmed by examining the effects of the
sample volume and dialyzing solution volume on the dialyz-

Figure 2. Flow chart of the simulated gastrointestinal digestion with continuous-flow intestinal digestion−dialysis.

Table 1. Effect of the Sample Volume to Dialyzing Solution Volume
Ratio (S:D) on Dialyzability in the Equilibrium Dialysis Methoda

Db (%)

dialysis
method

sample
vol (mL)

dialyzing
solution vol (mL) S:D

Duncorrected
(%)

Dcorrected
(%)

equilibrium 10.0 20.0 0.5 28.1 ± 1.0 42.2 ± 1.5
10.0 10.0 1.0 22.0 ± 1.1 44.0 ± 2.2
10.0 5.0 2.0 12.6 ± 0.8 37.8 ± 2.4

continuous flow 2.5 flowing 41.2 ± 1.4

a The sample was a 100 μg/mL (2.5 mL) standard calcium carbonate solution
(n ) 3). b D for the equilibrium method is provided as uncorrected values (Duncorrected)
and corrected values (Dcorrected), while that of the continuous-flow method needs
no correction. Each Dcorrected value shows no significant difference with the D
obtained from the continuous-flow method as evaluated by the t test at P ) 0.05.

Dcorrected ) Duncorrected(Vs + Vd)/Vd
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ability of a calcium standard as presented in Table 1, which
shows a lower Duncorrected when the dialyzing solution volume
is increased. Dcorrected gave results comparable with those of
continuous-flow dialysis. This correction method should always
be applied to get Dcorrected, which is an accurate value expressing
the dialyzable fraction for the equilibrium method.

In Vitro Availability of Calcium for Various Local
Vegetables. The calcium availability of some vegetables as
determined by the in vivo method has been reported (16-20).
Total calcium and its availability of various local vegetables
by an in vitro method based on continuous-flow dialysis and
equilibrium approaches were determined, and the results are
shown in Table 2. Some reported availability data are given in
the last column for comparison. The results show that the

corrected availability values of the equilibrium method were
approximately 85% of the values obtained from the continuous-
flow dialysis as calculated from the correlation plot (b ) 0.853a
+ 0.638, r2 ) 0.991). The slightly lower availability values (%)
from the equilibrium method could be due to systematic error
from the correction factors obtained from the sample and
dialyzing solution volumes used for correction. The accurate
volumes were difficult to measure since the dialysis membrane
may swell during use. This observation can also suggest that
the results from the continuous-flow method should be more
reliable than those obtained from the equilibrium method.

The in vitro availability of calcium for cabbage, Chinese kale,
and spinach by the continuous-flow method was found to be
48.2%, 52.9%, and 4.6%, respectively. These results are close

Table 2. Total Calcium Content and Availability of Calcium from Various Vegetables As Determined by in Vitro Simulated Gastrointestinal Digestion
with Continuous-Flow and Equilibrium Dialysis

availability (%) (n ) 3)

equilibrium in vitro method

vegetable
total calcium concn

(mg/g dried sample) (n ) 3)
continuous-flow
in vitro methoda uncorrected correctedb

availability (%)
(other researchers)

amaranth, leaves 26.7 ± 0.4 5.4 ± 0.4 3.0 ± 0.5 6.0 ± 1.0 4.1c (Kamchan et al. (16))
awltree, leaves 38.7 ± 0.6 10.1 ± 1.2 5.1 ± 1.0 10.2 ± 2.0
cabbage, edible parts 4.5 ± 0.4 48.2 ± 1.3 21.6 ± 0.5 43.2 ± 1.0 64.9d (Weaver et al. (20))
Chinese kale, edible parts 16.1 ± 0.3 52.9 ± 1.1 22.2 ± 1.7 44.4 ± 3.4 58.8d (Weaver et al. (20))
cumin, leaves 23.6 ± 0.6 13.2 ± 0.6 5.5 ± 0.2 11.0 ± 0.4
hairy basil, leaves 20.4 ± 0.5 31.2 ± 0.3 13.3 ± 0.9 26.6 ± 1.8
Indian penny wort, leaves 15.3 ± 0.5 39.6 ± 0.7 17.1 ± 0.3 34.2 ± 0.6
ivy gourd, leaves and tips 9.3 ± 0.6 38.4 ± 0.8 16.1 ± 0.6 32.2 ± 1.2
kitchen mint, leaves 18.5 ± 0.4 33.9 ± 1.7 16.5 ± 1.6 33.0 ± 3.8
betel, leaves 22.8 ± 0.5 2.25 ± 0.1 1.3 ± 0.2 2.6 ± 0.4 2.5c (Kamchan et al. (16))
sesbania, tender tips 10.1 ± 0.4 24.8 ± 0.2 10.1 ± 0.7 20.2 ± 1.4
spinach, edible parts 10.3 ± 0.5 4.6 ± 0.5 1.9 ± 0.2 3.8 ± 0.4 4.6d (Peterson et al. (19))

a ,bThe correlation plot of data from the continuous-flow (a) and equilibrium (b) methods shows that b ) 0.853a + 0.638, r2 ) 0.991. c Values from the in vitro method.
d Values from the in vivo method.

Figure 3. Dialyzed calcium and pH change during simulated intestinal digestion for amaranth with addition of varying concentrations of ascorbic acid (a),
citric acid (b), malic acid (c), and tartaric acid (d), where 9, [, 2, and b represent amaranth with 0%, 1.0%, 2.5%, and 5% (w/w) acid, respectively.
The corresponding pH profiles are presented with open symbols of the same type.
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to the values of in vivo study reports of 64.9%, 58.8% (20),
and 4.6% (19), respectively.

Some vegetables such as amaranth, awltree, cumin, betel
leaves, and spinach were found to contain high amounts of
calcium but a very low in vitro availability (%). The reasons
for the low availability were reported to be related to the
inhibitors (phytate, oxalate, and dietary fiber components) which
bind calcium to form unabsorbable compounds (1, 2).

Amaranth and Chinese kale were selected as representative
vegetables for low and high calcium availability, respectively,
for the study of the effect of organic acids on availability.

Effect of Organic Acids on the Calcium Availability of
Amaranth. Chemical bindings of calcium with food compo-
nents are major factors affecting availability. Some food
components favorably promote mineral absorption. The influ-
ence of various organic acids on calcium availability has been
investigated. Some authors reported an enhancing effect by
organic acids (4, 5). Therefore, the effect of organic acids,
commonly found in foods, on the calcium availability of
vegetables was systematically studied. Ascorbic, citric, tartaric,
and malic acids were directly added into the chosen vegetables
at concentrations of 1% (w/w), 2.5% (w/w), and 5% (w/w) of
the vegetable (dry mass), and the calcium availability was
determined in the same manner. The results are depicted in
Figure 3.

The dialysis profiles obtained from the dynamic continuous-
flow system, showing the effect of the concentration of added
organic acids, are illustrated in Figure 3. The changes in the
dialyzed amount could be observed from the dialysis profiles.
The profiles show an enhancing effect on calcium dialyzability
at increased concentrations of organic acids. For example, the
dialysis profiles of amaranth without citric acid dropped to the
baseline when the pH of dialysis approached 7. On the contrary,
dialysis went on even at pH higher than 7 when 1-5% citric
acid was added. Other organic acids gave similar results. From

Figure 4. Relationship between the concentration (%) of organic acids
added and the calcium availability (%) for amaranth: ascorbic acid (9),
citric acid ([), malic acid (2), and tartaric acid (b).

Figure 5. Dialysis profile as a graphical plot of dialyzed calcium against
the pH value of the dialysate for amaranth with addition of varying
concentrations of citric acid: 0% (b), 1% (0), 2.5% (4), and 5% (]).
Data were obtained from Figure 3b.

Figure 6. Dialyzed calcium and pH change during simulated intestinal digestion for Chinese kale at varying concentrations of ascorbic acid (a), citric acid
(b), malic acid (c), and tartaric acid (d), where 9, [, 2, and b represent Chinese kale with 0%, 1.0%, 2.5%, and 5% (w/w) acid, respectively. The
corresponding pH profiles are presented with open symbols of the same type.
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the dialysis profiles (Figure 3), the enhancement effect was most
pronounced when citric and tartaric acids of 5% were added.

Figure 4 illustrates the effect of the percentage of organic
acid added on calcium availability, as calculated from the
summation of dialyzed calcium in all dialysate fractions, for
the amaranth sample. The effect on calcium dialyzability in a
decreasing order is as follows: citric acid > tartaric acid >
malic acid > ascorbic acid. This appears to be the same order
as that of the first stability constants (log K1) of calcium
complexation with these organic ligands: citric acid (3.50),
tartaric acid (1.80), malic acid (1.80), and ascorbic acid (0.19)
(21).

From the observation of dialysis profiles, the following can
be speculated. Most of the calcium in vegetables is bound with
other dietary constituents. During the simulated gastrointestinal
digestion, these constituents are broken down, and calcium is
released as dialyzable forms. At low pH, the dialyzability is
naturally higher than at high pH, owing to the favorable binding
of anions with protons, leaving calcium as an ionic soluble form.
When the pH increases, binding with various ligands occurs.
Oxalate and phytate can bind with calcium to form precipitates
which are not dialyzed. However, with the presence of organic
acids, the organic acids favorably bind with calcium even at an
elevated pH, resulting in the enhancement of calcium dialyz-
ability. To demonstrate the dialysis of calcium at high pH in
the presence of the organic acids studied, Figure 3b was
replotted to obtain Figure 5 showing the effect of citric acid
on the dialyzed calcium at various pH values. This graph
illustrates that the change in dialyzability was not solely
contributed by the pH change, but also due to the organic acid
added. This information cannot be obtained from the equilibrium
dialysis approach.

Effect of Organic Acids on the Calcium In Vitro Avail-
ability of Chinese Kale. The dialysis profiles showing the effect
of added organic acids in Chinese kale are presented in Figure
6. No enhancement of calcium dialyzability was observed when
various organic acids were added at various concentrations.
Because of the naturally existing promoters (citric and malic
acids) in Chinese kale, most calcium was already present in
readily dialyzable forms. The dialysis profiles (Figure 6) show
continuing dialysis even after pH has reached 7.0. In relation
to the high calcium availability of Chinese kale, some authors
reported a low concentration of inhibitors (precipitators) such
as phytate and oxalate in Chinese kale (16). Moreover, high
concentrations of enhancers such as citric and malic acids were
found as the major organic acids in Chinese kale at 22.13 and
1.51 mg/g, respectively (22). Lucarini et al. (23) presented
brassica vegetables (e.g., broccoli, green cabbage, and kale) as
a good source of dietary calcium and showed that dialyzable
calcium in these vegetables was in both ionic and bound forms
with a large fraction in the bound forms. Hence, the added
organic acid did not show an observable effect on the calcium
dialyzability in Chinese kale.

Conclusion. The calcium availability of various vegetables
was determined by the in vitro simulated gastrointestinal
digestion with continuous-flow dialysis method. The calcium
in vitro availability in the vegetables studied was found to vary
between 4.6% and 52.9%. The in vitro availability obtained as
compared to the reported availability data from the in vivo
measurement was very similar. This indicates the possibility of
using the in vitro method as a rapid evaluation method for the
availability study.

The study of the effect of organic acids on calcium dialysis
showed a significant increase of availability at increasing

concentrations of acid for amaranth. Citric acid was the most
effective enhancer followed by tartaric, malic, and ascorbic acids
as could be predicted from their stability constants of complex-
ation with calcium. An enhancement effect was not clearly
observed for Chinese kale, which was a representative vegetable
of high calcium availability.

The dialysis profiles from continuous-flow dialysis, showing
a time-dependent dialyzed amount and pH change, provide
information which is not obtained from the equilibrium
method. Thus, the enhancement effect of some organic acids
on calcium availability was proved to be caused by calcium
remaining dialyzable even at elevated pH conditions in the
intestinal digestion stage. The dialysis profiles were proved to
be useful for understanding the effect of food components on
mineral dialyzability in the simulated gastrointestinal digestion
model.
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A continuous-flow dialysis (CFD) method with on-line inductively coupled plasma optical emission
spectrometric (ICP-OES) simultaneous multielement measurement for the study of in vitro mineral
bioavailability was developed. The method was based on a simulated gastric digestion in a batch system
followed by a continuous-flow intestinal digestion. The simulated intestinal digestion was performed in a
dialysis bag placed inside a channel in a flowing stream of dialyzing solution (NaHCO3). The mineral
concentrations in the dialysate were determined by ICP-OES using Y and Sc as internal standards. The pH
of the dialysate was also monitored on-line to ensure pH changes similar to the situation in the
gastrointestinal tract.The developed system was applied to determining the dialysability of five essential
elements (Ca, Mg, P, Fe, Zn) for various kinds of foods, i.e., milk-based infant formula reference material
(NIST SRM 1846), milk powder, kale, mungbean, chicken meat, jasmine rice, and Acacia pennata. The
dialysis profiles of elements and pH change profiles can be useful in understanding the dialysis change and
factors affecting dialysability. All studied elements were rapidly dialysed in the first 30 min of simulated
intestinal digestion. It is expected that this system will be useful for estimation of dialysability and for
studying the mutual effects of components in food.

Introduction

Mineral deficiency is usually caused by a low mineral content
in the diet when rapid body growth is occurring and/or when
minerals from the diet are poorly absorbed. Mineral bioavail-
ability has usually been determined by in vivo measurement.1

Ideally, mineral bioavailability studies should be performed in
vivo and in humans; however, they are difficult, expensive, and
provide limited data with each experiment.2 While animal
assays are less expensive, they are somewhat limited by un-
certainties with regard to differences in metabolism between
animals and humans. As an alternative to human and animal in
vivo studies, the availability of minerals or trace elements has
also been estimated by simple, rapid and inexpensive in vitro
methods.3 The earlier in vitro methods estimated bioavailabil-
ity by measuring the dialysability of minerals through a semi-
permeable membrane in equilibrium after simulated enzymatic
digestion of foods, which was known as ‘‘Miller’s method’’.
However, in this equilibrium method, the dialysed components
are not continuously removed, as occurrs in the intraluminal
digestive tract. Many modifications have been made to Miller’s
method in an attempt to improve the analytical methodology.
Continuous-flow dialysis (CFD) in vitro methods were devel-
oped4–6 in which dialysed components were continuously
removed. These methods measure the fraction of the available
mineral pool in diets which is potentially capable of absorp-
tion. Although a true absorption is not determined, in vitro
methods have frequently been used to predict and compare the

availability of different foods because they are simple, rapid,
inexpensive and easy-to-control. In addition, certain para-
meters can be monitored during in vitro dialysis. Some studies
reported poor correlation between in vitro and in vivo bioavail-
ability,7,8 whereas some studies reported good correlation
between results obtained from the two methods.9,10 An exam-
ple of disagreement between the two methods was reported for
bioavailability estimation of Ca.8 The in vivo studies of Ca
showed higher values than in vitro studies because some of the
Ca bound species was released into the large intestine and
might be absorbable.8 Therefore, to obtain a reliable and
meaningful in vitro bioavailability study, a clear need exists
for the development of a dialysis method that can mimic in vivo
functions.
A CFD system, by which dialysed components were con-

tinuously removed during simulated intestinal digestion, has
been developed to obtain a closer simulation of the mineral
absorption in the body.6 It involves an in vitro gastric digestion
in a batch system (mimicking digestion in the stomach where
no mineral absorption takes place), then intestinal digestion in
a CFD system. The CFD in the intestinal digestion step enables
dialysable components to be continuously removed for element
detection. Moreover, the proposed CFD system offers infor-
mation on dialysis kinetics, which could be extrapolated to be
of some use for absorption studies. In our previous reports, the
CFD system was operated with off-line flame AAS,6 and on-
line electrothermal AAS detection11 for the study of Ca and Fe
dialysability, respectively. However, many essential minerals
are of nutritional interest, for example Ca and P are two
essential elements for optimal bone mineralization.12 The roles
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of other major and trace elements (Mg, Fe, Zn, Cu, Se, etc.) are
also of particular interest. Magnesium, Zn, and Fe serve
metabolic and enzymatic functions. Zinc is essential for normal
growth and development of the immune response.13 So, the
CFD system with multielement detection capability for the
determination of major and trace elements was aimed in this
direction. An inductively coupled plasma optical emission
spectrometric (ICP-OES) detection was chosen for this study.
An ICP-OES spectrometer was connected on-line sequentially
after an on-line pH measurement module to the CFD system to
continuously monitor the dialysed multielement content and
pH change during dialysis. The developed method was vali-
dated and applied for determination of mineral (Ca, Mg, P, Zn
and Fe) dialysability for various kinds of food.

Experimental

Reagents and solutions

All reagents were of analytical grade, and ultrapure water of
18 MO cm specific resistivity obtained from a Milli-Q purifica-
tion system (Millipore Corp., MA, USA) was used throughout.
Glass and polyethylene containers were soaked in 10% nitric
acid for at least 24 h and then rinsed three times with ultrapure
water before use.

A pepsin solution was prepared by dissolving 0.16 g of
pepsin (P-7000, porcine stomach mucosa, Sigma, St.Louis,
MO, USA) in 1 mL of 0.1 mol L�1 HCl. A pancreatin–bile
extract (PBE) mixture was prepared by dissolving 0.004 g of
pancreatin (P-1750, porcine pancreas, Sigma) and 0.025 g of
bile extract (B-6831, porcine, Sigma) in 5 mL of 0.001 mol L�1

NaHCO3. Flat dialysis membranes (MWCO 12–14 kDa)
10 mm wide and 17.6 cm in length (cellu-SepsH1, Membrane
Filtration Products, Texas, USA) were used in the intestinal
digestion procedure. The membranes were boiled for 30 min in
40% ethanol, soaked in 1 mM ethylenediamine tetraacetic acid
(EDTA; BDH Ltd., Poole, UK) for 30 min, rinsed several
times with Milli-Q water, stored in 0.01 MNaHCO3 and rinsed
with Milli-Q water before use. A multielemental stock solution
(QCS 01–5 at 100 mg mL�1), Y (ICP-69N-1 at 1000 g mL�1)
and Sc (ICP-53N-1 at 1000 g mL�1), as internal standards,
were from AccutraceTM (AccuStandards, USA). Standard
solutions were prepared immediately before use by dilution of
stock standard with 2% HNO3.

Instrument and equipment

The CFD system used in this study was described elsewhere.6

The outlet of the CFD system was connected to a pH measure-
ment module and ICP-OES detection unit (Fig. 1). A shaking
water bath (Memmerts, Memmert GmbH, Germany), con-
trolled at 37 � 1 1C, was used for both gastric and intestinal
digestions. The Orion SensorLink pH measurement system
(ThermoOrion, USA), Model PCM500, equipped with
PCMCIA slot and personal computer, was used to determine
pH during digestion and dialysis.
Determination of minerals by ICP-OES was performed

using a SPECTRO CIROS CCD, axial configuration,
equipped with a glass spray chamber (double pass, Scott-type)
and a cross-flow nebulizer (all from SPECTRO Analytical
Instruments, Germany). The ICP-OES operating conditions
were as follows: power 1350 W; nebulizer gas flow 1 L min�1;
and auxiliary gas flow 12 L min�1. Selected emission lines were:
Ca, 396.847 (II), 317.933 (II), and 422.673 (I); Mg, 279.553 (II),
279.079 (II) and 280.270 (II); P, 177.495 (I) and 214.914 (I); Fe,
238.204 (II), 239.562 (II), 259.940 (II); and Zn, 202.548 (II),
206.191 (II), 213.856 (II) nm. Emission lines for internal
standards were: Y, 320.332 (II), 371.030 (II) and 442.259 (II);
and Sc: 256.023 (II), 361.384 (II), and 440.037 (II) nm. A closed
microwave digestion unit (Milestone MLS 1200 mega, Italy)
equipped with 6 Teflon vessels was used to mineralize 0.5–1 g
of food samples with 10.0 mL of concentrated nitric acid prior
to determination of the total mineral contents by ICP-OES.

Sample collection and preparation

Milk-based infant formula (NIST SRM 1846) was used for
method validation. Representative samples of cow milk, kale
(Brassica oleracea var. alboglabra, Bail.), Acacia pennata (L.,
Willd. Subsp.), mungbean (Phaseolus aureus Roxb.), chicken
meat, and jasmine rice (Orya sativa) were examined. Three
samples for each food item, 1–3 kg, were purchased randomly
in three local markets in metropolitan areas of Bangkok,
Thailand. After purchase, the samples were transported as
soon as possible to the laboratory. Milk powder, jasmine rice,
and mungbean were used as purchased. Kale, Acacia pennata
and chicken meat were cleaned once with tap water, and twice
with Milli-Q water. The inedible portions of each sample were
recorded and discarded. The edible parts in all samples except
milk powder and infant formula were cooked by boiling,

Fig. 1 Schematic diagram of continuous-flow dialysis system with on-line ICP-OES and pH measurements. A 2.5 mL pepsin digest sample was
injected into the dialysis bag using a syringe. A 625 mL aliquot of pancreatin–bile extract was introduced into the dialysis bag after the first 30 min of
the dialysis process. Dialysis was continued for 150 min. The dialysate flow was sequentially subjected to pH and ICP-OES measurements.
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homogenized by a food processor (Tefals Kaleo Blender,
France), kept in an acid-washed screw-capped plastic bottle,
and stored at �20 1C. A representative portion of the homo-
genized samples was dried at 60 1C and ground to fine particles,
and then stored in a sealed plastic bag in a desiccator at room
temperature until analysis.

Analytical procedure

In vitro gastrointestinal digestion method. Gastric digestion
was performed according to the procedure of Miller.3 Dried
samples were weighed (0.5–1 g), mixed with 10 g of Milli-Q
water, adjusted to pH 2.0 with 6 M HCl and adjusted to 12.5 g
using pure water. To carry out pepsin–HCl digestion, 375 ml of
pepsin solution was added. The mixture was then incubated for
2 h at 37 1C in a shaking water bath.

For intestinal digestion and dialysis, a dynamic CFD system
was used (Fig. 1). A portion of the mixture after gastric
digestion (2.0–2.5 g) was injected into the flattened dialysis
bag in the dialysis chamber via a syringe. The dialysing
solution, NaHCO3 of optimum concentration, determined by
titratable acidity6 for each food sample as summarized in Table
1, flowed through the outer surface of the bag at 1 mL min�1

and the temperature was controlled at 37 1C. The dialysable
components in the dialysing solution were transported into the
pH measurement cell and finally to the ICP-OES. To obtain
good nebulization performance and to ensure that the analyte
elements remained soluble, the stream of dialysing solution was
acidified by mixing with a stream of 4% nitric acid, which also
contained 1 mg L�1 of Y and Sc, used as internal standards at
1.0 mL min�1 (see Fig. 1). Blanks for gastric and intestinal
digestions were also performed in each experiment to control
possible contamination problems.

Mineral content determination. A known amount of sample
(approximately 1.0 g) was digested by microwave digestion
using 10.0 mL of concentrated HNO3. The microwave diges-
tion program comprised five steps: 1, 250 W for 1 min; 2, no
power for 1 min; 3, 250 W for 5 min; 4, 400 W for 5 min; and 5,
650 W for 5 min. Digestion was performed to obtain a clear
solution. In each digestion round, five vessels were used for
food samples and one vessel was left for blank HNO3 to check
for the presence of contamination during each run. Acid

digestion of an SRM 1846 milk-based infant formula standard
reference material was also performed using a microwave
digestion system to check for analytical recovery. The mineral
total contents were measured by ICP-OES.
In the CFDmethod, the concentration of each mineral in the

dialysate (mg mL�1) was obtained by on-line ICP-OES mea-
surement by external calibration using freshly prepared stan-
dard solution in NaHCO3 of similar concentration to the
dialysing solution, which was acidified to contain 2% HNO3

before use. The total amount of dialysed minerals was deter-
mined by integration of the signal through the whole dialysis
time using a computer program (Microcal Origin, Version 6.0).
Dialysability in percent was calculated as follows: dialys-

ability (%) ¼ 100 � D/C, where D represents dialysed mineral
content (mg g�1 sample) and C represents the total mineral
content (mg g�1 sample). After dialysis, mineral contents in the
residue inside the dialysis bag were determined by ICP-OES
after acid digestion, and the percentages of mineral remaining
were calculated.

Results and discussion

I. Setup of continuous-flow dialysis system with on-line

detections

The design of the continuous-flow dialysis (CFD) system for
in vitro determination of mineral bioavailability, the selection
of dialysing solution flow rate and optimization of dialysing
solution (NaHCO3) have been reported elsewhere.6 The opti-
mum flow rate of dialysing solution in the CFD and the uptake
rate of ICP-OES were similar at 1 mL min�1, therefore they
can be readily coupled. Nonetheless, to obtain good nebuliza-
tion performance, sample solution was acidified before reach-
ing the nebulizer by merging the stream of sample solution with
a stream of 4% nitric acid. The signal intensities of Ca and Fe
in acidified samples were increased remarkably, in comparison
with those which were not acidified.

II. Validation of analytical method

Because a reference material, which would provide bioavail-
ability data, is not available, validation of the proposed
method was performed by studying the analytical recoveries
of all elements of interest. Milk-based infant formula reference
material (SRM 1846) was subjected to the proposed analytical
procedure to determine the dialysable minerals in the dialysate
and the non-dialysable ones in the retentate. The non-dialy-
sable mineral in the retentate was determined by ICP-OES
after acid digestion of the remaining of food suspension in the
dialysis tube. The total mineral content of the sample was
determined after total digestion of the sample. The results are
given in Table 2. The results of total concentration obtained by
ICP-OES after acid digestion agreed well with the certified
values for all elements studied, suggesting good performance of
ICP-OES detection. In addition, a summation of the dialysed

Table 1 Optimum concentrations of NaHCO3 for each food sample

Sample Optimum NaHCO3/mol L�1

Jasmine rice 7.77 � 10�4

Chicken meat 1.89 � 10�3

Mungbean 1.32 � 10�4

Acacia pennata 1.59 � 10�3

Milk powder 1.14 � 10�3

Kale 1.44 � 10�3

Table 2 Validation of method using milk-based infant formula (SRM 1846) (n ¼ 3)

Mineral contents

Ca Mg P Fe Zn

Certified value/mg g�1 3670 � 200 538 � 29 2610 � 150 63.1 � 4.0 60.0 � 3.2

Total minerals/mg g�1a 3760 � 160 541 � 17 2490 � 96 66.6 � 1.5 62.8 � 1.8

dialysed minerals/mg g�1a 2800 � 140 428 � 10 1730 � 200 17.7 � 2.2 51.5 � 3.7

Non-dialysed minerals/mg g�1a 792 � 46 86 � 12 1040 � 94 42.4 � 5.5 7.8 � 1.0

dialysed þ non-dialysed mineral/mg g�1 3600 � 140 514 � 6 2690 � 145 60.1 � 5.0 59.0 � 4.9

Dialysis (%) 76 � 4 80 � 2 70 � 5 27 � 3 82 � 6

Element retained (%) 22 � 1 16 � 2 42 � 4 64 � 5 18 � 2

Sum (%) 98 � 4 96 � 1 104 � 6 90 � 5 94 � 9

a Blank subtracted.
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minerals (by CFD-ICP-OES) and non-dialysed minerals con-
tents was similar to the certified values with recoveries ranging
from 90 � 5% for Fe to 104 � 6% for P, suggesting good
performance of the CFD system and the absence of matrix
interferences from the dialysable components and therefore the
reliability of an on-line ICP-OES determination of dialysable
minerals without prior acid digestion. With the proposed
CFD-ICP-OES system, a quantitative recovery was obtained.

III. Dialysis profile

Not only was the percent dialysability obtained but also the
dialysis profiles of elements and pH change profiles, which can
be useful in understanding the dialysis change and factors
affecting dialysability. The pH changes (right axis of Fig. 2)
from approximately 2.0 for gastric digests to ca. 5.0 within
30 min of intestinal digestion and to ca. 7.0–7.5 after 1 h were

close to what occurs in the human gastrointestinal tract.4 The
blank dialysis (Fig. 2) was found to give low values (o4 mg
L�1 for all elements, highest for P at 3–7 mg L�1, which was
considerably low and could be estimated to be less than 10% of
the dialysable components). Nevertheless, blank correction
was performed and subtracted in all analyses. Figs. 3(a) and
3(b) show dialysis profiles of Ca, Mg, P, Fe and Zn for milk
powder and kale digests, respectively. All elements show
similar profiles, giving peak maxima at about 10 min of dialysis
and a gradual decrease to baseline; in this system, such profiles
equate to ‘‘absorption’’, seen here as loss of mineral from the
model intestine. The irregular pH change and dialysis profiles
at 30–40 min were probably affected by PBE injection at
30 min.
Fig. 4 shows dialysis profiles of Ca (a) and P (b) in different

food digests. Calcium and phosphorus in kale and milk powder
were rapidly dialysed in the first 30 min. It was found that P
dialysis profiles showed a second peak after PBE injection, as
illustrated in Fig. 4(b), as a result of digestion of food
components by PBE enzymes. The descending order of the
total calcium content (Table 3) is as kale 4 milk powder 4
infant formula 4 Acacia pennata 4 chicken meat 4 jasmine
rice 4 mungbean (ranged from 13 867 to 56 mg g�1) consider-
ing their dialysed calcium.

IV. Profile of molar ratio plot

From a nutritional point of view, the ratio of Ca and P intake
is believed to be important: the optimum molar ratio of Ca/P is
1, although a Ca/P ratio of 1/1.5 is acceptable. Injurious effects
can appear when this relationship is not met.14 It is important
to maintain a good ratio of Ca and P intake for optimal bone
mineralization.15 Anderson,16 in a review of the relationship of
Ca and P and human bone development, stated that a potential
mechanism for the development of low bone mass in the
United States was related to a low ratio of Ca/P intake.
Consumed diets with low Ca in dairy foods can also potentially

Fig. 2 Dialysis profiles and pH changes obtained from the CFD-
pH-ICP-OES system for blank analysis.

Fig. 3 Dialysis profiles and pH changes in milk powder (a) and
kale (b).

Fig. 4 Dialysis profiles of calcium (a) and phosphorus (b) in various
foods.
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contribute to a low Ca/P ratio.17 Wyatt and co-workers18

found that beans and corn tortillas were the main contributors
of Ca and P in the diet, contributing higher levels of P than Ca,
which resulted in Ca/P of 1 : 1.8.

From the Ca and P levels found in the dialysed samples, the
Ca/P ratio was calculated. The molar ratio plot of Ca/P in
various kinds of food is markedly different (see Fig. 5). The
ratio of Ca/P of dialysed amount is higher than that of the total
mineral content in the same food (Table 4). The molar ratio of
Ca/P from total mineral content in milk powder is 0.81 in this
study, which is similar to an earlier report.19 In contrast, the
Ca/P ratio from total mineral content in kale is 1.80, which
differs from the values in an earlier study20 of 2.44–3.01,
possibly owing to the fact that kales were from different
geographical areas and might be of different species. However,
this ratio for dialysed amount is, in all cases, higher because Ca
gives higher % dialysis than P in all food samples (see Table 3).
Although the Ca/P is important in determining their biological
activity, this does not extend to absorption. Nonetheless, the
study of the molar ratio profile might be of potential use in the
future.

V. Application of the proposed system to estimate mineral

dialysability of various foods

Dialysability was calculated by the summation of dialysed
amounts of mineral during intestinal digestion. The results

Table 3 Total and dialysed minerals (as per dry weight) in various kinds of foods (n ¼ 3)

Jasmine rice Chicken meat Mungbean Acacia pennata Milk powder Kale

Calcium

Total minerals/mg g�1 56 � 3 299 � 13 819 � 43 1650 � 30 6890 � 120 13 870 � 540

Dialysed minerals/mg g�1 44 � 2 279 � 9 714 � 35 1220 � 55 5560 � 280 8520 � 430

Non-dialysed minerals/mg g�1 8 � 2 12 � 5 119 � 27 482 � 25 1030 � 30 5520 � 240

Dialysed þ non-dialysed minerals/mg g�1 52 � 4 290 � 13 842 � 26 1760 � 91 6580 � 280 14 030 � 520

Dialysis (%) 78 � 3 93 � 3 87 � 4 74 � 3 81 � 4 61 � 3

Element retained (%) 14 � 3 4 � 2 15 � 3 31 � 2 15 � 0.5 40 � 2

Sum (%) 94 � 6 100 � 4 103 � 3 105 � 6 96 � 4 101 � 4

Magnesium

Total minerals/mg g�1 157 � 3 878 � 30 1410 � 3 1980 � 12 763 � 29 4690 � 310

Dialysed minerals/mg g�1 95 � 4 814 � 13 1050 � 40 1640 � 44 628 � 46 3130 � 100

Non-dialysed minerals/mg g�1 34 � 6 47 � 2 459 � 3 417 � 7 69 � 3 1470 � 40

Dialysed þ non-dialysed minerals/mg g�1 129 � 3 861 � 14 1507 � 43 2080 � 50 697 � 45 4600 � 90

Dialysis (%) 60 � 2 93 � 2 74 � 3 84 � 2 82 � 6 67 � 2

Element retained (%) 22 � 4 5 � 0.2 33 � 0.2 21 � 1 9 � 0.4 31 � 1

Sum (%) 82 � 2 98 � 2 107 � 3 105 � 2 91 � 6 98 � 2

Phosphorus

Total minerals/mg g�1 839 � 41 6060 � 209 4000 � 60 8540 � 220 6610 � 310 5990 � 60

Dialysed minerals/mg g�1 77 � 8 2720 � 90 525 � 13 3250 � 120 3680 � 180 3240 � 210

Non-dialysed minerals/mg g�1 699 � 26 2490 � 340 3750 � 40 5390 � 260 1610 � 30 1840 � 40

dialysed þ non-dialysed minerals/mg g�1 776 � 25 5210 � 370 4280 � 60 8630 � 340 5160 � 140 5280 � 60

Dialysis (%) 9 � 1 45 � 1 13 � 0.3 38 � 1 56 � 3 54 � 3

Element retained (%) 83 � 3 45 � 1 94 � 1 63 � 3 23 � 2 31 � 1

Sum (%) 92 � 3 90 � 2 107 � 1 101 � 4 79 � 2 88 � 1

Iron

Total minerals/mg g�1 3.8 � 0.1 15.2 � 0.8 46.8 � 2.1 113.4 � 10.2 69.0 � 1.4 90.9 � 8.6

dialysed minerals/mg g�1 0.2 � 0.1 0.7 � 0.2 2.2 � 0.3 11.8 � 0.9 3.7 � 0.7 4.8 � 0.4

Non-dialysed minerals/mg g�1 3.2 � 0.1 14.0 � 0.3 41.4 � 1.4 104.9 � 1.9 55.5 � 3.1 85.5 � 2.8

dialysed þ non-dialysed minerals/mg g�1 3.5 � 0.1 14.7 � 0.4 43.6 � 1.4 116.7 � 2.7 59.2 � 3.4 90.4 � 2.6

Dialysis (%) 6 � 1 5 � 1 5 � 1 10 � 1 5 � 1 5 � 1

Element retained (%) 84 � 3 92 � 2 89 � 3 92 � 2 80 � 4 94 � 3

Sum (%) 91 � 3 96 � 2 93 � 3 103 � 2 86 � 5 100 � 3

Zinc

Total minerals/mg g�1 19.4 � 0.6 27.5 � 1.8 29.6 � 0.4 44.0 � 3.2 50.7 � 2.3 32.0 � 4.0

Dialysed minerals/mg g�1 10.8 � 1.3 22.9 � 0.7 21.3 � 0.2 15.9 � 0.6 38.3 � 1.7 18.2 � 0.9

Non-dialysed minerals/mg g�1 6.5 � 0.7 6.9 � 0.2 10.4 � 0.8 22.9 � 0.8 7.2 � 0.1 15.1 � 0.8

Dialysed þ non-dialysed minerals/mg g�1 17.3 � 1.4 29.8 � 0.7 31.5 � 0.6 38.8 � 0.6 44.3 � 1.1 32.6 � 0.8

Dialysis (%) 55 � 7 83 � 2 72 � 1 36 � 1 76 � 3 57 � 3

Element retained (%) 33 � 4 25 � 1 35 � 3 52 � 2 14 � 0.2 47 � 2

Sum (%) 89 � 7 108 � 3 106 � 2 88 � 2 87 � 2 102 � 3

Fig. 5 Dialysis profiles of molar ratio Ca/P for various foods.
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from the determination of the dialysability of essential ele-
ments from different kinds of food by the proposed method are
shown in Table 3. Total Ca content was low in jasmine rice
(56 � 3 mg g�1) and high in kale (13 870 � 540 mg g�1). The
percentage of dialysis in all samples ranged from 61 to 93%,
the percentage of Ca remained ranged from 4 to 40% and the
sum of these values ranged from 94 to 105%. Magnesium
content in studied foods ranged from 157 � 3 mg g�1 in jasmine
rice to 4690 � 310 mg g�1in kale. The percentage of dialysis
varied from 60% in jasmine rice and 93% in chicken meat.
Percent Mg remaining ranged from 5 to 33% and the sum of
these values ranged from 82 to 105%. Most studied foods
contained high amounts of total P (more than 2490 mg g�1)
except that of jasmine rice (839 mg g�1). The percent dialysis of
P was lower than 56% and the sum of percent dialysis and
percent remained minerals was 79–107%. The percent dialysis
of Fe was lowest at 5–10%, and the recovery was 86–103%.
For Zn, the summation of dialysed and remaining Zn was also
acceptable (87–108%).

In summary, total element and percent dialysability of each
element is markedly influenced by the nature of the food. Kale
and milk powder contained high total amounts of Ca, Mg, P,
and Zn. Chicken meat contained a high total Fe content,
whereas mungbean was high in total Mg content. The dialys-
abilities of Ca, Mg, and Zn are relatively high (36–93%). All
studied foods had varying P dialysability, 9 � 1% in jasmine
rice and 56 � 3% in milk powder. In contrast, the Fe
dialysability is lowest at 5–10%.

Conclusions

The developed CFD-pH-ICP-OES system is simple, rapid and
capable of continuous multielement detection. The system can
be used for simultaneous monitoring of dialysed minerals
concentration and pH during dialysis. The developed system
was successfully applied to estimate the essential minerals
dialysability of various kinds of foods. Information about
minerals dialysability can be useful for the nutritional evalua-
tion of foods and for the study of the effect of food components
on mineral bioavailability. The dialysis profiles of elements and
pH change profiles can be useful to understand the dialysis
change and factors affecting dialysability. All studied elements
were rapidly dialysed in the first 30 min of simulated intestinal
dialysis. Not only was the profile of dialysed minerals obtained
but also the molar ratio profiles of elements, which can be
useful for nutritional evaluation of foods. Knowledge of
mineral bioavailability is useful for managing mineral intake
and for reduction of the health risk from mineral deficiency.
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Abstract A dynamic continuous-flow dialysis (CFD)
method with on-line electrothermal atomic absorption
spectrometric (ETAAS) and pH measurements for study
of simulated gastrointestinal digestion has been devel-
oped for prediction of iron bioavailability. The method
used to estimate mineral bioavailability was based on
gastric digestion in a batch system then dynamic con-
tinuous-flow intestinal digestion. The intestinal digestion
was performed in a dialysis bag placed inside a chamber
containing a flowing stream of dialyzing solution. Min-
eral concentration and dialysate pH were monitored by
ETAAS and use of a pH meter, respectively. The
amount of dialyzed minerals in the intestinal digestion
stage was used to evaluate the dialyzability. The dialysis
profile and pH change can be used to understand or
examine differences between the dialyzability of different
food samples. To test the proposed system it was used to
estimate the iron dialyzability of different kinds of milk.
Iron dialyzability for powdered cow milk, cereal milk,
and two brands of soymilk was found to be 1.7, 20.4,
24.9, and 37.7%, respectively. The developed CFD–E-
TAAS–pH system is a simple, rapid, and inexpensive
tool for bioavailability studies, especially for minerals at
ultratrace levels.

Keywords Continuous-flow Æ Dialysis Æ Gastrointestinal
digestion

Abbreviation ETAAS: Electrothermal
atomic-absorption spectrometry Æ
CFD: Continuous-flow dialysis

Introduction

Minerals are needed by the body in different amounts,
depending on the element, to maintain good health. The
terms trace minerals or trace elements can refer to
essential, non-essential, or toxic elements which are
found in very small amounts in human body [1]. Trace
minerals are found in foods from both plant and animal
sources. An adequate dietary intake of an essential trace
element does not guarantee that the body can meet its
needs; absorption efficiency must also be considered.
Some food constituents for example phytates, oxalates,
tannins, and polyphenols can inhibit absorption of trace
elements whereas other food components can promote
bioavailability [2–7].

Bioavailability of trace minerals has attracted
increasing interest in studies of nutrition. Bioavailability
is a term used to describe the proportion of a nutrient in
food that can be utilized for normal body functions.
Many techniques have been proposed for quantification
of bioavailability. The most reliable methods for bio-
availability studies are in-vivo measurement of absorp-
tion in humans with or without using a labeling
technique [7–13]. Human in-vivo studies are, however,
time-consuming, very expensive, and complicated, and
produce variable results. Laboratory animal in-vivo
studies are less expensive but are limited by uncertainties
with regard to differences between the metabolism of
animals and human. In-vitro methods have several
advantages, for example simplicity, rapidity, precision,
and low cost, but their results may not always agree with
those from real human body mineral absorption studies.
Many in-vitro methods were presented in the last half of
the twentieth century [14–20]. The in-vitro method
developed in 1981 by Miller et al. [16], in particular, has
been shown to provide availability measurements that
correlate well with human in vivo studies. The method
involves simulated gastrointestinal digestion then mea-
surement of dialyzable minerals in the intestinal stage.
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This method has been the basis for several in-vitro
methods for estimation of the bioavailability of iron and
other minerals [18, 19]. In Miller’s equilibrium dialysis
method the dialyzed components are not continuously
removed, as occurs in the intraluminal digestive tract.
Continuous-flow dialysis (CFD) in-vitro methods were
therefore developed by Wolters et al. [18] and Shen et al.
[19] in which dialyzed components were continuously
removed. A dynamic multicompartmental computer-
controlled in-vitro gastrointestinal-tract model was de-
signed by Minekus et al. [20] to simulate various parts of
the digestive tract—stomach, duodenum, jejunum, and
ileum. Because the objective of the method was to imi-
tate the whole gastrointestinal tract, it was very com-
plicated and not easy to follow.

In this work, a simple and inexpensive CFD method
has been developed. It involves simulated gastric
digestion in a batch system then simulated intestinal
digestion in a CFD system. The batch system in the
gastric digestion stage enables high sample-throughput,
because many samples can be digested in parallel. The
CFD in the intestinal digestion step enables dialyzable
components to be continuously removed for element
detection. For on-line detection the system is connected
to an electrothermal atomic-absorption spectrometer
(ETAAS) and a pH meter to continuously monitor
dialyzed mineral content and pH change during dialy-
sis. The objective of using ETAAS as a detector is to
enable the determination of minerals at very low levels.
Monitoring of pH is necessary to ensure the dialysis
pH is close to physiological pH. To evaluate the use-
fulness of the proposed method the iron dialyzability of
different kinds of milk was determined and results were
compared those from the widely used equilibrium
dialysis method.

Experimental

Chemicals and materials

Deionized water (Milli Q plus, 18.2 MX cm�1) was used
throughout the experiments. All glassware was washed
with liquid detergent, rinsed with water, soaked over-
night in 10% HNO3, rinsed again, and dried. All
chemicals were analytical grade.

Pepsin solution was prepared by dissolving 0.16 g
pepsin (P-7000, from porcine stomach mucosa) in
1.0 mL 0.1 mol L�1 hydrochloric acid.

Pancreatin bile extract (PBE) mixture contained
0.02 g pancreatin (P-1750, from porcine pancreas) and
0.125 g bile extract (B-6831, porcine) dissolved in
5.0 mL 0.1 mol L�1 sodium bicarbonate.

Dialysis tubing was prewashed before use. The tubing
was boiled for 10 min in 40% ethanol, and washed with
distilled water, and rewashed with 0.01 mol L�1 EDTA
in 2% NaHCO3 solution to remove trace element
impurities. The tubing was then rinsed several times with
deionized water. The ready-to-use dialysis tubing was

kept in 0.001 mol L�1 NaHCO3 in the refrigerator
(4�C). It was rinsed again a few times with deionized
water before use [21].

All Fe(II) working standard solutions were prepared
by diluting 1010 mg L�1 Fe(II) standard solution
(AccuStandard, USA) with 0.001 mol L�1 NaHCO3

solution.
Test samples, ultra-high-temperature (UHT) corn

milk, UHT cereal milk, UHT soymilk, and powdered
cow milk, were obtained from a local supermarket. All
milk samples were used as obtained except powdered
cow milk, which was prepared by dissolving 25 g in
200 mL deionized water.

Instrument and equipment

The iron content of the solution was determined by
means of a Perkin–Elmer Analyst 100 atomic absorption
spectrometer equipped with a deuterium arc background
corrector and a Perkin–Elmer HGA-800 heated-graphite
atomizer. The Perkin–Elmer Model AS-72 autosampler
was used to introduce standard and necessary solutions
into the graphite tube. Pyrolytically coated graphite
tubes with integrated platforms from the same manu-
facturer were used throughout and measurements were
based on peak area. An iron hollow-cathode lamp was
operated at 25 mA and the wavelength 248.3 nm was
used. The spectral bandwidth was 0.7 nm. The furnace
operating conditions for iron measurement are given in
Table 1. The atomic signals were monitored by means of
a Compaq computer with a Hewlett–Packard 870 prin-
ter to print out the analytical data. Standard stock
solution (1010 mg Fe L�1) was used to prepare working
standard solutions of iron. Peak area was used to con-
struct calibration plots. A six-point calibration plot in
the range 0–40 lg Fe L�1 was constructed. When peak
area under these operating conditions (Table 1) was
used, standard solutions in different matrices in this
work were found to give the same calibration slope.
Therefore, a single calibration plot can be used for
samples with different matrices.

An Orion Model PCM500 SensorLink pH Measure-
ment System equipped with a PCMCIA slot laptop was
used. The PCMCIA card was connected to a small glass
combination electrode (6-mm diameter) from Orion.
Commercial standard buffer solutions of pH 4.00±0.01,
7.00±0.01, and 10.00±0.01 from Merck, Germany,
were used to calibrate the pH meter.

Table 1 Furnace operating conditions for iron

Step Temperature
(�C)

Ramp/hold time
(s)

Argon flow
(mL min�1)

Drying 150 10/30 250
Pyrolysis 1300 1/10 250
Pre-atomization 500 1/5 250
Atomization 2400 0/5 0
Clean up 2600 1/3 250
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An incubator shaker from Grant Instrument, model
SS40-D2 (Cambridge, UK), was used to shake and
incubate samples at 37±1�C.

Design of the CFD system

A dialysis system was designed to serve three objectives.
First, a gradual pH change from 2.0 of gastric digestion
to 7.0–7.5 of intestinal digestion within 60 min of the
CFD must be achieved. Second, pancreatin-bile extract
can be added to the digestion mixture at the time re-
quired. Finally, dialyzed components must be continu-
ously removed throughout the duration of the simulated
intestinal digestion.

The proposed dialysis system is presented schemat-
ically in Fig. 1. A dialysis chamber was designed to
enable containment of a dialysis tubing, and through
which dialyzing solution could flow during dialysis. The
chamber and its cover were constructed from borosili-
cate glass (ca. 20 cm in length and 0.8 cm inner
diameter). Dialysis tubing was Spectro/Por MMCO
12,000–14,000 Da (Thomas Scientific, USA) and dial-
ysis was performed with a piece 17.6 cm long (10 mm
flat width). Although larger tubing can be used, this
size is preferred to give a large contact surface with the
surrounding dialysis solution. The tubing was tied at
both ends, one end having silicone rubber tubing of
2 mm inner diameter and 7 cm long inserted for
introduction of the sample and the required enzymes.
The other end of this silicone tubing was inserted
through an aperture in the glass chamber cover to
enable convenient addition of a peptic digest sample
and pancreatin-bile extract mixture through a three-
way valve by means of a syringe. The cover was tightly
sealed on to the chamber with a silicone rubber gasket.
The dialysis chamber was placed in a water bath at
37±1�C for pancreatic digestion. The dialyzing solu-
tion (NaHCO3) was pumped through the chamber
using a peristaltic pump (Eyela model MP-3N, Japan).
The dialysis flow was adjusted to 1 mL min�1. Dia-

lyzable components in the peptic digest suspension
could pass through the dialysis membrane and were
carried by the dialyzing solution to the ETAAS sam-
pling cup, to the pH measurement cell, and finally to
the fraction collector.

To perform dialysis, the prewashed dialysis tubing
was prepared as above. Before adding the peptic digest,
the dialysis tubing was flattened to remove any air
bubbles or liquid inside using a syringe connected to the
silicone tube insert. A peptic digest sample (2.5 g)
was then injected through the same silicone rubber tube.
The dialyzing solution of optimum concentration
flowed through at 1 mL min�1. Although it took
approximately 4 min for dialyzing solution to reach the
ETAAS sampling cup for first ETAAS detection, this
first ETAAS measurement was taken as the amount
dialyzed at t=0 in the dialysis profile to indicate the first
point of data collection.

ETAAS sampling cup and pH measurement cell

An ETAAS sampling cup (Fig. 1) was constructed from
borosilicate glass to have a small inner cone volume to
enable real-time measurement of the element in the
flowing stream [22]. The i.d. of the inner and outer cones
of the sampling cup were 3 and 8 mm, respectively, and
the inner cone volume was 60 lL. The dialysate from the
CFD system flowed through the inlet at the bottom of
the sampling cup, overflowed to the top of the inner
cone, and drained to the outlet of the sampling cup.
Determination of the concentration of iron (ng mL�1)
in the dialysate was performed by an ETAAS with an
autosampler which sampled 20 lL dialysate every 2 min
(or less frequently when the dialyzed iron concentration
was steady at the later stage of dialysis). A pH mea-
surement cell was designed to have a slightly larger size
than the microelectrode (6-mm diameter) to enable the
microelectrode to fit into the cell using a rubber O-ring.
The dialysate flowed into the cell for continuous pH
measurement.

Fig. 1 Diagram of the CFD
system with on-line ETAAS
and pH measurement
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Simulated gastrointestinal digestion procedures

Equilibrium dialysis method

Gastric digestion The in-vitro simulated gastric diges-
tion with equilibrium dialysis was performed according
to Miller et al. [16]. Deionized water (5 mL) was added
to a test sample (5 mL) in a 125-mL conical flask and the
pH was adjusted to 2.0 with 6 mol L�1 HCl. The sample
was made up to 12.5 g with deionized water and 375 lL
freshly prepared pepsin solution was added. The mixture
was subsequently incubated in an incubator shaker at
37±1�C for 2 h.

Intestinal digestion After the simulated gastric digestion,
a triplicate 2.5 g peptic digest sample was weighed and
introduced into the proposed dialysis bags that were
placed in glass dialysis chambers. After transferring the
peptic digest samples into the dialysis bag, 3.0 mL dia-
lyzing solution was injected to the dialysis chamber. The
temperature of the incubator was maintained at
37±1�C. The freshly prepared PBE mixture (625 lL)
was added into the dialysis bag via a three-way valve
after 30 min intestinal digestion and incubation was
continued for an additional 2 h. The dialysate was col-
lected for subsequent determination of iron content.

Determination of the optimum concentration of NaH-
CO3 The optimum NaHCO3 concentration for equilib-
rium dialysis can be calculated from titratable acidity
[16]. Titratable acidity was defined as the number of
equivalents of NaOH required to titrate the amount of
digest to a pH of 7.5. It was determined, using standard
0.01 mol L�1 NaOH as titrant, on a 2.5 g aliquot of the
peptic digest to which 625 lL of PBE mixture had been
added.

Continuous-flow dialysis method

Gastric digestion The simulated gastric digestion pro-
cedure was the same as the equilibrium method.

Intestinal digestion The system setup as shown in Fig. 1
was used. After simulated gastric digestion 2.5 g peptic
digest was weighed and introduced into a dialysis bag.
The chamber was connected to the sodium bicarbonate
solution reservoir and the collector vials using Tygon
tubing and placed in an incubator shaker. The other end
of the chamber was connected to a sampling cup for
ETAAS and to the pH measurement system. The tem-
perature of the incubator was maintained at 37±1�C.
The peristaltic pump was switched on to start the
intestinal digestion. The dialyzing solution flow rate was
1 mL min�1. The dialysate from the CFD chamber was
analyzed for iron content and pH change by means of
ETAAS and a pH meter, respectively. The freshly pre-
pared PBE mixture (625 lL) was added into the dialysis

bag via a three-way valve after 30 min intestinal diges-
tion. The dialyzed iron content and pH change were
measured for an additional 2 h.

Determination of the optimum concentration of NaH-
CO3 The optimum NaHCO3 concentration for the
CFD method depends on the titratable acidity of the
sample and the dialysis flow rate. Titratable acidity was
determined as already described. For the dialysis flow
rate of 1 mL min�1 the optimum concentration of
NaHCO3 was calculated by dividing the titratable
acidity by 50. This concentration of NaHCO3 was found
to change the pH of the dialysate to 5.0 after 30 min of
dialysis and gradually increase it to 7.0–7.5 on addition
of the PBE mixture.

A reagent blank was analyzed for iron content to
correct for impurities in the reagents or enzymes being
used (Fig. 2).

Determination of the total iron content of milk samples
and in residues after dialysis

A known amount of sample (approx. 1.0 g) was digested
using 10.0 mL HNO3 and 30% H2O2 mixture (3:2) at
80�C. Digestion was performed until the mixture was
clear. For residues after dialysis, the food suspension
after dialysis was transferred from the dialysis tube into
a beaker (100 mL) and the dialysis tubing was rinsed
with 0.01 mol L�1 EDTA (2·3 mL) and 2% HNO3

(2·10 mL), into the same beaker, before subsequent
digestion to furnish a clear solution. The accurate weight
of digested samples was reconstituted with deionized
water and the iron content was determined by ETAAS.

Calculation of dialyzability

The amount of dialyzed mineral in dialysate from the
simulated gastrointestinal digestion was used to calcu-
late the percentage of the total amount of mineral
present in the sample (or dialyzability). The dialyzability
was calculated according to the equation:

Dialyzabilityð%Þ ¼ D� Bð Þ � 100½ �= W � Að Þ
where D is the total amount of dialyzed mineral in the
dialysate (lg), B the total amount of dialyzed mineral in
the blank (lg), W the weight of sample used for intes-
tinal digestion (g), and A the total concentration of
mineral in the sample (lg g�1).

For the equilibrium method amounts of dialyzable
minerals were calculated as twice the amount dialyzed
when the volumes of peptic digest and dialyzing solution
were equal, because the dialyzed amount accounted for
only one half of the dialyzable iron in equilibrium dial-
ysis [18]. When the volumes were not equal, correction
was made accordingly.

In the CFD method the concentration of iron in
the dialysate (ng mL�1) was obtained by ETAAS
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measurement. This concentration represented the con-
centration of iron in the dialysate at the time of sam-
pling. Because a flow rate of 1 mL min�1 was used, the
amount of iron in ng min�1 was obtained by multi-
plying the iron concentration in ng mL�1 by
1 mL min�1. Total amount of dialyzed iron was deter-
mined by integration of the signal in ng min�1 through
the whole dialysis time using a computer program,
Microcal Origin Version 6.0.

Results and discussion

Dialysis profile

On-line ETAAS detection and pH measurement were
coupled with the CFD system to enable simultaneous
monitoring of low levels of dialyzed minerals and pH
change during dialysis.

The dialysis profiles of iron and pH change during
dialysis for different kinds of milk are shown in Fig. 3.
Iron can gradually dialyze through the semipermeable
membrane during intestinal digestion and dialysis de-
creases as pH increases. The pH of dialysate changed
slowly to reach pH 5 in approximately 30 min, similar
to physiological conditions in the human intestine [23].
The pH then increased rapidly to 7.0 as a result of PBE
addition. After reaching a neutral pH, iron dialysis

ceased except for UHT cereal milk and UHT soymilk
2, for which dialysis continued. This is probably be-
cause of the different components in these types of
milk, which may help promote dialyzability. As a re-
sult, UHT soymilk 2 has higher iron dialyzability than
UHT soymilk 1 although the total iron content is lower
(Table 2).

In Fig. 3a, dialysis profiles for two types of calcium-
fortified milk are compared. The results showed that
iron dialyzability was very low (1.7%) for powdered cow
milk 1 and too low to be determined for powdered cow
milk 2. Many researchers have reported that calcium can
inhibit iron absorption [11–13, 24]. However, the effect
of calcium is complex and the mechanisms by which it
reduces iron absorption are unknown. Further study of
the effect of added calcium on the dialysis profiles of
both elements is in progress to understand the mecha-
nism more clearly.

Dialysis of UHT soymilk (Fig. 3b) also resulted in
different profiles for iron. These UHT soymilk samples
contained soy protein, different vitamins, and different
amounts of calcium. Vitamin C or ascorbic acid has
been reported as a most potent enhancer of iron
absorption [4, 5]. At high enough concentrations
ascorbic acid was found to overcome the inhibitory ef-
fect of phytic acid in cereal and in soy formula. Addition
of vitamins A and C to a meal was also found to
improve iron absorption [6]. Some proteins found in

Fig. 2 Flow chart of simulated
gastrointestinal digestion with
the CFD–ETAAS–pH system
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soybeans may inhibit iron absorption. The iron dialyz-
ability of soymilk was therefore possibly affected by
both inhibitor (calcium and phytate) and enhancer
(vitamins A and C).

For UHT cereal milk, iron can be gradually dialyzed
until the end of 2.5 h intestinal digestion at which time
dialyzed iron from UHT corn milk was too low to be
detectable (Fig. 3c). The total iron content of UHT corn

Fig. 3 Dialysis profiles of iron
and pH change during
continuous dialysis of a
powdered cow’s milk, b UHT
soymilk and c UHT corn milk
and UHT cereal milk by means
of the CFD–ETAAS–pH
system. The dialysis flow rate
was 1 mL min�1
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milk was the lowest among the different kinds of milk
studied.

The results for iron dialyzability obtained in this
study show that dialysis profiles and degrees of dialyz-
ability are different for different kinds of milk. Obvi-
ously, dialysis profile is affected by components in the
digested meals and this, in turn, results in different de-
grees of dialyzability. The dialysis profile can be a useful
tool for investigation of the effects of food components
on dialyzability to provide a better understanding of
dialyzability of minerals.

Iron dialyzability for different milk samples

Dialyzability was calculated by summation of dialyzed
amounts of iron during intestinal digestion. The results
from determination of the iron dialyzability of different
kinds of milk by an in-vitro method based on CFD are
shown in Table 2. The total iron content was found to
vary from 0.8 to 17.1 mg L�1, being highest for iron-
fortified powdered cow milk 1 and lowest for UHT corn
milk. The iron dialyzability was found to be 1.7% for
fortified powdered cow milk 1 and not determinable for
powdered cow milk 2 and UHT corn milk, because
levels of dialyzable iron were undetectable. The iron
dialyzability was 20.4, 24.9, and 37.7% for UHT cereal
milk, UHT soymilk 1, and UHT soymilk 2, respectively.
The iron dialyzability was higher for UHT soymilk
(24.9–37.7%) than for powdered cow milk.

The iron dialyzability of some milk samples (cow
milk 1, soymilk 1, and cereal milk) was also determined
by the equilibrium dialysis method; the results are pre-
sented in the last two columns of Table 2. The iron di-
alyzability determined by two methods was not
significantly different at a confidence level of 95% when
tested by the t-test method.

Method validation by analytical recovery study

Because no reference material with bioavailability data
is available, validation of the proposed method can be
achieved only by studying analytical recoveries of the
mineral of interest. A milk sample was subjected to the
proposed analytical procedure to determine the dialyz-
able iron in the dialysate and the non-dialyzable iron in
the retentate. The non-dialyzable iron in the retentate
was determined by transferring the food suspension in
the dialysis tubing into a beaker (100 mL) and rinsing
the dialysis tubing with 0.01 M EDTA (2·3 mL) and
with 2% HNO3 (2·10 mL), into the same beaker, before
subsequent digestion and iron determination. The total
iron content of the samples were also determined after
total digestion of the milk samples. The results are given
in Table 3. It can be seen that dialyzed and non-dialyzed
amounts differ slightly between replicates, probably be-
cause of inhomogeneity of the sample being used.
Recoveries were between 77.9 and 90.5% with an aver-
age of 83.6%. This is thought to be partly because of
incomplete removal of iron from the dialysis bag to
determine the retained fraction despite repeated wash-
ing. This error will not, however, affect the percentage
dialyzability results.

Conclusions

A dynamic in-vitro simulated gastrointestinal digestion
method for determination of iron dialyzability was
developed by connecting a simple CFD system to
ETAAS and pH measurement. The system can be used
for simultaneous monitoring of dialyzed metal concen-
tration and dialysate pH during dialysis. The CFD–E-
TAAS–pH system was shown to be a practical and
inexpensive tool for studies of dialyzability and

Table 2 Total content, amount dialyzed, and dialyzability of iron for different kinds of milk as determined by on-line CFD-ETAAS and
equilibrium dialysis methods (n=3)

Sample Total iron
(mg L�1)

Dialyzed iron

CFD Equilibrium dialysis

mg L�1 Dialyzability
(%)

mg L�1 Dialyzability
(%)

Powdered cow milk 1
(calcium and iron fortified)

17.1±0.7 0.28±0.04 1.7±0.3 0.19±0.03 1.1±0.2

Powdered cow milk 2
(calcium fortified)

1.1±0.1 < 0.09
(not detectable)

– ND ND

UHT soymilk 1 (high iron, vitamins B,
D, E, and soy protein)

5.1±0.0 1.27±0.08 24.9±1.6 1.18±0.15 23.2±3.2

UHT soymilk 2 (high calcium, soy protein,
and vitamins A, C and E)

3.0±0.3 1.13±0.07 37.7±2.4 ND ND

UHT corn milk (high vitamins A and E) 0.80±0.10 < 0.05
(not detectable)

– ND ND

UHT cereal milk (high calcium, vitamin B1,
B2, E, and soy protein)

4.1±0.3 0.84±0.01 20.4±0.4 0.81±0.03 19.8±0.6

ND for not determined
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bioavailability. Information about mineral dialyzability
can be useful for nutritional evaluation of foods and for
study of the effect of food components on mineral bio-
availability. Knowledge of nutrient bioavailability is
useful for managing mineral intake and for reduction of
the health risk from mineral deficiencies.
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Janya Buanuam a, Manuel Miró b,∗, Elo Harald Hansen c,
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Abstract

A fully automated flow-through microcolumn fractionation system with on-line post-extraction derivatization is proposed for monitoring of
orthophosphate in solid samples of environmental relevance. The system integrates dynamic sequential extraction using 1.0 mol l−1 NH4Cl,
0.1 mol l−1 NaOH and 0.5 mol l−1 HCl as extractants according to the Hieltjes–Lijklema (HL) scheme for fractionation of phosphorus associated
with different geological phases, and on-line processing of the extracts via the Molybdenum Blue (MB) reaction by exploiting multisyringe flow
injection as the interface between the solid containing microcolumn and the flow-through detector. The proposed flow assembly, capitalizing on the
features of the multicommutation concept, implies several advantages as compared to fractionation analysis in the batch mode in terms of saving
of extractants and MB reagents, shortening of the operational times from days to hours, highly temporal resolution of the leaching process and the
capability for immediate decision for stopping or proceeding with the ongoing extraction. Very importantly, accurate determination of the various
orthophosphate pools is ensured by minimization of the hydrolysis of extracted organic phosphorus and condensed inorganic phosphates within
the time frame of the assay. The potential of the novel system for accommodation of the harmonized protocol from the Standards, Measurement
and Testing (SMT) Program of the Commission of the European Communities for inorganic phosphorus fractionation was also addressed. Under
the optimized conditions, the lowest detectable concentration at the 3σ level was ≤0.02 mg P l−1 for both the HL and SMT schemes regardless of
the extracting media. The repeatability of the MB assay was better than 2.5% and the dynamic linear range extended up to 7.0 mg P l−1 in NH4Cl
and NaOH media and 15 mg P l−1 whenever HCl is utilized as extractant for both the HL and SMT protocols.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Multisyringe flow injection; Microcolumn sequential extraction; Orthophosphate; Soil; Sediment

1. Introduction

Assessment of the bioavailability of macronutrients and trace
elements in environmentally significant solid substrates is a key
issue for ecology and environmental management. It is now
widely accepted that the accessibility of the various elements for
biota uptake depends strongly on their specific chemical forms
and binding sites. A commonly used technique for identifica-
tion of the phase associations of elements in solid phases is
based on the application of sequential extractions [1–5]. These

∗ Corresponding author. Tel.: +34 971 259576; fax: +34 971 173426.
E-mail address: manuel.miro@uib.es (M. Miró).

methods involve the rational use of a series of moderately selec-
tive reagents for releasing of targeted species from particular
mineralogical fractions into the liquid phase under simulated
natural and/or anthropogenic modifications of the environmen-
tal conditions. Sequential extraction procedures have been tra-
ditionally performed in a batchwise fashion. Yet, in the last
decade, it has been realized that the conventional, manual proce-
dures cannot mimic environmental scenarios accurately because
naturally occurring processes are always dynamic, rather than
static as they are identified by the traditional equilibrium-based
approaches.

Recent trends have been focused on the development of alter-
native methods aimed at mimicking environmental events more
correctly than their classical extraction counterparts [6]. Several

0039-9140/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2006.08.007
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attempts have been made on the characterization and evalua-
tion of dynamic (non-steady-state) partitioning methods, mostly
exploiting continuous-flow or flow injection systems, where
fresh portions of leaching agents are continuously provided
to small containers or columns containing the solid material
[7–18]. Dynamic approaches should be regarded as appealing
avenues for fractionation assays not only because they alle-
viate the shortcomings of batch procedures including analyte
re-adsorption and limited information on the size of actual avail-
able pools, but at the same time result also in improved precision
and sample throughput. Furthermore, the overall leaching pro-
cess may be monitored as a function of the exposure time, giving
rise to a more realistic insight into the extractability of ele-
ments from different geological reservoirs. As a consequence of
the development of flow-based extraction approaches, on-line
leachate measurements are readily applicable, as deduced from
current trends in the field [9,12–14,16,18,19]. However, most
of the works capitalize on hyphenated analytical methods based
on coupling of the miniaturizated column extraction manifold
to continuously operating atomic spectrometers, such as flame
atomic absorption spectrometry, inductively coupled plasma-
mass spectrometry or inductively coupled plasma-atomic emis-
sion spectrometry, whereby the on-line generated extracts are
directly injected into the detection system without any further
treatment [9,13,14,16,18,19].

As a result of the precise fluidic control via syringe pumps,
the second generation of flow injection (FI), namely, sequential
injection (SI) analysis [20] has opened for new avenues in minia-
turisation of sample processing including fractionation of solid
samples [21]. While most FI-procedures employ continuous,
uni-directional pumping of solutions, SI is based on exploit-
ing programmable, bi-directional discontinuous flow as coordi-
nated and controlled by a computer. Despite the well-recognized
advantages of SI-microcolumn extraction as compared to its FI
counterpart in terms of ruggedness, reagent consumption, pre-
cise handling of extracts and selection of the fractionation mode
[6,22,23], automated post-column derivatization, which may be
indispensable for macronutrient monitoring, is inherently hin-
dered in SI due to the requirements of aspiration of the overall
solutions into a holding coil [24].

To circumvent the above drawbacks, a hybrid flowing stream
approach, the so-called multisyringe flow injection (MSFI) anal-
ysis [25–27], is here proposed as the interface between the micro-
column system and detector for on-line microfluidic manipula-
tion of leachates and reagents. To the best of our knowledge,
MSFI, which compiles the advantageous features of FI and SI
systems, has not been exploited for dynamic fractionation assays
so far.

The hyphenated MSFI-microcolumn set-up has been assem-
bled for automated flow-through partitioning and accurate deter-
mination of the content of bioavailable forms of orthophosphate
in soils and sediments utilizing the Molybdenum Blue method
for extract processing. Although environmental solids contain
both organic and inorganic forms of phosphorus [28,29], the
latter are most relevant as a consequence of the well-known
contribution to euthrophication [30]. In the terrestrial environ-
ment, phosphorus is an essential nutrient to support the plant

growth; yet, direct uptake of organic forms is regarded to be
unlikely. For the very same reason, it is essential that the ana-
lytical approach used ensures that distinction between readily
available inorganic phosphorus and organic bound phosphate
reliably can be accomplished.

In this communication, the potential of the MSFI set-up for
accommodation of two sequential extraction schemes involving
different operationally defined extracting conditions is assessed.
In this context, the Hieltjes–Lijklema (HL) procedure [31] and
the harmonized protocol from the Standards, Measurement and
Testing (SMT) program of the European Commission [32] were
selected and conducted in a dynamic fashion. Careful optimiza-
tion of the chemical variables for the derivatization reactions is
regarded to be crucial for appropriate performance of the ana-
lyzer due to the extreme pH conditions of the extracts obtained
on-line in the various partitioning steps, not only to attain the
desired selectivity, especially in regard to the presence of sili-
con, but also ensure the distinction between orthophosphate and
organic-bound phosphorus.

2. Experimental

2.1. Instrumentation

The flow manifold devised for dynamic microcolumn frac-
tionation and on-line spectrophotometric determination of
orthophosphate is shown in Fig. 1. It comprises a 5000-step
syringe pump (SP) (Crison Instruments, Alella, Barcelona,
Spain) for handling of the leaching reagents and performance of
fractionation analysis; a 10-port multiposition selection valve
(SV, Valco Instruments, Houston, TX) for selection of the
appropriate extractant, and a multisyringe piston pump (MSP,
MicroBu 2030, Crison Instruments) for on-line post-column
derivatization of the extracts. The automatic SP is furnished
with a 5 ml syringe (Hamilton, Switzerland) and a three-way
solenoid valve at its head (SP1), which allows connection with
the manifold or the carrier (water) reservoir. The central port of
the SV is connected to SP via a holding coil (HC; used to house
the selected extractant), which consists of a 1.42 m long PTFE
tubing (1.5 mm i.d.), with an inner volume of 2.5 ml.

The MSP is equipped with four syringes (S1-S4) of 5, 2.5, 2.5
and 2.5 ml, respectively, whose pistons are connected in block
to the same stepper motor. The solenoid commutation valves
(V1–V4) (N-Research, Caldwell, NJ) placed at the head of the
syringes permit the connection of the liquid drivers with the
manifold (On) or with reagent reservoir (Off) regardless of the
motion of the piston pump. This module also incorporates two
additional discrete three-way solenoid valves (V5 and V6) for
effecting soil extraction and on-line extract analysis under opti-
mum experimental conditions.

All the connections including the extract loop and knotted
reactors (KR) are made from PTFE tubing of 0.87 mm i.d. The
length of the extractant loop, KR1 and KR2 are 42, 65 and 51 cm,
respectively, corresponding to ca. 250, 385 and 300 �l, respec-
tively.

A diode-array spectrophotometer (Hewlett-Packard
HP8452A) equipped with a flow-through cell (18 �l inner
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Fig. 1. Schematic diagram of the hybrid flow-through microcolumn extraction/MSFI system for automated fractionation and on-line determination of orthophosphate.
R1: 6 g l−1 ammonium molydate + 0.125% (w/v) oxalic acid in 0.3 M H2SO4 (for HL scheme) or 6 g l−1 ammonium molydate + 0.25% (w/v) oxalic acid in 1.0 M
H2SO4 (for NaOH-P in SMT); R2: 0.15 g l−1 SnCl2 + 0.94 g l−1 N2H4·H2SO4 in 0.25 M H2SO4; R3: 6 g l−1 ammonium molybdate in water (for HCl-P in SMT).
SP: syringe pump; MSP: multisyringe pump; SV: selection valve, V: solenoid valve, KR: knotted reactor, D: detector.

volume, 1 cm optical path) is used as a detector. The analytical
and reference wavelengths for monitoring of the Molybdenum
Blue (MB) complex and minimization of Schlieren effects,
respectively, are set at 690 and 530 nm. The transient spec-
trophotometric signals are acquired via an HP–IB interface at a
frequency of 1.00 Hz. Instrumental control and data acquisition
are performed using the software package AutoAnalysis 5.0
(Sciware, Spain).

2.2. Flow-through microcolumn assembly

The design of the extraction microcolumn has been described
in detail in a previous work [22]. Made of PEEK, it comprises
a central dual-conical shaped sample container for facilitating
fluidized-bed like mixing conditions. The entire unit is assem-
bled with the aid of filter supports and caps at both ends. The
membrane filters (FluoroporeTM, Millipore, 13 mm diameter
with 0.45 and 1.0 �m pore sizes for sediment and soil sam-
ples, respectively) used at both ends of the extraction microcol-
umn allowed solutions and leachates to flow freely through but
retained the particulate matter. Solid amounts up to 300 mg can
be automatically processed without clogging effects as reported
elsewhere [19].

2.3. Reagents, solutions and samples

All chemicals were of analytical-reagent grade and used as
received. Solutions were prepared with double distilled water.
A stock standard solution of orthophosphate (100 mg P l−1) was
prepared from KH2PO4 (Merck). Working solutions were pre-
pared by stepwise dilution of the stock phosphorus solution.
A stock standard solution of silicon (10 g Si l−1) was prepared
from Na2SiO3·5H2O, and diluted standards were used for the
investigation of the effect of silicate on the analytical readouts.

The chemical extractants used in both the HL and SMT
sequential extraction schemes are summarized in Table 1 along
with the geological phosphorus fractions released.

The reagent utilized in the HL scheme (R1) for post-column
formation of molybdophosphoric acid was composed of 6 g l−1

ammonium molybdate (Panreac) in 0.3 M H2SO4 (Merck) con-
taining 0.125% (w/v) oxalic acid (Probus). For the determination
of HCl and NaOH extractable phosphorus in the SMT scheme,
a solution of 6 g l−1 ammonium molybdate was prepared in
water (R3) and in 1.0 M H2SO4 containing 0.25% (w/v) oxalic
acid (R1), respectively. A solution containing 0.15 g l−1 SnCl2
(Scharlau) and 0.94 g l−1 hydrazine sulphate (Sigma) in 0.25 M
H2SO4 (R2) was employed for on-line reduction of the molyb-

Table 1
Leaching reagents and corresponding phosphorus fractions in two extraction procedures

Procedure Step I Step II Step III

Hieltjes–Lijklema 1.0 M NH4Cl, pH 7 (Labile P) 0.1 M NaOH (Fe and Al-bound P) 0.5 M HCl (Ca-bound P)
SMT 1.0 M NaOH (Fe and Al-bound P) 1.0 M HCl (Ca-bound P)
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dophosphoric acid to the blue-coloured MB complex regardless
of the fractionation scheme and extraction medium.

Two certified reference materials, namely SRM 2704 and
SRM 2711, from the National Institute of Standards and Tech-
nology (NIST) were used for traceability studies. The SRM 2704
is a sediment collected from the Buffalo River in the area of
the Ohio Street Bridge, NY, with a particle size distribution of
38–150 �m while the SRM 2711 is a pasture soil collected in
the till layer of a wheat field (Montana, MT) with particle size
<74 �m. The conical microcolumn was packed, in both cases,
with 50 mg solid samples, the estimated free column volume
being 250 �l.

2.4. Dissolution of solid residues and samples

Residues leftover after the sequential extraction schemes, and
extracts collected downstream following post-column derivati-
zation, were digested for quantitation of fixed and total released
phosphorus, respectively. The microwave digestion procedure
used can be regarded as a modified version of the EPA Method
3051 [33], named microwave-assisted acid digestion for sed-
iments, sludges, soils, and oils. Hence, digestions were per-
formed in a closed-vessel microwave system (Milestone, model
MLS-1200 Mega, Italy) using 1.0 ml of concentrated HNO3
(65%, Scharlau) and 3.0 ml of concentrated HCl (30%, Schar-
lau). The microwave digestion program consists of five steps
each lasting 5 min. The power program applied is detailed
as follows: 250 W/400 W/650 W/250 W/0 W. After cooling, if
needed, the digests were filtered through 0.45 �m cellulose
acetate filters (Minisartfilters, Sartorius, Göttinger). The clear
digests were made up to 50 ml and the content of orthophos-
phate was determined by spectrophotometry using a batchwise
standard addition method.

The pseudo-total (aqua regia) phosphorus content in the NIST
2711 was determined using the microwave digestion conditions
detailed above.

2.5. General procedure for flow-through sequential
extraction

The programmable flow-through fractionation assays were
conducted with the aid of SP and SV. In the HL scheme, firstly,
the HC was flushed with carrier (water), whereupon a 100 �l
air plug from port 7 of SV and 2.0 ml of 1.0 M NH4Cl from
port 1 were consecutively aspirated into HC. Afterward, V5
and V6 were turned ‘On’ and SP was set to dispense 250 �l
of 1.0 M NH4Cl (which matches the free column volume) from

HC through the microcolumn at a flow rate of 3.0 ml min−1,
allowing dynamic extraction to take place. The resulting leachate
was stored into the extract loop and subsequently swept into the
MSFI network for post-column derivatization and on-line deter-
mination of orthophosphate using a multicommutation protocol.
The program was initially designed for eight cycle runs (equiva-
lent to 2.0 ml of extractant volume) but the operational sequence
proceeds until quantitative stripping of labile phosphorus forms.

Prior to continuing with the ensuing HL extraction step, a
washing protocol is implemented by aspiration of 100 �l of air
and 2.0 ml of H2O from port 7 and 8, respectively, into HC,
and using the same procedure described above for flow-through
extraction. Thereafter, the next extractant (viz., 0.1 M NaOH or
0.5 M HCl) is aspirated repeatedly from the respective valve port
and delivered to the soil containing microcolumn until comple-
tion of the phosphorus extraction.

For the SMT protocol, the dynamic fractionation was per-
formed using an identical operational sequence with 1.0 M
NaOH and 1.0 M HCl as leaching reagents.

2.6. Multicommutation protocol for on-line post-column
derivatization

Two different multicommutation flow modalities for on-
line injection of MB reagents, the so-called merging zones
and sandwich-based approaches, were assayed. In both cases,
switching of solenoid valves was effected during a single
forward displacement of the piston bar of the MSFI pump.
Both operational procedures are thoroughly described in the
following:

2.6.1. Merging zones mode
As the name implies, the multicommutation protocol was

programmed to merge the extract with the two reagent zones for
development of the MB reaction as detailed in Table 2. After
collection of the leachate in the extract loop, V1 and V2 were
switched to ‘On’ while V5 and V6 were synchronously switched
to ‘Off’. As a result, the orthophosphate zone merged with a
well-defined plug of ammonium molybdate to yield the het-
eropolyacid species in KR1. Subsequently, V3 was activated to
‘On’, whereby the reaction zone reaching the next confluence
point overlapped with the reducing SnCl2 segment to form the
blue-coloured MB complex in KR2. The interdispersed zones
were finally delivered downstream to the flow-through diode-
array spectrophotometer by the carrier contained in S1, and the
blue complex was monitored at 690 nm. Whenever the analysis

Table 2
Multicommuted merging zone protocol for on-line post-column derivatization

Multicommutation step Solenoid valve position Reagent (�l) Carrier (�l) Total flow rate (ml min−1)

V1 V2 V3 V4 V5 R1 R2

Merging of the extract and R1 On On Off Off Off 80 – 160 6.75
Delivery of the reaction zone to KR2 On Off Off Off Off – – 160 4.50
Merging of the reaction zone with R2 On Off On Off Off – 120 240 6.75
Delivery of the MB zone to detector On Off Off Off Off – – 2600 4.50
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Table 3
Multicommuted sandwich-type protocol for on-line post-column derivatization

Multicommutation step Solenoid valve position Reagent (�l) Carrier (�l) (S1) Total flow rate
(ml min−1)

V1 V2 V3 V4 V5 R1 R2

Fronting zone of R1 Off On Off Off Off 25 – – 2.25
Simultaneous delivery of extract and R1 On On Off Off Off 80 – 160 6.75
Delivery of the rear end of extract into MSFI network On Off Off Off Off – – 90 4.50
Tailing zone of R1 Off On Off Off Off 40 – – 2.25
Injection of R2 On Off On Off Off – 160 320 6.75
Delivery of the MB zone to detector On Off Off Off Off – – 2440 4.50

was completed, all valves were returned to their original position
for starting the following fractionation assay.

2.6.2. Sandwich-based mode
The multicommutation protocol involves the injection of

two zones of molybdate which are stacked at each end of the
leachate plug. The automated MSFI-multicommuted protocol
using a sandwiched-based injection is summarized in Table 3.
The method started when V2 was activated to ‘On’ and S2 was
set to dispense 25 �l of molybdate into KR1. Thereafter, the
combined extract/reagent zone was dispensed downstream. A
second plug of molybdate (namely, 40 �l) was injected at the
rear end of the leachate for sandwiching of the phosphorus con-
taining segment. The reduction of molybdophosphoric acid to
the Molybdenum Blue complex was performed in a merging
zone fashion. To this end, 160 �l of SnCl2 were injected at the
front end of the interdispersed zone, and the transient signal of
the MB complex was recorded by the detector.

3. Results and discussion

3.1. Configuration of the flow network for post-column
phosphorus derivatization

3.1.1. Implementation of the HL sequential extraction
scheme

In this three-step partitioning scheme, 1.0 M NH4Cl, 0.1 M
NaOH and 0.5 M HCl are used as leaching reagents for consec-
utive extraction of phosphorus pools associated with different
geological phases. The flow system was devised aimed at moni-
toring the orthophosphate, released on-line, via the MB method.
Preliminary experiments were carried out for optimization of
the MSFI configuration attending the variable chemical compo-
sition of the extracts, the volume of which was maintained at
250 �l. Two different reagent injection modalities, namely, the
merging zones and the sandwich-type approaches, were assayed
as described under Experimental. The merging zones was finally
selected over the sandwich mode because the axial interdisper-
sion between segments is not favored in a knotted coil [34,35],
thus rendering double peak profiles.

The effect of MB reagent volumes (viz., ammonium molyb-
date and tin(II) chloride) on the analytical readouts was investi-
gated taking into consideration the different sizes of the various
syringes. The analytical sensitivity improved by 75% when
increasing the size of the molybdate plugs from 40 to 80 �l,

and remained constant up to 130 �l. This might be attributed to
the compensation of the better radial mixing of the reagent and
extract plugs with the higher dilution of the extract for volumes
above 80 �l. Reagent volumes above 130 �l are unnecessary for
the present design because they lead to undue dilution. Simi-
lar trends were obtained for the optimization of tin(II)chloride
volume. To prevent excessive consumption of reagents, the mul-
ticommutation protocol was programmed to merely inject 80 �l
ammonium molybdate and 120 �l tin(II) chloride per assay.

The influence of the flow rate on the on-line MB derivatization
reaction was evaluated over the range from 3.0 to 5.0 ml min−1

(for S1) for the three extractant media of the HL scheme. The
higher the flow rate the lower was the yield for MB formation,
which is not surprising considering the relative slow reaction rate
of the derivatization reaction. In fact, the peak height dropped
by 20% when increasing the flow rate from 3.0 to 4.5 ml min−1.
Yet, the higher the flow rate the lower is the yield of the compet-
itive reaction for generation of the interfering molybdosilicate
species and the better is the analytical throughput. Taking into
account the variable sensitivity of the MB method in the various
leachate solutions (see below) and the stripping of silicate from
solid substrates in alkaline medium, the flow rate was fixed to
4.5 ml min−1 for processing of the extracts obtained in the first
two steps of the HL method. Regarding the apatite-phosphate
fraction, it should be born in mind that the kinetics of forma-
tion of molybdophosphoric acid are not favoured in the acidic
leachate medium. Therefore, a flow rate of 3.0 ml min−1, that
can be programmed automatically, was utilized for monitoring
of the orthophosphate released in the last step of the HL scheme.

3.1.2. Implementation of the SMT sequential extraction
scheme

Within the framework of the Standards, Measurement and
Testing Programme of the European Commission, a batch
extraction protocol for fractionation of phosphorus in environ-
mental solids was harmonized in order to improve the repro-
ducibility among laboratories [32]. The so-called SMT pro-
tocol was originally designed to obtain five phosphorus frac-
tions, namely, total phosphorus (TP), inorganic phosphorus (IP),
organic phosphorus (OP), apatite phosphorus (Ca-bound P) and
non-apatite phosphorus (Al and Fe-bound P). It should be taken
into account that some of the SMT partitioning steps are per-
formed in a single rather than sequential manner and that the
calcination of the solid residue as demanded for the TP and OP
assays cannot be effected in an on-line fashion. Consequently,
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the potential implementation of the SMT fractionation assays
related to the measurement of the inorganic (apatite + non-
apatite) phosphorus fractions was ascertained. These two frac-
tions are regarded as the most relevant ones for assessing the
readily available phosphorus for plant uptake.

The SMT protocol is characterized for endorsing more
aggressive leachants as compared with the HL scheme. The
immediate consequence is that the optimal MSFI operational
conditions for the HL fractionation as detailed above cannot be
extrapolated directly to the SMT partitioning. The use of 1.0 M
rather than 0.1 M NaOH for leaching of phosphorus associated to
hydrous oxides of Al and Fe (non-apatite phosphorus) facilitates
the concomitant release of large amounts of silicate. Actually,
a 20% increase in the analytical signals was detected whenever
the molybdate reagent for HL containing 0.125% (w/v) oxalic
acid in 0.3 M H2SO4 was utilized for analyzing a 1.0 mg P l−1

standard containing 200 mg Si l−1 in 1.0 M NaOH. It is known
that the interference of silicate on the orthophosphate MB deter-
mination can be minimized by increasing both the acidity of the
reaction medium and the concentration of the masking organic
acid [36–39]. The effect of the concentration of sulphuric acid
was thus evaluated from 0.3 to 1.5 M while that of oxalic acid
from 0.125 to 0.25% (w/v). Yet, since the acidity has opposite
effects on the selectivity and sensitivity of the molybdophos-
phate formation [36–38], the molybdate reagent was finally
prepared in a 1.0 M H2SO4 medium containing 0.25% (w/v)
oxalic acid. Under these experimental conditions, silicate was
tolerated up to 400 mg Si l−1 at the 10% interference level.

As to the SMT apatite fraction, the method’s sensitivity
using the HL reagent decreased dramatically as a result of the
slow development of the reaction for molybdophosphoric acid
formation under strong acidic conditions. Therefore, the het-
eropolyacid forming reagent was prepared in distilled water and
the reaction flow rate was affixed at 3.0 ml min−1. No appre-
ciable increase of blank signals was detected, thus indicating
that the acidity of the extractant suffices for preventing the self-
reduction of molybdate. No oxalic acid was here added because
of the negligible stripping of silicate from solids at low pH [40].

Although different reagents are needed for monitoring of the
inorganic phosphorus in the HL and SMT extracts, a single
MSFI assembly was arranged with no need for neither man-
ual manipulations of reagents and leachates nor the changing of
the composition of the carrier solutions for the various assays
as demanded in previous flow systems for analyzing phospho-
rus containing soil solutions [40,41]. These facts emphasize the
flexibility of MSFI for automated performance of derivatization
reactions regardless of the variable chemical composition of the
extracts in both fractionation schemes.

Fig. 2 illustrates the extraction patterns as obtained by on-line
MSFI analysis of minute volumes of leachate (namely, 250 �l)
for SRM 2704 and SRM 2711 following microcolumn extrac-
tion using both the HL and the SMT schemes. The extractograms
give rise to valuable knowledge on: (i) the extraction kinetics, (ii)
the content of phosphorus in available pools, (iii) the efficiency
of the leachants and (iv) the actual extractant volumes for quanti-
tative release of orthophosphate. The SMT extractograms show
sharp leaching profiles while those of HL depict a gradual strip-

Fig. 2. Comparison of the on-line MSFI extraction profiles of orthophosphate
in (a) SRM 2704 and (b) SRM 2711 as obtained by the application of HL and
SMT protocols in a dynamic fashion. The labile phosphorus in 1.0 M NH4Cl
was <LOD for SRM 2704. The concentration of orthophosphate is given as
mg P kg−1 sample.

ping of the nutrient species as a result of the milder leachants
used. This is especially noticeable in the HCl extraction step
in SRM 2704 where the amount of calcium bound phosphate
leached in the first 2.0 ml in SMT is twofold higher to that of
HL for the same extractant volume.

The analytical results for SRM 2704 and SRM 2711 also evi-
dence that different types of samples, in this case, agricultural
soil and river sediment, behave differently under the same extrac-
tion conditions (see extraction patterns for the Al and Fe-bound
phosphate in Fig. 2). This is attributed to the particular phospho-
rus soil phase associations existing in each kind of solid, thus,
revealing the difficulty for setting a universal extraction protocol
for dynamic fractionation of macronutrients.

3.2. Analytical performance of the MSFI analyzer

Under the optimized chemical and physical variables, the
dynamic linear range of the multicommutated MB method was
established over the range 0.05–7.0 mg P l−1 for the NH4Cl and
NaOH extraction media in the HL scheme, and 0.35–15 mg P l−1

for the 0.5 M HCl medium. For the NaOH and HCl steps in SMT,
the regression lines extended from 0.1 to 7.0 and from 0.5 to
15 mg P l−1, respectively. The limit of detection (LOD) assessed
from three times the standard deviation of either the blank or a
50 �g P l−1 standard solution were 0.01, 0.01 and 0.02 mg P l−1

for NH4Cl, NaOH and HCl steps in HL, respectively. In SMT,
LODs of 0.02 and 0.01 mg P l−1 for 1.0 M NaOH and 1.0 M HCl
were, respectively, obtained. Repeatability was estimated from
10 consecutive injections of a 1.0 mg P l−1 standard solution in
each extracting medium. Relative standard deviations (R.S.D.)
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Table 4
Comparison of the extraction/determination parameters for the HL scheme in SRM 2711 for three different procedures applied to phosphorus fractionation and
extract analysis

Parameters MSFIA (this work) SI-MCE/FIA [42] Batch [31]

Amount (mg) Volume (�l) Amount (mg) Volume (�l) Amount (mg) Volume (�l)

1. Reagent consumption per extract analysis
Ammonium molybdate 0.5 80 7.2 600 6.0 150
Reducing agenta 0.02 120 0.2 600 5.3 300
Masking agentb 0.1 80 2.4 1000 0.1 300

2. Extractant volume (ml)
NH4Cl fraction 4.5 25 2× 50
NaOH fraction 6 30 50
HCl fraction 11 30 50

3. Analysis time per extract (min) 0.77 0.74 20
4. Operational time for overall fractionation

and extract analysis per sample (h)
2.8 2.7 45.3

a Tin(II) chloride was used as a reducing reagent for MSFIA and SI-MCE/FIA, while ascorbic acid was employed for batchwise analysis.
b Oxalic acid was employed as a masking agent for MSFIA, and tartaric acid for the SI-MCE/FIA and batch approaches.

of 1.0, 0.9 and 2.4% were obtained for the NH4Cl, NaOH and
HCl solutions in HL, respectively, and 1.0 and 2.2% for the
NaOH and HCl media in SMT, respectively.

In Table 4, the analytical performance of the on-line MSFI
analyzer for HL fractionation and orthophosphate determination
is critically compared with that of the batchwise method [31]
and an SI-microcolumn extraction (SI-MCE) system with fur-
ther off-line analysis of the extracts by flow injection analysis
[42]. A distinguishing feature of the MSFI-multicommutation
set-up with respect to the FI and batch systems is the mini-
mum consumption of reagents. Thus, in the proposed system,
the consumption of MB chemicals is reduced more than 15-
fold as regards to former methods. This is a consequence of the
time-based injection of well-defined volumes of solutions at the
precise instant for development of the reactions as effected via
activation of the solenoid valves. Whenever not needed, the MB
reagents are delivered to their respective reservoirs in lieu of
being propelled downstream as occurs in continuous, forward-
flow assemblies. Therefore, discontinuous-flow based MSFI
analyzers might be viewed as environmental-friendly chemical
processors.

The slightly higher operational time in MSFIA versus SI-
MCE/FIA for fractionation/determination of orthophosphate has
its origin in the different number of extracts analysed, that is,
86 extracts in the proposed on-line system as compared with
merely 27 using the former FI set-up. Yet, the potential of the
flow-through hyphenated MSFI system for handling of minute
fractions of extract, that is≤250 �l versus≥5000 �l for methods
involving fraction collection, ensures a unrivaled temporal res-
olution that yields a detailed insight into the leaching kinetics of
phosphorus from the different soil/sediment compartments, as
illustrated in Fig. 3. Hence, the content of inorganic phosphorus
in readily mobilisable reservoirs can be more accurately esti-
mated. At the same time, the sample mass to extractant volume
ratio for each sequential extraction step can be calculated with
improved accuracy, thereby avoiding the usage of any surplus
of reagent for quantitative leaching of phosphorus in the vari-

ous geological phases. According to Fig. 3 and data presented
in Table 4, the leachant volumes used in the MSFI on-line frac-
tionation system are three to four times lower to those required
whenever off-line measurements are applied.

3.3. Accuracy of the proposed flow-through microcolumn
extraction-multisyringe flow injection system for
orthophosphate fractionation

The SRM 2704 river sediment and SRM 2711 Montana soil
were utilized to evaluate the reliability and accuracy of the
developed flow-through microcolumn hyphenated method. The
amount of extractable orthophosphate in both standard reference
materials resulting from the application of dynamic partitioning
is listed in Tables 5 and 6 along with the certified total phos-
phorus content and the pseudo-total (aqua regia) phosphorus
concentrations. The amount of extractable phosphorus for both
solid substrates determined on-line by summation of all frac-
tions plus residue is much lower than the certified values, while

Fig. 3. Comparison of orthophosphate extractograms for the HCl step in the
HL scheme for SRM 2711 as obtained by using off-line MB detection (5 ml per
subfraction) and on-line MSFI spectrophotometric analysis (250 �l per subfrac-
tion).



J. Buanuam et al. / Talanta 71 (2007) 1710–1719 1717

Table 5
Comparison of extractable amounts of phosphorus in SRM 2711 (mg kg−1) as obtained by using the Hieltjes–Lijklema and SMT sequential extraction schemes with
on-line and off-line MB detection modes

Fractions Hieltjes–Lijklema SMT

On-line (MSFIA) Off-linea (MWD) Off-lineb (SI-MCE) [42] On-line (MSFIA) Off-linea (MWD)

(1) Labile P 7 ± 1 36 ± 2 45 ± 5
(2) Al and Fe-bound P 13.1 ± 0.4 84 ± 6 93 ± 10 11 ± 1 105 ± 2
(3) Ca-bound P 324 ± 45 370 ± 25 373 ± 18 365 ± 9 384 ± 9
(4) Residue 215 ± 14 215 ± 14 288 ± 43 202 ± 9 202 ± 9

Summation (1 + 2 + 3 + 4) 559 ± 47 705 ± 29 799 ± 48 578 ± 13 690 ± 13

Results are expressed as the mean of five fractionation assays±S.D.; pseudo-total P: 700± 30 mg P kg−1; certified value: 860± 70 mg P kg−1; MWD: microwave
digestion; SI-MCE: sequential injection-microcolumn extraction.

a The concentration of orthophosphate in the extracts is determined by batchwise MB standard addition.
b The concentration of orthophosphate in the extracts is determined by FIA-MB.

a good agreement, with maximum deviations of 8%, is obtained
between the summation of fractions for SRM 2704 and SRM
2711 following acidic microwave digestion of the extracts col-
lected downstream (after on-line detection) and the endorsed
and pseudo-total concentrations, respectively.

According to the MB chemistry, only dissolved orthophos-
phate can react with MB reagents for generation of the reduced
blue-coloured complex. Therefore, the on-line MSFI extrac-
tion system with spectrophotometric monitoring detects merely
the extractable, reactive inorganic phosphorus. However, in the
off-line assays, the extracts that may contain other phosphorus
compounds, such as organic phosphorus and condensed inor-
ganic phosphates (see below), can be degraded under microwave
digestion into orthophosphate, thus providing information on
the total phosphorus released. As a result, the total phosphorus
content after appropriate processing of the MSFI extracts is not
significantly different at the 0.05 significance level to the cer-
tified or pseudo-total phosphorus concentrations in both SRM
materials, as shown in Tables 5 and 6.

3.4. Comparison of on-line and off-line modes for
phosphorus determination in soil/sediment extracts

The phosphorus fractionation results using the on-line
hyphenated MSFI assembly for SRM 2711 were contrasted with
those previously obtained by sequential injection microcolumn
extraction (SI-MCE) and fraction collection prior to off-line
FI analysis [42]. As shown in Table 5, the extractable phos-

phorus monitored spectrophotometrically is severely affected
by the mode of extract processing. It should be stressed that
even though the HL and SMT schemes were originally designed
for inorganic phosphorus fractionation, soil organic phosphorus
can be concurrently released by the extracting reagents them-
selves. In fact, the most commonly accepted schemes for soil
organic phosphorus fractionation [43,44] involve alkaline and
acid extractions with 0.1–0.5 M NaOH and >0.1 M HCl, respec-
tively, thus matching the chemical conditions for HL and SMT
extractions. NaOH creates electrostatic repulsions by increas-
ing the negative charge of both organic and mineral components
[45] while HCl dissolves salts of some organic phosphate esters
that are relatively insoluble in alkaline solution [43].

Furthermore, several organic phosphates are instable in alka-
line and acid conditions, and therefore might be hydrolyzed
under the fractionation conditions to free phosphate, thus lead-
ing to the overestimation of the content of readily accessible
orthophosphate. The effects of alkaline and acid hydrolysis for
a wide range of soil organic phosphorus compounds have been
found to be markedly influenced by the nature of the phosphorus
species [44,46,47]. The extraction of fast hydrolysable phospho-
rus forms (e.g., phosphatidyl choline) may hence explain the dis-
crepancy in Table 5 between the on-line and off-line (SI-MCE)
data for NaOH and HCl extracts in the HL scheme. Regarding the
NH4Cl extracts in HL, the contribution from organic phosphorus
hydrolysis should here be negligible because organic substances
cannot be leached under mild extraction media. Yet, common
sources of readily hydrolysable phosphorusin soils, that might

Table 6
Comparison of extractable amounts of phosphorus in SRM 2704 (mg kg−1) as obtained by using the Hieltjes–Lijklema and SMT sequential extraction schemes with
on-line and off-line MB detection modes

Fractions Hieltjes–Lijklema SMT

On-line (MSFIA) Off-linea (MWD) On-line (MSFIA) Off-linea (MWD)

(1) Labile P <LOD <LOD
(2) Al and Fe-bound P 114± 14 103± 6 164 ± 18 177 ± 14
(3) Ca-bound P 310± 43 595± 17 288 ± 18 664 ± 21
(4) Residue 232± 26 232± 26 171 ± 5 171 ± 5

Summation (1 + 2 + 3 + 4) 656± 52 930± 32 623 ± 26 1012 ± 26

Results are expressed as the mean of five fractionation assays±S.D.; certified value: 998± 28 mg P kg−1; LOD: limit of detection.
a The concentration of orthophosphate in the extracts is determined by batchwise MB standard addition.
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be released in the first extraction step of HL, are the condensed
inorganic phosphates (e.g., pyrophosphate and polyphosphates)
[44].

It should be noted that the hydrolysis of organic phosphorus
and condensed inorganic phosphates in off-line based fraction-
ation analysis might occur not only during the timeframe of
the extraction but to a significant extent during the residence
period prior to actual phosphorus determination. As opposed to
batch partitioning and dynamic methods involving off-line or
at-line analysis of phosphorus containing fractions, the novel
multisyringe flow approach leads to a substantial shortening of
the assay protocol, thus minimizing the potential decomposition
of hydrolyzable phosphorus compounds. Each microvolume of
extract leaving the microcolumn is readily treated on-line with
MB reagents, while the released organic species in the batch-
wise method and SI-MCE system with off-line analysis remain
in intimate contact with the extracting reagent for >15 and 3 h,
respectively. Therefore, the flow-through MSFI fractionation
analyzer with MB detection should be regarded as a unique tool
for accurate monitoring of mobilisable orthophosphate in envi-
ronmental solid substrates, even though organic phosphorus may
be leached with the extracting reagents.

4. Conclusion

Multisyringe flow injection analysis has been presented as an
appealing analytical tool for on-line processing of the extracts
generated in flow-through dynamic fractionation assays. Promi-
nent features of the assembled analytical set-up involving mul-
ticommutated post-column injection of reagents are the consid-
erable saving of chemicals, the high temporal resolution of the
leaching processes, the accurate evaluation of sample mass to
leachant volume ratios, and the improved reliability, robustness
and automation with respect to methods with off-line analysis
of extracts.

The intrinsic versatility of the MSFI analyzer has been
exploited for the accommodation in a single set-up of two well-
accepted schemes for fractionation of inorganic phosphorus, i.e.,
the HL and SMT protocols, even though the chemical composi-
tion of the extracts resulting from both schemes is significantly
different. As a consequence of the most aggressive extractants
utilized in the SMT protocol, higher leachable contents and
sharper extraction profiles were encountered as compared to
the HL scheme. However, SMT does not give information on
the labile inorganic phosphorus, which is regarded to be the
readily available fraction for plant uptake. Furthermore, the
extreme chemical conditions adopted in this scheme are unlikely
to mimic the changes in the chemical properties of the solid
occurring under environmental scenarios.

The flow-through microcolumn system hyphenated with
spectrophotometric detection has been also proven unique for
accurate monitoring of available orthophosphate in the extracts
due to the minimization of the potential hydrolysis of extracted
organic and condensed phosphorus into orthophosphate.

Further research is aimed at expanding the flexibility of the
multisyringe flow injection analysis system for monitoring of
ultratrace levels of pollutants, viz., heavy metals and metalloids,

in solid substrates following dynamic fractionation and on-line
solid-phase extraction for isolation and pre-concentration of the
targeted species.
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Abstract The forms and quantities of iron species in
corrosion product samples from natural gas pipelines were
examined, using a continuous-flow sequential extraction
system. Sequential extraction consists of four steps that
dissolve water soluble iron (FeSO4), acid soluble iron
(FeCO3), reducible iron (Fe-(oxyhydr)oxides) and oxidis-
able iron (FeS2) fractions, respectively. Selectivity of
extracting reagents for particular iron species was eval-
uated by determination of co-extracted anions, using ion
chromatography, and evolved CO2, using indirect flame
atomic absorption spectrometer (FAAS). Iron was found
predominantly in the reducible fraction (61–99%), indi-
cating that Fe-(oxyhydr)oxides are the major constituents
of the corrosion products.

Keywords Corrosion product . Iron fractionation .
Sequential extraction

Introduction

Steel pipelines are widely used in the petroleum and natural
gas industries, and the deterioration due to corrosion is a
well-known problem. The cost of corrosion and corrosion
protection in the United States of America is estimated to be
in excess of 276,000 million dollars per year [1]. In natural
gas pipelines, iron corrosion is an extremely complex
process, because a large number of parameters are involved.
Firstly, gas contaminants are primary causes of corrosion.

The most common gases are O2, CO2 and H2S [2, 3]. O2 is
not normally present in natural gas but can pass through
leaks. It can cause corrosion problems, even at very low
concentrations. CO2 and H2S are weakly acidic gases and
become corrosive when dissolved in water. The corrosion
products from O2, CO2 and H2S contaminants are Fe-
(oxyhydr)oxides, FeCO3 and Fe-sulphide, respectively. Fe-
sulphide may be present as FeS or FeS2, depending on the
corroding condition [3]. Secondly, microbiologically influ-
enced corrosion (MIC) can occur from sulphate-reducing
bacteria (SRB) [4]. SRB consume sulphate ion (SO4

2−) and
produce CO2 and H2S, which, on the other hand, can also
enter the corrosion processes from organic fermentation.
Finally, water plays a very significant role in corrosion.

The corrosion mechanism can be indicated by the anion
side of the corrosion products or the iron compounds. The
analysis and identification of corrosion products can assist
the engineer to solve a corrosion problem by giving
information that may help in understanding (1) the nature
and type of corrosive attack, (2) the metal or metal phase
that has been attacked in an alloy, (3) the environmental
conditions that contribute to the corrosion.

Corrosion products are generally investigated by surface
characterisation techniques such as X-ray diffraction
(XRD) [2, 5–11], X-ray photoelectron spectroscopy
(XPS) [6, 11, 12], Mössbauer spectroscopy [6, 8], Raman
spectroscopy [3, 10] and scanning electron microscopy
(SEM) combined with energy dispersive spectrometry
(EDS) [2, 7, 10]. These techniques have been used
complementarily to allow complete characterisation of the
corrosion products. One method alone often has limitations;
for example, identification by XRD can be very difficult
when the crystallinity is very low (this is often the case for
corrosion products). Detection limits of XRD and SEM-EDS
are poor, and results obtained from XRD are sometimes
difficult to interpret. The disadvantages of XPS are the need
of high vacuum, poor resolution and low sensitivity, while
Raman spectroscopy has low selectivity.

The sequential extraction technique has been widely used
to fractionate metals in a solid sample according to their
leachability. A succession of chemical reagents was employed
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to extract, sequentially, various targeted phases in the sample.
The results are useful for obtaining information about origin,
mode of occurrence, bioavailability, potential mobility and
transport of elements in natural environments [13–16].

In our previous work [17, 18], a continuous-flow
sequential extraction system was developed for simplicity,
rapidity, less risk of contamination and improved accuracy
of the traditional sequential extraction technique. The
dynamic extraction system also provides kinetics data for
detailed investigation [19].

The objective of this study was to apply the dynamic
extraction system to determine the fractional distribution of
iron in corrosion products. An important problem with
sequential extraction techniques is the selection of suitable
extractants (types, concentrations, pHs and temperatures)
to obtain a good selectivity of sequential extraction of
sulphate, carbonate, (oxyhydr)oxides and sulphide phases
of corrosion products. Ideally, the extraction schemes are
designed to dissolve specifically one mineralogical phase
at a time. The lack of selectivity of extractants used in some
extraction schemes for soils, which leads to errors in
fractionation data, has been reported [15, 16, 20, 21].

For the selectivity of an extraction scheme for iron,
Heron et al. [22] reported an extraction scheme to study the
fractionation of iron in contaminated aquifer sediments.
These results were used to quantify the iron species
associated with the sediment samples. The scheme was
applied to standard iron, and the selectivity was confirmed
by SEM and XRD. Poulton and Canfield [23] developed an
extraction scheme for fractionation of iron in modern and
ancient sediments. The selectivity of the extraction scheme
was tested on standard iron compounds and their mixtures.
Each scheme used a variety of extractants, and the results
were highly dependent on the extraction scheme used.
Criteria for selection of an extraction scheme included (1)
nature of sample such as pH and organic content and (2)
ability for defining the desired phase of metals. In this
work, the modified sequential extraction scheme of the
Standard, Measurement and Testing Program (SM&T)
(formerly BCR) [15] was used to selectively extract, water
soluble iron (FeSO4), acid soluble iron (FeCO3), reducible
iron (Fe-(oxyhydr)oxides) and oxidisable iron (Fe-sul-
phide) fractions using a dynamic continuous-flow extrac-
tion system coupled with appropriate detection techniques.
The selectivity of extractants for iron fractionation in
corrosion products was examined by simultaneous deter-
minations of iron and co-extracted anions. Being leached at
the same time as observed in the extractograms obtained
indicates chemical association of the ions. The dynamic
extraction system was finally applied to study the forms
and quantities of iron species in corrosion products.

Experimental

Chemicals and apparatus

All chemicals were of analytical grade. Milli-Q water was
used throughout. Standard iron solution (1,000 mg l−1) was

purchased from Merck (Darmstadt, Germany). The work-
ing standards were prepared when required. FeSO4·7H2O,
Fe2O3 and FeS2, purchased from M&B (Dagenham, UK),
Sigma (Missouri, USA) and Fisher (Loughborough, UK),
respectively, were dried at 100 °C to constant weight and
kept in a desiccator until required. Plastic containers and
glassware were cleaned and soaked in 10% (v/v) HNO3 for
at least 24 h and rinsed three times with Milli-Q water.

A flame atomic absorption spectrometer (Perkin-Elmer
Model 3100, Connecticut, USA) equipped with a deute-
rium background corrector was used for the determination
of iron in the extracts. Absorbance measurements were
made at 248.3 nm.

Corrosion product samples

Corrosion product samples were collected from natural gas
pipelines. All samples were washed with methanol and
petroleum benzene, dried and ground in an agate mortar to
obtain homogeneity. The ground samples were stored in a
desiccator until required.

Continuous-flow extraction system

Extraction chamber

The continuous-flow extraction system employed in this
work has been previously described (Fig. 1a) [17, 18]. The
extraction chamber was designed to allow containment and
stirring of a weighed sample. Extractants could flow
sequentially through the chamber and dissolve the targeted
phases. The chamber and its cover were constructed from
borosilicate glass to have a capacity of approximately
10 ml. The outlet of the chamber was furnished with a
Whatman (Maidstone, UK) glass microfibre filter (GF/B,
47 mm diameter, 1 μm particle retention) to allow
dissolved matter to flow through. Extractant was pumped
through the chamber by a peristaltic pump [Micro tube
pump, MP-3N, EYELA (Tokyo Rikakikai Co. Ltd)] at
approximately 4 ml min−1 using Tygon tubing of 2.25 mm
inner diameter. Heating of the extractant, when required,
was carried out by passing the extractant through a glass
heating coil approximately 120 cm in length, which was
placed in a water bath before the extraction chamber.

Extraction procedure

A weighed sample (0.25 g) was transferred to a clean
extraction chamber, together with a magnetic bar. A glass
microfibre filter was then placed on the outlet, followed by
a silicone rubber gasket, and the chamber cover was
securely clamped in position. The chamber was connected
to the extractant reservoir and the collector vial by Tygon
tubing and placed on a magnetic stirrer. The magnetic
stirrer and peristaltic pump were switched on to start the
extraction. The extracting reagents were continuously
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moved through the chamber to effect a dynamic extraction
process. The extract passed through the membrane filter,
and collection of subfractions (60 ml volume intervals) was
repeated until all four leaching steps had been completed.

Extraction scheme

The modified sequential extraction scheme of the Standard,
Measurement and Testing Program (SM&T) (formerly
BCR) [15] for iron was carried out on the following
solutions:

Step I
: water, 70 °C (water soluble fraction)

Step II
: 0.11 mol l−1 CH3COOH (acid soluble fraction)

Step III
: 0.1 mol l−1 C6H8O6/ 0.2 mol l−1 (NH4)2C2O4

.H2O
adjusted to pH 3.3 with HNO3, 100 °C (reducible
fraction)

Step IV
: 8: 3 v/v (30% H2O2: 0.02 mol l−1 HNO3), 85 °C
(oxidisable fraction)

Total dissolution of residue corrosion product samples
and iron compounds

Residues from the extraction after steps I–IV or corrosion
product samples (0.25 g) were digested with aqua regia
(1:3 v/v mixture of concentrated HNO3 and HCl) until the
solutions were clear. After being cooled, the digested
solutions were made up to volume in volumetric flasks.
Iron compounds, i.e. FeSO4·7H2O, Fe2O3 and FeS2, were
dissolved in pure hot water, concentrated HCl, and aqua
regia, respectively. The dissolved solutions were diluted
with pure water to the desired dilution factors.

Iron in extracts and digests were determined by flame
atomic absorption spectrometer (FAAS) using external
calibration.

Selectivity of extractants

For the selectivity study of extractants for the water soluble
and oxidisable phases, the ion chromatographic equipment,
consisting of a Waters Model 510 HPLC pump, an Alltech
guard column and an Allsep Anion column (4.6 mm inner
diameter), was used for sulphate separation. Detection was
performed by a Waters Model 430 conductivity detector to
monitor sulphate concentrations. Data were recorded with a
Shimadzu Model C-R6A integrating recorder. An eluent of
4 mmol l−1 potassium hydrogen phthalate (KHP) was
degassed ultrasonically before being used. For all samples,
a 100 μl sample loop was used. The detection signal was
recorded as peak height.

For the selectivity study of extractant for the acid soluble
phase, the outlet tube of the extraction chamber was
connected to a 250 ml two-necked round-bottomed flask,
which was placed on a heating mantle. The other neck of
the round-bottomed flask was connected to a Pyrex
absorption tube, 25±200 mm, containing an absorbing
solution (Fig. 1b). We evaluated the trapping efficiency of
the absorbing solution by using successive absorbing tubes
and found that only one absorbing tube was adequate to
trap all the CO2(g) evolved.

For this study the corrosion product sample was first
treated with water to dissolve water soluble iron; the extracts
were collected in fraction collectors. Then CH3COOH
at various concentrations (0.05 mol l−1, 0.11 mol l−1,
0.25 mol l−1, 0.35 mol l−1 and 0.50 mol l−1) was allowed to
flow to leach the acid soluble iron. For this step the extract
was collected in a two-necked round-bottomed flask, which
was gently heated to purge the CO2 quantitatively into an
absorbing solution containing 2.5 mmol l−1 calcium
hydroxide. The absorbing solution was centrifuged, and
the amount of calcium in the supernatant was determined.

Fig. 1 Diagram of a continu-
ous-flow sequential extraction
system connected to (a) the
fraction collector used in phases
I, III and IV; (b) a unit used in
phase II for collecting extract in
the round-bottomed flask and
CO2 in the absorbing tube
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The amount of precipitated calcium carbonate (CaCO3) was
then calculated, and carbonate was determined. The
concentrations of iron in the extracts and calcium were
determined by FAAS.

In the reducible fraction the selectivity of extractant was
not determined. Depending on the environmental conditions
and oxidation pathways, different Fe-(oxyhydr)oxides can
form [24], and, therefore, determination of the co-extracted
anions is difficult. Therefore, the iron species of this phase is
not specified in this paper. For the extractant used, ascorbic
acid/oxalate solution was selected because of its reducing
property and its high iron complexing capacity. This
extractant has been widely used to dissolve metals in the
reducible phase in many sequential extraction schemes [15].

Results and discussion

Typical extractogram of sequential extraction

With a continuous-flow extraction system, not only iron
concentrations can be obtained, but also kinetics informa-
tion of dissolution of various iron species from the sample
can be observed in an extractogram (a graph of the metal
concentration in a subfraction versus the corresponding
subfraction number). A typical extractogram showing four
iron species in corrosion product samples is given in Fig. 2.
It also illustrates that the extractants are efficient in
leaching the iron completely in each phase, because the
iron concentration in the extract decreases to the baseline
level before changing over to the next extractant. The
extracted iron of each phase was determined by summation
of the amounts in subfractions of the particular step.
Overlaid extractograms of various species give additional
information on their chemical association, as will be
presented later in this manuscript.

Recovery of extraction of iron species

The efficiency of the four extractants employed in the
modified SM&T extraction scheme for iron fractionation
was primarily studied on pure iron compounds
(FeSO4·7H2O, Fe2O3 and FeS2). The iron compounds
and their mixture were subjected to total dissolution and
sequential extraction followed by FAAS detection. Table 1
shows a very good selectivity of each extraction step, with
less than 1% being extracted in other steps. Therefore, this
extraction scheme showed satisfactory results for the
possibility of studying iron species in real samples of
corrosion products. Due to the complex nature of real
samples, they may not behave similarly to the mixture of
pure iron compounds. Therefore, the selectivity of the
extractants for real samples was also investigated.

Selectivity of extractants

A number of sequential extraction schemes have been used
for the elemental fractionation of soils and sediments. The
accuracy of these schemes depends on many factors,
especially the selectivity of the extractants used. In this
work we performed a study of time-resolved extraction
profiles of elements of concern to evaluate their co-elution,
which, in turn, indicates chemical association. Ion chroma-
tographywas used to determine the sulphate concentration in
the extracts of the water soluble and oxidisable steps. For the
acid soluble extraction step, co-extracted carbonate was
monitored. Carbonate ion generated in this step is not stable
in the acidic medium. Therefore, the evolved CO2 was
trapped in a gas absorbing unit containing an absorbing
solution with subsequent indirect FAAS measurement.
Concentrations of iron, together with those of co-extracted
anions, were plotted to confirm the association of iron with
particular anions. Co-extraction and stoichiometric relation-
ships of extracted iron and co-extracted anions were used to
demonstrate the selectivity of extractant of each step.

Water soluble and oxidisable phases

In water soluble phase, iron sulphate (FeSO4) was the main
iron species in the samples. The selectivity of water for
FeSO4 was obvious from the solubility data of various
forms of iron compounds likely to be present in the
corrosion products, because FeCO3, Fe-(oxyhydr)oxides
and Fe-sulphide are not soluble in water. Nevertheless, this
was confirmed by chromatographic determination of co-
extracted sulphate in extracts. For the oxidisable extraction
step, Fe-sulphides were oxidised by HNO3/H2O2 to obtain
ferric and sulphate ions (Eq. 1). Therefore, sulphate was
also determined in this leaching step.

FeS2 sð Þþ7=2O2þH2O aqð Þ
! Fe3þ aqð Þþ2SO2�

4 aqð Þþ2Hþ (1)
Fig. 2 Extractogram of iron for corrosion product sample as
obtained by a continuous-flow sequential extraction system. Signals
of water soluble, acid soluble and oxidisable phases were magnified
ten times for clarity

366



At the selected experimental ion chromatographic
conditions, carbonate, chloride, nitrate, oxalate, sulphate
and thiosulphate can also be detected. Carbonate was
eluted at void peak, while chloride, nitrate, oxalate,
sulphate and thiosulphate can be detected at 5 min,
6 min, 7 min, 9 min and 12 min, respectively. The sulphate
peak showed a well-defined resolved peak with no
interfering anion peak. The calibration graph was recti-
linear for 5-100 mg l−1 of sulphate, with a good linear
regression (R2=0.9998).

As can be seen in Fig. 3, no sulphate was detected in the
extracts of acid soluble and reducible phases, and good
correlation between the molar ratio of iron and sulphate in
the water soluble (1:1) and oxidisable (1:2) steps confirmed
the selectivity of water and 30% H2O2 in 0.02 mol l−1

HNO3 for FeSO4 and Fe-sulphide, respectively. In addi-
tion, the molar ratio of iron and sulphate in oxidisable
phase from the extractograms was close to 2 indicating that
FeS2 was predominant in this phase. The extractograms
demonstrated the usefulness of continuous-flow sequential
extraction for chemical association studies. This type of
study is not possible with a batch extraction, which gives
only a single concentration of element for each step and
does not provide a time-dependent extraction profile.

Acid soluble phase

CH3COOH at various concentrations has been used to
release metals associated with the carbonate fraction in
soils [15, 16]. The efficiency of acid concentration in the
extraction of this phase depends on several parameters,
such as the nature and grain size of the sample and
carbonate content. The effects on extractability of increas-
ing the CH3COOH concentration from 0.05 mol l−1 to
0.50 mol l−1 were investigated for corrosion products.
Figure 4 shows that the amounts of extractable iron in the
acid soluble phase depend on the concentration of CH3

COOH used. An increase in acid concentration causes a
considerable increase in extractability. Low acid concen-
tration was insufficient for the complete solubility of this
carbonate phase, while higher concentration showed an
improved efficiency of leaching but may cause partial
dissolution of Fe-(oxyhydr)oxides, resulting in increased
amounts of extractable iron. This could be a major source
of overestimation of iron in the acid soluble step.
Determination of co-extracted carbonate ion in the extracts
by ion chromatography was not possible because the
carbonate ion is not stable in the acidic medium. For this
reason, the continuous-flow sequential extraction module
was connected to a gas absorbing unit to monitor co-
extracted carbonate ion for the study of selectivity of

Fig. 3 Extractograms of iron (open circles) and sulphate (closed
circles) for a corrosion product sample

Table 1 Extraction recovery of iron from iron compounds in a four-step continuous-flow sequential extraction system (n=3) (ND not
detectable)

Iron compound Total iron
[mg Fe]

Extracted iron [mg Fe] Percentage of
Fe recoveredWater soluble

phase
Acid soluble
phase

Reducible
phase

Oxidisable
phase

Sum

FeSO4·7H2O 251±6 247±4 ND ND ND 247±4 98
Fe2O3 999±15 ND ND 998±33 ND 998±33 100
FeS2 258±8 ND ND 2.0±0.1 245±8 247±8 96
FeSO4·7H2O

+

Fe2O3+FeS2

1,503±17 244±5 ND 991±20 245±7 1,480±28 98

Fig. 4 Effect of the CH3COOH concentrations on the extracted iron
and carbonate (n=3)

367



CH3COOH in this extraction step. The concentrations of
iron and co-extracted carbonate are used to evaluate the
selectivity of the extractant. The results (Fig. 4) show that
the amount of extracted iron increases at increasing
concentrations of CH3COOH. However, the co-extracted
carbonate concentration becomes constant after 0.11 mol l−1

CH3COOH, indicating that, at 0.11 mol l−1, CH3COOH is
adequate to dissolve the carbonate phase. The increased
amounts of iron at higher concentrations of CH3COOH
were due to partial dissolution of the Fe-(oxyhydr)oxides.
For specific dissolution of FeCO3, the molar concentrations
of extracted iron and carbonate should be equal. The molar
concentrations of iron and carbonate were found to be close
to unity at 0.05 mol l−1 and 0.11 mol l−1 CH3COOH,
indicating selective leaching. Lower extractability at
0.05 mol l−1 CH3COOH was due to incomplete dissolution.
The higher extracted iron at CH3COOH concentrations
higher than 0.11 mol l−1 supported the aforementioned
partial dissolution of Fe(oxyhydr)oxides and was further
confirmed by the decreasing extracted iron in the reducible
phase at increasing CH3COOH concentrations. Therefore,
the acid concentration of 0.11 mol l−1 was considered

optimal for the acid soluble phase for corrosion product
samples.

Application to corrosion product samples

The results presented above suggest that the extraction
scheme developed can be used for evaluation of iron
species in corrosion product samples. Results from its
application to 11 samples (Table 2) showed the highest
proportion of iron in the reducible fractions (61–99% of
extractable iron). Fe-(oxyhydr)oxides appeared to be the
major constituents of the corrosion products investigated,
and, therefore, O2 played an important role in the corrosion
for these samples. Partial amounts of this phase may be
transformed from FeCO3. The study by Heuer and
Stubbins [12] showed that FeCO3 was unstable and
quickly decomposed to Fe2O3 after contact with air. Very
small proportions of iron were found in the water soluble
and oxidisable fractions (0–4% of extractable iron). The
sum of extracted and non-extracted iron (Table 3) from
continuous-flow sequential extraction shows good agree-
ment with the total concentration of iron obtained from acid

Table 2 Iron species in corrosion product samples as determined by continuous-flow sequential extraction (n=3) (ND not detectable)

Sample ID Extracted iron [mg Fe g−1 sample]

Water soluble phase Acid soluble phase Reducible phase Oxidisable phase Sum

001 ND 1.0±0.1 395.0±19.0 7.7±0.7 403.6±19.8
002 ND 58.4±3.9 334.6±8.7 3.8±0.9 396.7±12.4
003 3.9±0.2 22.1±1.9 185.2±18.2 1.7±0.5 213.0±20.5
004 0.1±0.0 0.7±0.1 318.8±21.4 ND 319.5±21.5
005 ND 42.4±5.0 367.3±23.1 1.5±0.0 411.3±28.1
006 ND 15.4±2.6 462.7±35.6 4.2±0.1 482.3±38.3
007 ND 2.8±0.2 371.9±8.2 8.9±0.5 383.5±8.7
008 ND 3.0±0.3 417.6±32.5 0.2±0.1 420.7±32.7
009 14.3±0.4 120.1±5.5 219.3±15.7 3.0±0.9 356.8±20.8
010 8.4±1.1 14.2±3.1 200.6±26.6 3.0±0.8 226.2±30.4
011 1.5±0.1 46.7±5.9 216.2±22.2 6.4±0.1 270.8±28.1

Table 3 Iron content in corrosion product samples as obtained from sequential extraction by continuous-flow system in comparison with
acid digestion (n=3)

Sample ID Extraction [%w/w] Acid digestion [%w/w]

Extracteda Non-extracted (residue) Sum

001 40.4±2.0 1.6±0.7 41.9±1.3 42.9±0.4
002 39.7±1.2 0.0±0.0 39.7±1.2 39.1±1.6
003 21.3±2.0 1.2±0.2 22.5±1.9 24.1±0.2
004 32.0±2.1 16.7±3.9 48.6±1.8 49.6±0.4
005 41.1±2.8 12.1±0.4 53.3±2.4 55.5±1.6
006 48.2±3.8 0.3±0.4 48.5±3.4 50.0±3.8
007 38.4±0.9 4.7±1.0 43.1±0.6 44.5±2.0
008 42.1±3.3 4.8±1.2 46.9±2.3 47.1±0.3
009 35.7±2.1 6.4±0.4 42.0±2.1 44.2±0.2
010 22.6±3.0 13.4±1.4 36.0±2.1 36.2±0.8
011 27.1±2.8 5.4±1.2 32.5±2.3 33.1±0.3
aSummation of extracted iron from four extraction steps
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digestion, with insignificant difference observed at the 95%
confidence level. The non-extracted iron may be attributed
to the iron associated with resistant complex species [25]
that are insoluble in the extractants used. The residual or
insoluble iron was difficult to dissolve and required aqua
regia to facilitate solubilisation. The continuous-flow
extraction method, with its collection of several subfrac-
tions, that we used in this work to obtain detailed extraction
profiles could be tedious, and it required a large number of
samples to be analysed. For practical use of this method,
one fraction per step of sequential extraction is sufficient to
obtain fractionation data. Additional advantages of the
continuous-flow approach are the ease of operation and
freedom from environmental and procedural contamination.

Conclusions

A continuous-flow sequential extraction was utilised to
fractionate iron species in corrosion products from natural
gas pipelines. Information on forms and quantities of iron
in the samples can be obtained. The total concentration of
iron was found to be in the range of 21–48% w/w. Iron is
predominantly present in the reducible fraction. This
indicates that corrosion products mostly result from O2

(as gas contaminant) and water. Techniques such as ion
chromatography and gas absorption with carbonate detec-
tion were applied to study the selectivity of extractants for
the targeted iron phases. Ion chromatography was used to
determine the amount of sulphate in the extracts of water
soluble and oxidisable extraction steps to confirm the co-
extraction of sulphate and sulphide. Simultaneous collec-
tion and determination of CO2 generated from leaching of
carbonate species revealed the association of iron and
carbonate in the acid soluble fraction of corrosion products.
The iron fractionation data can be used to understand the
origins and mechanisms of corrosion and, consequently, to
prevent or solve the corrosion problems in the petroleum
and natural gas industries.
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A continuous-flow system comprising a novel, custom-built extraction module and hyphenated

with inductively coupled plasma-mass spectrometric (ICP-MS) detection is proposed for assessing

metal mobilities and geochemical associations in soil compartments as based on using the three

step BCR (now the Measurements and Testing Programme of the European Commission)

sequential extraction scheme. Employing a peristaltic pump as liquid driver, alternate directional

flows of the extractants are used to overcome compression of the solid particles within the

extraction unit to ensure a steady partitioning flow rate and thus to maintain constant

operationally defined extraction conditions. The proposed flow set-up is proven to allow for

trouble-free handling of soil samples up to 1 g and flow rates r10 mL min�1. The miniaturized

extraction system was coupled to ICP-MS through a flow injection interface in order to discretely

introduce appropriate extract volumes to the detector at a given time and with a given dilution

factor. The proposed hyphenated method demonstrates excellent performance for on-line

monitoring of major and trace elements (Ca, Mn, Fe, Ni, Pb, Zn and Cd) released when applying

the various extracting reagents as addressed in the BCR scheme, that is, 0.11 M CH3COOH, 0.1

NH2OH �HCl and 30% H2O2, even when a well recognized matrix-sensitive detector, such as

ICP-MS, is used. As a result of the enhanced temporal resolution of the ongoing extraction,

insights into the breaking down of phases and into the kinetics of the metal release are obtained.

With the simultaneous multielement detection capability of ICP-MS, the dynamic fractionation

system presents itself as an efficient front-end for evaluation of actual elemental association by

interelement comparison of metals leached concurrently during the extraction time. Thus, the

intimate elemental association between Cd and Zn in contaminated soils could be assessed.

1. Introduction

At present, it is widely accepted that risk assessment of trace

elements contaminating environmental solid substrates is a

topic of utmost relevance in environmental studies. This

information can be used for evaluation of the impact on biota

and serves as a reference of environmental policy decisions. In

soil analysis, knowledge about the chemical forms of elements

is required, because of its close link to the mobility and

bioavailability of the species, which cannot be assessed by

merely measuring the total concentration of the elements.

Batch sequential extraction procedures are conventionally

employed for the fractionation of metals according to their

leachability.1–7 This technique makes use of suitable chemical

reagents, which are applied, in a given order, to the sample to

sequentially attack metals associated with different solid com-

partments. However, the batch procedures suffer from several

shortcomings, such as being tedious, time consuming and

being prone to risk of contamination and to metal adsorp-

tion/re-distribution phenomena, and, more importantly, they

are able to provide neither information about the kinetics of

leaching nor a detailed insight of the bindings of the metals

within the solid phases.

Recent trends in the soil analysis field have been towards the

development of methods aimed at tackling these drawbacks

and additionally at mimicking environmental events more

accurately than their classical extraction counterparts. The

dynamic (non-equilibrium)-based extraction approach has

proven to constitute an appealing alternative for trace element

partitioning.8 Thus, a number of research groups have pro-

posed singular flow-through extraction systems9–16 based on

continuous or discontinuous delivery of fresh portions of the

leaching reagents through small column-devices containing the

solid material. A notable limitation of the flow-through ex-

traction approach is the small inner dimension of the solid

containers, the use of high amounts of sample can therefore

cause unstable extraction flow rates due to blockage of the in-
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line filters by solid particles. Even though fast extraction and

screening of trace element release can be accomplished by

using small amounts of sample (typicallyr 25 mg),10,13–15 this

does require that highly homogeneous environmental solids

should be used.

By using flow-through approaches, on-line extraction mea-

surements have become possible.10,13–15,17–19 Chomchoei

et al.19 described the feasibility of coupling flow-through

microcolumn extraction to classical FAAS. However, the

simultaneous monitoring of metals was inherently restricted

due to the single element detection nature of the detector.

Therefore, hyphenated techniques based on the combination

of dynamic extraction systems with a powerful multielement

detector, i.e. ICP-OES or ICP-MS, should prove especially

attractive for metal fractionation in environmentally relevant

solids. Not only saving of analysis time per fraction but more

accurate information on interelement interaction in solid

phases should make it appealing for on-line fractionation/

detection protocols. The on-line analysis of the extracts by

ICP-OES measurements has been recently demonstrated by

Fedotov et al.18 who used a rotating coiled column as sample

compartment coupled with the detector. Unlike in Fedotov’s

work, Jimoh et al.15 exploited a flow injection manifold as an

interfacing unit between the soil microcartridge and the de-

tector to allow for a flexible manipulation of the leaching

agents and to provide a universal means of coupling to

different analytical instruments. The main shortcoming of

the microcartridge approach is the small sample size (5 mg)

used for fractionation.

In this work, the potential of flow-through sequential

extraction hyphenated on-line with ICP-MS for exploration

of elemental distribution and associations within soil phases is

demonstrated. A simple, continuous-flow set-up based on bi-

directional flow extraction is proposed for preventing the

clogging of the membrane surfaces incorporated within the

extraction module by solid particles. The ability to handle

larger sample amounts and higher extraction flow rates as

compared with earlier works will be also ascertained.

2. Experimental

2.1 Preparation of standard solution and glassware

The chemical reagents used were of analytical grade. Ultra-

pure water from a Branstead water purification unit (Bran-

stead International, IA, USA) was used throughout. Working

standard solutions were prepared by appropriate dilution of

the multi-element stock solution for ICP-MS (AccuStandard,

Inc., CT, USA) with extracting reagents. All glassware and

plastic containers were cleaned and soaked in 10% (v/v)

HNO3 for at least 24 h and rinsed with ultrapure water before

use.

2.2 Extraction unit

The dedicated flow-through extraction unit employed in this

work is shown in Fig. 1. It was machined out of polyoxy-

methylene that can tolerate the extractants used. The unit

comprises two polyoxymethylene end-caps, glass microfibre

membrane filters, PTFE membrane supports designed for

maximizing extractant flow through the entire sample, silicone

gaskets and a cylindrical sample container with an approx-

imate inner volume of 2.8 mL. All parts were assembled

according to the numbering order given in the figure. The

amount of soil sample (up to 1.0 g) was placed in the sample

container and sandwiched with glass microfibre filters (47 mm

diameter, 1 mm pore size (Whatman, Maidstone, UK)) to-

gether with the PTFE membrane supports. The silicone gas-

kets were used to prevent leakage. The whole compartment

was screwed tightly in position.

2.3 Soil material

The SRM 2711 from the National Institute of Standard and

Technology was used for evaluation of accuracy and reliability

of the proposed hyphenated technique and to allow for further

Fig. 1 Schematic diagram of the flow-through fractionation system

coupled to ICP-MS for on-line elemental monitoring via the flow

injection network; (a) forward and (b) backward extraction flow

directions. P1 and P2, pumps; V1 and V2, 6 port rotary valves.

(Top) Exploded view of the extraction unit comprising the following

components: (1) extraction cap, (2) membrane filter, (3) filter support,

(4) silicone gasket, (5) sample container. For operational details, see

text.
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comparison of results. The soil material was collected from the

tilled layer of a wheat field (MT, USA). It is a moderately

contaminated pasture soil that was oven-dried, sieved and

blended to achieve a high degree of homogeneity, the total

concentration being certified for a number of elements.

A top soil sample (0–10 cm) from Tak Province, Thailand

was used for evaluation of the ability of the designed extrac-

tion unit to handle different ranges of soil particle sizes as well

as the maximum soil amount applicable without causing an

unstable extraction flow rate. Being an alkaline sandy clay

loam soil (pH 7.48) having 3.17% organic matter, the soil

sample was ground and sieved for obtaining soil particle sizes

of o150, 150–250 and 4250 mm, respectively.

2.4 Extracting reagents

The BCR three-step sequential extraction scheme4 was con-

ducted in a dynamic fashion. The extracting reagents utilized

and the corresponding targeted phases are detailed as follows:

(i) 0.11 M CH3COOH (metals bound to carbonate, the so-

called acid soluble fraction); (ii) 0.1 M NH2OH �HCl in 25%

CH3COOH adjusted to pH 2 with HNO3 (metals bound to Fe

or Mn oxides, the so-called reducible fraction); (iii) 30% H2O2

(metals bound to organic matter, the so-called oxidizable

fraction)

2.5 Dissolution of soil residues

A closed-vessel microwave digestion system (Milestone model

MLS-1200 Mega, Bergamo, Italy) was employed for pseudo-

total digestion of residues. The residue leftover after the flow-

through sequential extraction scheme was transferred to a

digestion vessel of 20 mL capacity together with concentrated

HNO3 (5 mL) and 30% H2O2 (5 mL). The vessel was then

tightly sealed and subjected to a microwave digestion protocol.

The microwave digestion program consists of 5 steps, using

power levels and durations of /250/400/500/600/0 W and /10/

5/10/5/5 min, respectively. After cooling, the clear digests were

transferred and made up to an appropriate volume with

deionized water and the content of metals was determined

by ICP-MS.

2.6 System configuration

The configuration of the bi-directional continuous-flow ex-

traction system devised for dynamic metal fractionation and

on-line monitoring of the extracts is depicted in Fig. 1. A

peristaltic pump (P1) (Micro-tube pump, MP-3N, EYELA

(Tokyo Rikakikai Co., Ltd.)) was employed for continuously

propelling the leaching reagents through the extraction unit at

varying flow rates. The alternate change of extractant flow

direction was performed by the aid of the rotary valve (V1)

(Upchurch Scientific, Inc., WA). The interfacing of the extrac-

tion unit with the detection device was effected via a discrete

loop incorporated within a 6 port injection valve (V2) (Up-

church Scientific, Inc., WA), which upon actuation allowed

the content of the loop to be introduced into the ICP-MS via a

second peristaltic pump (P2). 2%HNO3 was used as carrier

and was continuously pumped to the nebulizer of the ICP-MS

(Sciex Elan 6000, Perkin Elmer, CT) by P2 (Gilson, France) at

a flow rate of 1.2 mL min�1. All outlets of the rotary valves

were connected through PEEK ferrules with rigid PTFE

tubing (0.8 mm id). All connections consisted of Tygon tubing

of 1.2 mm (id). The extract loop was also made of Tygon

tubing (26.5 cm long, 1.2 mm id) with an internal volume of

ca. 300 mL.
The ICP-MS operating conditions are as follow: RF power

1350 W; nebulizer, auxiliary and plasma gas flow rate are 0.99,

0.9 and 15 L min�1, respectively; isotopes monitored being
44Ca, 55Mn, 54Fe, 60Ni, 66Zn, 111Cd and 208Pb.

2.7 Operational procedure for bi-directional continuous-flow

sequential extraction and on-line ICP-MS detection

An amount of 0.25 g of soil sample was selected for on-line

fractionation studies. Initially, V1 and V2 were switched to the

forward and load positions, respectively, and P1 was started to

continuously pump 0.11 M CH3COOH at the flow rate of

5.0 mL min�1 through the extraction unit for allowing the

leaching of elements from the solid sample to take place. At

this stage, the valve loop was filled with extract containing the

released elements, the surplus flowing into the sample collector

of 30 mL capacity. After 30 s of extraction, valve V2 was

switched to the inject position and the extract zone entrapped

within the sample loop was by means of P2 transferred to the

ICP-MS as propelled by the carrier solution (2% HNO3).

When the extract had been flushed out from the extract loop,

V2 was returned to its original position. After a total of 60 s of

extraction in the forward direction, V1 was activated to the

backward position (Fig. 1b.), causing the extracting reagent to

flow in the opposite direction through the extraction unit for

60 s before being turned to the forward position once again.

During the 60 s of backward flow, sampling by V2 was effected

in the same manner as described for the forward flow direc-

tion. In general, the forward and backward extractions are

repeated until the signals of the elements under investigation

are close to baseline. Thereafter, the next extracting reagent

(viz., 0.1 M NH2OH �HCl or 30%H2O2) is introduced and the

operation repeated until all three extraction steps have been

completed.

Apart from online ICP-MS detection, the extracts collected

in each sample collector were analyzed by ICP-MS for metal

quantification. The results were used for confirmation of the

reliability of the proposed technique.

3. Results and discussion

3.1 Performance of the bi-directional continuous-flow

extraction approach for sequential extraction

In on-line fractionation/detection schemes, a critical issue to

take into account for successful coupling of the extraction

module with the detection instrument is the requirement of a

steady flow rate. Actually, an unstable extraction flow rate due

to blocking of the in-line filters by solid particles would impede

the metering of accurate volumes of leachates, thus hindering

the real-time monitoring of the extracts. Non-constant extrac-

tion flow rates were, in fact, pronounced in our first design,

namely, a continuous-flow stirred-flow cell unit, involving uni-

directional flow of the extractants.20,21 Although this problem

recently most elegantly was solved by the development of a
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new dynamic extraction approach16 incorporating a bi-conical

microcolumn within a sequential injection network, it requires

more expensive, software-controlled instrumentation.

In order to provide a cost-effective flow-through partition-

ing system, the bi-directional continuous-flow extraction con-

cept is therefore proposed. It is based on an alternate change

of extractant’s flow direction through the extraction chamber

with two filtering membranes at both ends of the sample

compartment. This approach prevents the compactness of

solid particles on the membrane filter surface and at the same

time favors an intimate sample–extractant contact. The bi-

directional flow extraction system requires solely a peristaltic

pump for continuous delivering of the extracting agents. Be-

sides the cost effectiveness, simplicity and ease of operation are

additional advantages. In order to assess the performance of

the developed system, potential factors affecting the extraction

flow rate were taken into consideration.

Fine solid particles as well as high delivery rates for the

extractants are prone to cause the deterioration of the analy-

tical performance of the ongoing extraction. Fine particles are

easily retained within the membrane pores, while high pump-

ing rates generate increased flow impedance. An unsteady

extraction flow rate is especially noticeable whenever the

extractant is continuously and unidirectionally pumped

through the extraction vessel.10,15,21 However, in the bi-direc-

tional continuous-flow system sample weights of 250 mg, soil

particle sizes of even o150 mm, and extraction flow rates as

high as 10 mL min�1 are admissible without any observable

decrease of the extraction rate. As a result of the application of

high extractant flow rates, the leaching behavior of readily

mobilisable elements can be thoroughly investigated as op-

posed to previous reports where the extraction flow rate was

r3 mL min�1.11,15–18

A major issue in microcolumn fractionation approaches is

the capability of handling environmentally representative

sample amounts. Recent works reported the use of solid

masses r25 mg,10,13–15 which are only appropriate for highly

homogeneous substrates. Beauchemin et al.10 experienced

significant flow back-pressure when scaling the sample size

up from 25 to 250 mg in a microcolumn approach. By

exploiting the devised extraction module with a top soil sample

from Tak Province, Thailand (see Section 2.3), sample

amounts as high as 1.0 g could be processed on-line without

deterioration of the extraction flow rate when soil samples

with particle sizes within the ranges of 4250, 150–250 and

o150 mm were analyzed at rates ofr7.0 mL min�1. Thus, soil
particle size, extractant delivery rate and amount of sample

had virtually no effect on the extraction flow rate.

3.2 Instrumental configuration of the hyphenated technique for

on-line fractionation exploiting bi-directional flow

A bi-directional continuous-flow sequential extraction system

hyphenated with ICP-MS via a flow injection network is here

proposed for concurrently monitoring of the various trace and

major metals released during the extraction protocols. This

contrasts with recent publications from Beauchemin et al.10

and Fedotov et al.18 who directly coupled the extraction line

with ICP-MS and ICP-OES, respectively. The interfacing of

the extraction and detection streams via an FI manifold was

selected in the present work because it offers several advan-

tages, such as (i) independent control of the nebulization and

the extraction flow rates, and (ii) the possibility of automatic

on-line dilution of the extract matrix. Although ICP-MS has

been considered as a powerful analytical tool for metal

determinations as a result of its high sensitivity, wide linear

range and multielemental capabilities, it is well known as a

matrix-sensitive detector. The intrinsic low tolerance level of

total dissolved solids22,23 limits its potential use for metal

determination in matrices containing high electrolyte concen-

trations. In fact, a dramatic decrease of the instrument’s

sensitivity was found within 1 h of operation when the

CH3COOH-extracts in the collected fractions were directly

introduced into the nebulizer. The deposition of carbon and

soil matrices on the sampler cone of the MS interface drasti-

cally affected the sensitivity and the stability of the signals.

However, as a consequence of the dispersion/dilution of the

minute extract volume within the carrier stream during trans-

portation to the detector, the present set up expectedly yielded

much fewer matrix interferences and generally did not give rise

to problems for on-line detection of the various leachates. By

using FI discrete sample introduction, the operational time

can be extended significantly without observable reduction in

sensitivity.

3.3 Data treatment and evaluation of the hyphenated

bi-directional continuous flow sequential extraction set-up

for the exploration of metal partitioning

Although membrane supports working as diffusers were in-

serted in the extraction unit to facilitate a close contact

between soil particles and the leaching reagent, the extracta-

bility in the two flow directions was noticeably different, as can

be observed in the raw signals illustrated in Fig. 2a. This

happens regardless of the extraction unit orientation (horizon-

tal or upright) or direction sequence (left to right or vice versa)

of extraction. The occurrence was still observed when the

internal volume of the extraction unit was reduced from 2.8

to 1.4 mL. This effect is very likely due to the different leachant

fractions analyzed on-line, as a consequence of slight differ-

ences in the flowing paths of the leaching agents in both

directions and the manual operation of the injection valves,

while the influence of the flow direction on the fluidized bed-

like extraction conditions might also play a role.

The raw extraction patterns were therefore processed in

order to obtain a kinetic leaching profile. The final extracto-

gram (Fig. 2b) was the result of averaging each pair of forward

and backward peaks: each such average was plotted against

the average exposure time. The quantification of the total

extractable amount of elements was effected by integration of

the processed extractogram.

The SRM 2711 was used to evaluate the accuracy and

reliability of the hyphenated system. The extractable metal

content obtained via on-line detection was compared with the

off-line mode, involving the determination of metal concen-

trations in the fraction collectors and also with previously

reported data of batchwise extraction.24 As is apparent, both

on-line and off-line modes in the proposed approach yielded
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values which were insignificantly different at the significance

level of 0.05 for every extraction step of all metals studied (see

Table 1). Comparing batch and flow-through extraction, the

percentage distribution of metals in the various fractions was

significantly different. This is caused by the variable, opera-

tionally-defined, experimental conditions used in the two

approaches. The redistribution/readsorption of leached metals

onto the remaining solid substrate during a long extraction

period, the different extraction times, and/or the incomplete

metal leaching25 in equilibrium-based extraction protocols

may contribute to the different metal partitioning patterns.

In contrast with batch extraction, the dynamic method mini-

mizes the risk of readsorption due to the fact that the contact

time between the solid and the liquid phases is minimized by

the continuous delivery of fresh portions of leaching reagent

through the soil container. However, the total concentrations

of Cd, Ni, Pb and Zn obtained by summation of all fractions

plus residue from the flow-through hyphenated technique as

well as batch extractions are in good agreement with the

certified concentrations in SRM 2711. However, those of Ca,

Fe and Mn show lower recoveries probably due to the

incomplete digestion in the pseudo-total analysis of the resi-

dual fraction.

3.4 Investigation of the metal soil phase associations

Apart from the detailed insight into metal distribution in the

various phases, the extractogram of each element, as obtained

by a graphical plot of the extracted concentration against the

leaching time, can provide additional information. The ap-

pearance of leaching peaks in the extractrograms enables an

examination of the selectivity of extracting agents for each

nominal soil phase and the binding between trace elements and

soil parent phases. An illustration of this study is shown in Fig.

3. In the first step of extraction, CH3COOH was used for

dissolving CaCO3 and releasing metals bound to that phase.

For the second step, NH2OH �HCl was used for attacking

oxides/hydroxides of Fe and Mn. Therefore, simultaneous

monitoring of the stripping of trace metals and major elements

in solid phases, i.e. Ca, Fe and Mn, can be used for demon-

strating how trace elements are bound to the particular soil

phases.

As seen in the extractrogram, peak positions and shapes

between targeted metals (viz., Cd and Pb) are all accompanied

Table 1 Comparison of extractable metal contents (mg kg�1) for SRM 2711 as obtained by the bi-directional continuous-flow sequential
extraction system with on-line and off-line ICP-MS detection modes and batchwise fractionation

Step I Step II Step III Residual Sum Certified value

Cd This work (on-line)a 18.8 � 0.5 13.7 � 1.6 2.13 � 0.25 2.82 � 0.01 37.5 � 1.7 41.70 � 0.25
This work (off-line)a 19.9 � 0.5 14.5 � 0.9 2.01 � 0.1 2.82 � 0.01 39.2 � 1.0
Ho et al. (batch)b 28.6 � 1.1 9.3 � 0.6 2.4 � 0.9 o1 40.2 � 0.8

Ni This work (on-line) 2.7 � 0.3 oD.Lc oD.Lc 17.3 � 2.0 20.0 � 2.0 20.6 � 1.1
This work (off-line) 3.2 � 0.1 oD.L oD.L 17.3 � 2.0 20.5 � 2.0

Pb This work (on-line) 168 � 11 517 � 52 187 � 15 149 � 20 1021 � 59 1162 � 31
This work (off-line) 187 � 8 570 � 24 212 � 7 149 � 20 1118 � 33
Ho et al. (batch) 302 � 27 349 � 32 356 � 85 97.9 � 19.7 1100 � 100

Zn This work (on-line) 94.9 � 9.0 70.8 � 1.7 129 � 14 66.6 � 2.3 361 � 17 350.4 � 4.8
This work (off-line) 96.5 � 6.9 73.8 � 0.7 140 � 7 66.6 � 2.3 377 � 10
Ho et al.(batch) 41.8 � 1.2 62.2 � 7.1 37.1 � 13.3 206 � 33 347 � 34

Ca This work (on-line) 9630 � 610 1910 � 120 2100 � 170 8500 � 660 22 100 � 900 28 800 � 800
This work (off-line) 9920 � 430 2110 � 50 2050 � 60 8500 � 660 22 600 � 800

Fe This work (on-line) 301 � 27 1771 � 120 865 � 76 18 270 � 770 21 200 � 800 28 900 � 600
This work (off-line) 310 � 15 1900 � 113 897 � 54 18 270 � 770 21 400 � 800

Mn This work (on-line) 145 � 4 211 � 13 15.5 � 1.3 159 � 14 531 � 20 638 � 28
This work (off-line) 157 � 5 233 � 5 15.4 � 0.7 159 � 14 564 � 16

a Results are expressed as the mean of 3 replicates � standard deviation. b Former BCR scheme in batchwise extraction.24 c The detection limits

were 0.2 and 0.1 mg kg�1 for steps II and III of extraction, respectively.

Fig. 2 Extraction profiles of Cd for the acid-soluble step, as obtained

from the bi-directional continuous-flow extraction system coupled on-

line to ICP-MS. (a) Raw signals showing alternate forward and

backward peaks; and (b) processed profile obtained by averaging each

pair of forward and backward peaks. Sample SRM 2711.
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by a Ca peak in step I and Fe and Mn peaks in step II. This

can be taken as evidence that the release of Cd and Pb by

CH3COOH and NH2OH �HCl is dependent on the dissolution

of soil solid phase material. This proves that the fraction of

both metals retained by exchangeable soil sites is not as

relevant as the Ca-bound fraction. Therefore, the dynamic

fractionation method should be regarded as appealing ap-

proach for discrimination of soil phase associations taking

into account the lack of selectivity of the three BCR extracting

reagents for a defined soil compartment.

A detailed extractogram also provides further knowledge on

the homogeneity of binding and mobility of metals in the

nominal phases. The surface bound metals would dissolve

earlier than the remaining in the same soil fraction and

generate a distorted peak profile.26 It is clear that the present

approach provides a better way for exploration of metal soil

phase associations that can be of utmost importance to assess

the impact of readily accessible trace elements in environmen-

tal substrates.

3.5 Applicability of the proposed approach for the study of the

elemental associations

Traditionally, metal associations in soil have been ascertained

by investigation of their correlation in soil phases. Due to the

restrictions of the batchwise approach that provides solely a

single value of extractable metals in each fraction, the statis-

tical comparison of the content of metals in a particular phase

of a number of samples is commonly performed.27–29 When

the contents of the elements correlate well, they are considered

to be closely associated. This basis overlooks the fact that

elements extracted in the same extraction step may not have

dissolved simultaneously but at a different timing during that

step. The present approach may thus offer a better evidence of

elemental associations and may more accurately be exploited

for correlation investigations.

Shiowatana et al.21 and Hinsin et al.30 demonstrated the

potential of overlayed extractograms obtained from batch

analysis of extract fractions resulting from continuous-flow

partitioning systems for investigation of metal associations.

Two elements are considered as closely associated if their peak

profiles and shapes coincide with time during a given extrac-

tion step. Elemental associations can be more accurately

detected by on-line ICP-MS interelement comparison as a

consequence of the high temporal resolution of the leaching

profile, as exemplified in this work by overlapping the on-line

extractograms for Cd and Zn. The extraction profiles illu-

strated in Fig. 4 reveal a close association between Cd and Zn

in the acid soluble and reducible fractions, but not in the

oxidizable fraction. The strong overlapping of peak profiles

for Cd and Zn indicates the simultaneous release of these two

elements from the same solid compartment. Extractograms are

not merely applicable to the evaluation of elemental distribu-

tion and soil phase associations, but they can be extended for

the investigation of the homogeneity of solid materials,30

readsorption behavior of trace elements25,31 as well as the

degree of anthropogenic soil contamination.26,32

4. Conclusion

The bi-directional continuous-flow hyphenated technique pro-

posed herein has proven to be an appealing approach for

conducting metal fractionation studies in environmental solid

substrates. The non-steady flow rate during the fractionation

protocol, as detected in former flow-through stirred cell

systems, which hinders the coupling of the extraction units

with atomic spectrometers, can be entirely circumvented by

the alternate change of the flow direction of the extractant.

Based on this concept, partitioning schemes can be carried out

on-line with soil amounts of up to 1 g, thus assuring, as

opposed to previous miniaturized microcolumn systems, sam-

ple representativeness and leaching flow rates of up to 10 mL

min�1. It can therefore be applied to various solid substrates

for evaluation of metal accessibility under fast leaching

conditions.

The hyphenated method offers not only information on

trace element distribution but it constitutes itself as a powerful

analytical tool for research in soil science in order to ascertain

the modes of occurrence and accessibility of metals to biota as

well as the detection of possible anthropogenic point sources.

Thanks to the multielemental detection capacity of ICP-MS,

interelemental comparison for exploration of metal associa-

tions in defined soil geological phases can be performed in a

straightforward manner.

Although the alternate change of extractant flow direction

through the extraction unit and the injection of discrete extract

plugs into the ICP-MS were performed manually in this work,

Fig. 3 Processed extractograms of trace and major elements in SRM

2711, as obtained from the three step BCR sequential extraction

scheme performed in the proposed extraction system in hyphenation

with on-line ICP-MS detection.

Fig. 4 Processed extraction profiles for Cd and Zn in SRM 2711.
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it is also feasible to develop a computer-controlled hyphenated

set-up for fully automated on-line soil processing.
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Abstract

Sequential injection microcolumn extraction (SI-MCE) based on the implementation of a soil-containing microcartridge as external reactor in a
sequential injection network is, for the first time, proposed for dynamic fractionation of macronutrients in environmental solids, as exemplified by
the partitioning of inorganic phosphorus in agricultural soils. The on-line fractionation method capitalises on the accurate metering and sequential
exposure of the various extractants to the solid sample by application of programmable flow as precisely coordinated by a syringe pump.

Three different soil phase associations for phosphorus, that is, exchangeable, Al- and Fe-bound, and Ca-bound fractions, were elucidated by
accommodation in the flow manifold of the three steps of the Hieltjes–Lijklema (HL) scheme involving the use of 1.0 M NH4Cl, 0.1 M NaOH and
0.5 M HCl, respectively, as sequential leaching reagents. The precise timing and versatility of SI for tailoring various operational extraction modes
were utilized for investigating the extractability and the extent of phosphorus re-distribution for variable partitioning times.

Automatic spectrophotometric determination of soluble reactive phosphorus in soil extracts was performed by a flow injection (FI) analyser based
on the Molybdenum Blue (MB) chemistry. The 3σ detection limit was 0.02 mg P L−1 while the linear dynamic range extended up to 20 mg P L−1

regardless of the extracting media. Despite the variable chemical composition of the HL extracts, a single FI set-up was assembled with no need
for either manifold re-configuration or modification of chemical composition of reagents.

The mobilization of trace elements, such as Cd, often present in grazed pastures as a result of the application of phosphate fertilizers, was also
explored in the HL fractions by electrothermal atomic absorption spectrometry.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Sequential injection; Dynamic fractionation; Inorganic phosphorus; Soil

1. Introduction

Phosphorus is an essential nutrient supporting the plant
growth but it is also considered as a core factor for the eutroph-
ication of rivers and lakes [1,2]. Accurate determination of
inorganic phosphorus in natural waters and environmental solids
is a current topic of major concern since this species is gen-
erally regarded as the limiting nutrient for biota growth. The

∗ Corresponding author. Tel.: +34 971 259576; fax: +34 971 173426.
∗∗ Corresponding author. Tel.: +45 4525 2346; fax: +45 4588 3136.

E-mail addresses: manuel.miro@uib.es (M. Miró), ehh@kemi.dtu.dk
(E.H. Hansen).

quantitation of phosphorus in soils is aimed, for example, at
the evaluation of the optimum soil phosphorus concentration
required for plant growth; the determination of the phospho-
rus supplying capacity of soils according to the parental rocks;
and most recently, the identification of scenarios where the
prolonged application of superphosphate fertilizers might con-
tribute to point source of trace element pollution.

In the geochemical, ecological and environmental fields,
there has been an increasing interest for the chemical and physi-
cal characterization of the different forms of phosphorus in soils
and sediments in order to determine the bioavailable fraction.
A common route to estimate the stock of potentially accessible
forms is to fractionate phosphorus according to the extractabil-
ity by leaching reagents of increasing aggressiveness [3–8].

0003-2670/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2006.03.114
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Sequential extraction techniques are traditionally conducted in
a batch end-over-end fashion, which is rather laborious, tedious,
time consuming and it is subjected to several potential errors
including risks of contamination due to sample manipulation and
underestimation of given fractions due to re-adsorption phenom-
ena. Although naturally occurring processes inherently always
are dynamic, batchwise extraction are nevertheless routinely
performed with particular leaching agents for extended periods
of time to ensure the establishment of steady-state conditions
between the solid and liquid phases.

In order to alleviate these drawbacks, recent trends have been
focused on the development of on-line extraction protocols.
A number of research groups have directed their efforts into
the characterization of dynamic fractionation systems, mostly
involving continuous flow or flow injection approaches [8–15],
where fresh portions of extracting reagents are continuously
delivered to small containers or microcartridges containing the
solid material. This approach offers enhanced information on the
fractionation procedure as regards to the kinetics of the ongoing
leaching process, chemical associations between elements and
size of pools available under environmentally changing scenar-
ios.

Tiyapongpattana et al. [8] reported a continuous flow method
for sequential fractionation of inorganic phosphorus based on
the principle of stirred flow cells. Soil samples are extracted in a
closed extraction chamber furnished with a glass microfiber filter
by the action of leaching reagents that are continuously propelled
forward by means of a peristaltic pump. Besides its simplicity,
the continuous flow system features a significant reduction in
extraction time as compared with conventional batch protocols.
However, the proposed configuration is not sufficiently rugged
for on-line dynamic sequential extractions owing to the insta-
bility of the flow rate occasioned by the clogging of the in-line
filter. In addition, the large dimensions of the sample container
hinder appropriate resolution of the extraction profile.

The inherent shortcomings of stirred flow cell configurations
are to be overcome by exploiting sequential injection micro-
column extraction (SI-MCE) [16], that should be regarded as a
simple, robust and expeditious technique for ascertaining the
fractional distribution and binding sites of specific elements
in solid samples. The automated sequence comprises the con-
secutive aspiration of the individual extractants from different
external ports of the valve, which, via flow reversal, sequentially
are exposed to the solid sample as contained in the microcar-
tridge attached externally to one of the port positions. To the
best of our knowledge, SI-MCE has been merely utilized for
exploration of the mobility and availability of trace metals in
soils [16–18], but, so far, no work has been reported on the
potential applicability to macronutrient fractionation.

Amongst the various operationally defined sequential
extraction procedures for the determination of phosphorus
forms in environmental solids, the Williams et al. [19] and
Hieltjes–Lijklema (HL) [3] schemes have been commonly
adopted as routine methods. Even though the former has been
taken as a working basis for the harmonized protocol of the
Standard, Measurement and Testing (SM&T) Program of the
Commission of the European Communities [20], its adaptability

to flow systems for on-line fractionation is rather cumbersome
because of the single extraction nature of the several steps.
Hence, the sequential HL method, which is established as the
standard within the field of limnology for phosphorus fractiona-
tion [21] was herein selected for on-line SI-MCE. This scheme
addresses three inorganic forms of phosphate, that is: (i) the frac-
tion retained by exchange sites, (ii) the fraction associated with
aluminium and iron oxyhydroxides and (iii) the calcium-bound
fraction, generally referred to as apatite-phosphate.

In dynamic extraction approaches, in contrast to conven-
tional fractionation protocols, a plethora of extract solutions
are generated, thereby rendering rather time consuming pro-
cedures when performing the extract analyses in a batchwise
mode [8,9,11,16,17]. This work was therefore also aimed at
the development and characterization of an FI system based
on Molybdenum Blue (MB) complex formation for automatic
and rapid analysis of HL extracts. It should be noted that
FI has been primarily utilized as an analytical tool for mon-
itoring dissolved reactive phosphorus in freshwater systems
[22–30], yet only a few papers have dealt with soil extract
analysis [31–34].

2. Experimental

2.1. Apparatus

An FIAlab-3500 flow injection/sequential injection system
(Alitea, USA) equipped with an internally incorporated 10-port
multiposition selection valve (SV) and a syringe pump (SP,
Cavro, Sunnyvale, USA) with a capacity of 5 mL was used. The
SI-system was computer controlled by the associated FIAlab
software. The extraction microcolumn was connected within the
SI-system as an external module as shown in Fig. 1a and b. All
outlets of the SV were connected through PEEK ferrules with
rigid PTFE tubing (0.5 mm i.d.). The central port of the SV was
connected to the SP via a holding coil (HC1), which consisted
of a 5 m long PTFE tubing (0.8 mm i.d.), with an inner volume
of ca. 2.5 mL. The holding coil for the extracts in Fig. 1b was
also made of PTFE (HC2, 2.5 m long, 1.0 mm i.d.).

The FI manifold devised for determination of orthophosphate
in the SI-MC soil extracts is depicted in Fig. 2. The flow sys-
tem is composed of two low-pulsation multichannel peristaltic
pumps with rate selector (Type IPS-4, Ismatec, Zurich, Swizer-
land) used for reagents/sample propulsion and sample loading,
respectively. The flow rates of the various streams as well as
the optimum dimensions of the reaction coils for heteropoly-
acid complex formation and reduction by tin(II) chloride are
shown in the figure. A minute volume of extract (viz., 25 �L)
is injected into the flow network via a six-port rotary injection
valve (Rheodyne, Type 5041). An UV–vis spectrophotometer
(Jenway, Model 6300, UK) equipped with a 10 mm optical path
flow-through cell was set at 690 nm and connected to a chart
recorder (Radiometer, Model Rec 80 Servograph, Denmark) for
monitoring of the molybdenum blue complex.

Determination of the concentration of cadmium in the HL
fractions was performed by a Perkin-Elmer 2100 Electrother-
mal Atomic Absorption Spectrometer (ETAAS) equipped with
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Fig. 1. Schematic diagrams of the sequential injection microcolumn set-ups for
dynamic fractionation of inorganic phosphorus in soils as exploited for: (a) uni-
directional and stopped flow and (b) bi-directional flow extraction. SP, syringe
pump; SV, selection valve; HC1 and HC2, holding coils.

deuterium background correction, following manufacturer rec-
ommendations [35]. One microgram of Pd(NO3)2 was utilized
as a matrix modifier.

2.2. Microcolumn assembly

The dedicated extraction microcolumn exploited in this work
has been described in detail elsewhere [16,18]. Made of PEEK,
it comprises a central dual-conical shaped sample container for
facilitating fluidized-bed like mixing conditions. The entire unit
is assembled with the aid of filter supports and caps at both ends.
The membrane filters (Millipore, FluoroporeTM filter, 13 mm

Fig. 2. Flow injection manifold for automatic monitoring of orthophosphate in
soil extracts resulting from the Hieltjes–Lijklema scheme. R1, 2.4 g L−1 tartaric
acid; R2, 12 g L−1 ammonium molybdate in 0.6 M H2SO4; R3, 0.3 g L−1 tin(II)
chloride + 1.88 g L−1 hydrazinium sulphate in 0.5 M H2SO4.

diameter, 0.45 �m pore size) used at both ends of the extrac-
tion microcolumn allowed solutions and leachates to flow freely
through but retained particulate matter.

2.3. Preparation of reagents

All glassware used was previously rinsed with 25% (v/v) con-
centrated nitric acid/water in a washing machine (Miehle, Model
G 7735 MCU, Germany) and afterward rinsed with Milli-Q
water. All chemicals were of analytical-reagent grade and Milli-
Q water was used throughout. The various chemicals employed
in this work are detailed as follows.

2.3.1. Standard solutions
A stock standard solution of orthophosphate (100 mg P L−1)

was prepared by dissolving 0.4392 g of KH2PO4 (Merck) in
water and making up to a final volume of 1000 mL with Milli-Q
water. The stock standard solution of cadmium (1000 mg L−1)
for AAS was purchased from Merck. Working standard solutions
of P and Cd were obtained by stepwise dilution of the stock
solutions.

2.3.2. Leaching reagents for sequential extraction
The chemicals utilized in the HL sequential extraction

scheme are the following:

Step 1 1.0 M NH4Cl adjusted at pH 7 with NH4OH,
Step 2 0.1 M NaOH,
Step 3 0.5 M HCl,

which were aimed at stripping the labile, Fe- and Al-bound, and
Ca-bound phosphorus fractions, respectively.

2.3.3. Reagents for flow injection analysis
According to the schematic diagram depicted in Fig. 2, R1 is

composed of 2.4 g L−1 tartaric acid solution (Aldrich) in Milli-Q
water, R2 involves 12 g L−1 ammonium molybdate (Riedel-de-
Haën) in 0.6 M H2SO4 (Merck) and R3 comprises 0.3 g L−1

SnCl2 (Merck) in 0.5 M H2SO4. The latter chemical also con-
tains 1.88 g L−1 hydrazinium sulphate (J.T. Baker) for reagent
preservation, whereby the combined solution is stable for, at
least, 2 weeks.

2.4. Soil sample

A soil certified reference material from the National Insti-
tute of Standards and Technology, namely SRM 2711, was used
for method validation. The soil material was collected from the
tilled layer of a wheat field (MT, USA). It is a moderately con-
taminated pasture soil that was oven-dried, sieved and blended
to achieve a high degree of homogeneity, the total concentration
being certified for a number of elements, including phosphorus.
The custom-built microcartridge was packed with 50 mg soil,
thereby matching the sample weight endorsed in the batchwise
HL scheme. Under these conditions, the free column volume
(FCV) was estimated to be 250 �L.



J. Buanuam et al. / Analytica Chimica Acta 570 (2006) 224–231 227

2.5. Dissolution of soil residues

A closed-vessel microwave digestion system (Anton Paar
Model Multiwave 3000, Austria) was used for digestion of
residues after on-line fractionation. Residues from the extraction
microcolumn were transferred to glass vessels as water slurries
together with 2.0 mL of HNO3 (65%, Merck) and 6.0 mL of
HCl (30%, Merck). The vessels were then tightly sealed and
subjected to a microwave digestion, according to manufacturer
recommendations (1400 W, 30 min). After cooling, the digested
solutions were made up to appropriate volume with Milli-Q
water, and the content of orthophosphate was determined
by spectrophotometry using a batchwise standard addition
method.

2.6. Operational sequences for sequential injection
microcolumn extraction

In this study, three applicable modes for the SI-MCE, that
is, the uni-directional and stopped flow (see Fig. 1a) and the bi-
directional flow (Fig. 1b), were investigated for inorganic phos-
phorus accessibility from soils. In all procedures, a maximum
of 45 mL of each extractant was used. In order to avoid undue
backpressure during extractant loading in those protocols involv-
ing flow reversal, merely 1 mL aliquots were manipulated at a
time in the system using an air-sandwiched fashion. The com-
plete sequential extraction procedure of the three approaches is
described below.

2.6.1. Uni-directional flow
Before initialization of the extraction cycle, a 900 �L air plug

is aspirated from port 3 of SV into HC1. Afterward, SP is set
to aspirate 1.00 mL of 1.0 M NH4Cl from port 4 into HC1 at a
flow rate of 50 �L s−1, whereupon the extractant and air plugs
are pushed forward at the same rate through the microcolumn,
allowing extraction to take place. For each five cycle runs, the
extracts from the microcolumn are collected in a separate plas-
tic vial, thus totally amounting to nine 5 mL subfractions for a
complete set. Prior to continuing with the ensuing HL extraction
step, a washing protocol is implemented by sequential aspira-
tion of 900 �L of air and 1.00 mL of H2O into HC1 which, via
flow reversal, are delivered through the sample container into the
fraction collector. This run is repeated five times. The amount
of phosphorus leached in the cleansing step is summed to the
content of the subfractions collected in the previous extraction.
Thereafter, the next extractant (viz., 0.1 M NaOH or 0.5 M HCl)
is automatically aspirated from the respective valve port and
the collection of nine 5 mL subfractions repeated until all three
leaching steps have been completed.

2.6.2. Stopped flow
The system operation was similar to that of the uni-directional

flow procedure, except for the inclusion of an ancillary stopped
flow stage. Here, a 900 �L air plug and 250 �L of extractant
(that matches the free column volume) are consecutively pulled
inwards into HC1 at 50 �L s−1, the leaching reagent being dis-
pensed afterwards via port 7 into the microcolumn where it

remains halted for 30 s. Afterwards, the air segment in HC1 is
dispensed forward to flush the leachant from the column into the
fraction collector. The stopped flow mode is only programmed
for the first step of the HL scheme, which estimates the loosely
bound phosphorus fraction, in order to assess the possible re-
adsorption of the target analyte on active soil sites. The extraction
procedure was repeated with 20 cycle runs for each subfraction,
thus amounting to a total of 9 subfractions for each set.

2.6.3. Bi-directional flow
SP is set to aspirate consecutively 900 �L of air and 1.00 mL

of 1.0 M NH4Cl into HC1 at a flow rate of 50 �L s−1. The
entire extractant plug is then delivered through the soil column
at 50 �L s−1 and becomes positioned in HC2. Thereafter, the
extract is aspirated backwards through the column and via the
central port into HC1, and then finally dispensed to the collection
vial attached to port 2. Again, the leaching process is repeated
with five cycle runs for each subfraction, and totally nine sub-
fractions for each set. Just as the stopped flow approach, this
operational mode is merely applied to the first step of the HL
scheme.

The amount of orthophosphate collected in the various sub-
fractions was determined by flow injection spectrophotometry
using the manifold depicted in Fig. 2. Accurate determination
of trace concentrations of cadmium released during application
of HL method was conducted by ETAAS via direct injection of
20 �L extracts.

3. Results and discussion

3.1. Configuration of the sequential injection microcolumn
system for fractionation of inorganic phosphorus

Although originally conceived for automated liquid phase
analysis, the scope of SI has been recently expanded to the on-
line handling of solid materials [16–18], which is a consequence
of its inherent flexibility for accommodating external modules
into the flow network. Yet, there is still place for the improvement
for the various SI operational extraction modes, that is, uni-
directional, bi-directional and stopped flow-based fractionation.
Even though SI is a discontinuously operating flow approach,
a truly forward flow fractionation scheme has been designed in
this work. This is carried out by sandwiching metered volumes of
extractant between discrete air plugs, thus preventing a portion
of the leaching reagent to reside in the sample line in intimate
contact with the packed soil during loading of the next leachant
zone into HC1. Therefore, the contact time is identical for the
entire segment in each run of the iterative multiple-step protocol.
In addition, the inexistence of a concentration gradient in HC1
is assured by hindering the dispersion of the aspirated reagent
plug into the carrier solution.

As opposed to earlier works [16,17], there is no need for
re-configuration of the SI-manifold for the bi-directional flow
approach. This is circumvented by replacement of the pre-valve
microcolumn arrangement for an in-valve column attached con-
figuration (see Fig. 1b). Improvement of the stopped flow mode
is made by calculating the free column volume of the soil-packed
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Fig. 3. Sequential injection extractograms of inorganic phosphorus in SRM 2711
as obtained from the application of three different operational modes for the step
I of the Hieltjes–Lijklema scheme: uni-directional flow (�); bi-directional flow
(�); stopped flow (�). Subfraction volume: 5 mL.

container and programming the liquid driver for accurate deliv-
ery of consecutive FCVs of extractant through the microcolumn
prior to halting the flow in each single step of the analysis
cycle.

In all cases, analysis of SI-MC extracts is conducted off-line
because of the likelihood of effecting multiparametric sequen-
tial determinations of macronutrients and trace elements in each
subfraction by spectrophotometry and atomic absorption spec-
trometry, respectively.

3.2. Sequential injection microcolumn for investigation of
phosphorus re-adsorption

In sequential extraction techniques, aside from the non-
selectivity of the extractant solutions, a crucial issue to be inves-
tigated is the extent of re-adsorption of leached elements onto
the remaining solid phases during the time span of the extrac-
tion, which causes the underestimation of bioavailable fractions.
Taking into account the versatility of movements of the syringe
pump, the potential re-distribution of phosphorus during par-
titioning can be thoroughly studied by critical comparison of
experimental data provided by the three aforementioned extrac-
tion modes for SI-MCE. It should be noted that the longer the
intimate contact time between solid and leachant is, the higher
becomes the probability that re-adsorption might occur. There-
fore, the extraction time should be reduced to the extent possible
[36], yet, a compromise should be reached regarding leaching
kinetics for the targeted phases. Hence, the uni-directional flow,
where the sample is continuously subjected to fresh extractant
volumes (text = 5 s) is expected to be free from re-adsorption as
opposed to the bi-directional and stopped flow alternatives where
the extracts remain longer (text = 10 and 35 s, respectively) with
the undissolved solid.

Fig. 3 shows the extractograms (graphical plots of extractable
amounts versus subfraction number) recorded for the forward
flow, bi-directional and stopped flow modes for the first step of
the HL protocol. The investigation was restricted to the read-
ily bioavailable phosphorus fraction because the re-distribution
phenomenon is generally pronounced when employing mild
extractants [37].

The fraction of exchangeable phosphorus determined
by the uni-directional, bi-directional and stopped flow
modes amounted to 0.0045± 0.0005, 0.0039± 0.0001 and
0.0043± 0.0007 mg P L−1, respectively. The inexistence of sig-
nificant differences at the significance level of 0.05 revealed that
the re-adsorption was negligible for this particular solid mate-
rial. This is attributed to the lack of selectivity of NH4Cl, which
is capable of removing partially carbonates from soil, thereby
eliminating potential surfaces for phosphorus fixation [3,38].
The extraction patterns in Fig. 3 showed a dependence of the
partitioning mode with the extraction rates, the highest rates
being observed for the stopped flow approach.

3.3. Optimization of a flow injection system for monitoring
of inorganic phosphorus in HL soil extracts

Two recent reports [31,39] have addressed the automatic
determination of MB-reactive phosphorus in soil solutions
resulting from batchwise fractionation via flow-based systems,
namely FI and all injection analysis. However, Tiyapongpattana
[39] claimed that it was a requirement to replace the carrier solu-
tion for each extractant medium to minimize the Schlieren effect,
and Amornthammarong et al. [31] found that it was also required
to adjust the concentration of sulphuric acid in the ammonium
molybdate solution for the different leachant solutions. In this
work, these flow manifolds were modified in order to design
a simple set-up capable of admitting high electrolyte solutions
as well as acidic and alkaline samples resulting from the HL
scheme without changing neither the configuration of the system
nor the chemical composition of the various streams. Schlieren
effects were minimized by a 10-fold reduction of the sample vol-
ume used as compared to the earlier assembly [39] and a slight
increase in residence time, thus promoting better axial mixing
between the minute, well-defined volume of extract and the car-
rier solution (water) on their way towards the detector. On-line
quantitation of soluble reactive phosphorus relies upon reaction
of the target species with acidic molybdate to form molyb-
dophosphoric acid which is subsequently reduced by tin(II)
chloride to yield the blue-colored MB compound. Although the
on-line formation of molybdosilicate is precluded by increasing
the acidity of the reaction medium, the higher the acidity the
lower the method’s sensitivity due to the slow development of
the reaction for molybdophosphate formation. Thus, the recom-
mended concentration of sulphuric acid in the heteropolyacid
forming reagent [39] was reduced from 1.0 to 0.6 M. The
detection and determination limits for the optimized FI set-up at
the 3 and 10σ levels were 0.02 and 0.09 mg P L−1, respectively,
regardless of the extraction medium, while the linear dynamic
range extended up to 20 mg P L−1. Actually, the tolerance of the
flow injection method to metasilicate in 0.1 M NaOH, and in the
presence of tartaric acid as a masking agent, is ca. 500 mg Si L−1.
Taking into account that silicate forms are hydrolysed, and
thus mobilized, in alkaline solutions, and that the maximum
available amount of silicon in SRM 2711 is merely 15 mg,
the proposed method offers suitable selectivity for spectropho-
tometric monitoring of inorganic phosphorus in the selected
material.
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Table 1
Comparison of extractable amounts of inorganic phosphorus in SRM 2711 using the Hieltjes–Lijklema fractionation scheme as obtained with sequential injection
microcolumn extraction and continuous flow stirred flow cell-based approaches

Flow-through method Phosphorus content (%w/w)

1.0 M NH4Cl 0.1 M NaOH 0.5 M HCl Residue Sum Certified value

Continuous flow [8] 0.0189± 0.0006 0.0077± 0.0004 0.0413± 0.0006 0.0085± 0.0004 0.0764± 0.0011 0.086± 0.007
Sequential injection

microcolumna (this work)
0.0045± 0.0005 0.0093± 0.0010 0.0373± 0.0018 0.0275± 0.0048 0.0786± 0.0052

a Results are expressed as the mean of five replicates± standard deviation.

3.4. Accuracy of the proposed system and critical
comparison of the analytical performance of SI-MCE with
that of continuous flow systems

To evaluate the accuracy of the SI-MC system for phosphorus
fractionation, a grazed soil with low organic phosphorus content,
that is, the SRM 2711 Montana soil, was selected. Table 1 lists
the amounts of orthophosphate extracted by on-line dynamic
SI-MCE, which are compared with those recently reported for
the same solid substrate using a continuous flow manifold with
a stirred flow chamber [8]. The total phosphorus concentra-
tion obtained by summation of the entire set of fractions plus
residue in SI-MCE showed a good agreement with the certified
value and that obtained by fraction summation in the stirred flow
cell method. Nevertheless, a significant difference in available
phosphorus was distribution was found for the loosely bound
fraction between the SI and the continuous flow method. This
discrepancy is attributed to the different operationally defined
extraction conditions for both procedures, such as, e.g., the par-
titioning time, and the non-selectivity of NH4Cl for the targeted
phase. In fact, the residence time of an extractant plug within
the stirred chamber amounted to 120 s versus merely 5 s for the
uni-directional SI-MC fashion. The shorter residence time in
the proposed system would concurrently minimize the stripping
of matrix ingredients which might potentially interfere in the
determination step. Actually, while the standard addition method
was mandatory for the determination of soluble reactive phos-
phorus in the NaOH and HCl extracts in the continuous flow
system [8] owing to the poor performance of calibration pro-
tocols involving matrix matching with the pertinent extracting
reagent, no multiplicative interferences were found in SI-MCE,
whereby a straightforward external calibration approach with
matrix matching was adopted.

The lack of selectivity of NH4Cl for the exchangeable phos-
phorus fraction is occasioned by the capability of the reagent for
attacking iron and aluminium hydroxy phosphate minerals, i.e.,
strengite and variscite, as a function of the contact time between
solid and liquid phases [40]. This explains the overestimation of
labile phosphorus and underestimation of aluminium- and iron-
bound phosphorus in the continuous flow system as compared
to SI-MCE (see Table 1).

The analytical performance of both batchwise and flow-
through dynamic methods for fractionation of inorganic phos-
phorus according to the HL scheme is detailed in Table 2. The
totally enclosed continuous flow system speeds up the extraction

process as a result of the steady renewal of the leaching solutions
and minimizes the risk of personal errors and contamination due
to the avoidance of manual phase separations. Yet, the major
problem posed by the application of continuous fractionation
using stirred flow cells is the large dead volume of the sample
container. Thus, a five-fold increase in soil amount versus batch
fractionation is necessitated for attaining detectable signals due
to the inherent dilution of released species. In addition, a larger
consumption of reagents is concomitantly entailed for extrac-
tion until completion (≥300 mL versus 50–100 and 25–30 mL
in batch and SI-MCE, respectively, for a single fraction). In fact,
the stirred flow cell method was not deemed sensitive enough
to be coupled to FI, for which reason the extracts were analysed
by batch spectrophotometry. Furthermore, the fraction volumes
collected in the continuous flow system, namely 60 mL, were
12-fold higher than those of SI-MC fractionation. The tempo-
ral resolution of the former method is therefore inappropriate
for a detailed insight into leaching kinetics and phosphorus
distribution in the soil phases, and only averaged leachable con-
centrations can be estimated. Finally, the instability of flow rates
in the flow cell arrangement as a result of the pulsed flow of
the peristaltic pump and blockage of the membrane filter with
colloid particles, especially in the NaOH extraction step, was
circumvented in SI-MCE by the novel design of the sample con-
tainer and the ruggedness of the liquid driver.

Table 2
Analytical performance of batchwise and dynamic extraction methods based on
Hieltjes–Lijklema scheme for fractionation of inorganic phosphorus in soils

Condition/parameter Batch Dynamic extraction

Continuous flow SI-MCE

Sample (g)/extractant (mL) 1/1000 1/40a 1/5b

Extractant volume (mL)
NH4Cl fraction 2× 50 540 25
NaOH fraction 50 300 30
HCl fraction 50 300 30

Extraction time per sample (h) 45c 3.8 2.1
Operational time for extract

analysis (min)
20d 120e 20f

a Calculated as the ratio between sample weight and container volume.
b Calculated as the ratio between sample weight and free column volume.
c The length of the manual solid–liquid separations is not included.
d Only three extracts are analysed for the three-step fractionation procedure.
e The extracts containing NaOH and HCl extracted P are analysed by the

standard addition method.
f The entire set of extracts is analysed by external calibration.
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3.5. Applicability of Hieltjes and Lijklema scheme for
cadmium fractionation in soil

Phosphorus is added to pasture soils by direct application
of either reactive phosphate or acidulated rocks in the forms of
single superphosphate, triple superphosphate or diammonium
phosphate. These fertilizers contain varying concentrations of
Cd depending on the particular phosphate mineral used as a raw
material for their manufacture [41]. The Cd content of phosphate
rocks varies widely, with the phosphate rocks of sedimentary ori-
gin having a very high concentration of Cd, and those of igneous
origin having very low concentrations. The continuous use of
fertilizers over a long time period might cause an undesired
accumulation of Cd to levels above the maximum permissible
concentrations set by regulatory authorities concerning human
health. The impact of such fertilizers contaminated with trace
elements, such as Cd, on the environment can be ascertained by
sequential extraction. A multitude of partitioning schemes have
been launched for evaluating the origin, mode of occurrence and
mobility of trace elements in natural environments [37,42–45].
The potential applicability of the HL scheme to elucidate soil
phase chemical associations not only for phosphorus but also
for trace elements is, however, for the first time, investigated in
this work. In fact, the HL procedure confines certain analogies
with the well-established three-step fractionation scheme of the
SM&T of the EU [45]. The first and third steps of HL, that
involve the stripping of the exchangeable pools and phosphorus
bound to calcium or adsorbed on calcium carbonate, are compa-
rable with the first step of the SM&T protocol (i.e., acid soluble
fraction) in terms of the nature of the soil phases solubilized. In
fact, the summation of extractable Cd in SRM 2711 in steps I
and III of the HL scheme performed in an MCE uni-directional
flow fashion amounted to 37.9± 1.1 mg Cd kg−1, which corre-
lates well with the acid soluble Cd (viz., 36.2± 0.6 mg Cd kg−1)
as obtained from the step I of the SM&T protocol effected in
a batchwise mode [46]. This good agreement between batch
and flow-through partitioning methods is expected for labile,
readily leachable elements, such as Cd. It should be also noted
that the HL scheme offers, as opposed to SM&T, the possi-
bility of discrimination of geologically relevant fractions (viz.,
exchangeable and acid soluble) which are of particular inter-
est for readily mobilisable elements. The fractional distribution

Fig. 4. Sequential injection extractograms of P and Cd in SRM 2711 as obtained
from the application of Hieltjes–Lijklema scheme using the SI-MCE system in
a uni-directional flow fashion. Subfraction volume: 5 mL.

and extraction profiles of cadmium and phosphate using the HL
protocol are schematically illustrated in Fig. 4. From the extrac-
tograms, it is feasible to discern the weakly adsorbed cadmium,
probably as a free metal ion or chlorocomplex on ionic sites (step
I in HL) from the cadmium carbonate (step III in HL) resulting
from the isomorphic substitution of Ca by Cd in calcite minerals.
The current impact of other potentially toxic elements in rock
phosphates [47] such as As, Pb, Cr, Zn, Hg and F, which can
be made available concurrently with phosphorus under environ-
mentally changing conditions, might analogously be assessed
via the HL partitioning method effected in a dynamic fashion.

4. Conclusion

The sequential injection microcolumn concept has been pre-
sented as a unique alternative to the batchwise and continuous
flow counterparts for automatic fractionation of inorganic phos-
phorus in environmental solids. As opposed to previous flow-
based approaches, the proposed SI-method features enhanced
ruggedness and significant reduction of reagent consumption
besides being characterized by rapidity, ease of operation and
improved temporal resolution. The operational procedure and
the configuration of the SI-MC system have been designed
for on-line microfluidic handling of the HL leachant solutions
and accurate control of partitioning time by exploiting pro-
grammable flow.

Bearing in mind the capability of SI to accommodate sev-
eral operational fractionation modes in a dynamic fashion, i.e.,
uni-directional, bi-directional and stopped flow, the potential re-
distribution of phosphate for a particular extracting reagent can
be assessed in a fully automated manner. In addition, a single
flow injection system was assembled for facilitating the analy-
ses of the HL extracts using the MB chemistry regardless of the
composition of the extracting media.

The HL scheme, which offers enhanced phase resolution for
readily mobilisable elements with respect to the harmonized
SM&T protocol, was also utilized for the fractional distribution
of cadmium in soils exposed to contamination via phosphate fer-
tilizers. Experimental results revealed that both cadmium and
phosphorus are predominantly bound to the calcium carbon-
ate phase for the pasture soil (SRM 2711) analysed. Further
research is being currently conducted in our group to exploit
novel flow-based techniques, such as multicommutation flow
analysis, multi-pumping flow analysis and multisyringe flow
injection analysis, for on-line treatment of the multiple extracts
obtained sequentially via dynamic SI-MC fractionation.
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Fractionation and elemental association of Zn, Cd, and Pb in soils near Zn mining areas were studied using
a continuous-flow sequential extraction approach. The recently developed sequential extraction procedure
not only gave fractional distribution data for evaluation of the mobility or potential environmental impact of
the metals, but also the extraction profiles (extractograms) which were used for study of elemental
association. In addition, the elemental atomic ratio plot extractogram can be used to demonstrate the degree
of anthropogenic contamination. Seventy-nine soil samples were collected in the vicinity of a Zn mine and
were fractionated into 4 phases i.e. exchangeable (F1), acid soluble (F2), reducible (F3) and oxidizable (F4)
phases. Most samples were contaminated with Zn, Cd and Pb. The reducible phase is the most abundant
fraction for Zn and Pb (450%) while Cd is concentrated in the first 3 extraction steps. The distribution
patterns of Cd were obviously affected by soil pH. 55% of Cd appears predominantly in the F1 fraction for
acidic soils while in neutral and alkaline soils, it was mostly (70%) found in the F2 þ F3 fractions. The
extractograms obtained from the continuous-flow extraction system revealed close association between Zn,
Cd, Pb and Fe in the acid soluble phase, Cd–Pb and Zn–Fe in the reducible phase for contaminated soils. A
correlation study of the 3 metals using a correlation coefficient was also performed to compare the results
with the elemental association revealed by the extractograms. Atomic ratio plot extractograms of Zn/Fe, Cd/
Fe and Pb/Fe in the reducible phase, where contaminated metals are predominant, can be used to evaluate
the degree of anthropogenic contamination. From the elemental atomic ratio plot, it is obvious that the
contaminants Cd and Pb are mostly adsorbed on the surface of Fe oxides. Zn, which is present in an
approximately 1 : 1 ratio with Fe in contaminated soils, does not show a similar trend to that found for
Cd and Pb.

Introduction

To understand the issue of metal contamination and its effect
on ecosystems and living organisms, not only its occurrence
but also its behavior in soil has been of particular interest. At
present, it is recognized that the distribution, mobility and
bioavailability of heavy metals depends not only on their total
concentration but also on their forms in the solid phase to
which they are bound. A sequential extraction technique is
widely used to fractionate metals in solid samples due to their
leachability.1–4 This technique makes use of suitable chemical
reagents which are applied in a given order to the sample to
sequentially leach metals of different phases. The reagents used
are dependent on the goals pursued and on the physical
characteristics of the sample.

Sequential extraction procedures are mostly performed in a
batch procedure. Recently, our group has developed a contin-
uous-flow extraction system for sequential extraction5 which
has shown many advantages compared to a batch method. The
flow system has the benefits of simplicity, rapidity, less risk of
contamination, possibility for automation and provision of
kinetic leaching information. In this report, the system was
applied to soil samples taken from near a Zn mining area in
Tak Province, Thailand. The first objective of the study is to
examine fractionation of metals in soil samples resulting from
Zn mining activities. Since the continuous-flow extraction can
provide extractograms of kinetic leaching of elements, it is the
second aim of this work to use the extractograms to study the
chemical associations in soil fractions and to evaluate the

degree of anthropogenic contamination. Finally, the mobility
and potential bioavailability of Cd in the soil was studied by
investigation of the correlation between Cd in rice grain and
Cd in specific fractions.
The environmental problems resulting from Zn mining have

been reported in many parts of the world such as Derbyshire in
central England6 and in southern Poland.7,8 In those areas, a
number of elements associated with Zn or Pb mineralization
have been found to be highly elevated in soil contaminated by
mining operations. Soils from the vicinity of a Zn/Pb mining
and smelting complex in Poland were found to contain high
total concentrations of Zn, Pb and Cd: 234–12 400; 42–3570;
2–73.2 mg kg�1, respectively.8

Associations of heavy metals with Zn ore have been re-
ported. Zn, Cd and Pb minerals often occur together because
they have similar chemical behavior and they are often found
to combine with sulfur as primary minerals.9 Other heavy
metals found as common impurities in Zn ores are Mn, Hg,
Ge, Ag in sphalerite; Fe, Co, Cu, and Mn, in smithsonite and
Mn and Fe in zincite.10,11

Chemical partitioning of heavy metals (Pb, Zn and Cd)
in soils contaminated by past Zn/Pb mining and smelting
activities was investigated by Li and Thornton.12 They
found that the main chemical phases of Pb are carbonates
(24–55%) and Fe–Mn oxides (30%). Zn was found to be
strongly associated with the Fe–Mn oxides (30%) and residual
fractions (50%). For Cd, the exchangeable, carbonate and
Fe–Mn oxide phases account for more than 70% of the total
Cd content.
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In metal bioavailability studies of contaminated soil, it is
generally accepted that metal bioavailability in soils depends
on many factors. These factors are not completely understood
and simple relationships are seldom found in natural soil
systems between plant metal levels and total metal concentra-
tions in soil.13–15 In some investigations, correlations between
specific metal fractions and plant metal contents were found.
For example, in soils that had been amended with composted
or liquid sewage sludge it was found that Zn in exchangeable
and oxidizable fractions had a strong correlation with Zn in the
leaves of barley (Hordeum vulgar).16 A simple relationship
existed between Co in the exchangeable fraction and the Co
concentration in winter wheat (Triticum aestivum L.) and
alfalfa (Medicago sativa L.) while the adsorption of Ni, Cu
and Pb by plants could be predicted by a stepwise multiple
regression procedure.17 These studies show the possibility for
using sequential extraction data to evaluate the correlation
between metals in soil and plant uptake. Therefore, the rela-
tionship between plant uptake of metals and the metal con-
centration in some fractions was also investigated.

Experimental

Chemicals and apparatus

All chemicals used were of analytical grade. Multi-element
stock solution for ICP-MS (AccuStandard, Inc. CT, USA) has
been used for the preparation of standard solutions. Before
use, all glassware and plastic containers were cleaned and
soaked in 10% (v/v) HNO3 for at least 24 h, followed by
rinsing three times with ultra pure water.

Inductively coupled plasma mass spectrometry (ICP-MS,
Perkin Elmer ELAN 6000) was used for the elemental deter-
mination of extracts.

Sample under investigation

Seventy-nine top soil samples (0–10 cm) near a Zn mining area
in Tak Province, Thailand were sampled. All the samples were
then sieved through a 2 mm sieve and milled in an agate mortar
to fine particles, to obtain good homogeneity, which were used
in the chemical analysis. Soil pH, soil texture and % organic
matter (%OM), determined by the Walkley and Black meth-
od,18 of the samples investigated are given in Table 1. The soil
samples studied were slightly acidic, neutral or alkaline. Most
samples (69 samples) had a %OM between 1.5–3.5%. Their
textures were sandy loam, loam, sandy clay loam or clay loam.

Fractionation scheme

The modified Tessier sequential extraction scheme4,19 was
carried out using the following solutions:

Step 1 (F1): 0.01 M Ca(NO3)2 (exchangeable fraction)
Step 2 (F2): 0.11 M CH3COOH (acid soluble fraction)
Step 3 (F3): 0.04 M NH2OH �HCl adjusted to pH 2 with

HNO3, 85 1C (reducible fraction)

Step 4 (F4): 8 : 3 v/v (30% H2O2 : 0.02 M HNO3), 96 1C
(oxidizable fraction)
Step 5 (F5): 1 : 1 v/v (conc. HNO3 : 30% H2O2) (residual

fraction)

Continuous-flow sequential extraction system

Extraction chamber. The continuous-flow extraction system
as previously reported5 was used. The extraction chamber was
designed to allow containment and stirring of a weighed
sample. Extractants could flow sequentially through the cham-
ber and leach metals from the targeted phases. The chamber
and its cover was constructed from borosilicate glass to have a
capacity of approximately 10 ml. The outlet of the chamber
was furnished with a Whatman (Maidstone, UK) glass micro-
fibre filter (GF/B, 47-mm diameter, 1 mm particle retention) to
allow dissolved matter to flow through. Extractant was
pumped through the chamber using a peristaltic pump (Micro
tube pump, MP-3N, EYELA (Tokyo Rikakikai Co. Ltd)) at
varying flow rates using Tygon tubing of 2.25 mm inner
diameter. Heating of the extractant in steps III and IV at
85 1C and 96 1C was carried out by passing the extractant
through a glass heating coil approximately 120 cm in length
which was placed in a waterbath before the extraction cham-
ber. The temperature of the extractant, either 85 1C or 96 1C, in
the chamber was achieved when the heating coil was immersed
in a thermostatted water bath controlled at 88 1C and 99 1C
respectively, due to slight heat loss.

Extraction procedure.Aweighed sample (approx. 0.25 g) was
transferred to a clean extraction chamber together with a
magnetic bar. A glass microfibre filter was then placed on the
outlet followed by a silicone rubber gasket, and the chamber
cover was securely clamped in position. The chamber was
connected to the extractant reservoir and the collector vial
using Tygon tubing and placed on a magnetic stirrer. The
magnetic stirrer and peristaltic pump were switched on to start
the extraction. The extracting reagents were sequentially flo-
wed through the chamber and the extraction took place. The
extract passing the membrane filter was collected at 30 ml
volume intervals to obtain 6 subfractions for each extractant.
Extraction was carried out until all four extraction steps were
completed.

Total dissolution of sample and dissolution of residue. A
closed-vessel microwave digestion system (Milestone model
MLS-1200 Mega, Bergamo, Italy) was used for pseudo-total
digestion of soil samples and residues. Weighed soil samples
(0.25 g) or residue from the extraction chamber were trans-
ferred to the vessels together with concentrated HNO3 (5 ml)
and 30% H2O2 (5 ml). The vessel was then tightly sealed and
subjected to a microwave digestion. After cooling, the digested
solutions were made up to volume in volumetric flasks.

Analysis of heavy metals in soil extracts and digests

Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb in soil extracts and
digests were determined by ICP-MS. The contents of Cr, Mn,
Fe, Co, Ni, and Cu were found to be in the normal range while
concentrations of Zn Cd and Pb were significantly elevated
with respect to the background concentrations reported by Soil
Science Division, Thailand. The high concentrations of Zn, Cd
and Pb detected in the soil extracts indicate that these sites have
been contaminated by these three metals. Therefore, this report
will focus on Zn, Cd and Pb.

Quality control of analytical data. A soil certified reference
material, National Institute of Standards and Technology
(NIST) SRM 2711, was used for method validation. Further-

Table 1 Some chemical and physical properties of the soil used in the

study

pH n Texture n %OM n

4.5–5.0 (Very acid) 7 Sandy loam 21 o1.5 1

5.1–6.0 (Acid) 12 Loam 16 1.5–3.5 69

6.1–6.5 (Slightly acid) 13 Sandy clay loam 20 43.5 9

6.6–7.3 (Neutral) 12 Clay loam 22

7.4–7.8 (Slightly alkaline) 21

7.9–8.4 (Alkaline) 14

n ¼ Number of samples.
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more, one-third of the total number of samples examined were
also subjected to residual analyses to obtain total concentra-
tions by summation of all fractions. The results were compared
with those obtained by total digestion of the corresponding
samples.

Blank analysis was performed frequently and every time a
change of reagents or materials was used. High blank values
were sometimes found, particularly for zinc, from some
batches of glass fiber filters. However, this was found to be
no problem because the levels of zinc in almost all samples
studied were very high, such that extracted amounts were much
higher than the blank values.

Results and discussion

Evaluation of the continuous-flow sequential extraction system

Evaluation of the continuous-flow sequential extraction system
was performed by comparison of the summation data of all
fractions with the certified values for total metal concentrations
of the NIST SRM 2711 (Table 2). The total concentrations of
Cd, Zn and Pb by summation showed good agreement with the
total concentration from the certified values with slightly lower
Cd and Pb values. This was also observed in our previous work,
probably because the concentrations of elements in extracts were
often lower in the continuous-flow system due to a dilution
effect and some subfractions of the extract may not be detect-
able. Zn was found to be slightly higher probably from the
higher blank values as a result of leaching contamination.

Fig. 1 presents correlation plots between the total metal
contents of 24 samples determined by a single digestion of non-
fractionated soil and those obtained by summation of metal
amounts of all fractions from continuous-flow sequential ex-
traction. The results show very good correlations with R2 being
higher than 0.99 for the three elements studied. The values
from summation of fractionation data were slightly lower than
those of total digestion as depicted by slopes being 0.87, 0.83
and 0.86 for Cd, Zn and Pb, respectively. This was also found
in our previous work and was likely to be due to the dilution
effect which caused poorer detectability for sequential extrac-
tion procedures. These levels of recoveries can be considered
acceptable for this type of determination which involves sum-
mation of several data from subfractions and a dilution effect.

Distribution of Cd, Zn and Pb in soil samples

Soil samples studied were measured for their total concentra-
tions by pseudo-total digestion and divided into 4 groups
according to their total Cd, Zn and Pb concentrations; back-
ground level, slightly contaminated (2–5 times of background
level), moderately contaminated (6–50 times of background
level), and highly contaminated (more than 50 times back-
ground level). Most soil samples are contaminated with Cd and
Zn in moderate and high levels (62 samples for Cd and 52
samples for Zn). For Pb, 46 of 79 soil samples analyzed are at
background level while 26 samples are slightly and 7 samples
moderately contaminated.

The concentrations of Cd, Zn and Pb in soils adjacent to the
zinc mining area are distinctly elevated. Cd, Zn and Pb
concentrations were found to decrease with distance from the

mining area (data not shown) indicating the likeliness of zinc
mining as the point source of contamination.

Fractionation of Pb, Zn and Cd in soil samples of different pHs

It is well known that many soil properties such as soil organic
matter, cation exchange capacity (CEC) and soil pH can affect
the distribution of heavy metals. It is interesting to investigate
the fractional distribution of Pb, Zn and Cd in various soil
pHs. Soil pH in this study falls in a very acid zone to an
alkaline zone. The numbers of soil samples in each soil
property group are shown in Table 1. To study the effect of
soil pH on metal retention, the relationship between total

Table 2 Comparison of metals contents in SRM 2711 soil as determined by continuous-flow sequential extraction procedure and certified values

Element

Concentration/mg kg�1, n ¼ 2

F1 F2 F3 F4 F5 Total Certified value

Cd 0.24 � 0.09 30.1 � 1.2 2.2 � 0.9 0.5 � 0.1 0.01 � 0.00 33.1 � 0.2 41.70 � 0.25

Zn 0.0 � 0.00 68.9 � 6.2 165.3 � 10.4 157.6 � 54.3 1.64 � 0.001 393.4 � 50.1 350.4 � 4.8

Pb 0.0 � 0.00 631.1 � 105.7 461.2 � 110.0 25.9 � 2.5 0.54 � 0.15 1118.7 � 6.7 1162 � 31

Fig. 1 Correlation plots of total metal contents determined by a single
digestion of non-fractionated soil and by the continuous-flow sequen-
tial extraction procedure.
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contents of Pb, Zn and Cd and soil pH was investigated. Fig. 2
shows clearly the pH dependence of metal retention in soil of
the three elements. The three elements exhibit similar charac-
teristics of pH dependence. Their total contents increase shar-
ply with increasing pH from 7.0 to 7.9. Alkaline soils were
proven to be a good scavenger of metals. This phenomenon is
well-known and can be related to an increase of both specific
and non-specific adsorption and to precipitation .20

The effect of soil pH on fraction distribution was also
investigated. The average fraction distributions of Pb, Zn
and Cd in 3 different soil pH zones, i.e. acidic (pH 4.5–6.5),
neutral (pH 6.6–7.3) and alkaline (pH 4 7.3) zones, are
presented in Fig. 3. Samples with negligible amounts of
extractable metals are not included in this investigation there-
fore the number of samples in acidic, neutral and alkaline
zones are 32, 12 and 34 for Pb, 31, 12 and 34 for Zn, and 22, 8
and 32 for Cd, respectively.

For Pb, the most abundant fraction for the soils studied was
found to be in the reducible phase (F3) regardless of soil pH.
This fraction accounts for more than 70% of the extractable Pb

content. The result agrees well with the observation of Li and
Thornton12 who found that a large amount of Pb in the soils at
historical Pb mining and smelting areas was in the reducible
fraction. The fraction distribution patterns of Pb are also very
similar independent of the soil pH. The proportions of Pb
were found to be in the order of: reducible (F3) 4 acid soluble
(F2) 4 oxidizable (F4) 4 exchangeable (F1) fractions.
For Zn, about 50% of the extractable form was present in

the F3 fraction for all three soil pH groups. Cadmium was
predominantly (455%) found in the first 2 fractions (F1 þ F2)
and mostly (485%) in the first 3 fractions (F1 þ F2 þ F3).
These results agree with many previous observations of Kuo
et al.,21 Hickey and Kittrick22 and Xian23 who reported that
the organic/sulfide phase has only a minor role in binding Cd.
The reducible phase was found to behave as an important
scavenger of Pb and Zn and to a lesser degree for Cd.
In the case of Zn and Cd, soil pH shows a significant

influence on the distribution patterns of these metals. Increas-
ing soil pH caused a decrease in Cd and Zn contents in the
exchangeable (F1) fraction but an increase in Cd and Zn
contents in the acid soluble (F2) fraction. The effect of soil
pH on the Cd distribution pattern has been explained20,24 that
as pH decreases, the solubility of the metal increases and metal
is released in the forms of free or solvated ions. Therefore,
lowering the pH of the soil can increase the concentration of
metals in the soil solution.
Since exchangeable and acid soluble fractions (F1 þ F2) are

usually considered as mobile and having the most environmental
impact, a comparison of their abundance in soil of different pHs
was made. The Zn concentration in the mobile fraction (F1 þ
F2) in alkaline soils is higher than that in neutral soils and higher
than that in acidic soils but that of Cd shows the opposite trend.
The high Cd proportion in the mobile fraction (55–70%) clearly
illustrates that Cd is more mobile and easily transported than Zn
and Pb and it is therefore of particular concern, even without
considering its higher toxicity.
The distribution of Zn and Cd in the oxidizable fraction (F4)

is also affected by soil pH. Zn and Cd contents in this fraction
seem to decrease with increasing soil pH. A clear explanation
of changes in the percentage distribution of Zn and Cd in the
F4 fraction is not possible in this study. Metal binding with
organic matter i.e. humic acids was considered to be complex
and dependent on many factors25 such as pH and the presence
of other metal ions.

Elemental associations in soil fractions using correlation study

and extractograms

Generally, the association between metals in soils has been
studied by investigation of their correlation in soil phases. This
is performed by comparison of contents of two elements in a
particular fraction of a number of samples. When the contents
of two elements correlate well, they are considered to be closely
associated. One of the problems when studying elemental
association by this approach is the non-absolute evidence of
elemental associations. Elements extracted in the same extrac-

Fig. 2 Correlation plot between total metal contents and soil pH.

Fig. 3 Average % Pb, Zn and Cd distribution in soils of different soil pHs.
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tion step may not have dissolved simultaneously but at a
different time during that step. In other words, correlation of
elements may not be a true elemental association. Such study
of the relationship between metals in individual fractions by
correlation study may be better referred to as ‘elemental
correlation’.

For investigation of elemental association, the overlayed
extractograms obtained from a continuous-flow extraction
can be used. Shiowatana et al.26 and Hinsin et al.27 used
extractograms for evaluating the elemental associations in soils
and iron hydroxide precipitates. The elemental associations for
different elements can be studied by comparing detailed peak
profiles and peak shapes of extractograms. Such detailed
comparison is impossible using batch fractionation data alone,
where the only possible comparison is between the elements
extracted in a particular phase. The elemental correlation by
considering the correlation coefficient and elemental associa-
tion from extractograms are discussed using the data obtained
in this study as follows:

The elemental correlations between Zn–Cd, Zn–Pb and
Cd–Pb in individual fractions of soils are shown in Table 3.
Because soils with high and low Cd contents may show
different elemental correlations and in order to have a large
enough number of samples in each group for correlation study,
samples are divided into 2 groups based on the total content of
Cd. In Table 3, the first group represents data from soils
containing a total Cd content of o0.15–0.75 mg kg�1 (un-
contaminated to slightly contaminated soil). The second group
contains 40.75 mg kg�1 (moderately to highly contaminated
soil).

The correlations between metals in the two groups of soil
samples are different. For group I, correlation between Cd–Zn,
Cd–Pb was found only in F3 (r ¼ 0.714) and F4 (r ¼ 0.876),
respectively but significant correlations between Zn, Cd and Pb
were found in group II for F2, F3 and F4 where contaminated
metals were predominant.

Considering the elemental association in a particular frac-
tion by using the extractograms, Fig. 4 shows the extracto-
grams of Zn, Cd and Pb in highly, moderately contaminated
and uncontaminated soil. The results show close associations
between Zn, Cd and Pb and Fe in the acid soluble phase for the
highly contaminated soil (Fig. 4a). In the reducible fraction, Cd
and Pb appear to dissolve at the same time and earlier than Zn
and Fe which appear together in the later part of the leaching.
This indicates a strong association of Zn with Fe oxides which
are important constituents of soil in the reducible fraction. The
results of the relationship between metals in individual frac-
tions from the two methods are obviously different because the
two methods were based on different approaches as previously
indicated.

Elemental atomic ratio plots for evaluation of the degree of

anthropogenic contamination

The degree of contamination can be studied by the continuous-
flow sequential extraction. This is obtained by a graphical plot

of the elemental atomic ratio of metals of interest versus the
subfraction number in a particular phase. The atomic ratio
plots of Cd/Fe, Pb/Fe and Zn/Fe for highly contaminated,
moderately contaminated and uncontaminated soils are shown
in Fig. 5.
The extent of Cd, Pb and Zn adsorption on Fe oxides in the

reducible fraction can be clearly observed in Fig. 5. For Cd in
highly contaminated soil, high ratios of Cd/Fe were found in
the early subfractions and decreased with subfraction number
to approach a constant value. The atomic ratio of Cd/Fe in
moderately contaminated soil differs from highly contaminated
soil in that the atomic ratio is very low and almost constant for
all subfraction numbers. Cd contents in uncontaminated soil

Table 3 Correlation coefficient between metal in soil fractions with other metal in corresponding soil fractions

F1 F2 F3 F4

Cd Zn Cd Zn Cd Zn Cd Zn

Group I (Cd o 0.15–0.75 mg kg�1), n ¼ 17

Zn 0.000 0.577 0.714a �0.067
Pb 0.000 �0.087 �0.133 �0.167 0.562 0.576 0.876a 0.310

Group II (Cd 4 0.75 mg kg�1), n ¼ 62

Zn 0.372a 0.807a 0.848a 0.417a

Pb �0.019 0.109 0.752a 0.630a 0.851a 0.950a 0.396a 0.643a

a Correlation coefficient is significant at po 0.01.

Fig. 4 Extractograms for Zn, Cd, Pb and Fe for highly (a), moder-
ately (b) and uncontaminated (c) soils.
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are too low to be detectable; therefore, atomic ratio of Cd/Fe
of the soil could not be determined. The results indicate that
the contaminated Cd is mostly adsorbed on the surfaces of Fe
oxides. The atomic ratio plots of Pb/Fe (Fig. 5b), show the
same tendency as those of Cd. It appears that the atomic ratio
plot can be used as a tool for identification of anthropogenic
origin and degree of contamination. The atomic ratio of Zn/Fe
in highly contaminated soil varied in the range 0.6–1.1 (Fig. 5c)
while that of moderately contaminated and uncontaminated
soil are lower than 0.2. The atomic ratio plot of Zn/Fe in highly
contaminated soil does not show a similar trend as found
for Cd and Pb.

Correlation between metal in rice grain and metal fractions

Heavy metal uptake by plants in contaminated soils has been
extensively studied. The sequential extraction method has been
used in an attempt to evaluate the relationship between the
bioavailable fraction of metal in soil and the metal content in
plant. Mench et al.28 found that Cd and Ni uptake by maize
was correlated with their contents in the exchangeable fraction.
In this study, correlations between metal in rice grain, total
metal contents, exchangeable (F1), acid soluble (F2) fractions
and the summation of exchangeable and acid soluble (F1þ F2)

fractions were studied. Pb in soil samples was mostly found
near background levels or slightly contaminated therefore Pb is
not included in this study. The correlation coefficients between
metal in rice grain and their different fractions in soil collected
from the corresponding field of rice grain samples are listed
in Table 4.
A significant correlation was found between Cd in the F1

fraction and Cd in rice grain (r ¼ 0.680). The result from
fractionation shows the predominant Cd content in F1 for
acidic soils. This implies that rice will uptake more Cd in acidic
soil than neutral and alkaline soils. In other word, Cd uptake
can be regulated by pH control of the soil. The present study
agrees with previous reports which found that the uptake of Cd
into crops grown on contaminated soils was correlated with
Cd in the exchangeable fraction which was governed by
soil pH.7,29

Total metal contents were poorly correlated with metal con-
centrations in rice grains (r ¼ 0.341, 0.115 for Cd and Zn,
respectively). These results agree with previous studies.13,30–32

The different physical and chemical properties of soil have
prevented the obtainment of direct relationships between the
total metal contents in soil and plants.
The correlations between Fe and Zn in rice grain, total metal

contents, concentrations of F1, F2 and F1 þ F2 were also
studied. The contents of Fe and Zn in the soil fractions do not
correlate with the metal contents in rice grain. No significant
correlation for these two elements was found.

Conclusions

A continuous-flow sequential extraction was utilized to study
fractionation and elemental association of Zn, Cd and Pb in
soil contaminated from zinc mining activities. Zn and Pb are
predominantly present in the reducible fraction while Cd is
concentrated in the first three fractions. Soil pH strongly affects
the distribution of Cd but has no effect on Pb. The elemental
associations were investigated from extractograms obtained.
The results show close associations between Zn, Cd, Pb and Fe
in the acid soluble phase for the contaminated soil. In the
reducible fraction, Cd and Pb appear to dissolve at the same
time and earlier than Zn and Fe, which appear together in the
later part of the leaching. The extractograms provide detailed
information that is not possible to obtain using a batch
extraction technique. The data from elemental atomic ratio
plot extractograms of Cd/Fe and Pb/Fe and Zn/Fe in the
reducible phase confirm the information obtained from extra-
ctograms that contaminated Cd and Pb is adsorbed on the
surface of Fe oxides. The higher the degree of contamination,
the higher the Cd/Fe and Pb/Fe atomic ratio in the earlier
subfractions of extraction. The two additional advantages of
the continuous-flow extraction, i.e. using extractograms to
study elemental association and use of elemental atomic ratio
plots as a tool for identification of the anthropogenic origin
and degree of contamination, have proved the continuous-flow
extraction as an efficient system for detailed investigation of

Fig. 5 Elemental atomic ratio of Cd/Fe (a), Pb/Fe (b) and Zn/Fe (c)
plotted against subfraction number in the reducible phase, H ¼ highly,
M ¼ moderately and U ¼ uncontaminated soils.

Table 4 Correlation coefficient between metals in rice grain, total

metal contents, exchangeable (F1), acid soluble (F2) and the summa-

tion of exchangeable and acid soluble (F1 þ F2) fractions

Metal in rice grain

Metals in soil

Total F1 F2 F1 þ F2

Cd 0.341 0.680a 0.266 0.298

Zn 0.115 0.133 0.301 0.172

Fe N.A. 0.567 0.079 0.034

N.A. ¼ Not available.a Correlation coefficient is significant at

p o 0.01.
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soil contamination. However, the continuous-flow extraction
does have some drawbacks concerning the larger numbers of
analyses of subfractions required and the dilution effect from
the flowing stream of extractant.
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Automated Sequential Injection-Microcolumn
Approach with On-Line Flame Atomic Absorption
Spectrometric Detection for Implementing Metal
Fractionation Schemes of Homogeneous and
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Interest
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An automated sequential injection (SI) system incorporat-
ing a dual-conical microcolumn is proposed as a versatile
approach for the accommodation of both single and
sequential extraction schemes for metal fractionation of
solid samples of environmental concern. Coupled to flame
atomic absorption spectrometric detection and used for
the determination of Cu as a model analyte, the potentials
of this novel hyphenated approach are demonstrated by
the ability of handling up to a 300 mg sample of a
nonhomogeneous sewage amended soil (viz., CRM 483).
The three steps of the endorsed Standards, Measure-
ments, and Testing sequential extraction method have
been also performed in a dynamic fashion and critically
compared with the conventional batchwise protocols. The
ecotoxicological relevance of the data provided by both
methods with different operationally defined conditions
is thoroughly discussed. As compared to traditional batch
systems, the developed SI assembly offers minimal risks
of sample contamination, the absence of metal re-
distribution/readsorption, and dramatic saving of opera-
tional times (from 16 h to 40-80 min per partitioning
step). It readily facilitates the accurate manipulation of
the extracting reagents into the flow network and the
minute, well-defined injection of the desired leachate
volume into the detector. Moreover, highly time-resolved
information on the ongoing extraction is given, which is
particularly relevant for monitoring fast leaching kinetics,
such as those involving strong chelating agents. On-line
and off-line (for Cu, Pb, and Zn) single extraction schemes
are also proven to constitute attractive alternatives for fast
screening of metal pollution in solid samples and for
predicting the current, rather than the potential, element

bioavailability by the assessment of the readily mobilizable
metal forms.

Sequential injection (SI) analysis has already been established
as a powerful, fully automated computer-controlled sample pre-
treatment tool for wet chemical analysis.1-4 Basically, SI encom-
passes a multiposition selection valve with a central communica-
tion line that can be made to address each of its peripheral ports
(refer to Figure 1), and which, by means of a syringe pump, is
used for sequentially aspirating well-defined segments of the
various constituents of the assay, situated at the individual ports,
and placing them into a holding coil. Afterward, the segments
are, via flow reversal, propelled toward the detector, the manifold
allowing appropriate unit operations to be executed by incorpora-
tion of packed column reactors, reaction coils, dilution chambers,
digestion or extraction units, or gas diffusion/dialysis modules.5,6

The system, moreover, allows metering of minute volumes (down
to a few tenths of microliters), and the use of a syringe pump
readily and reproducibly permits automatic microfluidic handling
and operation at variable flow rates at will.7

Despite the recognized advantages of SI with respect to the
first generation of flow injection (FI),8-9 manipulation of solid
materials into the microchannels of the SI network remains a
challenge for analytical chemists. Yet, this flow approach entails
inherent potentials for on-line processing of solid samples, as
recently demonstrated in our research group,10 which should
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(6) Cerdà, V.; Cerdà, A.; Cladera, A.; Oms, M. T.; Mas, F.; Gómez, E.; Bauzá,
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attract the interest of practitioners in other scientific fields, such
as soil science. In this discipline, fractionation analysis is currently
regarded as a powerful tool for the identification and quantification
of trace pollutants (e.g., anthropogenic metal species) bound to
predefined geological phases in the soil sample. The batchwise
procedures conventionally used are effected in a single or
sequential extraction fashion under operationally defined condi-
tions by attacking pollutant soil phase associations with solely one
chemical reagent or by the sequential action of various extractants
of increasing aggressiveness to leach the target species from
particular soil compartments. Single extractions are mostly
exploited to evaluate the exchangeable fraction of trace elements
in soils, to estimate the fraction of total metal content available
for root uptake,11 and to predict pools of contaminants mobilizable
via acidification or complexation processes.12 Sequential extrac-
tions, though more laborious and time-consuming, provide en-
hanced information on the leachability of metal forms in different
targeted phases. The ultimate aim of these fractionation schemes
is to acquire knowledge on items of major environmental concern
such as the origin, mode of occurrence, bioavailability, potential
mobility, and the transport of the elements in natural scenarios.13-17

Although both single and sequential extraction protocols, such
as the well-established three-step scheme from the Standards,

Measurements and Testing (SM&T) Program of the European
Commission18,19 (formerly BCR), originally were devised to
simulate natural conditions, researchers have more recently
realized that naturally occurring processes are, in fact, always
dynamic,20,21 rather than static as they are identified by the
traditional equilibrium-based methods. In addition, these batch
(“end-over-end”) extraction schemes suffer from several limitations
regarding practicability (e.g., lack of automation, potential risks
of contamination, labor-intensive and time-consuming protocols)
and the significance of information provided, due to the inherent
phase overlapping as a consequence of phase transformations,
readsorption, and re-distribution of extracted elements.

In recent years, a number of groups have developed clever
dynamic fractionation methods capitalizing on the advantageous
features of FI schemes to circumvent the abovementioned
drawbacks.20-25 In all cases, the solid sample, as contained in small
containers or microcartridges, is continuously subjected to the
effect of fresh portions of a given leaching agent provided in a
semiautomated fashion. These strategies have already opened new
avenues for exploring the kinetics of the leaching processes as a
function of exposure time and for obtaining a more realistic insight
into metal lability from the different soil fractions. However, the
manipulation of the extractant into the FI network to allow for
increasing contact times with the solid substrate is rather
cumbersome due to the intrinsic rigidity of the FI manifold and
the progressive aging of the flexible tubes of the peristaltic pumps
demanding a high frequency of maintenance. Although hyphen-
ated microanalytical techniques for on-line detection of released
species have been proposed recently, metal fractionation studies
have merely been performed by increasing the concentration of
the nitric acid supplied to the packed sample.21,23 To the best of
our knowledge, the application of a complete sequential extraction
scheme in a fully automated mode along with on-line detection
has not yet been reported.

In this paper, SI is exploited for the first time as a versatile
and automated approach for the implementation of both single
and sequential metal extraction/fractionation protocols in a single,
compact module furnished with a dedicated dual-conical micro-
column, which can be hyphenated with atomic spectrometers (e.g.,
ICP-AES, ICP-MS, or AAS) for on-line leachate measurements.
While it would be preferable to use a multielement detection
device, a flame-AAS (FAAS) instrument was used in this investiga-
tion to exploit the principle applicability of the methodology.
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Figure 1. (Top) Schematic diagram of the hybrid FI/SI system with
on-line FAAS detection for metal partitioning studies, comprising a
syringe pump, a 10-port selection valve (SV) with a central com-
munication channel (CC), a holding coil, a soil column, and a two-
position injection valve (IV) accommodating sample loops SL1 and
SL2. C1 and C2, carrier solutions; P1 and P2, peristaltic pump; W,
waste. (Bottom) Exploded view of the extraction microcolumn,
comprising the following components: (1) dual-conical sample
container, (2) silicone gasket, (3) membrane filter, (4) filter support,
(5) O-ring, and (6) end screw cap. The total volume of the sample
container is ca. 400 μL. Bottom figure adapted with permission from
ref 10. Copyright 2004 Elsevier Science Publishers.
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Detailed information about the kinetics of the ongoing extrac-
tion process and the current mobility of the various chemical forms
of the target elements may thus be obtained. By taking advantage
of the multiposition selection valve and the accurate microfluidic
handling of the syringe pump, the different and well-accepted
SM&T single and sequential extraction solutions can be precisely
aspirated and dispensed through the soil microcolumn, whereupon
the stripped target species are immediately injected into the
detection device via a straightforward FI interface. Controllable
on-line dilution to account for the variability of metal concentra-
tions in the various extracts is readily accomplished by program-
ming the portion of the FI sample loop to be filled by the leachate.

To ascertain the potentials of the hyphenated technique, a
nonhomogeneous metal-contaminated complex sample was em-
ployed, namely, the sewage amended CRM 483 soil, with certified
metal extractable contents for single extraction procedures (acetic
acid and ethylenediaminetetraacetic acid (EDTA)), using Cu as
the model of an anthropogenic metal ion of major concern, for
instance in mining areas.26 The dynamic information obtained with
the microanalytical automated flow system is also critically
compared with that previously reported for batch fractionations.

EXPERIMENTAL SECTION
Instrumentation. A FIAlab-3500 flow injection/sequential

injection system (FIAlab, USA) equipped with an internally
incorporated ten-port selection valve (SV), and a syringe pump
(SP, Cavro, Sunnyvale, CA) with a capacity of 5 mL was used.
The SI system was computer-controlled by the associated FIAlab
software. The extraction microcolumn was incorporated within
the SI system, and the outlet of the sample container was
connected to a ten-port two-position injection valve (IV), acting
as interface to a flame atomic absorption spectrometer (FAAS,
AAnalyst 100, Perkin-Elmer), as depicted schematically in Figure
1. All ports of the SV and IV were connected through PEEK
ferrules with rigid PTFE tubing (0.5 mm i.d./1.60 mm o.d.). The
central port of the SV was connected to the holding coil (HC),
which consisted of PTFE tubing (1.32 mm i.d./1.93 mm o.d.), the
length being 110 cm, corresponding to a volume of 1.5 mL. The
lengths of the PTFE tubing from port 6 of SV to the microcolumn
and from the outlet of the microcolumn to IV were each 20 cm,
corresponding to a volume of 40 μL. The IV was furnished with
two sample loops (SL1 and SL2) each of 175 μL capacity. The
connecting line between the IV and the FAAS nebulizer, which
contributes to leachate dilution, was 19 cm long. The carrier
solutions (C1, and C2; Milli-Q water) were pumped by means of a
multichannel peristaltic pump (Ismatec, SA 8031) furnished with
Tygon tubing. The peristaltic pump (in Figure 1 for graphical
reasons depicted as two separate pumps, P1 and P2) was set at a
slightly higher flow rate (viz., 6.2 mL min-1) than the uptake rate
of the FAAS (viz., 6.0 mL min-1) to deliver the extract into the
nebulizer by a positive pressure.

For on-line FAAS detection of Cu the wavelength and slit width
were 324.5 nm and 0.7 nm (except for the extracts obtained in
the EDTA single extraction method, where 216.5 nm and 0.2 nm
were used). The same conditions were used in the off-line
measurements of Cu, while the analytical wavelengths and slit

widths for Pb and Zn were fixed at 283.3 nm and 0.7 nm, and
213.9 nm and 0.7 nm, respectively. Electrothermal atomic absorp-
tion spectrometry (ETAAS, Perkin-Elmer 2100) was exploited as
a detection system to determine Pb in the acetic acid subfractions.
The temperature program was executed according to the manu-
facturer’s recommendations,27 yet a 0.17 M NH4H2PO4 solution
was used as a modifier to increase the pyrolysis temperature to
850 °C.

Microcolumn Assembly. The purpose-made extraction mi-
crocolumn exploited in this work (Figure 1, bottom) was made
of PEEK and comprised a central dual-conical shaped sample
container with an inner volume of approximately 400 μL.10 The
entire unit is assembled with the aid of filter supports and caps at
both ends. The membrane filters (Millipore, Fluoropore mem-
brane filter, 13 mm diameter, 1.0 μm particle retention) used at
both ends of the sample holder retains efficiently the solid particles
while allowing solutions and leachates to flow freely with no back-
pressure effects.

Soil Sample. A certified reference material from the Stan-
dards, Measurements and Testing Program, namely, CRM 483
soil, was used to evaluate both the EDTA and the acetic acid single
extractions, and the endorsed SM&T three-step sequential extrac-
tion method.19 The solid material (sewage sludge amended soil)
containing high levels of organic matter (viz., 12%) was collected
from Great Billings Sewage Farm (Northampton, U.K.), as
reported elsewhere.28

It should be stressed that the pretreatment steps for the
preparation of this reference material involved sieving through a
2 mm round-hole sieve and mixing thoroughly by rolling for
several days. The resulting material is, thus, characterized by a
poor homogeneity, so that when the conical microcolumn was
packed with the 300 mg soil, used in all experiments herein, it
was guaranteed to constitute a representative fraction of the CRM
483 material.29 It should be stressed that the selected soil cannot
be handled reliably with previously reported FI/continuous
microcartridge extraction techniques utilizing minute quantities
of solid sample (5-25 mg).21,23,25

Reagents and Solutions. All chemicals were, at least, of
analytical-reagent grade, and Milli-Q water was used throughout.
Working standard solutions of metal ions were prepared by
appropriate dilution of 1000 mg L-1 stock standard solutions
(Merck) with 0.1 M nitric acid. The various chemicals employed
in this work are detailed as follows: glacial acetic acid (Merck),
EDTA free acid (Sigma), hydroxylammonium chloride (Merck),
hydrogen peroxide (30%; Merck), calcium chloride dihydrate
(Merck), Suprapur ammonia (25%; Merck), Suprapur nitric acid
(Merck), Suprapur perchloric acid (Merck), and hydrofluoric acid
(Merck).

Prior to use, all glassware was rinsed with 25% (v/v) concen-
trated nitric acid/water in a washing machine (Miehle, Model G
7735 MCU, Germany) and afterward rinsed with Milli-Q water.

Single Extraction and Modified SM&T Sequential Extrac-
tion Schemes. The reagents used in the single and sequential
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extraction schemes according to the SM&T recommendations are
presented in the following sections:

Single Extraction Scheme. A 0.05 mol L-1 amount of EDTA was
prepared as the ammonium salt solution by adding in a fume
cupboard 14.61 g of EDTA free acid to 80 mL water and by
partially dissolving it by stirring in 13 mL of 25% ammonia solution.
The addition of ammonia was continued until all the EDTA was
dissolved. The obtained solution was filtered through filter paper
into a 1.00 L polyethylene volumetric flask and diluted with water
to 0.9 L. The pH was adjusted to 7.00 ( 0.05 by addition of a few
drops of ammonia or hydrochloric acid as appropriate. Finally,
the solution was diluted with water to 1.00 L, well-mixed, and
stored in a stoppered polyethylene container.

A 0.43 M solution of acetic acid was prepared by adding in a
fume cupboard 25 mL of glacial acetic acid to about 500 mL of
water in a 1.00 L polyethylene volumetric flask. The solution was
diluted with water to 1.00 L volume, well-mixed, and stored in a
stoppered polyethylene container.

A 0.05 M aqueous solution of calcium chloride was prepared
by weighing 7.35 mg of the dried salt and then diluting it to 1.00
L volume with water.

Three-Step Modified Sequential Extraction Scheme. Step I (acid
soluble fraction): A 0.11 M acetic acid solution was obtained by
appropriate dilution of the 0.43 M acetic acid stock solution
prepared previously.

Step II (reducible fraction): A 0.5 M hydroxylamine solution
was prepared daily by dissolving 3.48 g of hydroxylamine
hydrochloride in the minimum volume of water (ca. 10 mL) to
which was added 1.6 mL of 2 M HNO3. The solution was finally
diluted to 100 mL with water.

Step III (oxidizable fraction): A 30% hydrogen peroxide
solution was used as supplied by the manufacturer.

Dissolution of Residues. The residues from the extraction
microcolumn were transferred to a PTFE vessel and, following
addition of 6.0 mL of concentrated nitric acid and 5.0 mL of
concentrated hydrofluoric acid, then heated gently to near dryness
in a sand bath, with the temperature not exceeding 200 °C. Upon
complete dissolution, the samples were cooled and 5 mL of
perchloric acid was added, whereafter they were heated again to
near dryness and diluted with 0.1 M HNO3 to 50 mL prior to
atomic absorption spectrometric measurements.

General Procedure for On-Line Single and Sequential
Extraction. Initially, the holding coil was filled with the carrier
solution (Milli-Q water) and all tubing from the peripheral SV ports
were filled with the respective leaching solutions, while an air
segment was delivered to the SL2 interface via the assembled soil
containing microcartridge. Since the total volume of the conduits
between the holding coil (HC) and the FAAS (including micro-
column and sample loop) was 655 μL, SP was set to aspirate an
equivalent volume of the desired extractant into HC and, then,
the entire extractant plug was dispensed (10 μL s-1) from HC
directly to the microcolumn, allowing soil phase dissolution to
take place, along with leachate collection into loop SL2. After a
delay time of 3 s, during which the pump was stopped, IV was
switched (downward direction of the arrow in Figure 1) to make
SL2 part of the conduit between P2 and the FAAS and the extract
was injected into the detector by means of carrier C2. The 3 s
delay time was incorporated first to engage the FAAS measure-

ment and second to avoid creation of a pressure change during
the valve shift.

Then SP was set to aspirate consecutively 100 μL of air from
port 4 and 1050 μL of extractant into HC (at the rate of 100 μL
s-1). The role of the air segment is to prevent dispersion of the
leaching reagent into the carrier solution. Solely 175 μL of the
extractant plug (i.e., equal to the volume of the loops SL) was
dispensed (10 μL s-1), at each time, through the microcolumn
into the SI-FAAS interface, in this case loop SL1. The IV was
again turned and the leachate, supplied to the nebulizer by carrier
C1, was analyzed on-line. The described procedure, alternately
filling loops SL1 and SL2, was continued with a given reagent until
no detectable amount of metal was leached (i.e., the signal was
below LOD), or the increase was lower than 5% of the total metal
leached. For elements continuously leaching from slowly acces-
sible pools, as occurring in the acetic acid single extraction, a
sample weight to extractant volume ratio similar to that of the
batch method was selected.

The quantification of target analytes was done by peak
integration (6 s) and summing up the peak areas of the particular
metal fraction. All determinations were made using external
calibration with standards prepared in diluted nitric acid. Although
a common practice in batchwise fractionation is the use of
calibration protocols based on matrix matching with the pertinent
extracting reagent,11,30 in our case, under the operationally selected
conditions for CRM 483 partitioning, no multiplicative matrix
interferences were encountered, as revealed by the application
of the method of standard additions. This is a consequence of
the discrete injection of minute, well-controlled volumes of extract
into a continuously flowing carrier stream prior to FAAS detection,
thus ensuring a high wash-to-sample exposure time, which
diminishes risks of burner blockage.

RESULTS AND DISCUSSION
SI Analyzer for Single and Sequential Extraction Schemes.

Dynamic extraction procedures for monitoring metal ion release
from solid samples can be categorized into continuous20-23 and
discontinuous leaching processes10 by exploiting the first (FI) and
second (SI) generations of flow injection analysis, respectively.
SI is more advantageous than FI in terms of accurate handling of
microvolumes at predefined uniform flow rates through the solid
substrate, because the flows are precisely controlled via the
syringe pump with no need for frequent system recalibration.
Furthermore, back-pressure or clogging effects in SI assemblies
housing solid samples can, if called for, efficiently be alleviated
by accommodating bidirectional flow approaches.

In our case, however, the SI setup with unidirectional flow
fashion was entirely free from increase in flow resistance, even
after long-term use. This is a result of the optimum hydrodynamic
features of the dedicated biconical shaped microcolumn design
(refer to Figure 1), which, in fact, accepts considerable amounts
of solid material (up to 300 mg), so that solid materials lacking
homogeneity can, also, be pretreated fully automatically without
problems.

With regard to on-line detection, the discontinuous operational
nature of SI must be taken into account for appropriate hyphen-

(30) Rauret, G.; López-Sánchez, J. F.; Sahuquillo, A.; Barahona, E.; Lachica, M.;
Ure, A. M.; Davidson, C. M.; Gomez, A.; Lück, D.; Bacon, J.; Yli-Halla, M.;
Muntau, H.; Quevauviller, Ph. J. Environ. Monit. 2002, 2, 228-233.
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ation with the detection instrument. Electrothermal atomic absorp-
tion spectrometry (ETAAS) is inherently the most attractive
detector for trace metal monitoring following SI extraction. Yet,
the accommodation volume of the graphite tube (<50 μL) is
unnecessarily small even for monitoring fast leaching kinetics,
and the extraction schemes can therefore be excessively pro-
longed as a consequence of the resulting low measurement
frequency of ETAAS.

Although ICP-AES and ICP-MS nowadays have been consoli-
dated as routine tools for metal determinations because of their
high sensitivity and multielemental capabilities, their intrinsic low
tolerance to total dissolved salts31,32 limits their potential uses. For
ICP-MS, spectral interferences arising from isobaric overlapping,
and the presence of polyatomic ions, further makes its application
troublesome.33

From an operational point of view and despite its single-element
capability, FAAS should be regarded as an attractive alternative
for on-line analysis of metal contaminated soil samples using the
well-accepted SM&T extractants. Not the least because the
moderate dilution required to bring the analyte concentrations
into the linear dynamic range can be readily performed in the
microconduits of the flow setup. Furthermore, this detection
principle has proven to be compatible with direct FI injection of
the leaching agents with negligible matrix interferences.

To make compatible techniques of different nature, an external
FI device was required, thereby yielding a SI-FI hybrid approach.
It should be stressed that while the free uptake rate of FAAS
usually ranges from 4 to 10 mL min-1, the packed microcolumn
accepts maximum delivery flow rates of ca. 1.0 mL min-1. As can
be seen in Figure 1, a leachate injector furnished with two sample
loops was used to ensure optimum performance of the SI and
FAAS systems, and allowing consecutive measurements to be
effected, that is, the leaching process itself became the limiting
step of the overall procedure.

As opposed to unidirectional continuous extraction protocols
in FI systems, the hybrid SI-FI extraction technique allows all
of the extract to be subjected to analysis, and hence an almost
continuous extraction profile can be recorded (whenever required,
in-line dilution can be realized via the software-controlled injection
of a well-defined microvolume of leachate into the carrier of the
SI-FAAS interface). Thus, by using volumes equal to only 175
μL of extract per injection, detailed knowledge on the leaching
kinetics is gained, which otherwise could not be obtained, as off-
line FAAS detection in the continuous-mode requires more than
1000 μL solution for reliable measurements.

In the following, discussions of the two extraction schemes
with on- or off-line detection are offered in more detail.

Single Extraction Schemes with Off-Line Detection. Weak
acid and strong complexing solutions are commonly used to
assess trace-element availability in soil sciences. Complexing
agents extract both carbonate and organically bound fractions,
whereas weak acids mimic the effect of an acid input, such as
acid rainfall or an anthropogenic spill, onto solid substrates of
environmental origin.12,13 Therefore, one of the aims of the present

work was critically to compare the analytical results from the
proposed dynamic method as achieved with the CRM 483 soil
with those obtained under equilibrium conditions. The SI extrac-
tion system with off-line detection was assembled for fractionation
explorations of three trace elements of different recognized lability
(viz., Pb, Cu, and Zn). While Zn is considered as a typical mobile
element, Cu is regarded as a metal of intermediate mobility and
Pb as a fixed element.12 The automated extraction was performed
in the unidirectional flow mode as reported before,10 yet at a
perfusate flow rate of 10 μL min-1 with collection of 1 and 2 mL
per subfraction for EDTA and CH3COOH, respectively.

Table 1 is a compilation of the extractable amounts of Pb, Cu,
and Zn from the CRM 483 soil as obtained by resorting to the SI
single extraction schemes with off-line detection. For the CH3-
COOH extraction of Pb and Cu, the total volume of the extractant
was fixed at 12 mL to maintain a soil mass/volume ratio identical
to that in the batchwise method. For these two nonreadily
accessible metal ions, a nearly constant, continuous leaching
profile was detected, due to the nonselectivity of the reagent,34

which is also capable of releasing different metal pools prone to
acidification processes. On the other hand, Zn was rapidly leached
from the sewage amended soil. The CH3COOH extraction pattern
was monitored until the increase of metal leached in five
consecutive subfractions was less than 5% of the accumulated
amount. As shown in Table 1, the extractable content of Zn via
SI-CH3COOH extraction is statistically comparable to the certified
value, thereby indicating that both, conceptually different methods
yield similar results whenever applied to weakly retained forms.
This also holds true for reagents with a strong capacity for metal
mobilization and stabilization, such as EDTA, thus minimizing
readsorption and re-distribution drawbacks. In fact, several
researchers have employed chelating agents aimed at limiting
precipitation and sorption of solubilized forms during batch
procedures.35 In this context it should be born in mind that EDTA
is not merely capable of mobilizing carbonate and organic metal
forms by competing complexing reactions but also metals en-
trapped in hydrous oxides of iron because of the high stability
constant of the Fe-EDTA chelates (viz, log K ) 25). This explains
the good agreement between the SI and the batch results for the
EDTA extractable fractions of the entire set of target elements.

In contrast, the leachable content under dynamic mode for less
labile forms, such as acid soluble Pb and Cu, is appreciably lower(31) Wang, J.-H.; Hansen, E. H. J. Anal. At. Spectrom. 2002, 17, 1278-1283.

(32) Cano, J. M.; Todolı́, J. L.; Hernandis, V.; Mora, J. J. Anal. At. Spectrom. 2002,
17, 57-63.

(33) Montaser, A. Inductively Coupled Plasma Mass Spectrometry, WILEY-
VCH: New York, 1998; Chapter 7.

(34) Whalley, C.; Grant, A. Anal. Chim. Acta 1994, 291, 287-295.
(35) Raksasataya, M.; Langdon, A. G.; Kim, N. D. Anal. Chim. Acta 1997, 347,

313-323.

Table 1. Extractable Contents of Trace Metals (mg
kg-1) in CRM 483 As Obtained by the Single Extraction
Procedure Using the SI Extraction System with
Off-Line Detectiona

acetic acid (n ) 3) EDTA (n ) 3)

element obtained certified value obtained certified value

Pb 1.4 ( 0.1 2.10 ( 0.25 206 ( 9 229 ( 8.0
Cu 19 ( 2 33.5 ( 1.6 227 ( 11 215 ( 11
Zn 637 ( 38 620 ( 24 617 ( 5 612 ( 19

a Soil sample, 300 mg; extraction flow rate, 10 μL s-1; subfraction
volume/total extractant used, 1 mL/50 mL and 2 mL/12 mL for EDTA
and CH3COOH, respectively.
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than that obtained under a steady-state regime. This is a
consequence of the inherently longer intimate contact time
between soil and solution in the batchwise method. Actually, the
results provided by both procedures are expected to differ
considerably whenever the leaching agent attacks soil phases
containing large available pools of slowly accessible elements. Yet,
when increasing the acidic extractant volume in the SI method
up to 50 mL, the leached amount for Pb and Cu was 3- and 2-fold
higher, respectively, than the certified values due to the continu-
ous shift of the metal distribution equilibria. Therefore, it is
possible to conclude that the automated fractionation studies are
better suited than their traditional counterparts for predicting
actual risks associated with soil contamination.

Automated Single and Sequential Extraction Schemes
with On-Line Detection. Microcolumn-based single and sequen-
tial extraction schemes were equally well accommodated in the
fully automated SI setup for element partitioning studies. Besides
preventing contamination risks, the totally enclosed environment
reduces auxiliary sample manipulations dramatically, as neither
separation nor dilution steps are needed. Very importantly, the
microanalytical hyphenated technique ensures highly time-
resolved information on the ongoing extraction process. Hence,
fast leaching processes, such as those involving EDTA, can be
appropriately monitored as depicted in Figure 2. For the particular
reference material under investigation, more than 45% of the Cu(II)
potentially prone to complexation is released in the first 2 mL of
EDTA solution. Figure 3 clearly illustrates the different kinetic
information rendered by the on-line analysis of minute volumes
of leachate and, for comparison, measurements after manual

dilution of 1 mL subfractions. The averaged concentrations of the
semiautomated procedure are, thus, inadequate for short-term
assessment of the ecological impact of pollutants liberated under
the action of soluble ligands.

For the first time, the use of the three reagents in the well-
established (sometimes termed standard36) SM&T extraction
scheme19 has been effected in a dynamic flow-through mode.
According to previous researchers,20 the third step of the
procedure was realized at room rather than at elevated temper-
ature, yet the flow rate was half (viz. 5 μL s-1) of that for the
other extractants in order to increase the contact time between
the oxidizing agent and the sample. It should be emphasized that
the methodology applied in the standard scheme for organic
matter degradation solely is useful to estimate the total metal
content associated with oxidizable soil phases. The oxidation at
room temperature is a more realistic measure of the current,
rather than potential, availability of metal ions by changes in
oxidizing conditions or microbial activity in real-life samples, as
metals associated with refractory organic compounds included in
the mineral soil compartments are assumed to remain in the
sample matrix for longer periods.13

As shown in Table 2, the fully automated single CH3COOH
extraction method renders, similarly to the off-line detection
scheme, lower Cu recoveries than the batch protocol. Yet, the
on-line available fraction (i.e., 26 mg kg-1 Cu) differs from that
achieved under nonequilibrium regime but with fraction collection

(36) Filgueiras, A. V.; Lavilla, I.; Bendicho, C. Anal. Bioanal. Chem. 2002, 374,
103-108.

Table 2. Extractable Contents of Trace Metals (mg kg-1) for CRM 483 As Obtained by the Single Extraction
Procedure and the Modified SM&T Three-Step Sequential Extraction Procedure Using the SI Extraction System
with On-Line FAAS Detection

sequential extraction (n ) 3)
single extraction (n ) 3)

element method acetic acid EDTA step I step II step III residue
total

(I + II + III + residue)

Cu proposed system (automated) 26 ( 1 221 ( 5 12 ( 1 198 ( 8 39 ( 3 112 ( 6 361 ( 11
reported value (batchwise) 33.5 ( 1.6a 215 ( 11a 16.8 ( 1.5b 141 ( 20b 132 ( 29b 43.3 ( 3.8b 335 ( 35b

362 ( 12c

a Certified value. b Taken from ref 30: soil sample, 300 mg; extraction flow rate, 10 μL s-1 (except step III, 5 μL s-1); subfraction volume,
175 μL; total extractant used, 12 and 18 mL for CH3COOH and EDTA (single extraction) and 12, 24, and 12 mL for steps I, II, and III (sequential
extraction), respectively. c Total aqua regia digestion value.30

Figure 2. Extractograms for Cu in CRM 483, as obtained from
single extraction on-line FAAS detection: (9) EDTA extraction; ([)
CH3COOH extraction; subfraction volume, 175 μL; extraction flow
rate, 10 μL s-1. In the insert is shown a close-up of the extractogram
within the first 8 min using CH3COOH.

Figure 3. Extractograms for Cu with EDTA extraction, comparing
the concentration of Cu in each subfraction when using off-line
(1.0 mL per collected subfraction) and on-line FAAS detection
(175 μL per subfraction).
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(i.e., 19 mg kg-1 Cu). These discrepancies are the result of the
differences of the two operational procedures, since the delay time
per subfraction required in the on-line method between extraction
and measurement causes longer extractant-sample contact times
(viz., 42 s/(mL of reagent)). The leaching patterns are obviously
unaffected by the detection mode, as deduced from Figure 2 and
the comments in the above section.

To compare critically both the dynamic and the batch extrac-
tion techniques, it should be noted that the contact time between
the soil and the solution in the latter one is 16 h, so that metal
re-distribution processes most likely take place. Gómez-Ariza et
al.37 reported that the percentages of readsorption of metals were
strongly dependent upon the Fe-Mn oxide and organic matter
content. In this context, Chomchoei et al.38 demonstrated that the
higher the organic matter content, the higher the readsorption
of leached divalent metals, such as Cu, was encountered. There-
fore, when the manual sequential extraction method is applied to
soils containing high levels of organic matter, the first two steps
are expected to be influenced by re-distribution processes. The
higher recovery of Cu associated with easily reducible phases
(mostly, manganese oxyhydroxides) for the sewage amended
CRM 483 soil using the hybrid SI/FI system (see Table 2) as
compared with the standard procedure is, hence, to be explained
by the contribution of this phenomenon from step II to step III.
The metal content liberated from oxidizable phases, cannot,
however, be strictly compared because of the variable operational
conditions of both methods.

In Figure 4 is illustrated the three-step Cu extractogram for
the CRM 483 using the proposed flow system with on-line FAAS

detection. The extraction profile renders an additional insight into
the chemical associations of the elements within the soil compart-
ments and into the leaching kinetics through continuous monitor-
ing of the overall partitioning protocol.

As detailed in Table 2, the accuracy of the proposed approach
is assessed by comparing statistically the summation of the
extracted concentrations in each operationally defined phase plus
the residue fraction with the reported total concentrations using
aqua regia digestion. No significant differences existed between
the total metal contents provided by the two methodologies. Thus,
the extractable amount of Cu obtained by summation of steps I,
II, and III (i.e., 249 mg kg-1) is fairly similar to that mobilized
using the EDTA single extraction method (i.e., 221 mg kg-1).
Therefore, the EDTA scheme can be regarded as a valuable tool
for fast screening of metal pollution and measurement of readily
bioavailable forms.

The most easily accessible pool of Cu from the CRM 483 was
also monitored by resorting to the McLaren-Crawford scheme,
originally developed for copper fractionation in soils.39 The first
two steps of this procedure, involving 0.05 M CaCl2 for mobiliza-
tion of water-soluble and exchangeable fractions and 0.43 M CH3-
COOH for the acid soluble phases (or metals weakly bound to
specific sites), were compared with the SM&T acetic acid single
extraction scheme. The metal concentrations found in the ex-
changeable and acid soluble fractions were 1.8 ( 0.2 and 25 ( 2
mg kg-1, respectively. The summation of these two fractions is
statistically comparable to that of the SM&T method (viz., 26 (
1 mg kg-1), thereby demonstrating that single extractions are time
and cost-effective alternatives to the sequential procedures for
empirical assessment of the ecotoxicological significance of a given
element in environmentally relevant solid samples, as also pointed
out by several researchers.13,36
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Figure 4. Extractogram for Cu in CRM 483 using the three-step
sequential extraction scheme in the proposed SI system with on-line
FAAS detection. Subfraction volume, 175 μL.
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Abstract

Recently a novel approach to perform sequential extractions (SE) of elements in solid samples was developed by this group, based upon the
use of a sequential injection (SI) system incorporating a specially designed extraction microcolumn. Entailing a number of distinct advantages
as compared to conventional batch methods, this fully automated approach furthermore offers the potentials of a variety of operational
extraction protocols. Employing the three-step sequential extraction BCR scheme to a certified homogeneous soil reference material (NIST,
SRM 2710), this communication investigates four operating modes, namely uni-, bi- and multi-bi-directional flow and stopped-flow, allowing
comparison of the metal fractionation profiles. Apart from demonstrating the versatility of the novel approach, the data obtained on the metal
distribution in the various soil phases might offer valuable information as to the kinetics of the leaching processes and chemical associations in
different soil geological phases. Special attention is also paid to the potentials of the microcolumn flowing technique for automatic processing
of solid materials with variable homogeneity, as demonstrated with the sewage amended CRM483 soil which exhibits inhomogeneity in the
particle size distribution.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Sequential extraction; Sequential injection; Soil; Leaching kinetics; Microcolumn; Metal fractionation

1. Introduction

Sequential extraction is one of the most important tools
to assess the impact of trace elements in solid samples
(namely, soils, sediments, solid wastes, sludges, airborne
particulates, biological tissues and foodstuffs) [1]. The
results offer detailed information about the origin, mode
of occurrence, bioavailability, potential mobility, and the
transport of the elements in the natural environment [1–5].

∗ Corresponding author. Tel.: +45 4525 2346; fax: +45 4588 3136.
E-mail address: ehh@kemi.dtu.dk (E.H. Hansen).

When sequential extraction is practiced in the batch mode,
there is, however, a high risk of sample contamination.
Moreover, the classical manual procedures are tedious, time
consuming, labor intensive and subject to several potential
errors.

Exploiting the benefits of the manipulatory advantages of
sequential injection (SI) [6–9], this group recently developed
a novel, robust approach to perform sequential extraction of
element in solid soil samples by using an SI-system incor-
porating a specially designed extraction microcolumn [10].
In this context, it was especially useful that SI-systems are
based on using programmable, bi-directional discontinuous

0003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2004.12.068
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flow as precisely co-ordinated and controlled by a computer.
Therefore, the flow network is easy and simple to reprogram
from one application to another, notable advantages being
that it allows the exact metering of even small volumetric
volumes and that it readily and reproducibly permits flow
reversals. Furthermore, sample/reagent consumption, oper-
ating times, as well as risks of contamination and analyte
loss due to manipulation are considerably reduced in com-
parison with conventional batchwise systems. In this context,
it should be stressed that the latter operationally-defined pro-
cedures are performed under pseudo-equilibrium conditions,
so that kinetic information on the mobility of a given element
is lost.

Based on the operation of the syringe pump, four op-
erational modes are potentially feasible, comprising uni-
directional flow, bi-directional flow, multi-bi-directional flow
and stopped-flow, which are critically compared in this work
aimed at metal fractionation explorations in solid samples.
Sequential injection analysis is, thus, used as a powerful au-
tomated technique for accurate handling of micro-volumes of
extracting solutions through the soil microcolumn in what-
ever desired sequence, and also as a promising tool in looking
into the kinetics of the leaching processes as a function of ex-
posure time, and into the chemical associations of the differ-
ent components of the solid materials in the various leaching
protocols.

In order to ascertain the results, the flow system was
tested on two different certified reference materials with
variable particle size distribution, namely, the homogeneous
SRM 2170 pasture soil using the three-step BCR extraction
scheme, and the heterogeneous sewage amended CRM 483
soil with single extraction protocols. It should be mentioned
that the latter soil cannot be handled with reported flow injec-
tion/continuous microcartridge extraction techniques utilis-
ing minute amounts of solid sample [11–13], since the packed
material cannot necessarily be considered as representative
of the bulk medium. Though the emphasis herein is more on
the potentials of the SI-microextraction technique as a novel
operational concept able to integrate extraction schemes for
metal fractionation in samples of different complexity, an
interpretation of the behavior of the individually extracted
metal species in the various operational modes is also pro-
vided for the SRM 2710 soil.

2. Experimental

2.1. Instrumentation

A FIAlab-3500 flow injection/sequential injection system
(Alitea, USA) equipped with an internally incorporated 10-
port selection valve (SV), and a syringe pump (SP, Cavro,
Sunnyvale, USA) with a capacity of 10 ml was used. The
SI-system was computer controlled by the associated FIAlab
software. The extraction microcolumn was connected within
the SI-system as shown in Fig. 1. All outlets of the SV were

Fig. 1. Schematic diagram of the SI/SE systems used: (a) uni-directional
flow and stopped-flow systems; (b) bi-directional flow and multi-bi-
directional flow system. SV, selection valve; CC, central communication
channel; SP, syringe pump; HC1 and HC2, holding coils number 1 and 2;
W, waste; carrier, Milli-Q water (from Ref. [10] by permission of Elsevier
Science Publishers).

connected through PEEK ferrules with rigid PTFE tubing
(0.5 mm i.d./1.60 mm o.d.) (Bohlender, Germany). The cen-
tral port of the SV was connected to the holding coil (HC),
which consisted of PTFE tubing (1.32 mm i.d./1.93 mm o.d.)
(Cole-Parmer Instrument Company, USA), the length being
110 cm, corresponding to a volume of 1.5 ml.

Determination of the concentrations of the individual
metal species was performed by using a Perkin-Elmer An-
alyst 100 flame atomic absorption spectrometer (FAAS)
equipped with deuterium background correction.

When required, heating of extractants was made by means
a thermostated hotplate allowing the solutions to obtain the
required temperature before aspiration into the system.

2.2. Apparatus and procedure

The extraction microcolumn employed in this work has
been described in detail previously [10]. Made of PEEK, and
comprising a central bi-conical shaped sample container, with
a volume of ca. 359 �l, and equipped with filters and filter
supports and caps at both ends, the entire unit is ca. 43 mm
long when fully assembled. The membrane filters (Millipore,
FluoroporeTM membrane filter, 13 mm diameter, 1.0 �m par-
ticle retention) used at both ends of the extraction microcol-
umn allowed dissolved matter to flow freely through.
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Table 1
Experimental details of the three-step BCR sequential extraction scheme
performed in the flow-through automated fashion

Step Extracting reagent Fraction

I 0.11 mol l−1 acetic acid, room temperature Acid soluble
II 0.1 mol l−1 hydroxylamine hydrochloride, pH

2.0, 65± 5 ◦C
Reducible

III 8.8 mol l−1 hydrogen peroxide, pH 2.0,
85± 5 ◦C

Oxidisable

In this study, the three-step sequential extraction scheme of
the Community Bureau of Reference (BCR) [14] was carried
out as shown in Table 1.

2.3. Soil sample

A soil certified reference material from the National Insti-
tute of Standards and Technology (NIST), SRM 2710, was
used. The soil material was collected from a pasture land
(Montana, USA) affected by the deposition of creek sed-
iments. It is a highly contaminated soil, the certified total
concentration values of a number of elements being given.
According to the certification report, this material was care-
fully prepared to achieve a high degree of homogeneity, its
primary mission in this work being to provide a convenient
way for evaluation of the accuracy of the proposed schemes.
The extracts obtained automatically from the highly contam-
inated soil in the different extraction steps of the various op-
erational SI-modes were processed by FAAS.

In this investigation, the dedicated microcolumn was
packed with merely 25 mg of SRM 2710 soil. However, ac-
ceptable results when working with such low amounts of
homogeneous solid materials have been verified previously
[10] and also reported in the literature [11–13,15].

As a model solid sample to assess the potentials of the
automated SI-extraction system, another certified reference
material was also used, i.e., CRM 483 from BCR, which is a
heterogeneous sewage sludge amended soil containing high
levels of organic matter.

2.4. Preparation of reagents

All reagents were of analytical grade. Milli-Q water was
used throughout. Working standard solutions were prepared
by diluting 1000 mg l−1 stock standard solutions (Merck).

Other chemicals employed in the experiments were Supra-
pur nitric acid (65%, Merck), Suprapur perchloric acid (70%,
Merck), hydrofluoric acid (40%, Merck), hydrogen peroxide
(30%, Merck), glacial acetic acid (100%, Merck), and hy-
droxylammonium chloride (Merck).

Prior to use all glassware was rinsed by 25% (v/v) con-
centrated nitric acid in a washing machine (Miehle, Model G
7735 MCU, Germany) and afterwards cleaned with Milli-Q
water.

2.5. Dissolution of residues and determination of total
concentrations of metals

Residues from the extraction column were transferred to
a PTFE vessel and then 3.0 ml of nitric acid (65%) and 3.0 ml
of hydrofluoric acid (40%) were added and heated gently to
near dryness in a sand bath, with temperature not exceeding
140 ◦C, as reported elsewhere [16]. The samples were cooled
and 1 ml of perchloric acid was added, thereafter they were
heated again to near dryness and finally diluted with 2% ni-
tric acid. All the sample solutions were then further properly
diluted to make the analyte concentrations within the linear
dynamic range of the FAAS instrument.

2.6. Operating procedures

In this study, four applicable modes of the sequential in-
jection/sequential extraction (SI/SE) procedure were investi-
gated, that is, the uni-directional flow and the stopped-flow
as shown in Fig. 1(a), and the bi-directional flow and triple
bi-directional flow as depicted in Fig. 1(b). In all procedures,
a total of 50 ml of each extractant was used. However, in
order to ensure appropriate temperature control of the solu-
tions, and to avoid back-pressure effects during extractant
loading in those protocols involving flow reversal, only 1 ml
aliquots were manipulated at a time in the system. The com-
plete sequential extraction procedure of the four approaches
thus runs through the following sequences.

Uni-directional flow. SP was set to aspirate consecutively
300 �l of air from port 6 and 1.00 ml of 0.11 M CH3COOH
from port 1 into HC1 (at a rate of 100 �l s−1). The role of the
air segment is to prevent dispersion of the leaching reagent
into the carrier solution. The entire extractant plug was then
dispensed (50 �l s−1) from HC1 directly to port 5 and then
passed through the microcolumn, allowing extraction to take
place. For each five cycle runs, the extracts from the mi-
crocolumn were collected in a separate plastic vial, thus to-
tally amounting to ten 5 ml subfractions for a complete set.
Thereafter, the next extractant was automatically aspirated
from the respective valve port and the collection of ten 5 ml
subfractions repeated until all three leaching steps had been
completed.

Stopped-flow. The system operation was similar to that of
the uni-directional flow procedure, except that the procedure
included the extra stopped-flow step. After aspiration of the
air and of the extractant segment into HC1, 800 �l of the
leaching agent was dispensed (50 �l s−1) from HC1 directly
to port 5 to wash out the former extract and stop the next
fraction volume into the microcolumn, the stop period being
affixed to 2 min. Afterwards, the remaining extractant in
HC1 was dispensed to pass through the column, thereby
transporting totally 1.00 ml to the subfraction collector. The
stopped-flow step was performed only in step I (acid soluble
fraction) to assess the possible re-adsorption of the various
elements on the soil particle surface, as well as the influence
on the metal extractability by application of the ensuing
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reducing and oxidising leaching agents. The extraction
procedure was repeated with five cycle runs for each
subfraction and totally ten 5 ml subfractions for each set.
Extractions with the following two extractants were made
as described in the uni-directional flow procedure above.

Bi-directional flow. SP was set to aspirate 1.00 ml of
0.11 M CH3COOH (50 �l s−1) from port 1 to pass through
the microcolumn to HC1. To ensure that all of the extrac-
tant actually had been passed through the column, the central
communication channel (CC) in the SV was immediately,
after the loading of the extractant, switched to port 6 and
SP made to aspirate 1.00 ml of air (50 �l s−1) which hence
became positioned in HC2. The extract was then dispensed
backward (50 �l s−1) through the column, HC2, port 5 and
finally collected in the subfraction collector. Again, the leach-
ing process was repeated with five cycle runs for each sub-
fraction, amounting to a total of 10 subfractions for each set.
Identical protocols were executed for the consecutive steps
of the sequential extraction scheme.

Triple bi-directional flow. The operation of the system
was similar to that of the bi-directional flow procedure, ex-
cept that the extractant in each cycle run was passed through
the extraction microcolumn backward and forward totally six
times (3× bi-directional). The triple bi-directional step was
performed merely in the first step of the SE protocol, so that
the extraction yields of the acid soluble fraction are to be
compared for the various SI-extraction modes handled, that
is, the following extractants were used as described in the
bi-directional flow procedure.

The extracts were subjected to FAAS measurement after
the overall automated extraction steps were completed. All
determinations were made using external calibration without
matrix matching, as this previously has been found unneces-
sary for this particular reference material [10]. The total metal
concentrations were obtained for each extraction mode by
summation of the metal content in the soil phase associations
sensitive to acidification and redox processes, and the resid-
ual fraction, allowing statistical comparison with the certified
values.

3. Results and discussion

3.1. Extraction by the SI/SE system

By exploiting the SI/SE microcolumn set-up illustrated in
Fig. 1, and taking advantage of the versatility of the move-
ments of the syringe pump, four modes of extraction are
practicable, that is, uni-directional flow, bi-directional flow,
multi-bi-directional flow, and stopped-flow, being also read-
ily applicable to single extraction schemes.

In the uni-directional flow the extractant plugs are deliv-
ered only once through the microcolumn. This approach is
simple, rapid and easy to perform. Moreover, in contrast to the
other extraction protocols, and to batch-mode extractions, the
uni-directional multiple-step scheme minimizes the problem

of readsorption and redistribution of released species during
extraction, because the extractant is being continuously re-
newed, and the contact time between the leachant solution and
soil sample is, to a great extent, reduced. Thus, this dynami-
cally operating mode can be regarded as an elegant solution
to reduce the readsorption effects, which may dramatically
affect trace metal extractability in the earlier steps of sequen-
tial extraction protocols, as reported by different researchers
[17–19].

Yet, in order to obtain additional kinetic insight and valu-
able information on the various metal pools available, longer
contact time between the extractant and the soil sample might
be profitable, which can readily be achieved by exploiting the
stopped-flow and the forward–backward flow approaches.
The bi-directional flow mode must also be considered as a
suitable alternative whenever back-pressure effects are en-
countered in the uni-directional approach due to the progres-
sive tighter packing of the solid material. In the present appli-
cation, however, the uni-directional operation turned out to be
entirely trouble-free, and neither flow resistance nor tendency
of clogging was observed even after long-term use at the mod-
erately high flow rates applied (namely 3.0 ml min−1), which
is attributed to both the minute amounts of solid material em-
ployed and the optimum hydrodynamics of the custom-built
microcolumn.

3.2. Comparison of the extractable amount of metals by
different modes of extraction

One of the aims of the present work was to critically com-
pare the analytical performance of the various SI-extraction
procedures performed in an automated fashion in terms of
extractability and acceleration of the operationally-defined
SE schemes, thus reducing the number of subfractions. As
a consequence of the longer contact times between the ex-
tractant plugs and the packed soil sample in the triple bi-
directional flow and stopped-flow with respect to the uni-
and bi-directional approaches, higher extraction efficiencies
might be expected. On the other hand, it should be also kept in
mind that problems due to metal readsorption/redistribution
processes might emerge. If that is the case, the extractable
amount of target metals by using the two former modes should
decrease in step I and increase in either step II or III. There-
fore, in this study, triple bi-directional flow and stopped-flow
were executed solely in step I.

It is important to emphasise the existence of a correlation
between the contact time and the extent of the redistribu-
tion/readsorption phenomenon, as the larger the extraction
time the larger influence of this phenomenon is expected.
However, it is possible to discern between both effects by
comparison of the metal leachable contents obtained for
the stopped-flow and forward–backward approaches for
a given extraction time. In fact, the stopped-flow mode
provides relevant information on the readsorption process
as a consequence of the stagnant nature of the leaching
solution, whereas the effect of the contact time may be
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Table 2
Extractable amounts of Pb, Cu, Zn, and Mn for the various operationally-defined automated extraction modes using the SI/SE microcolumn set-up

Element Mode Amount extracted (mg g−1)±S.D. (n = 3) Total (mg g−1) Certified values (mg g−1)

Step I Step II Step III Residue

Pb Uni-directional 1.0 ± 0.1 2.11 ± 0.03 <0.36a 2.3 ± 0.1 5.5 ± 0.1 5.53± 0.08
Bi-directional 0.97 ± 0.02 2.6 ± 0.1 0.5± 0.1 1.45 ± 0.09 5.5 ± 0.2
Stopped-flow 1.04 ± 0.01 2.48 ± 0.01 < 0.36a 2.10 ± 0.05 5.62 ± 0.05
Triple bi-directional 0.9 ± 0.1 2.39 ± 0.06 0.6± 0.1 1.5 ± 0.1 5.5 ± 0.2

Cu Uni-directional 1.38 ± 0.09 0.53 ± 0.02 0.15± 0.01 0.75 ± 0.07 2.8 ± 0.1 2.9± 0.1
Bi-directional 1.46 ± 0.06 0.65 ± 0.05 0.14± 0.06 0.71 ± 0.06 3.0 ± 0.1
Stopped-flow 1.56 ± 0.09 0.73 ± 0.02 0.22± 0.04 0.40 ± 0.09 2.9 ± 0.1
Triple bi-directional 1.6 ± 0.1 0.70 ± 0.09 0.17± 0.08 0.4 ± 0.1 2.9 ± 0.2

Zn Uni-directional 1.62 ± 0.02 1.4 ± 0.1 1.1± 0.1 2.7 ± 0.2 6.9 ± 0.2 6.95± 0.09
Bi-directional 1.65 ± 0.04 1.48 ± 0.03 1.27± 0.06 2.5 ± 0.3 6.9 ± 0.3
Stopped-flow 1.7 ± 0.1 1.52 ± 0.03 1.04± 0.03 2.7 ± 0.1 6.9 ± 0.1
Triple bi-directional 1.75 ± 0.09 1.53 ± 0.05 1.04± 0.01 2.6 ± 0.2 6.9 ± 0.2

Mn Uni-directional 1.9 ± 0.2 0.44 ± 0.02 0.63± 0.03 6.9 ± 0.7 9.9 ± 0.7 10.1± 0.4
Bi-directional 0.95 ± 0.03 1.62 ± 0.04 0.46± 0.05 6.8 ± 0.8 9.9 ± 0.8
Stopped-flow 1.78 ± 0.05 1.5 ± 0.1 0.6± 0.1 6.2 ± 0.1 10.0 ± 0.2
Triple bi-directional 1.92 ± 0.07 1.6 ± 0.3 0.55± 0.02 5.9 ± 0.1 10.0 ± 0.3

Sample, SRM 2710 soil; S/C ratio, 1:14; extraction flow rate, 50 �l s−1.
a Below the FAAS detection limit.

ascertained via the bi-/multi-bi-directional modes since the
diffusion layer of the extractant solution in contact with
the soil matrix—containing the highest concentration of
released metal species—is renewed for each extraction step.

Table 2 shows the extractable amounts of Pb, Cu, Zn and
Mn for the SRM 2710 soil as obtained with the SI/SE system
exploiting various automated extraction protocols. Despite
the uni-, bi-, triple bi-directional and stopped-flow intrinsi-
cally give rise to different extraction times (namely, 7, 14, 48
and 120 s, respectively, for a loading flow rate of 50 �l s−1),
the extractability of trace metals from each soil phase asso-
ciation is by and large similar. However, the contribution of
re-distribution processes can be detected for Pb and Cu due
to the appreciable increase in the extractability for the re-
ducing agent using the backward–forward (ca. 18 and 28%,
respectively) and stopped-flow (ca. 17 and 38%, respectively)
modes in comparison with the uni-directional flow. In fact, the
phenomenon of re-distribution for the batchwise SE schemes
has been found particularly relevant for Cu and Pb, the man-
ganese oxide and humic acids being mostly responsible for
this effect [2].

Moreover, as opposed to Pb, the SI-extraction yields for
Cu using the chemical extractant with the lowest leachant
strength, i.e., 0.11 M acetic acid, improved to some extent
(≤15%) by increasing the leaching time, which can be ex-
plained according to the different mobility of both metal ions:
While Cu is regarded as an element of intermediate mo-
bility, with pools of the readily leachable carbonate bound
phase, Pb is considered as a typical fixed element [5]. In
addition, whereas the Pb fraction susceptible of oxidation
processes is not significantly different for the bi- and triple
bi-directional flow, both the uni-directional and stopped-flow
modes yielded lower extraction yields. This behavior might

be explained by the difference of the extracting operations,
because the uni-directional flow and the stopped-flow are ba-
sically based on the same operating approach, just as are the
bi- and the triple bi-directional flow procedures.

The behavior of manganese was somewhat different from
that of the remaining metals explored. It should, however, be
taken into account that Mn, as opposed to Pb, Cu and Zn, is a
major element in soil matrices. Although hydrous oxides of
manganese are commonly described as easily reducible soil
phases [2], manganese should be regarded in SRM 2710 as
a non-labile element, being strongly associated to the resid-
ual fraction. According to Table 2, the extractable amounts
associated to carbonates for the bi-directional flow, and the
reducible fraction for the uni-directional flow are lower than
those attained by the other modes of extraction. This is prob-
ably caused by the insufficient contact time between soil and
extractant.

3.3. Kinetic leaching and chemical associations in the
soil sample

Apart from the information on metal distribution in the
various phases, extractograms of each element [20] as ob-
tained by a graphical plot of extracted concentration and sub-
fraction number can provide an additional useful insight into
the kinetics of the leaching processes and the chemical asso-
ciations of the elements within the solid phases.

According to the extractograms of Pb, Cu, Zn, and
Mn resulting from the application of the different SI/SE
operational modes to the SRM 2710 soil (see Fig. 2 for
further details), the most labile elements, i.e. Zn and Cu, are
specially sensitive to acidification processes, so that more
than 25% of the total metal content is bound to carbonates.
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Fig. 2. SI/SE extractograms of metals in the SRM 2710 reference soil re-
sulting from the application of different operational modes: uni-directional
flow (�); bi-directional flow (�); stopped-flow(�); and triple bi-directional
flow (×). Sample, 25 mg; subfraction, 5 ml; extraction flow rate, 50 �l s−1.

Moreover, the target phases are rapidly leachable, since
more than 80% of the maximum metal available is obtained
in the first four subfractions. On the other hand, lead is
highly affected by reduction processes since the maximum
extractability (ca. 45%) was obtained in step II of the SE
scheme. This result agrees with previous researchers [21,22]
who found that fixed elements, such as lead, are bound to
easily or moderately reducible fractions (namely, manganese
oxyhydroxides and amorphous iron oxides).

When comparing the leaching patterns of the various met-
als in SRM 2710 for the uni-directional mode (Fig. 3), it is
noticeable that the kinetics of metal release from the solid ma-
terial follow the same trends for all trace metals: each target
analyte is mostly leached in the first subfraction (>30% for
Cu, and >40% for Zn and Pb), and the concentration in solu-
tion rapidly decreases in the following subfractions. Similar
pictures are encountered when exploiting the remaining dy-
namic extraction sequences, and virtually the same leaching
profiles are obtained.

Another outstanding asset of the SI/SE system is the
feasibility of comparing both the peak positions and the
profile shapes between elements to identify pollutant–soil
phase interactions. In order to gain more detailed informa-
tion of the leaching kinetics and elemental association, the

Fig. 3. Extractograms of metals in the SRM 2710 reference soil resulting
from the application of the BCR three-step sequential extraction protocol
using the SI-microanalytical system in a uni-directional fashion. Sample,
25 mg; extraction flow rate, 50 �l s−1; subfraction volume, 5 ml.

detailed, continuous extractograms are to be explored. This
can either be effected by collection of smaller volumes of
extract per subfraction, or, as this group presently is engaged
in, by interfacing the SI-microcolumn set-up directly with an
appropriate flow-through detector, thereby allowing on-line
determination of the individual metals.

3.4. Particle size and soil homogeneity

The proposed SI/SE concept with automatic handling of
solutions can be regarded as a versatile tool and supple-
mentary technique to the flow injection/continuous flow mi-
crocolumn schemes [11–13,23] that have recently attracted
special interest for on-line fractionation of metal ions in
solid materials and assessment of leaching kinetics to receive
valuable information on metal mobility and availability to
biota.

Although the use of minute amounts of solid samples, even
lower than 10 mg [11], have been reported recently, it should
be born in mind that the reliability of the leaching assays is to
be strongly influenced by the particle size distribution, which,
in turn, depends on the sample preparation protocols effected
prior to initialisation of the extraction tests. As suggested by
Beauchemin et al. [12], the treatment of solid materials with
poor homogeneity by automated microextraction techniques
could be troublesome due to the limited capacity of the sam-
ple container and the increase of flow resistance. Yet, the
feasibility of handling heterogeneous soil samples into flow
manifolds is a current subject of exploration in our research
group. To this end, the sewage sludge amended CRM 483 soil
with certified release concentrations of anthropogenic metals
following standardised single extraction procedures [24] is
being used as a model of heterogeneous material with parti-
cle size up to 2 mm, as compared with <74 �m in the SRM
2710 pasture soil. The experiments have been scaled up to
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evaluate the maximum sample amount to be accommodated
in the dedicated microcolumn. Sample size is proven to be
readily enlarged up to 300 mg with minimum back-pressure
increase, because of the favourable hydrodynamics of the
dual-conical shaped column. The perfusing extractant flow
rate should, however, be tailored to the dimensions of the
column for appropriate long-term performance of the micro-
analytical system. Thus, the coefficients of variation for lead
in consecutive uni-directional single extractions for CRM 483
have been reduced from 35 to 5% by increasing the sample
mass from 25 to 300 mg, rendering R.S.D. values compara-
ble, and even better, to those of the homogeneous SRM 2710
soil (see Table 2 for further information).

As a result, the proposed configuration has opened new
avenues for automatic extraction schemes of environmentally
relevant parameters in soils with different morphology and
variable homogeneity. Current research is also being focused
on the implementation of single and sequential extraction
protocols in a single, compact and miniaturised SI-manifold
aiming at developing a robust tool with inherent capabilities
for fast screening of soil pollution and at-site monitoring of
soil phase associations.

3.5. Validation of the proposed system

The accuracy of the proposed approach was evaluated by
analyzing the SRM 2710 certified reference material, and
comparing statistically the summation of extracted concen-
trations in each operationally-defined phase and residue frac-
tion with the certified total concentrations detailed in Table 2.
The t-test for mean comparison was applied as a signifi-
cance test [25]. Since the experimental t-values for Pb, Zn,
Cu and Mn were lower than the critical value of |t| (viz.,
2.23, P = 0.95) no significant differences were encountered
between the certified values and the sum of concentrations
at the 5% significance level. As a consequence, the SI/SE
method is free from both additive and multiplicative matrix
interferences, making the application of the method of the
standard additions unnecessary.

The correlation between the uni-directional flow (UNI)
and the bi-directional (BI), triple bi-directional (TR) and
stopped (ST) flow modes was assessed via statistical treat-
ment of the regression curves obtained from the overall re-
sults listed in Table 2 for trace elements. The correlation lines
were as follows: UNI = (1.16± 0.22) BI− (0.09± 0.28);
UNI = (1.10± 0.20) TR− (0.04± 0.27) and UNI = (1.09±
0.21) ST + (0.003± 0.27).

As deduced from the above equations, the calculated
slopes and intercepts do not differ significantly from 1 and
0, respectively, thus confirming the inexistence of systematic
differences between the various operational modes for the
SRM 2710 reference material. It can be concluded from these
results, that this homogeneous, highly contaminated soil con-
tains large pools of easily mobilisable metal fractions, so
that the uni-directional flow provides extraction yields which
are statistically comparable with that of the other automated

protocols. However, the application of operational modes in-
volving longer extraction times should be desirable to en-
hance the extraction efficiency in soils, sediments or sludges
with large fractions of slowly accessible metals, as currently
being investigated in our laboratory exploiting both single
and sequential extraction approaches in an automated flow
fashion.
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Abstract

Isotope dilution methods using a stable isotope tracer (207Pb) were developed for the determination of Pb availability in

contaminated soils. The methods included determination of E values (isotopically exchangeable pool), L values (plant labile

pool) and isotopic exchange kinetics (IEK). Isotopically exchangeable Pb was monitored at different exchange times based

on measurement of the 207Pb/208Pb ratio in soil solution following addition of the tracer. The rate of decrease in the
207Pb/208Pb ratio in solution could be described by using the same IEK equation as used previously with radioisotope tracers.

The amounts of isotopically exchangeable Pb in Pb-contaminated soils estimated from long-term IEK parameters were in

good agreement with directly determined E values up to 15 days. However, values of some of the fitted IEK parameters cast

doubts on the validity of using the IEK approach with 207Pb, most probably as a result of irreversible fixation of some of the

spike by reactive surfaces in the soils. Estimation of isotopically exchangeable Pb using short-term kinetics data was

unsuccessful, substantially underestimating E values. Results for the control (uncontaminated) soil were highly variable, most

probably as a result of fixation of tracer by the soil and poor analytical precision due to low solution Pb concentrations. A

compartmental analysis of the variation in E values with time indicates a good potential for estimating bioavailable Pb in

contaminated soils. The amounts of available Pb obtained from summation of the E1 min and E1 min–24 h pools (E(available)),

accounting for an average of 57.62% of total soil Pb, were significantly correlated with both the L values and with Pb

extracted from soil with EDTA.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Isotopic exchange kinetics; Lead; Bioavailability

1. Introduction

The present amount of lead (Pb) in the environ-

ment is a result of release by natural processes and a

long history of anthropogenic use of Pb. The

increasing uses of Pb have resulted in recurring
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environmental contamination in developing and

industrialised areas of the world. Contamination of

soil with Pb from the main recognised sources is well

documented, i.e. mining and smelting, automotive

emissions, Pb-based paints and industrial activity (e.g.

Haack et al., 2003; Wong and Li, 2004; Ettler et al.,

2004; Monastra et al., 2004). Accumulation of lead in

surface soils can impact on environmental health and

can affect food quality and human health. It is widely

recognized that the mobility and bioavailability of

metals in the environment depend not just on their

total concentrations. Hence, determination of metal

availability is important for the assessment of metal

toxicity in contaminated soils. In response to this

concept, there has been a great deal of research

conducted to find suitable methods for the determi-

nation of available Pb in contaminated soils (e.g.

McLaughlin et al., 2000; Bacon et al., 2004; Bäck-

ström et al., 2004).

In relation to the mobility and plant uptake of

elements, isotope dilution techniques have been used

for investigating elemental dynamics in the soil–plant

system (Tiller et al., 1972; Fardeau, 1993; Singh and

Pandeya, 1998; Gérard et al., 2000). These techniques

are based on the assumption that isotopic tracers

added to the soil solution will exchange with the

potentially available and mobile forms of elements

present in the soil solid phase (often referred to as the

labile pool). In principle, the isotopic exchange

procedure can be performed using both radioactive

and stable isotope as tracers. In previous studies,

isotopic exchange with radioactive isotopes has been

used mainly for the determination of labile forms of

metals such as Cd, Zn and Ni in soils (e.g. Echevarria

et al., 1998; Hamon et al., 1998; Smolders et al.,

1999). There are two main types of labile pool

measurements by isotopic exchange, i.e. the determi-

nation of E and L values. The E value is a direct

measurement of the isotopically exchangeable metal

pool obtained by equilibrating soil suspension with a

radioisotope spike, followed by measurement of the

specific activity of the soil solution after equilibration.

For the determination of L values, plants are grown in

soils spiked and pre-equilibrated with the radio-

isotope. Measurement of the specific activity of the

isotope in the plants is then used to compute the labile

pool in the soil. Some studies have suggested that E

and L values produce different estimates of the labile

pool. (Tiller et al., 1972; Smolders et al., 1999; Gray

et al., 2001). In contrast, Echevarria et al. (1998)

found that E and L values for Ni were similar. Errors

may arise with L values because the specific activity

of the exchangeable metal as sampled by plants can be

affected by many complex chemical and biological

processes in the soil.

For additional information, a method has been

developed to study isotopic exchange as a function of

time. This approach is usually referred to by the term

isotope exchange kinetics (IEK) (Fardeau et al.,

1985). The IEK method has been successfully applied

to describe the kinetic transfer of radioactive phos-

phate ions (32PO4) from the soil solution to the solid

phase (Fardeau, 1996; Frossard and Sinaj, 1997). It

has been shown that the IEK technique is very useful

in describing P availability in terms of the concepts of

intensity, quantity and capacity factors. More recently,

the IEK technique has been applied successfully to

study Zn exchangeability in soils (Sinaj et al., 1999),

and Echevarria et al. (1998) used IEK to assess Ni

phytoavailability in Ni polluted soils. Gérard et al.

(2000) and Gray et al. (2004) have used the IEK

technique to investigate Cd availability in cadmium-

contaminated soils.

All the above studies of IEK have used radio-

isotopes tracers. However, procedures employing

radioisotopes generally require special facilities for

the safe handling and final disposal of radioactive

materials. In addition, for Pb there is no radioisotope

tracer that can be used for isotopic exchange studies.

In contrast to use of radioisotopes, there have been

only a handful of studies that have used stable

isotopes to measure labile metals in soils. Given some

of the advantages that stable isotopes offer over

radioisotopes as outlined by Vanhaecke et al. (1997),

and the increasing availability and sophistication of

mass spectrometry (MS) instruments, there is now

increased interest in using analytical techniques that

rely on stable tracers to measure labile fractions of

heavy metals. For example, in recent years, analytical

techniques using inductively coupled plasma-mass

spectrometry (ICP-MS) coupled with using stable

isotopes have been developed and applied to study the

bioavailability (labile fraction) of metals in soils by

Gäbler et al. (1999), Ahnstrom and Parker (2001),

Ayoub et al. (2003) and by Gray et al. (2003). The

labile fraction is defined as that portion of an element
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in a soil that rapidly exchanges with an added spike

which contains a known quantity of the element of

interest, artificially enriched with one of the isotopes

of the element. In the case of Pb, the determination of
207Pb and 208Pb can be easily carried out using

quadrupole-based ICP-MS instruments (ICP-QMS)

(Becker, 2002).

The labile pool of a metal in soil, whether

determined by radioactive or stable isotopes, can be

considered as a relatively unambiguous assessment of

the chemical and biological reactivity of that metal in

soil compared with fractions isolated by chemical

extractants (e.g. Nakhone and Young, 1993). How-

ever, it should be recognised that isotopic exchange

determinations are based on the assumption that the

added spike (radioisotope or stable isotope) remains

100% available for exchange. Examination of the

equations for the calculation of E values shows that

fixation (dirreversibleT sorption) of some of the spike

by reactive soil phases results in an overestimate of

the size of the labile pool. In the case of relatively

mobile elements such as Cd and Zn, the assumption

that 100% of the spike remains available for exchange

appears reasonable, although, in some cases, some

fixation of the spike may occur even with these

elements. For example, Tiller et al. (1972) reported

evidence of fixation of spiked radioactive Zn by soils.

They found quite erratic overestimates of isotopically

exchangeable Zn for alkaline soils, sometimes even

exceeding the total amount of soil Zn. In the case of

Pb, fixation of the spike could potentially be a

considerable problem since Pb is known to be very

strongly bound by soil surfaces. Indeed, examination

of the results of Gäbler et al. (1999) suggests that

fixation may be a real issue. Their values for isotopi-

cally exchangeable Pb, determined in water or 1M

NH4NO3, were actually higher than the concentration

of EDTA-extractable Pb determined for their study

soil. This would seem a somewhat unlikely situation.

In addition, several recent isotope studies examining

isotopic signatures of different soil Pb pools show that

there is considerable Pb isotopic heterogeneity

between pools, and at best, exchange between

fractions and homogenisation of isotopic ratios must

be extremely slow (e.g. Emmanuel and Erel, 2002;

Wong and Li, 2004; Bacon et al., 2004).

In the present study we have examined the use of

an enriched stable Pb isotope to determine the pool

of isotopically exchangeable Pb in soils (E value).

We have also investigated whether it is possible,

using the IEK approach, to predict isotopically

exchangeable Pb for long-term exchange times, i.e.

up to 15 days, from short-term data (1–100 min).

Our study also includes the measurement of isotopi-

cally exchangeable Pb based on plant uptake (L

value). With all methods, we examine the data for

evidence that fixation of the spike may limit or

invalidate their usefulness. Finally we compare the

different measurements of labile Pb with a single soil

extraction with ethylenediaminetetraacetate disodium

salt (EDTA).

2. Materials and methods

2.1. Description of study site and soil samples

Surface soil samples (0–10 cm) were sampled

from the area surrounding a small lead smelter

located near the town of Rangsit, approximately 110

km north of Bangkok, Thailand. The smelter, has

been operating for the last 10 years and is used

essentially to re-cycle lead (Pb) from old batteries.

Sampling was carried out at distances of between 0

and 2.5 km from the smelter by taking several sub

samples at each location with a trowel from an area

of approximately 0.5 m2 and bulking. A preliminary

sampling of the site was carried out and the total

concentrations of Pb in these samples were deter-

mined. The results showed that total Pb concen-

trations varied in the range of 20–250 mg/kg Pb.

Five samples were chosen for use in this study to

represent a range from background to high concen-

trations of Pb. The background soil was sampled at a

distance of 2 km from the smelter. The chemical and

physical properties of these five soils are shown in

Table 1. Soil samples were dried at 30 8C in an oven

for 5 days. All the samples were then ground and

sieved through a 2 mm stainless steel sieve. All soils

were stored in a desiccator prior to laboratory

analysis. Soil pH was measured in a water suspen-

sion using a soil/solution ratio of 1:2.5 after the

suspensions were shaken for 24 h on a reciprocating

shaker at 20 8C (Blakemore et al., 1987). Total

carbon content was determined by LECO CNS 2000

Analyser. Soil texture was measured by the Malvern
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Laser Sizer method (Singer et al., 1988). Total Pb,

Fe and Al were determined by acid digestion as

described by Kovács et al. (2000), followed by

atomic absorption spectrophotometry or ICP-QMS

using a Perkin Elmer SCIEX model ELAN 6000.

2.2. Reagents

All chemicals used were of Analytical Reagent

grade and obtained from BDH Chemicals (Poole,

Dorset, UK). High purity water was used throughout

with a metered resistivity z18 MV. Elemental Pb

enriched with 207Pb (z94.6% 207Pb) was purchased

from Novachem Pty. Ltd. (Australia). The enriched

Pb was initially dissolved in HNO3 and then diluted

with water to give a stock solution of approximately

1800 mg/L.

2.3. Theory

2.3.1. Isotopically exchangeable Pb

When a spike solution enriched with 207Pb is

added to a soil, it is assumed to equilibrate with all

forms of soil Pb that constitute the overall labile

pool. At equilibrium, the Pb isotope ratios of the

solution and solid isotopically exchangeable phases

should be the same (in our case we measured the
207Pb/208Pb ratio). The amount of isotopically

exchangeable metal, at equilibrium time t (Et) in

the soil can be calculated using Eq. (1) (Gäbler et al.,

1999).

E tð Þ ¼
Vspike d Cspike�solutiondMd ðhlightspike � rd hheavyspike Þ

msampled NAd ðrd hheavysample � h
light
sampleÞ

d 106

ð1Þ

Where Vspike is the volume of the added spike solution

(mL), Cspike solution is the concentration of the element

in the spike solution (atom/mL), M is the molar mass

(g/mol) of the element, NA is Avogadro’s constant,

msample is the mass of the sample (g), h is the isotopic

abundance of the lighter (207Pb) or heavier (208Pb)

isotope in the spike solution or the natural isotopic

abundance in the sample, r is the measured
207Pb/208Pb isotope ratio in solution after isotopic

exchange. The natural isotopic abundance of Pb

occurring in each contaminated soil sample, hsample

was determined for each sample by ICP-QMS. Eq. (1)

can also be used to calculate L values from plant

uptake studies. In this case, r is the 207Pb/208Pb ratio

measured in plants grown in spiked soil.

2.3.2. Isotopic exchange kinetics

The principle of IEK employing a radioactive

tracer has been described in a number of recent papers

(Echevarria et al., 1998; Sinaj et al., 1999; Gray et al.,

2004). When radioactive ions are added carrier free to

a soil solution system at a steady state, the quantity of

radioactivity in solution (rt) decreased as a function of

time, t (min) for the duration of the isotopic exchange

according to the following Eq. (2) (Fardeau et al.,

1985).

r tð Þ=R ¼ r 1ð Þ=R
� �

t þ r 1ð Þ=R
� �1=nn o�n

þ r lð Þ=R

ð2Þ
Where R is the total introduced radioactivity (MBq)

and r(1) and r(l) are the radioactivity (MBq) remain-

ing in the solution after 1 min and an infinite

exchange time, respectively. The value n is a

parameter describing the rate of disappearance of the

radioactive tracer from the solution for times longer

than 1 min of exchange.

The present IEK study was carried out using a

stable isotope as a tracer. In this case, the rate of

decrease in 207Pb/208Pb ratio in solution, as a result of
207Pb exchange with Pb on the solid phase, was

Table 1

Properties of the experimental soils

Soil Total Pb (mg/kg) pH Sand (%) Silt (%) Clay (%) Org. C (%) Total Fe (%) Total Al (%)

C1 21.2 5.54 21.3 56.9 21.8 2.23 5.1 1.8

S1 69.9 6.51 20.5 63.6 15.9 2.89 7.6 1.2

S2 99.2 6.17 24.6 61.9 13.5 1.47 4.7 0.8

S3 143.0 5.91 17.1 65.1 17.8 1.81 3.3 1.1

S4 246.6 5.73 20.5 61.4 18.1 2.65 3.4 1.1
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assumed to follow the same behaviour as previously

observed with radioactive tracers (Eq. (2)). Therefore,

with reference to Eq. (2), r(t) is defined as the
207Pb/208Pb ratio in solution at time (t) and R is the
207Pb/208Pb ratio of the spike solution. The r(1) and

r(l) values are the 207Pb/208Pb ratios in the solution

after 1 min and an infinite exchange time, n is a

parameter describing the rate of decrease in
207Pb/208Pb ratio in solution for times longer than 1

min of exchange.

2.4. Procedure for determination of E values and IEK

Generally, for isotope exchange determinations,

tracers (radioactive or stable) are added to soil

suspensions already at chemical equilibrium. How-

ever, the length of time taken for soils to achieve

chemical equilibrium for metals in water, or weak salt

solutions can be quite variable, ranging from a few

hours to several days (e.g. Tiller et al., 1972; Sinaj et

al., 1999; Gray et al., 2004). We selected a 3-day

equilibrium period before adding tracer to the soil

suspension. An important factor of concern when

using stable isotope tracers is the amount of spiking

tracer added. Ideally, the amount of tracer added

should ensure a significant and detectable change in

the isotope ratio in the soil solution (207Pb/208Pb)

from that in unspiked samples, even after isotopic

equilibration has taken place. Gäbler et al. (1999)

successfully determined amounts of isotopically

exchangeable Pb in soils using a spike of 1016

atom/g soil. Since the total soil concentrations of Pb

in our study were in the same range as those reported

by Gäbler et al. (1999), we also added the stable

isotope tracer at a rate of 1016 atom/g soil.

Samples of soil (3.00 g) were equilibrated with 30

mL deionized water on an end-to-end shaker for 3

days. At this time (t=0 min), 60 AL of an enriched
207Pb solution (207Pb; 94.6% and 208Pb; 2.9%) was

spiked into the equilibrated soil suspension (2.148�
1016 atom/g soil). The soils were then re-suspended

and shaken further. At intervals of 1, 10, 40 and

100 min, 1, 2, 3, 7, 11 and 15 days, duplicate

samples were removed from the shaker, centrifuged

(10000 rpm for 10 min) and filtered through a 0.45

Am cellulose acetate membrane. Concentrations of
207Pb and 208Pb were determined in the filtrates by

ICP-QMS.

2.5. Procedure for determination of L values

Five soils were spiked with a 207Pb-enriched

solution for use in a plant growth study. A 40 mL

volume of 207Pb-enriched solution was added to 400 g

of sieved dried soil to give a final mean soil atom of

approximately 1.597�1016 atom/g soil. The soils and
207Pb spiking tracer were then mixed manually

together with an additional 56 mL of a mixed nutrient

solution of KNO3 (6.5 mM), NH4NO3 (7.5 mM),

MgSO4 (2 mM) and KH2PO4 (0.6 mM). After mixing,

the soil was divided into four and placed into acid

washed plastic pots, lined with perforated plastic bags.

Each spiked soil (approximately 125 g moist soil at

80% of the water holding capacity) was covered and

left to incubate for 1 week.

Seeds of wheat (Triticum aestivum L. cv. Monad)

were then placed just below the soil surface, at a

sowing density of 9 seeds per pot, and thinned to 6

plants following seedling development to remove late

germinating and unhealthy seedlings. Four replicates

of each soil were arranged in a randomized block

design and the plants were grown in a controlled

environment growth chamber (15/20 8C, 8 h dark/16 h
light). The moisture content was maintained at 80% of

the water holding capacity by watering to weight with

de-ionized water daily. Every 2 weeks, a further

addition of the mixed nutrient solution was made.

Plant shoots were harvested after 6 weeks, at which

time there was sufficient plant material for analysis.

Plants were rinsed in deionized water and then dried at

80 8C for 48 h, and the dry weights recorded. Then the

dried plants were finely ground and digested in 10 mL

HNO3 over 7 h. Following HNO3 digestion, the lead

isotope ratio of 207Pb/208Pb in the digested solution

was determined by ICP-QMS.

2.6. Single extraction with 0.04 M EDTA

EDTA-extractable Pb was determined by extrac-

tion of 10 g of soil with 25 mL of 0.04 M EDTA at 20

8C for 2 h on an end-over-end shaker. After extraction

the soil suspension was centrifuged at 10000 rpm for

10 min and then filtered through Whatman 42 filter

paper before Pb measurements by ICP-QMS. The

filtered solutions were diluted 50 times with deionized

water and spiked with 115In as an internal standard

prior to ICP-QMS measurements. The extractable
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amounts of 207Pb and 208Pb isotopes provided the

dnaturalT isotopic abundance of 207Pb and 208Pb for

each soil sample prior to addition of the 207Pb

enriched spike. In fact, there was no significant

difference in this value between the five soils.

2.7. Data analysis

For all five soil samples, long-term isotopic

kinetics was carried out. The IEK procedure was

carried out for 1, 10, 40 and 100 min, and then for a

further 1, 2, 3, 7, 11 and 15 days of isotopic exchange.

The 207Pb/208Pb ratio in the soil solution was then

determined by ICP-MS at each interval. At each

sampling interval for these five soils, r(t) values were

used to calculate directly the isotopically exchange-

able Pb, E(t) using Eq. (1) (up to 15 days). We refer to

these data as measured E-values (Emeas).

To calculate long-term kinetic parameters, data for

r(t)/R at any time, t (min) was fitted to Eq. (2) using on

iterative nonlinear regression algorithm (REGRES-

SION WIZARD, SigmaPlot, Version 6.0) to obtain

r(1)/R, n and r(l)/R kinetic parameters. The fitting

procedure constricted the value for r(l)/R to values

equal to or above the value obtained assuming

complete dilution of the spike by the total Pb in the

soil sample (see short-term calculation below). This

was done because, in reality, no values for r(l)/R can

be smaller than the estimates made assuming that all

the soil Pb is ultimately isotopically exchangeable.

Using the fitted parameters, E(t) values were then

calculated from Eqs. (2) and (1). We refer to these

calculated values as long-term predicted E-values

(Elong-pred).

For relatively short periods of exchange (we used

100 min), Eq. (1) simplifies to (Fardeau et al., 1991):

r tð Þ=R ¼ r 1ð Þ=R t½ ��n ð3Þ

So the values of r(1)/R and n can be estimated from a

linear regression plot between log r(t)/R and log t. The

value of r(l)/R can be estimated by assuming

complete dilution of the spike by the total Pb in the

soil sample.

r lð Þ=R ¼ 94:6� 7:4þ Pbt � 22:2ð Þ
2:9� 7:4þ Pbt � 52:3ð Þ � 1=32:62

ð4Þ

Where Pbt=total soil lead concentration (mg/kg), The

values of 94.6 and 2.9 are the percentage abundances

of 207Pb and 208Pb in the added spike. The values of

22.2 and 52.3 are the measured natural abundance of
207Pb and 208Pb in the soils. The value of 32.62 is the
207Pb/208Pb ratio (R) in the spiking solution. The

estimated values of r(1)/R, r(l)/R and n were then

used to calculate E(t) values for periods up to 15 days

(Eqs. (1) and (2)). We refer to these values as short-

term predicted E-values (Eshort-pred).

The results obtained from the IEK technique can be

interpreted using compartment analysis (Fardeau et

al., 1991). A compartment is defined as a homoge-

nous unit pool in which all the ions have the same

kinetic properties and exchange at the same rate of

exchange with the same ions present in other

compartments of the system (Sheppard, 1962; Atkins,

1973). We have chosen to analyze soil isotopically

exchangeable Pb with a three-pool model consisting

of E1 min, E1 min–24 h and EN24 h.

2.8. Quality control

For the isotope ratio measurements of 207Pb and
208Pb, the ICP-QMS measurement parameters were

daily optimized before use according to the manu-

facturers recommendation using a mixed standard

solution containing Ba, Ce, Mg, Pb and Rh, and also

Table 2

ICP-MS operating parameters

Plasma conditions

RF power 1050–1100 W

Nebulizer flow rate 1.0 mL/min

Auxiliary gas flow rate 0.9 mL/min

Plasma gas flow rate 15 L/min

Mass spectrometer setting

Analog stage voltage �2500 V

Pulse stage voltage 1400 V

AC rod offset �5 V

Sampler cone Nickel

Skimmer cone Nickel

Measurement parameters

Mode Peak hopping

Resolution Normal

Dwell time (isotope) 50 ms (Pb-207 and Pb-208)

Number of sweeps per reading 40

Number of replicate 3

Sample introduction

Sample uptake flow rate 1.0–1.2 mL/min
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including mass tuning to obtain separate well-defined

peaks between 207Pb and 208Pb (Reference: Perkin-

Elmer mass spectrometry manual instruction). The

general operating conditions of the ICP-MS are shown

in Table 2. The resolution of mass separation with the

quadruple mass detector used in this work is 1 amu,

with general well-defined peak widths of 0.7 amu

each. The concentrations of 207Pb and 208Pb were

determined together with an internal standard 115In

(Indium). The limit of detection for Pb was 0.05 Ag/L.
For a dnaturalT Pb standard of 10 Ag/L, the measured
207Pb/208Pb was 0.423+0.005 (n=10).

2.9. Statistical analysis

All statistical analyses were performed using the

statistics program in MS-Excel’97. Long-term,

n, r(1)/R and r(l)/R parameters were obtained using

the nonlinear regression algorithm (REGRESSION

WIZARD, Sigma Plot, Version 6.0).

3. Results and discussion

3.1. Change in E-value with time

The quantity of isotopically exchangeable Pb

(Emeas) was calculated for each sampling period

during the 15 day study. For all of the contaminated

soils, the calculated E values increased rapidly during

the first 24 h (1440 min) of exchange, followed by

much slower rates of exchange (Fig. 1). The E values

appeared to plateau at between 3 and 7 days (4000–

10000 min), indicating that isotopic equilibrium had
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Fig. 1. Comparison between measured, long-term predicted, and short-term predicted E(t) values for contaminated soils S1 to S4. Error bars for

measured E(t) values are FS.E. of duplicate determinations.
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largely been achieved by this stage. For soils S2, S3

and S4 in particular, the E(meas) values lay on

relatively smooth curves with increasing time (Fig.

1). In contrast, for the control (C1) soil (Fig. 2), and

for contaminated soil S1, the data points between 3

and 7 days showed considerable fluctuation. The

reasons for this may be related to a combination of

some of the analytical and fixation problems dis-

cussed elsewhere in this paper.

Our results appear similar to previous reports for

Zn and Cd (Sinaj et al., 1999; Gray et al., 2004). Sinaj

et al. (1999) investigated labile Zn in both polluted

and non-polluted soils, their results showing an

increase in the quantity of isotopically exchangeable

Zn during 15 days with a fast exchange in the early

stages. Gray et al. (2004) found that the isotopic

exchange process for Cd is relatively fast during the

first 24 h of exchange. These results are similar to

those found in the current work, which clearly

indicated that the isotopic exchange of Pb is initially

a relative fast process (1 min–1 day), followed by a

period of much slower exchange.

In an attempt to examine the use of the IEK

approach for a stable isotope, Eq. (2) was used to

model the decrease in the 207Pb/208Pb ratio in solution

with time after addition of the spike. For the

contaminated soils (S1, S2, S3 and S4), Eq. (2)

provided a reasonable fit to the experimental data as

shown in Fig. 1 (R2N0.91) and the long-term kinetics

parameters; r(1)/R, n and r(l)/R could be estimated

from the equation fitting procedure (Table 3). Stat-

istical tests demonstrated reasonable good agreement

between values of E(meas) and the corresponding E

values (Elong-pred) calculated from the IEK parameters.

The results indicated that the behavior of isotopically

exchangeable Pb was similarly to that of Zn, Cd and

phosphate ions that have previously been successfully

fitted to Eq. (2). In contrast, for the control soil (C1),
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Fig. 2. Comparison between measured, long-term predicted, and short-term predicted E(t) values for the control soil (C1). Error bars for

measured E(t) values are FS.E. of duplicate determinations.

Table 3

Comparison of kinetic parameters using IEK data between short-

term and long-term exchange

Soil r(1)/R n r(l)R R2

Short-term

Control C1 0.153 0.228 0.032 0.931

Soil S1 0.053 0.115 0.019 0.970

Soil S2 0.026 0.047 0.017 0.987

Soil S3 0.021 0.020 0.016 0.907

Soil S4 0.020 0.039 0.015 0.896

Long-term

Control C1 0.125 0.448 0.040 0.919

Soil S1 0.025 0.289 0.024 0.931

Soil S2 0.0094 0.179 0.017 0.979

Soil S3 0.0054 0.163 0.016 0.914

Soil S4 0.0054 0.226 0.015 0.926
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although the R2 obtained from long-term kinetics

fitting is relatively high (0.919) (Table 2), agreement

between the E(long-pred) and E(meas) values is generally

poor. It seems most likely that the poor fitting of the

control soil data is related to the analytical errors for

this soil, caused by the very low concentrations of

Pb involved.

Attempts to use short-term data (up to 100 min) to

predict E values (Eshort-pred), for periods up to 15 days

were not successful (Fig. 1). It was found that the

Eshort-pred values were underestimated compared to the

E(meas) values for all soil samples. Our short-term

kinetics approach shows that it is not possible, in the

soil samples studied, using short-term parameters (1–

100 min of isotopic exchange) to predict the amounts

of isotopically exchangeable Pb for longer-term

period (up to 15 days). To a certain extent, these

large errors may be due to a lack of precision in the

values used for time (t). For short equilibrations the

length of time taken to separate solution from soil by

centrifugation and filtration could have introduced

substantial errors into the first two data points (1 and

10 min). However, Gray et al. (2004) also found that

data from short-term kinetics data were only success-

ful in predicting long-term exchangeable Cd for two

out of six soils, even when they filtered soil

suspensions immediately after sampling. For other

soils, short-term IEK could predict exchangeable Cd

only up to 24 h of exchange. After 24 h, Eshort-pred

values were overestimated. In contrast, Sinaj et al.

(1999) demonstrated that the results derived from a

short-term IEK experiment (1–100 min) allowed for a

precise prediction of exchangeable Zn up to 15 days

in some soil samples. However, this was not possible

for soils with high pH and low total Zn contents. From

all of these studies, it would seem that short-term IEK

procedures have some limitations for predicting long-

term E values.

3.2. Validity of the IEK approach

Although as described above, Eq. (2) appeared to

provide good fits to the experimental data (high R2

values, Table 3), a closer examination of some of the

parameters derived from the fitting process raises

doubts about its validity for use in this study. In the

case of three of the soils (S2, S3 and S4), the fitted

values for r(l)/R are the minimum values possible,

implying that ultimately all Pb in the soils is isotopi-

cally exchangeable. This seems extremely unlikely.

More importantly the fitted r(1)/R values are lower

than the r(l)/R values, which is of course an

impossibility. This implies that Eq. (2) is inappropriate

for modelling the isotopic exchange process, or that in

this study the decrease in 207Pb/208Pb ratio in solution

is not due solely to isotopic exchange. Fixation of

some of the 207Pb spike in non-isotopically exchange-

able forms could account for this problem, and

additional evidence of fixation occurring in this study

is described below. In view of this issue, the use of

Eq. (2) in this study should be regarded simply as a

mathematical curve-fitting procedure enabling the

dsmoothingT of the experimental data. On this basis

it is probably unwise to pay much attention to the

fitted values for the various parameters (Table 3) or

make comparisons with values obtained for other

metals such as Zn, Cd and Ni obtained in previous

studies (e.g. Echevarria et al., 1998; Sinaj et al., 1999;

Gérard et al., 2000; Diesing et al., 2002).

3.3. Compartment analysis of isotopically

exchangeable lead

Previous studies have demonstrated that avail-

ability of metals is not a simple matter of labile and

non-labile pools (Sinaj et al., 1999; Gray et al.,

2004). In this present study, a three-compartment

model was used to describe isotopically exchange-

able Pb in our soil samples. The three compartments

are E1 min, E1 min–24 h and EN24 h pool, respectively.

The results of compartment analysis estimated from the

long-term kinetics data are summarized in Table 4.

They indicate that the E1 min pool contained between

10.75% and 34.82% of the total soil Pb. This pool

Table 4

Isotopically exchangeable Pb in designated pools predicted from

long-term IEK data

Soil Pool 1:

E(1 min)

(mg/kg)

Pool 2:

E(1 min–24 h)

(mg/kg)

Pool 3:

E(N24 h)

(mg/kg)

Control C1 2.28 (10.75) 10.04 (47.36) 8.80 (41.89)

Soil S1 10.92 (15.92) 17.29 (24.74) 41.69 (59.64

Soil S2 29.98 (30.22) 31.63 (31.89) 37.59 (37.89)

Soil S3 49.79 (34.82) 43.02 (30.08) 50.19 (35.10)

Soil S4 57.66 (23.38) 96.78 (39.25) 92.16 (37.37)

Figures in parenthesis show % of total Pb in each pool.
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represents Pb that is isotopically exchangeable during

the first minute of exchange and corresponds to the

instantaneously isotopically exchangeable Pb ions. The

Pb present in this pool is composed of Pb2+ in the soil

solution and adsorbed or chelated Pb that is very

rapidly exchangeable. This pool must be considered as

the pool of Pb ions directly available for plants. The

size of the E1 min–24 h pool ranges between 24.74% and

47.36% of the total soil Pb. According to our data, the

amounts of isotopically exchangeable Pb increased

rapidly during the first day of exchange (Figs. 1 and 2),

so that it is highly likely that Pb in the E1 min–24 h pools

is also relatively plant available. Finally, the pool

containing Pb that is either slowly exchangeable (i.e.

between 24 h and 15 days), or not exchangeable with

the spike, for instance Pb occluded in minerals or

strongly adsorbed onto soil particles, is in the EN24 h

pool. Lead in this pool ranges between 35.10% and

59.64% of total soil Pb. For the five soil samples, the

proportions of Pb present in the E1 min, E1 min–24 h and

EN24 h pools were on average 22.96%, 34.66% and

42.38%, respectively.

3.4. L values from plant uptake study

As mentioned in the introduction, there is no

previous report examining the use of the L value for

determination of available lead in soils. In our work, L

values have been determined by spiking of soils with

a stable isotope tracer (207Pb) and measuring the
207Pb/208Pb ratio in plants grown in the soils. The L

values determined are shown in Table 5. The L value

for the control soil (C1) shows a totally unrealistic

value vastly exceeding the total content of soil Pb.

This overestimation may result from the fixation at

strongly binding sites in the soil. Fixation is consid-

ered to be a much more likely problem to occur in the

control soil. In the current study, the fixation problem

may be related to the high Fe content of our soils

(Table 1). In the contaminated soils, fixation also

probably occurred but may have had much less

overall influence on the isotopic exchangeable process

than in the control soil. In the contaminated soils, the

most strongly fixing sites on the soil oxide surfaces

are more likely to be already occupied by anthro-

pogenic Pb prior to spiking. In our procedure for

determination of the L value, Pb fixation could have

occurred during the period of incubation with 207Pb

for 7 days, before seeding.

3.5. Comparison of available Pb determined by

different methods

Estimates of labile pools of Pb are generally

regarded as providing an indication of plant available

Pb in the soil. The mean E values estimated from the

long-term IEK fitting procedure were compared with

the amounts of labile Pb determined using two other

techniques, i.e. L values and single extraction with

EDTA. Table 5 shows the comparison of the estimates

of available Pb determined using the different

methods. The E(available) values consist of Pb present

in the E1 min plus E1 min–24 h pools. For the three most

highly contaminated soils (S2, S3 and S4) there is

relatively good agreement between the E(available) pool

estimated from long-term IEK data and the corre-

sponding L values. However, because of fixation of

Pb as discussed in the previous section, there is no

agreement between the two types of estimate for the

control soil. The L value for the least contaminated

soil (S1) is also much higher than the corresponding

E(available) value, suggesting that Pb fixation may also

have been an issue with this soil.

The amounts of available Pb estimated from a

single EDTA extraction are generally lower than

those estimated by E(available) or L values, again

suggesting that fixation of the Pb spike may have

resulted in an overestimate of labile/available Pb.

However, in the case of the three most highly

contaminated soils, the differences are not large.

Many laboratory studies have shown that EDTA is

effective in removing Pb, Zn, Cu and Cd from

contaminated soils (Elliotte and Brown, 1989; Brown

and Elliott, 1992). EDTA is a very commonly used

Table 5

Comparison of amounts of available Pb determined using different

methods

Soil E(available)
a

(mg/kg)

L value

(mg/kgFS.D.)

EDTA-extractable

Pb (mg/kg)

Control C1 12.32 184.1F57.7 3.78

Soil S1 28.21 55.2F15.5 18.50

Soil S2 61.61 73.1F11.9 53.21

Soil S3 92.81 93.9F26.2 76.83

Soil S4 154.44 133.8F25.3 130.87

a E(available)=E(1 min) + E(1 min–24 h).
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soil extractant because of its strong chelating ability

for different heavy metals. In spite of the potential

fixation issue, labile Pb as predicted from both E and

L values (L value for control (C1) soil excluded) is

highly correlated with EDTA extractable soil Pb

(Fig. 3). On this basis, EDTA would appear to be an

effective extractant for estimating the amounts of

labile Pb in contaminated soils.

Some previous studies have reported the correla-

tion between the IEK-derived estimates of plant

availability and plant uptake of elements. Frossard et

al. (1992) have reported that P exchangeable between

1 min and 24 h correlated with root uptake of P from

soils. Echevarria et al. (1998) have successfully used

the IEK approach to assess Ni phytoavailability in Ni

polluted soils. Gray et al. (2004) reported that the IEK

compartment analysis showed clear differences in the

distribution of Cd between exchange pools between

soils where Cd was derived from phosphate fertilizer

and those where Cd was derived from biosolids,

especially Cd located in the E1 min–24 h pool. The

results suggested that biosolids-derived Cd was more

bioavailable than that derived from phosphate fertil-

izer. It can therefore be concluded that the proposed

IEK approach is a useful method for characterizing

the availability of these metals. However, because of

the potential fixation of the Pb spike by soils, the

characterization of Pb availability using the IEK

approach appears to have some limitations.

4. Conclusions

Initially, our results indicated that the IEK

equation used for radio-isotopic exchange processes

also appeared to be an effective model for kinetics

studies using a stable isotope. The fitted curves

illustrate that isotopic exchange of Pb was a

relatively fast process in the early stages (b24 h),

followed by a much slower rate of exchange. The

results found in our study were similar to those

found in previous studies for Zn and Cd. However, a

close examination of some of the IEK parameters

derived from the fitting process raises doubts about

its validity for use with the stable Pb isotope. Some

limitations of the isotopic exchange approach have

been observed where irreversible fixation of added

Pb has appeared to occur. This fixation significantly

affects the basic assumptions underlying this

approach. Fixation of Pb coupled with errors

associated with low concentrations of Pb in soil

solution lead to unrealistically high E and L values,

in particular for the control soil. It was also not

possible to use short-term kinetics parameters

(derived from 1–100 min) to predict the isotopically

exchangeable Pb in the long-term (up to 15 days).

Clearly, fixation of the added tracer by soil requires

further investigation. It may well have been exacer-

bated in the current study by using soils with such

high Fe oxide contents.
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In spite of problems with using the IEK approach,

other than as a simple mathematical curve-fitting

exercise, the amounts of available Pb (E values),

determined during 24 h of exchange were signifi-

cantly correlated with the plant uptake method (L

values), and with EDTA-extractable Pb for all con-

taminated soils.
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Atkins GL. Modèles à compartiments multiples pour les systèmes
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ORGANIC ACIDS IN THAI FOODS CAN ENHANCE 

CALCIUM BIOAVAILABILITY 
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Juwadee Shiowatana  Atitaya Siripinyanond    Sutthinun Taebunpakul      Upsorn 
Sottimai

ABSTRACT 

 Vegetable is an important source of dietary calcium. Unfortunately, they 
contain substances, i.e., dietary fiber, phytate, and oxalate which can inhibit the 
bioavailability of calcium. Two vegetables were selected for study: kale and spinach 
which are representative of vegetables with high and low calcium bioavailability, 
respectively. The effect of adding these vegetables in different dishes on calcium 
bioavailability were investigated using an in vitro dialysis method. Four dishes: fish 
Tom Yam, fish Kaeng Som, fish soup, and fish soup with lime juice were prepared to 
study the effect of ingredients on calcium in vitro dialyzability of vegetables.  
 A novel continuous-flow dialysis method with flame atomic emission 
spectrometric detection (flame AES) was applied to estimate the dialyzability of 
minerals in dishes prepared. The method involves a simulated gastric digestion with 
pepsin, followed by dialysis occurring during a continuous flow of dialyzing solution 
(NaHCO3). Using the proposed system, the enhancement of calcium dialyzability for 
kale was observed for fish Tom Yam (28%), and fish soup with lime juice (15%). For 
fish soup and fish Kaeng Som, no significant enhancement in calcium dialyzability 
for kale was found in these dishes. For spinach, the depression of calcium 
dialyzability was found in all dishes. The enhancement of bioavailability found could 
be attributed to the organic acids, especially citric acid in the dishes containing lime 
juice.

Key words : In vitro method, bioavailability, calcium, Thai dishes. 
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Table 1.  Ingredients for samples of fish Tom Yam, fish Kaeng Som, fish soup, and fish soup 
with lime juice. 

Ingredients Fish Tom 
Yam (B) 

Fish Kaeng 
Som (B) 

Fish soup 
(B)

Fish soup 
with lime 
juice (B) 

Boiled fish (g) 120.60 119.84 120.59 120.59 
Tom Yam Chilli paste (g) 
Kaeng Som Chilli paste (g) 

31.46 
-

-
40.30 

-
-

-
-

Lime juice (g) 
Tamarind juice (g) 

15.00 
-

-
15.50 

-
-

20.00 
-

Fish sauce (g) 
Sugar (g) 
Deionized water (mL) 

5.50
-

250

10.00 
4.00
300

5.48
-

250

5.48
-

250
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+
��
�
������	������"�
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HNO3: H2O2 3:2 (v/v) ����
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�
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���9�
��:	��� Miller  
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��"�
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���9�
�
�+
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���� 

���%&��
+
� (titratable acidity) �	����5
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������%$
�)$���� pepsin digestate (2.5 g) �&- pancreatin bile 

extract mixture (625 μL) ���
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�
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��������
���
��!�
��
���������	����
"$�

��� NaHCO3 ��7�������&- pH ����
�
��	�)+
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�
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�
��.���	�+
��"�
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Optimum NaHCO3 concentration = (Titratable acidity in Molarity)/36 
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Figure 1.   Diagram of a novel continuous-flow dialysis system. 
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Dialyzability (%)    =    D x 100                                                                                              
                                      W x A 

 

 9�
�	�  D = ����
!��������	
��	����"��$�����&2���������
 150 �
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+
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  Dialyzability Enhancement (or Depression) (%)    =   [DAB - (DA+DB)] � 100 
                                                               (DA+DB)

��7��   DAB =  ����
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%( ��7����
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Figure 2.  The profile of dialyzed calcium and pH change during dialysis for kale and spinach 
by continuous-flow dialysis method. 

 5
�)��$�������I��+
��:	�	��$���.2��	2����+
�
����	�
�������� pH ���"��+
��
����"����$

$��������&-$�
� pH ���"--�
������
�
������(6
� 9�
�	�
����	�
����� pH ����"��
"�
�
�5
� 2.0 

��*� 5.0 �.����*� pH ����
�$���I��

�����
 30 �
�	 $�
��&-)��
����	
-��	
-�+
��
�$
�
�/���
���


�����	
���������)&��"��
��"��
���� �$������� Table 2. 

 

Table 2. The comparison of calcium bioavailability for kale and spinach by the continuous-
flow dialysis and in vivo method. 

% Ca bioavailability 
Method 

Kale Spinach 
In vitro method

Continuous-flow dialysis 
(this study) 

Continuous-flow dialysis  
(Sottimai et al., 2003) 

42.2 � 0.2 

52.9 � 1.1 

2.89 � 0.17 

4.6 � 0.5 

In vivo method
Dual isotope tracer 

(Weaver et al., 1994) 
Dual isotope tracer 

(Weaver et al., 1999) 
Dual isotope tracer 

(Heaney et al., 1990) 

                              
58.8 

49.3 

40.9 

5.1 

5.1 

4.55 
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Table 3. The percent increase of calcium dialyzability in the presence of organic acid for 

amaranth as determined by continuous-flow dialysis method.
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Table 4. Calcium dialyzability of kale alone(A) and in different dishes(AB) and enhancement 
(depression) effect from ingredients. 

Menu % organic 
acid

Total
calcium 

(mg/serving)

Dialyzed Calcium 
(mg/serving), n=3 

%
enhancement 

(or depression) 
1.  Fish Tom Yam with kale
     - Boiled kale alone(A) 
     - Fish Tom Yam alone(B) 
     - Fish Tom Yam with kale(AB) 

(0.1)
0.61a

0.50a+(0.1)

55.1 ± 4 
39.5 ± 3.6 

109 ± 1 

25.4 ± 0.6 (46.0%) 
19.0 ± 2.1 (48.1%) 
56.7 ± 1.9 (52.0%) 

          +28% 

2.  Fish Kaeng Som with kale
     - Boiled kale alone(A) 
     - Fish Kaeng Som alone(B) 
     - Fish Kaeng Som with kale(AB) 

 (0.1) 
0.10b

0.08b+(0.1) 

55.1 ± 4 
71.7 ± 4.9 
132 ± 13 

25.4 ± 0.6 (46.0%) 
35.6 ± 1.1 (49.7%) 
65.1 ± 2.5 (49.4%) 

+7%
  Insignificant  

effect
3.  Fish soup with kale
      - Boiled kale alone(A) 
      - Fish soup alone(B) 

(0.1)
0.00

82.8 ± 0.7 
8.78 ± 0.53 

41.3 ± 0.9 (49.9%) 
3.71 ± 0.20 (42.4%) +6%

% increase of dialyzability in the presence of organic acid Organic acid 

1% 2.5% 5% 

Ascorbic acid 

Citric acid 

Malic acid 

Tartaric acid 

0

32.8 

0

26.6 

15.1 

54.5 

33.2 

41.6 

29.1 

65.7 

46.1 

55.8 



      - Fish soup with kale(AB) 0.00+(0.1) 90.8 ± 3.6 47.5 ± 3.1 (52.3%)    Insignificant 
effect

4.  Fish soup with lime juice with 
     kale
     - Boiled kale alone(A) 
     - Fish soup with lime juice alone(B)  
     - Fish soup with lime juice with   
       kale(AB) 

 (0.1) 
0.40a

0.33a+(0.1)

79.3 ± 0.7 
10.7 ± 1.2 
86.6 ± 1.6 

39.6 ± 0.8 (49.9%) 
4.98 ± 0.25 (46.6%) 
51.2 ± 0.8 (59.1%) 

+15%

* Values in brackets are percent dialyzability. 
a  Citric acid containing in the dish. 
b Tartaric acid containing in the dish. 
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Figure 3. The profile of dialyzed calcium and pH change of fish Tom Yam with kale by 
continuous-flow dialysis method. 
 



Fish Kaeng Som with kale
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Figure 4. The profile of dialyzed calcium and pH change of fish Kaeng Som with kale by 
continuous-flow dialysis method. 
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Table 5. Calcium dialyzability of spinach alone(A) and in different dishes(AB) and 
enhancement (depression) effect from ingredients. 

Menu % organic 
acid

Total
calcium 

(mg/serving) 

Dialyzed Calcium* 
(mg/serving), n=3 

%
enhancement 

(or depression) 
1.   Fish Tom Yam with spinach
      - Boiled spinach alone(A) 
      - Fish Tom Yam alone(B) 
      - Fish Tom Yam with spinach(AB) 

0.00a

0.61a

0.52a

34.1 ± 1.6 
58.5 ± 4.2 

100 ± 4 

0.98 ± 0.06 (2.89%) 
27.1 ± 0.1 (46.3%) 
6.14 ± 0.12 (6.14%) 

          -78% 

2.   Fish Kaeng Som with spinach
- Boiled spinach alone(A) 
- Fish Kaeng Som alone(B) 
- Fish Kaeng Som with spinach(AB) 

0.00b

0.10b

0.08b

29.5 ± 1.4 
96.1 ± 5.0 

128 ± 2 

0.85 ± 0.05 (2.89%) 
39.2 ± 2.0 (40.8%) 
11.1 ± 0.4 (8.70%) 

-72%

* Values in brackets are percent dialyzability. 
a  Citric acid containing in the dish. 
b Tartaric acid containing in the dish. 
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