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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(@mabhidol.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
Minerals and Heavy Metals

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
clement 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 = )



Buanuam, J., Mir(;, M., Hansen, E.H., Shiowatana, J., Estela, JM. & Cerd;l, 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)

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)

Buanuam, J., Tiptanasup, K., Shiowatana, J., Mir(;, 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)

Buanuam, J., Mir(;, 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)

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)

Chomchoei, R., Mirc;, 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)

Chomchoei, R., Mir(;, 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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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)

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)
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.

13.

14.

15.

16.

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)

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)

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)

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)

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)

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

years as follows:

1.

Nattikarn Kaewkhomdee, Chatvalee Kalambaheti, Somruedee Predapitakkun, Atitaya
Siripinyanond and Juwadee Shiowatana, Study of iron forms of corrosion products from natural
gas pipelines by continuous-flow sequential extraction, 6" International Colloquium on
Process Related Analytical Chemistry, 21-23 March 2007, Dortmund, Germany.

Janya Buanuam, Manuel Mird, Ero Harald Hansen, Juwadee Shiowatana, José Manuel Estela
and Victor Cerda, A multisyringe flow injection system for automated fractionation and on-line
determination of orthophosphate in solid substrates, 6" International Colloquium on Process
Related Analytical Chemistry, 21-23 March 2007, Dortmund, Germany.

Janya Buanuam, Kasipa Tiptanasup and Juwadee Shiowatana, Bi-directional continuous-flow
sequential extraction system with on-line inductively coupled plasma mass spectrometric
detection for study of metal partioning in solid substrates, 2" Asia-Pacific Winter Conference
on Plasma Spectrochemistry, 27 November — 2 December 2006, Bangkok, Thailand.

Kunchit Judprasong, Atitaya Siripinyanond and Juwadee Shiowatana, Use of dialysis profiles
from a continuous-flow dialysis system hyphenated with inductively coupled plasma optical
emission spectrometry for study of in vitro bioavailability of some mineral fortifications, 2"
Asia-Pacific Winter Conference on Plasma Spectrochemistry, 27 November — 2 December
2006, Bangkok, Thailand.

Sopon Purawatt, Atitaya Siripinyanond and Juwadee Shiowatana, Molecular-mass based
elemental distribution of food during simulated gastrointestinal digestion, 2" Asia-Pacific
Winter Conference on Plasma Spectrochemistry, 27 November — 2 December 2006,

Bangkok, Thailand.



10.

11.

12.

13.

- viii -

Supharart Sangsawong, Juwadee Shiowatana and Atitaya Siripinyanond, Continuous-flow
sequential extraction with on-line field-flow fractionation matrix removal before ICP detections,
2" Asia-Pacific Winter Conference on Plasma Spectrochemistry, 27 November — 2
December 2006, Bangkok, Thailand.

Sopon Purawatt, Atitaya Siripinyanond and Juwadee Shiowatana, Molecular-mass based
elemental distribution of food suspension during simulated continuous-flow gastrointestinal
digestion, 1" Asia-Pacific Winter Conference on Plasma Spectrochemistry, 24-30 April
2005, Chiangmai, Thailand.

Weerawan Waiyawat, Janya Buanuam and Juwadee Shiowatana, Interference removal in
ICPMS measurements of soil extracts, 1" Asia-Pacific Winter Conference on Plasma
Spectrochemistry, 24-30 April 2005, Chiangmai, Thailand.

Namfon Tongtavee, Juwadee Shiowatana, Ron McLaren and Colin Gray , Assessment of lead
availability in contaminated soils by stable isotope dilution mass spectrometry, 1" Asia-Pacific
Winter Conference on Plasma Spectrochemistry, 24-30 April 2005, Chiangmai, Thailand.
Kanokwan Kunajiraporn, Juwadee Shiowatana, Jeerawan Promchan, Continuous-flow dialysis
system with online ETAAS/ICPOES and pH measurements for evaluation bioavailability of
iron enriched vetgetables, 1" Asia-Pacific Winter Conference on Plasma Spectrochemistry,
24-30 April 2005, Chiangmai, Thailand.

Atitaya Samontha, Nattikarn Kaewkhomdee Ronald McLaren and Juwadee Shiowatana,
Elemental fractionation of air particulats using sequential extraction with ICPMS and ICPOES
detections, 1* Asia-Pacific Winter Conference on Plasma Spectrochemistry, 24-30 April
2005, Chiangmai, Thailand.

Kanchit Judprasong, Mathuros Ornthai, Atitaya Siripinyanond and Juwadee Shiowatana, A
continuous-flow dialysis system with online inductively coupled plasma optical emission
spectrometric detections for in vitro estimation of bioavailability, 1" Asia-Pacific Winter
Conference on Plasma Spectrochemistry, 24-30 April 2005, Chiangmai, Thailand.

Kanchit Judprasong, Mathuros Ornthai,Sopon Purawatt, Atitaya Siripinyanond and Juwadee
Shiowatana, Study of interelemental effects of mineral bioavailability using in vitro
continuous-flow dialysis with ICPOES method, 7" International Conference of the

Intern.Soc.Trace Element Research in Humans, 7-12 Nov 2004 Bangkok, Thailand.
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14. Sutthinun Taebunpakul, Upsorn Sottimai and Juwadee Shiowatana, Estimation of calcium in
vitro bioavailability of vegetables using a novel continuous-flow dialysis system, 7"
International Conference of the Intern.Soc.Trace Element Research in Humans, 7-12 Nov
2004 Bangkok, Thailand.

15. Jeerawan Promchan, Wuttika Kittikhun and Juwadee Shiowatana, A novel continuous-flow
dialysis system with online AAS and pH measurements for in vitro iron bioavailability study,
7" International Conference of the Intern.Soc.Trace Element Research in Humans, 7-12

Nov 2004 Bangkok, Thailand.

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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1.3.3 matdenanaudaduvesmsazaeTsdeilumivenafimanz e
dmsanpuelsziuannududuvesasazatefilFlunsilaos ladmite 157
msilaouilas pH S llaazfifeiuesa g‘ﬂ‘ﬁ 1.3 uaaanslvesmsnfaeunsas pH e 1%
anuduuvesasazas Naco, a1ee laes laddeduuaaifeuuuuiiafimumssaesnsdes
Tuns2IMZ0 1159 titratable acidity 0.01, 0.05 uaz 0.1 Tua§ MuE IR Han1INAABINII A
Wusuvesmsazars NaHCO, iz anlunslaezlada fu i1 titratable acidity voadaoga 1iugs

auns

] 4
ANUITNTUVDIA5AZAIW NaHCO, = Titratable acidity TurineTua1s
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= a o ' = 2 A . .. ' 9
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Y = 1] 1] 4 9y 9 ~ a I 1
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9.007 0.01 M titratable acidity
8.00-
7.00-
6.00-
- 0.002 M NaHCO;
o 0001 - 0.001 M NaHCO;
= 4.00- - 0.0005 M NaHCO3
-~ (.00025 M NaHCOs
3.00-
2.004
1.00+
0.00 : : : : : : : : : : : : - : 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
(a) Time (min)

9.007 0.05 M titratable acidity
8.00+
7.00-
6.00-
T - (0.006 M NaHCO3
e 3.001 ~+ 0.004 M NaHCO3
4.00 - (.002 M NaHCO3
-+~ 0.001 M NaHCO3
3.004
2.004
1.00-
0. 00—/—m—m ™™ ———m——————
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
(b) Time (min)

9:007 0.1 M titratable acidity

- 0.006 M NaHCO;
-+ (0.004 M NaHCO;
= 0.002 M NaHCO3
—+0.001 M NaHCO;

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
(c) Time (min)

51U 1.39nFwavesnnududuves NaHCO, somsuasunilasst pH 53134 dialysis d115DAI0819
ATA titratable acidity #1199 HAWIUNTZUIUMITEDIAIY pepsin NOATINT 1Ma 1.0 Fadans

1 I
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v L4
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1.3.4 M3ANHIANNGNADIVOISTULNWMMIUY (Method validation)

]
=) [ 1

& 1t Hq vy = o 1
osnn ilmsuesgiunlddeyameaduainnuawsansemenziims s1g
I Y K A o 3 = ] A A A o d?} dy o =
1914 FelianuduilulumsAneianuinsedevesszuuiimuduil Taokin15fny1 analytical
. d' dy Y o (] tﬂ' = 1 d' 1 o [
recoveries ¥04519au Ty Tumsnaaesiilddrednuunaiednymaanuamsoisameaziing
519 W 1duazdrundemeldawnsotndsig 11414 a9 11 uaaawanisine w1 %

dialyzability TndiReeru uagnun 1 % recovery Noousuld

@13197 1.1 91 analytical recovery YDA UAATUTINTUAIDINUDA (n = 3)

CRRERN Dialyzed Non-dialyzed %Recovery
Amount %Dialyzability Amount %Remaining
(mgkg ) (mgkg")
UUM 4680 68.1 1800 26.2 94.3
4500 65.4 2270 33.1 98.4
4780 69.5 2080 30.3 99.8
ﬂliméﬂ 4650 = 140 67.6+2.1 2060 + 240 299+3.4 97.5+£29

Total calcium 6890 + 120 mg kg’

= J ti' \ o =) 4 N o |
1.3.5 msfinpmanuansanamesziihwnadenlf1yla nsaideds
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Tudredrauniesnuuy  lanamsnaassasuandlumsien 1.2 TaguaasnndSosuieuiuisos
1 Y
laog lagauesnguarnidvous e lauiatazuuuauga
A o 1aag a A o I ax A 9 1
eennda 14ia% laes lagalangneonsuiuismasgruie ldszunmniniga
=< 9 1 (% 09)1 U v Av 1 =f Aaan 9 1 1Y qu Y
Fu'lavowssiglue1nis asiunguiiniteass 1iasmsuaz ldanzaeiu uenaniuudd
4 1 o (] <3 1 a 4 o o o o
panllsznouaeg ludiednniinanemslaos lade sanllsznouuiedriminngel laes lad 14
dzl ~ 4 Y] [ oij a £ 1 o 1 o Y
wndu luvaziosnlsznouuedin: lddudims laoz laga Feaunaaieg deinaru ildms

~ = U X [ Y
lﬂﬁfJTJLV]EJUWﬁﬂqﬁﬂﬂﬁ@\ﬁ]qﬂﬂqu\NUQ%EJGI'NG'] Lﬂuulﬂulﬂﬂ']ﬂ



-13 -

ci = ~ Y . . . . . = @ ' A A
MmN 1.2 1lTsumneuiosazuos bioavailability (dialyzability) 6uENﬁ1quﬂawﬂulumaﬂmmmﬂu

1 ia 4 1 Av
UNAN AL calcium carbonate ﬁamsww”lﬁmﬂﬂqmwmm

Sample In vitro In vivo Ref.
Continuous flow Equilibrium
Powder cow milk 42.7+25" 163+ 1.1°32.6422) - This work
Powder milk-based formula 67.7+2.1 - - This work
Cow milk - 202+1.4 - [22]
Cow milk - 17.0£0.8 - [18]
Milk-based formula 13.9+2.6" 102 +£0.7 - [13]
Milk-based formula 43+0.6 - - [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 +2.2° 324+ 15" (64.8+3.0) - This work
Calcium carbonate - - 43.0+5.9 [25]
Calcium carbonate - - 39+3 [24]

* n =3, in brackets are corrected values (@,mauﬁ 1.2.9)
° By Shen’s method

By Minihane’s method

' a o dy A l A A [V IS ~ 4
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@ dy ] = 1 J o ' A A A= an
NUU uﬁ]gllﬁ“‘l’iﬂlﬂiﬂﬂﬂ”ﬂulmﬂ@]”NEU?N@Qﬂ1J§$ﬂﬂﬁjuﬁﬁﬂﬂiﬂlﬂiﬂﬂﬂNuNVIﬂﬂH1 IPN1ITINAADI
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=
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[ H 1 o o w 4 ! 1
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&£ < Ay Yo . e A ' au A 1 Ay Y ax a
Faowazidudungn lan dialyzability Ngana191u3deou drumi 1annas leoz ladaunuduga
1 c; 1 d' d’ 9 a 1 d' (%
WUMAEINI D18l pauna N laanms laes lagaueadiume llvaznlasumyuzndalaos la
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v
a AAaa 1

1 ana L 1 ol
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4 o
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aov dy a 1 1 1 d‘ 9 o U 1 =) d‘
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ABUN 2
o A P oA dd e
mananszuvlnesladauvylvianaiiosiiseaunanu
Electrothermal atomic absorption spectrometer (ETAAS)

uag pH meter (CFD-ETAAS-pH)

2.1 UNiN

d
2.2 ginsaiazismInaaes
=
22.1 a3l
A A P
222 wiosilouazgingol
o v 3 o ' A a 7Y A ¢ A o
223 ginsaidmsunudiedaunelngzialemailn ETAAS tazgilnsalieasavia pH
224 3mIsasinmsdeslunszmizeisuazmsgesludld
am a
224.1 5 laeg lagauuvudauaa
ad =) 1 d’
2242 35eoz lagauvylvanoiio
a J Aa <3 o’/’ A Y] ] A A 3 A
2243 MmywszilSinusamanininaiiludiediunioduuniagsgmani
A a
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Simulated gastric digestion

Sample + Pepsin solution 375 pl
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Incubation at 37°C, 2 h
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: ’ 10 pH 7.5
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Calculation of titratable acidity
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(ETAAS, pH measurement)
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Sample Total iron Dialyzed iron
(mg L h
CFD Equilibrium dialysis
mg L Dialyzability mg L' Dialyzability
(%) (%)
Powdered cow milk 1 17.1£0.7 0.28 £0.04 1.7+£0.3 0.19+0.03 1L.1£0.2
(calcium and iron fortified)
Powdered cow milk 2 1.1+0.1 < 0.09 ND ND
(calcium fortified) (not detectable)
UHT soymilk 1 (high iron, vitamins B, 5.1 00 1.27+0.08 249+ 1.6 1.18+0.15 23.2+£3.2
D. E. and soy protein)
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and vitamins A. C and E)
UHT corn milk (high vitamins A and E) 0.80=0.10 < (.05 ND ND
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B2, E. and soy protein)
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ﬂ?@ﬂWﬂﬂqﬂlﬂulu@Lﬂﬂﬁﬂu Llagcl/\l‘ll'l']ﬂlﬁ % recovery ’agalwmﬂ 77.9 — 90.5 1WosIHUA 1Ty 83.6
4 s X I 1 a 1 a 1 1 <3 Y A o 1 n Y
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AINAN0 % dialyzability

4 a J < @ 1
M319N 22 Analytical recovery ¥9IMIAATIEHHIANAN TUAIDINUNHI (n = 3)

Sample Dialyzed Non-dialyzed Recovery (%)
Amount Dialyzability (%) Amount Remaining (%)
(mg kg ") (mg kg ')
Powdered milk-based formula 30 48 453 73.1 719
2.1 34 54.0 87.1 90.5
3.1 5.1 48.0 77.4 82.4
Average 2.7+0.6 4409 49.1 =45 79.2+£7.2 83.6+6.4
Total iron 62.0+ 1.0 mg kg '
2.4 unagy
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M3UATIZHUTUI5 519 (total mineral content) 1HUAIDI101413

4 1 A . . . A A 1 o

szuums laes laguuy lvanetiieq (Continuous-flow dialysis, CFD) Ni¥ouaanums
75293AUDY on-line A28 ICP-OES tiazin3o4iaa pH

a J 1a 1 A ] .
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33.1.1 MIPONIUD LATAAAITLLY CFD-ICP-OES

33.12 midaanuiiunsaag (pH measurement)

33.13 ANYINAYDA matrix interferences G]"EJﬂTiEJJﬂ{g])’JEJ ICP-OES

3.3.1.4 M3nsdnaeuaNu 1y 1A (Validation) Y9452V on-line CFD-ICP-OES

33.15 nswlmsalaounlasedlaes lade (Dialysis profile)
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I1CP
——————— masa[ Torch ] _ -
OFs Bl < Continuous-flow
= ey Nebulizer ‘ .
; dialysis system
'S:ra' 4% HITO; & Int. Std. -
lICf]\ambe r Emyeir AL §
NaHCO, »
IMindng coil Reservoir Peristaltic Three-way
valve
PR
1 mlmin
< Swyringe
pH meter

Glass dialysis

chamber Dialysis bag

Feristaltic

Incubator shaker

pump

1 mlmin

510 3.1 5300 CFD-ICP-OES M1Flumsasiaialsinanssigilaos lad 14 uazasiataa pH
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[Judprasong et al., 2005]

d ad
3.2 Qﬂﬂim!!ﬁgﬂﬁﬂﬁ‘nﬂﬁﬂﬂ



-30-

32.1 in3esile
Inductively coupled plasma optical emission spectrometer (ICP-OES)
é’au"luiﬂmw (Milestone MLS1200 mega, Italy)
Lﬂ?ﬂﬂ%ﬂ pH (Orion Model PCM500 SensorLink)
19599 IAZIBIANATIE 4 SHUS (Mettler AT 150, Switzerland)

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

Inductively coupled plasma optical emission spectrometer (ICP-OES)

1309 ICP-OES 1dlumstalimamssigang fAeniesgu SPECTRO
CIROS CCD 1#3luuuuesdumiiamsIauuy axial configuration 1a81% spray chamber 1Huuda wuw
double pass, Scott-type 118219 cross-flow nebulizer (9UnTaiNIMuAITIUYBIUTEN SPECTRO, 1l5zimea
wosi) e lfansazaredediuiaiiuazeesdodng Wh lugwanauiifindasugs (plasma) i
miRasdedaasuiluezaendaszuaznizduezaeuiillasuaniuzanaamuziiulloglu
aouzi31 eiinsaIIniansalones (emission) UPWITINA1E TagntoasaviaanuduLas

~Aq Y v Y A Y 1o o v o 9 v [9) ) ]
anneinlylumsasiaiadienies ICP-OES lAunmas (power) 1350 Jad  l¥dasimadmsy
nebulizer 1 3056117 taz148a5 AT 1MV ABIEUTOUAY (torch coolant gas) 12 AATABUIN M3
Falsmmveaazuss1gedenanueIn1s 1y Internal standard Tasmsulieuifisusigidosnisia
wevnusgh bililusssumnavezianadld (v) udnildadhe calibration curve Tasdonldmiane
1179 (emission lines) YDIUADLTIANTANUTUMNZINIZ9 197E]U jonic line (11) 1A atomic line (1) Tad
Tusimssuniunnsigous 1dun ussauaadon (Ca) HN1WEINAY 396.847(11), 317.933(1D), 1Ay
o A 4 4
422.673(D) W1 Tumas  uuniliFen (Mg) 1ANUE1IAAY 279.553(10), 279.079(11) tag 280.270(11) U1 lu
v o 4 < 4 4

was  Wearesd (P) Nanwuenau 177.495(1) uag 214.914(D) W TWwmAs  11an (Fe) 1AM81IAAYU
238.204(1), 239.562(I1) 1@z 259.940(1D w1lwwas  wazdingd (Zn) NANVEIAAY 202.548(1D),
206.191(11) tag 213.856(1) w1 Twwas  dmfusaflniu internal standards AosradnmTen (Y) #
ANEIADY 320.332(1), 371.030(11) Lo 442.259(10) W1 lUNAT LAZEUAUABN (Sc) NANE1IAAU

256.023(11), 361.384(11) ttag 440.037(11) wluwas

322 Jaguazansnil

'
I % £

o = Yy v a Y a ' A
'Jﬁ'ﬂ uazﬁwmw“l%wmu VUITHNHAAA LLﬁﬂ\i@QiHﬂTﬁN‘ﬂ 3.1
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Jerq uazasal

Nan

e

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)
Na,EDTA (AR 99% assay)
Ethanol (AR 99% assay)
Multielemental solution (QCS 01-5, 100 mg mL_l)
Y (ICP-69N-1 at 1000 mg mL-l)
Sc (ICP-53N-1 at 1000 mg mL")
Iron (II) sulphate (AR, >99.5%)
Ammonium iron(III) sulphate (AR, 99-102%)
Standard buffer solutions pH 4.01, 7.00 and 10.01
Enzyme
Pepsin (P-7000, from porcine stomach mucosa)
Pancreatin (P-1750, from porcine pancreas)
Bile Extract (B-6831, porcine)
Dialysis tubing
MWCO 12000-14000 Da (Spectra/por® 4)

MWCO 6000-8000 Da (Spectra/por” 1)

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

Sigma, USA
Sigma, USA

Sigma, USA

Spectrum Laboratories, USA

Spectrum Laboratories, USA

N ' d' = = Y |
323 ﬂ'J@ﬂ"l\‘l‘}’lal‘lﬂ‘uiﬂiﬂﬂ‘tﬂ!!a$ﬂ15!ﬂiﬂﬁ~lﬂ'¢]i’)ﬂ1\‘li’)11’ﬂi
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are819n 15T umsAny uaaegluasian 3.2
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Frodnanldlunmsinmn

Y A A 9o 1
ANAH 1170 WYY

dauii 1
Milk-based infant formula (SRM 1846)
UNKA (Instant powdered milk) ?;ﬁ}@ Nestle”
Az (Brassica oleracea var. alboglabra, Bail.)
W¥eON (Acacia pennata, L Willd. Subsp.)
ﬁlj WUE (Phaseolus aureus Roxb.)
Tvonuzd (Orya sativa)

daj Al
iwio'ln

NIST, USA

@]ﬁ?ﬂluﬂiqilel“HWuﬂﬁ
@ﬁWﬂiuﬂiﬂmWN”ﬁWUﬂi
ﬂﬁWﬂGll,!ﬂj;\imWNﬂWuﬂi
ﬁﬁWﬂiuﬂzﬁ!ﬂWNﬁWHﬂﬁ
mmim;amwnmum

mmcluﬂ;amwumuﬂi

dauii 2

Calcium fortificants:
Calcium carbonate (CaCO,)
Tri-calcium phosphate (Ca,(PO,),)
Calcium lactate gluconate (C,H,,0,,Ca,)
Calcium citrate (Ca,(C,H,0,),)
Calcium lactate (Ca(CH,CH(OH)COO0),)

Iron fortificants:
Iron(ID) sulphate (FeSO,.7H,0, Fe 36.8%)
Iron(IT) fumarate (FeC,H,0,, Fe 32.9%)
Sodium iron (Fe(IIT)) ethylenediaminetetraacetic acid

(NaFe(IINDEDTA, Fe 13%)

Fe(II) lactate (C H, FeO,, Fe 20%)

Fe(II) ammonium citrate (C H,O,

Fe, 2NH,, Fe 20%)

Nutrition Ltd. Partnership,

NTIANWUNIUAT

Ajax Co., Aubern, Australia
Vicky Consolidate Co. Ltd.,
NTUNWUNIUANT

Akzo Nobel Functional Chemicals
Co. Ltd., Arnhem, the Netherlands

Dr. Paul Lohmann Ltd., Germany

Zinc fortificants:
Zinc sulphate (ZnSO,)
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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performance) uazLﬁa”lﬁ’uﬂ%imhmﬁﬁmmi"3miwzﬁﬁqmagﬂuﬁmwﬁazmﬂﬁz"l@f Tumans
anazneuroumInsania selinnuiuiulumsdunsaluasn 4% wlouiid v uag Sc (internal
standards) WARANRUEITAzABTATUMIgRE (dialysate) @108a5157 1.0 faaansdoui Aoums
7357979628 ICP-OES (ﬁ’mﬁm“lugﬂﬁ 3.1) Mmsdadiuuanududuues 519199 (Ca, Mg, P, Fe,
Zn) VosmIsazaeTiseNA NIy CFD Tuviie Iy Insnsudensudiestaiy aunsadinld
INNIATIVIATITALANINTFIUVDITIAANY)  (external calibration) udrhiminildnmdae
Tus0n5uARNNUADS (Microcal Origin, Version 6.0) tHgufuaNMduduu0Iasaza1omnsgIu

A

2 3 o a 1 A . . 9 ) 1 Y a F2
wawmumn1mimﬂimmmamaﬁmmmaaag‘lu dialysis bag ﬂ’JEJﬂﬁu1]lﬂ898ﬂ38ﬂiﬂ]lu@§ﬂﬁ]u"lﬂ

= Y o v Y A
ﬁ1§a3a181ﬂ1ﬁ E!a?u11ﬂ@§3%?ﬂﬂjﬂlﬂﬁﬂq ICP-OES

o =) \ d‘ =S 4
3.2.7 mim‘mm“r‘nﬂimmuimmlmmm@ﬂmuvlﬂ

(mineral bioaccessibility, dialysability) [Shiowatana et al., 2006]
' Y
Ysmnawssign ldninszuulaes lagandsninirassmsdesludldiu - asandoq

% a 1 A = 9 . vy eqe [ =) ~
ﬂTJﬂﬁﬂmui‘ﬁ"lﬂ‘ﬂiﬁﬂ"lﬂﬂﬂ"]mllﬂ (bioaccessibility) Aeseazioonluaoui 1.2.9
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a d
3.3 HaN1INAADALIDIIY

a 4 ] I 1 1 1 o o
HaNINAReILaZINIBiNaNINAa0d uiNeemily 2 diufe dIuUIAINEINUMINAUITZDY
dl J d‘ v v 9 d’ d‘ 1 =< 9 1 .
CFD #iae¥oununmsnginianiemniod ICP-OES tHolszunaminisgadylavedussig (mineral
[ [ v P4
. ey eqe ! | o o f
bioaccessibility) @uAgouilumsihwain lannszuunieannduunldlumsdnvimsgaduldvews
519 1Ae3T lunaoaud 19T 51915001115 (mineral fortificants) HAZHAYDIRIFUATN (enhancers)
4
uazAITUE (inhibitors) NIAAFUVDUITHIG
o 1 4 . . N . . S
FEUVNTAINTYDYVDIUYBY (simulated human gastrointestinal digestion) ANuunia
v 1 1 1 I [
asluasazanei 1danszuy CFD wWasulasninat pH (pH) 2.0 Ty 5.0 aelu 30 wiH wdeen
Qaj { 1< Ay [ <
Wulasuan 5.0 18w 7.0-7.5 Taeanzidelddnutwavessasuislunislva (flow rate) uazau
Yy 9 = J A 1 A I 1 1% 2
Wutuvesensazae Imdon lumsveuandawanemsilasuutasanuilunsaaedssivazidon lu
A . 1w < A A a aa 1 P
@dUN 1 [Shiowatana et al, 2006] WuI1easuSIUMS Ialungaune 1.0 dadansaouli
5095 Tezna1veIns laes lada LarmMIIe19vedaTazaIeaNTEUY CFD uazANuTutun
= s £ o v <4 ~ Y ' %
manganvesasazane Indeu lums veadssdiuia laninanudunsai lnmsnla lunmiae Tuans
) [ ' < % a 1 .
(molarity) MIde 50 dmsudlegsiiaunameu HASHANYUANTNY [Shiowatana et al., 2006]
) @ 2 dy Y o a 4 a I A k) 1 o 1
dmsulumsdnuitlddimsinngimlsunannuiunsai Inmin ldvesunazdiedis uazanu
< o Yy g A = 7 q Y £ o
Wunsauesdiodns  anuutuimuzauvesarsazate Ts@on lumsvewan g lums lvatuny

a @ [ 1 < A Y o A
G]fuﬂ“llf]ﬁﬁ’)@ElN!LﬁZﬂWﬂ’NiJHJHﬂ‘iWVIUl‘ﬂmi‘ﬂ]lﬂﬂﬂll’dﬂﬂﬁluﬁTiN‘Vl 33

33.1  mswannuazdszdivilszansmMnuesszuy CFD-ICP-OES ol4 i

= =S 4 \
ﬂ]ﬁﬂﬂ‘lel1ﬂ’J1N’c\"lN]ﬁﬂiﬂﬂﬁﬂﬂ“ﬁﬂﬂﬂ‘“ﬂﬂ!!iﬁ]ﬂ
o A A ' i o o Y Y Y ~
NITNNUITTUY CFD NyauaaLiul on-line NUNITNTIIANIY ETAAS llﬂiwmm"lﬂumuﬂ
. A 9 a a 1 I I~ 1
2 [Promchan and Shiowatana, 2005] !W@Gl,"]fcluﬂTiG]@@1Mﬂih1mlliﬁ1§ﬂlﬂﬁﬂ LLﬁ%ﬂ’ﬂllﬂJuﬂ‘iﬂﬂN
Y
1 a Y % 1 <
ser1ams laeg laga weonamiudeldaimsesnuuudlediosnavina@n (sampling cup) (inlet i.d. 2
. A (a a A 9 [
mm U8 outlet id. 15 mm) NUUSHIes 100 Tulasaasieldluszuumsnsiniadie ETAAS
1 A @ IS 1 ] 9 2 AY ad
LUUNDIUDN 1,Lazmﬂ31mﬂuﬂmmma"lﬂum%umm’Jeummaﬂmgmmﬂimﬂ (a small glass
combination electrode chamber, i.d. 6 mm) FARIWNIUFAD IAU (silicone o-ring) ﬁmﬁ’u"hﬂﬁ’ﬁ 1592019
lvasonanszuy
o o = A 2 vt v A Vo o ' Y} A
ﬁﬂ‘ii'ﬂﬂﬁﬁﬂ]&lﬂﬂﬁﬂl&ﬂ 3 u‘lmmﬂﬂsﬁzuu CFD FERUADNUNITATIVIALLITDIANIYIATON
A (Y A [ I~ [ A o d? dy [ a 1
ICP-OES !Lﬁ%t‘]ff]ll@]f]ﬂ‘ﬂ!ﬂifN’Jﬂﬂ’NiJL‘]JUﬂiﬂﬂN 33‘]J°]J“VIWGJJHWIHH?HM%"’OGITJ%]’J@ﬂ‘ﬁHﬂ!Llﬁ‘lﬂ{ﬂ

& a ] A ' A ° a g Y
U89 ‘ﬁ1@]1uﬂ3ﬂﬂﬂ’3 A8IANT93 ICP-OES fJEJNGIEJLqu@afJﬂmSVIﬂﬂf)xula"]fﬁ izuuuﬂ’izﬂ’emﬂ?ﬂ
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1 o @ < 1 @ a 1 4
3 @uUnan ﬁ@iZ‘U‘U CFD 52UUMSIAAMNMTUNTAAN L!a%ﬁgll‘l_lﬂTﬁ?ﬂﬂﬁMTﬂ!LLi‘ﬁWﬂﬁj’Jﬂlﬂ?@\i

ICP-OES

a Yy ¥ A o 2 Hq ¥
M1319N 3.3 ﬂ'JTiJ!"’lJﬂJGUHVILWNWZﬁN"U@Qﬁﬁﬁ%ﬁW‘(’JTGBLﬂfJiJulflJﬂﬁ‘U’f)LUWVIGl‘]fﬁluﬁg‘U‘U CFD

anuiunsadi lnmsn 18 amuuuiiminzauves

#79819 (Titratable acidity) arsazaneTwden luasueiue
x 10” Tuaneans) x 10" Tuaneans)

g 1 (A30961991%13)

41302018 Blank 2.19 4.37

TN (Jasmine rice) 3.88 7.77

(#1015 (Chicken meat) 9.47 18.94

§91367 (Mungbean) 6.60 13.21

DU (Acacia pennata) 7.96 15.93

UUWI (Milk powder) 5.71 11.41

Az (Kale) 7.21 14.42

g 2 a131@ 3015519 (mineral fortificant)

1582018 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(Il) fumarate 4.36 8.72

Fe(11) lactate 2.54 5.09

NaFe(IIHEDTA 2.42 4.85

Fe(IIT) 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 m3vantuuIzuU CFD-ICP-OES
A o a ¢ o Y ¥ A
1119991080313 Iavesasazate Tdow lums vemaiianududuimmnzay
9
1aZOATINMIAAEITAZAIY (uptake rate) Y09 ICP-OES NAwmnufe 1 Jadaaiaowiil Auiums
4 ! 09/1 o [ 13 o < 1 09)1 a o
WowapveanedesszuuIi ldazain  dwmsumsasniaanuilunsasaiuldszuuvesuin

{ d ] o a J 4 1 :J'
Orion (Model PCM500 SensorLink) #itimsl4gilnsaiaewianuneuiumes msifouaoszuunaay
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14
v AaAa

Y o W { a 4 1 ) o o 3
v CFD ICP-OES 8¢ pH meter HniiasdnnNdosinisanaomaouds dmsumsiannuiu
' Y P R A9y adg = ) Y ' Y 9
nina1ldmuzuivinaaniduaan Insa Taelins lvadnandiuais uaz nvasenmediudnaun
1 Y
RN UMIANYI1UAoUN 2 [Promchan and Shiowatana, 2005] W8I UaTaza1e9s 1va lilwawy
o A A 1 ] 4 A o Yy < Y
Aunsa luasn 4% (Al Y 1az Sc o) TagHIuNaIeun1eInmnnudIvabn (glass three-way) 1ad
o 1 A A 3 .. . 1 v Y A
Tnavenluwaunulunenaradnivailuy (mixing coil) ABUNTATIVIAAIBIATDI ICP-OES
A AY a Yy oA Y, a P ' ' Aa o '
1509 ICP-OES Nvaaratsaufe 151umsiniizniSmanssgaee ailudied
v v
ﬁaﬂimmqmazﬂimméh (macro and trace elements) Tﬂﬂﬁm”ﬁﬂﬁimiijﬂﬁmﬂﬂ ‘ﬁ”l@]‘ﬁ}’mmi
a d 09/} = . . = < a J = a d
ANTIZHATUAYY (simultancous detection) IANMTITUMIIATIEE waziinnuhlumsinsgga
(good sensitivity)
4 I 3 v { ] ]
mefumsuaasdiifiuiasazaien 19nssun CFD (dialysate) MiliHasuniuge
[ . . = Y o =3 % 1 o Y A 9 3
M3A329IAV09 ICP-OES (matrix interference) 34 1@MMIANEIAIDEIUNAL tazAnazTiuie lHiu
@ { 8 1 4 4 )
dwnu Taomsldasazaren ldnnszuy cFD Faeglulm@on lumsuea 0.01 Tuas udnirlhl
v Y A = = ~ 9 ] a 1 [
A3IvIARIeNGee ICP-OES nlssuiisunai lannmsazaseglunsaluasn 2% WUNTAL
@ Ay ¥ =~ < @ 1 A = 1 (=) [
doygui ldvewnaBoutazmanuesdrednuuns luasazaeniinsalimgenimun lilinsaed
A v o W aan @ A 3 =2 o Y 9 .
i@ AN Nana (p<0.05) aduaalumsen 3.4 vennniumsanlufnaziA1852UY on-line
v v < ] v @ o 1
CFD-ICP-OES wuiwssquaaden uazvan lag linaunsalisedudyanadiniilszina 5 uag 3
1 o % d‘ =) =) % d‘d 4 a 4 d'
ey welSeufeuiuamsazaeninaunums Inavesnsaluain 4% awaaslugldn 3.2

iuag 3.3

ms19h 3.4 USunanssigaien luaisazaioi 18915z uD off-line ICP-OES (0.01 M NaHCO,) v09

Y [ = = [ Aa a Yy 9 9)
ﬁ’Ji’)fJNLllJFNL”]JiEJULVIEJ?Jﬂ‘UﬁTiﬁ%ﬁZﬁTfJTIlJﬂiﬂl’li‘lﬂiﬂil‘lﬂ’ﬂiﬂsﬂﬂﬂluq@]vnﬂ 2% (n=3)

HIT19 asazazawiiinialuainly asazazarwdi ifinsaluasn
(luTasnSuaeniu) anududugaiie 2% (2% HNO,) (0.01 M NaHCO,)
uAAIFEN (Ca) 5845+ 175" 4090 +55°
uuniiFey (Mg) 865 + 85 870 + 60
Weavloda (P) 550+ 45 510 £40

11an (Fe) 740 + 55" 375 +25°

Fanzd (Zn) 510 + 30 495 + 20

1
@ =

Monysimiounuegluunaufedndu uaastinnuuanased 1 itiod 1Ay nedda (p < 0.05)

o

a,



Dialysis time (min)

0 10 20 30 40 50 60 70 80 90 100

Ca conc. (ug g™") (@) Ca conc. (ug g™) (b)
6000 6000
5000 4 5000 -
4000 o 4000
3000 - 3000
2000 | Fagg 2000 -
1000 - 1000 M
0 —_— 0 : S —_

0 10 20 30 40 50 60 70 80 90 100

Dialysis time (min)

‘ljﬁ 3.2 ﬂﬁTV‘ILL’(?fﬂ\iﬂTillﬂa Ulacﬁﬁﬂlﬂﬂllﬂalcﬁﬂﬂaluwﬂﬂ”‘Llﬁ/lllﬂinﬂi“’ﬂ‘lj on-line CFD-ICP-OES 1u

d‘d a =t =)
MazaeNMINANVDING IMAVINTA MUATN 4% (a) LAz MTMINAUNTA TUaTH (b)

ANRINL

Fe conc. (ug g'l) (a)

35

Fe conc. (pug g'l)

(b)

35
30 A
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30 °
25 *%
20 A
15 4
10 4
5 i
0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100

Dialysis time (min)

0 10 20 30 40 50 60 70 80 90 100

Dialysis time (min)

51 3.3 nsmluaasns laas lagavessigmanludnas Ti1891n 52U on-line CFD-ICP-OES 114
Asaraeiimsnauveans maveansaluasn 4% () uaz litimsnaunsaluasn o)

AR N

3 U
3.3.1.2 mslaanuiunsaas (pH measurement)
A o I 1 Aq ud Y . ' .
1nF0IAANUITUNIAA1IN1HEWD Orion (34 PCMS500 SensorLink pH Measurement
Ada ¢ A . & A ya < ") Y
System) AFANIAATIEHUVUABILDY (on-line pH measurement) Hulinsl¥oianInsavuaanlda 13l
Y <3 . a a g v o X . A

MFULUAIVUIALAN (sampling cup) LALUATUNAIVE1IAUTIFHY (rubber o-ring) tHloasazae lvavin

9 [ ] 9 1 ad FY 9 = 9 FY =2 A o 1 1 o =
Auasiun ldnavsan Insauda lvasendiuuuGeusesudl 3usuiimseiuat pH Kimsanm

[ I 1 [ o o Aa . .

msdannuiunsaaiauuang 3 wyuae Dimsaeuiieulumsianuulng (static reading, off-

. o o 4 . A I U o w
line) NUaTAzawLMoINIAIFIU (buffer solution) NANMTUNTAA 4.0, 7.0 1A 10.0 ANEIAY 2)
Mmsemasazaensaaanasuiiumsiva 1 dadassaewd udaiimseium
[ 4 o 1 1 { o
LUVABLILBY (continuous flow, on-line) LAy 3) WIMIOUAT pH VYesa1saza1wnd 0.01 luais

4 ] 1 4 1 1 1

Ta@en lumsvewa lvarmuuuuaeiios wuanuly (sensitivity Tag81UA1910 slope VBIANNS
d‘d = 1 U 1 =
saznyuninms lnavesansazate lidianuanaesiuedledl

9
Lﬁ'umq) VOIMIOUMNWVVUNA



v o w Aaa 1 1 1 1 4
UIAINYNNADA (» < 0.05) UANVINITDIUAT pH mmmﬁazmﬂ«mﬁﬂﬂumimmm

1 A 9 Ao 13 9 [ P
Llll‘]_lﬂ@!,u@\‘lﬁlﬁﬂ'l"lllll'JVl@]']ﬂ'J'llaﬂu@fJ muﬁmﬂlugﬂﬂ 34
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001 Tuas

10 - w
27
9 -
8 -
. ¢ Buffer: static reading  y=0.9917x +0.1118
& 7 (off-line) 2
o R”=1.0000
=
&
2] 6 . .
= o Buffer: continuous y=1.0050x - 0.1084
flow R* = 1.0000
5 -
4 0.01M NaHCO 3 y=0.9816x - 0.188
47 Solution: continuous R*=0.9997
flow
3 T T T T T T 1
3 4 5 6 7 8 9 10
Actual pH

Y IS @ I 1 1
517 3.4 nfSeuiisuanuiluduas (calibration curve) voamsdannuilunsaa1auua1e

sUnuvvesm pH fieuldninmseusuuaeiiod (on-line) taz lideiios (off-

line) ¥0IAIDENUNHI T1vOUNZE Lazd1Ted Tuansazaemernui 1AvInsz Uy CFD udaaegli

3.5



(a)

pH
W
|

o o On-line: Milk powder

& — & - Off-line: Milk Powder

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150

Dialysis time (min)

(b)

i 5 o/ o On-line: Rice

g — = - Off-line: Rice

2 T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Dialysis time (min)

(©)

& On-line: Mungbean

pH
wn
|

— & - Off-line: Mungbean

2 T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 8 9 100 110 120 130 140 150

Dialysis time (min)

]
1 =

H 1 a {1 Y ' . .
Eﬂﬁ 3.5 171 pH N1I0191199) ﬂJENmi'lﬂazulamﬁﬁmullﬂmﬂmimmm‘u on-line LAY off-line VDI

F19819UUN (2) T1IMBUVLA (b) LaZD UV (c)
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mslasulasvesmsian pH lulinnuuana1aiusenIams AUy on-line Hazuy off-
. . Y ° 1A <3 Y o OBJJ = 9 [V 3 1 @
line TABLUY on-line %A1 pH d1nduiewdnios astiudsamnsalsmsiannuiunsaainlumsia

. A 9 a = 3| 1 a
111U on-line LW@i%iuﬂWﬁ@ﬂﬂWﬂﬂ"ﬁlﬂaﬂullﬂa\‘]‘ﬂ'ﬂﬂLﬂUﬂﬁﬂﬂN"Uﬂ\‘]ﬂTihlﬂﬂzulﬁ“lfﬁ

= .. U a Jdy
3.3.1.3 ANHINAUDI matrix interferences f19N1353A312 10138 ICP-OES
Y '
NAYDINITTUNIUNITATIVIADIN matrix 199 U LﬂﬂﬁuwﬁﬂfJ@"Ii]ﬁ”llﬁﬂﬂﬂ”liLWiJ
1 9 1
ﬁ%‘aaﬂﬁ’numymmmmimaﬁﬂ c'ﬁqmﬂﬁumﬂﬂmé’fﬂymzmqmﬂmwuazmqmﬁﬁmNﬁmzmn
[ @ 1 ] Aa I [
A1TASAYNINTIIUNUTITAZAYAIDYIN NINNIYNIN L%uﬂ)mﬁﬁﬂ LLNﬁQW’JLﬂHé)ju E‘TZ]‘L!‘VINLﬂﬁ REK)
0o q ¥Ya o A zv VA Y Y A
ﬂﬂmﬂﬂm'imﬂm@mmaa%aauluwmﬁmiﬂﬂmmzmamiazmﬂm’Jammmmmmummmaa
A LA A v o v A dyd o g 9 ) Y
N3 Y39 matrix NAWINAITASAYUINTIIU Lwaﬁmﬂuﬂﬂmmumﬂmﬂmmqu iNanumamﬂw

@

#1302010009ENTUIATTIU LazEnTaza1wii0619 Inaanyae Indifeari (3 matrix Mnilouriu)
a Jd (a ya A A ' L. I ax Aa Y
MsunszHsnaes Tagl¥3I5nMsniSenn “standard additions” 1W11ATMsNHen 14y
[y [ a I A { o
Tumstlesiuuazud lvilgmsunannmssuniuves matix wazidluishiianugndeann  ld
Y
Tagiiua1saza1eIAIgIUnaIeg aAnuuduasluasaza1edi0e19 A9iUMITUAIUYEN matrix 11
' = A Y v A = A Y ande & andqy
Msazaenee damilouny Huae ludnansenunndasumu wenamiudsidatluiznlelums
ATINAOVIUNANMITUAIUYEY matrix 130 11 AemMITeuReuaNuTU (slope) VOIANMITIFUATS
FEUINATALAWATTIUAVATALAWNANAITMIATIIUNADY ANMTNTY  InaNuFuiiam
HANARTULAAIINEITTUNIUMITUATIEHINAADMT TR
~ o a = o ~ -
myazaren 1y lumsiiless lagane Ta@en lumsvomananududulszana 10
4
- 4 a a [ Y o
107 Twes waglimaaunsa luainli lddszina 2% auivdeladmimsesenasazaroninigiu
4 A o
waz  @1sava1s blank  luasazaelwm@enlumsvemwa  MIANYINAYRIAITUNIUMI TRV
A Y ° a9 = = Y 9 '
asazaein laanmsi laes lagadremsnlSsuisunnuduuesaumsduasiserinasazaiy
MATTIUADETALENANENTIATTIUTA18Y ANUAINTY uaasluased 3.5 wulanuFuves
9 1 . . . 1 =~ ~A A [ <
ANMIIFUATIVOWADY emission line UAZVOWADLT (UAaaFoy uunilimon Woawoda man wag

v [ Y
Fangd) Litanuuana1ady duae lumanssunumsTaveddsunIumia aaiudausam

M3a519 a5 519A199 A28 ICP-OES ludisazatei ldninmsi laes lagea1d
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M3197 3.5 WSoufeuanuFuresaumsdunIiseriNesaza1vuInT§IU (External calibration
curve) NUA15AZAONANAITNINTTIUNA10 ANNTUDY (Standard Addition) Tu

Tsdeuluamsuema 0.01 Tuans

External calibration curve Standard addition

uAaIgeN (Ca)
Ca 396.847 nm
Ca 422.673 nm
Ca317.933 nm
uunHIFBEN (Mg)
Mg 279.079 nm
Mg 279.553 nm
Mg 280.270 nm
eavleSa (P)
P 177.495 nm
P 214.914 nm
11an (Fe)

Fe 238.204 nm
Fe 239.562 nm
Fe 259.940 nm
§an2A (Zn)

Zn 202.548 nm

Zn 213.856 nm

y =60651.6x - 46722.3
y=365.5x-131.1

y=186.3x-1941.5

y=3.493x+ 116.5
y =982.2x + 44786.7

y =485.9x +30927.5

y =29.05x + 33.87

y=12.38x +62.26

y=107.16x - 688.68
y=77.58x - 759.20

y =128.40x - 833.16

y=96.08x + 617.33

y=62.55x + 127139

y =6551.6x + 96443.5
y=356.1x +9301.1

y = 186.0x +3372.3

y=3.492x + 104.2
y =964.8x +340916.9

y = 490.4x + 161596.7

y=31.61x + 506.80

y=13.38x + 735.06

y=107.17x + 1159.72
y=63.77x + 629.73

y =123.05x - 1378.91

y =95.29x + 45602.30

y =56.88x +28929.30

9] .

3.3.1.4 M3nsaaaunNNF1ave332U on-line CFD-ICP-OES

d'l =Y L] . d' [ = 9 1

11109910 T1TiR 1961965119591 (reference material) 1AEINUMIAATH 1AVDNITHIY
v o o v . o & A o w o =
WumMsasnaoun 1A (validation) ¥9952UD CFD-ICP-OES duiludsdinn vilaomsdnmn

] a a’qul 5 ]
Y%recovery YOI FIAVDINITUATIZHNINUA FUADNDINITUIATFTIUYDINUIBIIU NIST (SRM 1846)

y I o I @ ]
7001113188930 (milk-based infant formula) (Hudmu Tasldiludiegreomisluszuy CFD uda
o a 4 a ] qa;l 1 d' Y . 1 d' A
wimsinneimlTinas mgnsaiuilaes ladld (dialysate) 91105200 CFD wazduimaonn
J ] 1 4 o

M3 laeglad (non-dialysable, retentate) A3em3l¥nsadesaatauimasau laasazarelea naini
:/l [l a o a ] 1 Y d‘ Y 1Y d'
nedosdu I imszinlSinaus s1aa1ee A1emnies ICP-OES  ldnaminaaosadudaluaisiei

1 a 4 a 1 3 v 1 1 1 {
3.6 WUNMIUATIEHMTINUTTIANHNA (total amount) Tisn liuanarsananszy 13 (certified

:Il 1 1 ' A Y 1 A A LS ]
values) uenINiuAmIWasWvowssIgNndIui laes lad Iduasdauiimaoninms laog ladiiar ld
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1 { [ @ 1 . QBJ} 1 <]
LL@IﬂﬁN%Wﬂﬁizuvﬁwulamﬂu ﬁfﬂ % recoveries ANLA 90 + 5% VYDITIUKAN %u’ﬁﬁ 104 + 6% UBN

L

ngneaneda

a oy ¥ a ' Al Ya N Y
M1319N 3.6 NaﬂJﬂQﬂWﬁ@]ﬁ?%ﬁ@Uﬂ’ﬂiﬂcﬁqﬂﬂl@\?ﬂﬁlﬂﬂlllﬁ‘ﬁWJ“V]llﬂ'JLﬂ31$ﬁh1Wﬂ']ﬂ5$U‘U CFD-ICP-OES

11A2981991M1511955 11 (milk-based infant formula, SRM 1846) (n=3)

Y3mnaumssig
UL uanHIFan Woavlesa dand
(Ca) (Mg) ®) 11ian (Fe) (Zn)
ﬂ'ﬁiszq (Certified value, Llgg") 3670 + 200 538 +29 2610 +150  63.1+4.0  60.0+3.2
uﬁ'ﬁm‘ﬁmm 3760 + 160 541 +17 2490 +96  66.6+1.5 628+ 1.8
(Total minerals, [lg g_l)*
ditlaos lad 14 2810 + 140 428+ 10 1730 £200  17.7+22  51.5+3.7
(Dialysed minerals, g g'l)*
dfimaennnslaes lad 790 + 46 86+ 12 1040+ 94  424+55 78+1.0
(Non-dialysed minerals, Llg g-l)*
Dialysed + non-dialysed mineral (g g") 3600 + 140 514+ 6 2690+ 145  60.1+50  59.0+4.9
Zownzuedlaos lada (Dialysis, %) 76.3+3.7 79.6+ 1.9 69.6+50  265+32 857+57
Zovazvoad e (Element reained, %) 216% 12 16.0 +2.2 418+38  63.6+52 125+16
{osazueaNasIN (Sum, %) 97.9 +3.7 95.6 +1.2 103.8+58  90.1+54 942+8.6

* 1841m139naY blank 80nLA7 (blank subtracted)

3.3.1.5 nnimslasuudasveslaeslade (Dialysis profile)

52U CFD wuenmilonnezlidoyavessesazmslaos lagauds dalddeyaveq

msldsunilasa pH nagmsldsunilasszaunisinaeg ae Fererildiinlenmsuldsunlasi

a d? ] a %] d‘ 1 =1 a
NAVUTLNINIMT Iaoe laga  uaziladenadinadans oz lage

TﬂfJ‘I/Q\li]ﬁﬂ!"lﬂWﬂLLﬂuﬁJ"lusU’NﬂJﬂQ

aswmsnasuntlasvesanuiunsasialuzili 3.6 wuhar pH alasumlasninlszana 2.0 Tums

gosuoanTzimze1s sz 5.0 aelu 30 wRvesnsgesludld uaznldsudlu 7.0-7.5

[ o £ Y o a A a 4?’ 1
Hodn 1 GJf’JIEN"]f\ﬂﬂmﬂENﬂ‘]Jﬂﬁ!‘]JﬁEJ‘L!LL‘]JﬁQVILﬂﬂﬂluluizﬂﬂﬂiiﬂﬂﬂﬂl@ﬂuuy

VoI FIA UAI0819 blank taadlugdn 3.6 nuITaLIHIRAINY A

Yy
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E4
~

g AN

ADUDUN

SIGEMBIGK

14 mg L’

) [ A o A 9 = -1 A I 4
TNITUNNTE qwmaﬂaaﬂmammmmmu 309 7 mg L l,uminﬂﬁmul,ﬂumﬂﬂizﬂaumm

1 [l < 3 3 ) o l
U lyianee ad1elsnaulumsaneiaseil ldviimsinaumived blank eon
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namsndounasveslae: lagavewssinae ludednuuns wazaztn lding

= Yy [} A 1 A a A
AnbIMIeIZUD CFD-ICP-OES uaaseglusdi 3.7 wungduvumsuldsunilasveslaes lagaidl

[ Y a2 % S d‘ ~ a [ z 1 = %
anvaz Inaneany NﬂWq\‘]i’mﬂﬂﬁ$N1m 10 mmmms”lﬂax'lacm UAINUUABYAAAIIUDNTSAD

4 . 4 . aa 24 A
A9 (baseline) Mslaguulaslugialszuia 30-40 WINNAVWBINNAVBINITRATITAZAY PBE

w1l Tuszuu a1 a1 30 w1

Conc. (mg L'l) pH
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5
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51 i o Znx 10 o pH T4

Inject Pancreatin Bile Extract

Time (min)

s 3.6 nanlmsulasunlasveslaes lagaves blank



Conc. (mg L'l) (a) pH
200 8
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o
+s
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Conc. (mg L) (b) pH
450 :
o T oooooooooooooooooooooooooooﬁ .

Ooooooooooooooooo
| 0000
350 y i
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300 0°5°° - Ca -a-Fex 10 1 s
250 °
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Inject Pancreatin Bile Extract

90 100
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510 3.7 nsimsnlasunlasvedlaes lagavesdedianuns (a) wazazih (b)

510 3.8 waainswmsnlasunilasvedlees lagaveunaime
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Conc. (mg L'l) (a)
300

250 —o— Kale

-8 Milk Powder

200 —4— Infant Formula
—o— Acacia pennata

150
—©— Chicken Meat

—&- Jasmine Rice
100

—A- Mungbean

0 10 20 30 40 50 60 70 80 920 100 110 120 130 140 150
Inject Pancreatin Bile Extract Time (min)

5171 3.8 nanlnmsulasunlasvedlaes lagavewnaouludediaenmsaig

3.3.1.6 mssziiumlaezlagavewsmaluemiswiiamaq Nldarnmsly

32UU CFD-ICP-OES

Y

manvannsalumslaesladea (dialysability) fiudalaninmsmainuinldnsm

4 1
[ = =

4 { 1Y 1 1
GUE]\‘lﬂﬁ]lﬂ’Ozllﬂclf‘"l]'lﬂigﬂﬂﬁW@JUWJu!ﬁEJTJﬂﬂﬁ1ﬁa$ﬁ1ﬂﬂ1ﬁig1um6\1!ﬁﬁW]'G]N(’] MT|{N 3.7 UAA

[ Y Y 1
YSinawssaiansed IdnalSinans g luemsveniminuds Usuanssinghlaes lad1d uas
] = A 4 a [ = = <; @ 1 9 a -1
daufimaeninms ez lad UsmausnguaaiBouiisndigaludredisdiomennza (56 + 3 Ug g)
% 9 -1 9 a Y 1 1 = 1 9
uazgagaluinaziln (13870 + 540 Ug g Sosazueins laeg ladaludiedieaieg limszninios

= 9 [ ~ A S 1 Y = qul ] a9y
g 61 D393 i@fmztﬁuT]L‘Viﬂﬂmﬂﬂﬁ]lﬂ’ﬂ%llac]fNﬂﬁ@8613 4 939 40 LLAZNATINVINITADIFIUNMNTOY

S 1w

1 1 Y
ay 94 69 105 drusmouiimdwaalumsi 3.8 Tasaglaens laos lad ldvewssigiuegh
Filavoiineaazlsinaussgniiludieds wuuumazazhilSnaunadon  uuniiou
o o =t ] dgl’ 12 < I Y 9 a =
Woaosa wazdenzdge d@nwielntimangs udu  Sesazvems laez laFavownaioy

~ A [ a0 09;’ 19 = 1 v A 1 @ 3 1
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1 A 9y 1 A A 4 ' A A @ < (% =
mum"l@mz"lam”lmmzmumwaamﬂmi”lﬂaz"lac]feummﬁmuuﬂuwﬂm WoaWesd mian wazdinsd

S 1

e lusansensuldnedesas 82-107, 79-107, 86-103 uaz 87-108 ANE 1AL



-47-

M3197 3.8 1511255199103 VD CFD-ICP-OES luomsriina1ae (o1 miinuma) (n=3)

Jasmine Chicken = Mungbean Acacia Milk Kale
rice meat pennata powder
Calcium
Total minerals (Llg g>l) 56+3 299 +13 819+ 43 1650 +30 6890+ 120 13870 + 540
Dialysed minerals (g g-l) 44 +2 279+9 714 + 35 1220 +55 5560 +280 8520 +430
Non-dialysed minerals 8+2 12+5 119+27 482 + 25 1030 + 30 5520 + 240
(HUgg)
Dialysed + non-dialysed 52+4 290 + 13 842 + 26 1760 +91  6580+280 14030 + 520
minerals (Llg gfl)
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 (Llg g*) 157+3 878 £ 30 1410+3 1980 + 12 763 +29 4690 + 310
Dialysed minerals ([lg g-l) 95+4 814+ 13 1050 + 40 1640 + 44 628 +46 3130+ 100
Non-dialysed minerals 34+ 6 47+2 459 +3 417+7 69+3 1470 + 40
(Mgg)
Dialysed + non-dialysed 129+3 861 + 14 1507+43 2080+ 50 697 + 45 4600 + 90
minerals (Llg g>1)
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+04 31+1
Sum (%) 82+2 98 +2 107+3 105+2 91+6 98 +2
Phosphorus
Total minerals (Llg g-l) 839 +41 6060 +209 4000+60 8540+220 6610+310 5990 + 60
Dialysed minerals (g g'l) 77+8 2720 + 90 525+13 3250+120 3680+ 180  3240+210
Non-dialysed minerals 699+26  2490+340 3750+40 5390+260 1610+ 30 1840 + 40
(HUgg)
Dialysed + non-dialysed 776 £25  5210+370 4280+60 8630+340 5160+ 140 5280 + 60
minerals (Llg g>])
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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M3197 3.8 1511215519910 T2 VD CFD-ICP-OES Tuo1mswilan1e (etiminuia) (n=3) (Ao)

Jasmine Chicken Mungbean Acacia Milk Kale
rice meat pennata powder
Iron
Total minerals (Llg g_]) 3.8+0.1 152408  46.8+2.1 1134+102 69.0+14 909+8.6
Dialysed minerals (Llg g'l) 0.2+0.1 0.7+0.2 22+03 11.8+0.9 3.7+0.7 48+0.4
Non-dialysed minerals 3.2+0.1 140+03 414+14 1049+ 1.9 555+3.1 85.5+2.8
(Uggh)
Dialysed + non-dialysed 3.5+0.1 147+04 43.6+14 116.7+2.7 59.2+34  904+2.6
minerals (Llg gfl)
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 (Llg g_]) 194406 275+18 29.6+04 44.0+32 50.7+23  32.0+4.0
Dialysed minerals (g g'l) 10.8+1.3 229+0.7 21.3+0.2 159+0.6 383+ 1.7 182+0.9
Non-dialysed minerals 6.5+0.7 69+0.2 10.4+0.8 22.9+0.8 7.2+0.1 15.1+0.8
(Hgg")
Dialysed + non-dialysed 173+14 298+0.7 31.5+0.6 38.8+0.6 443+ 1.1 32.6+0.8
minerals (Llg g-l)
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

332 mslflselamivesdeyaildoinszuy CFD-ICP-OES lumsfinums

< % \
ﬂﬂ“lﬁﬂﬂﬂlﬂﬁl!iﬁ1

U

3.3.21 msﬂizgﬁummmmm‘lumi"lﬂaz"lac?maazmim’maau

1 =)
IFUIRYTD

anulylavedds

ﬁflum‘sm‘%wqu [Judprasong et al., 2007]

Tunouiuduitoanin Lilid1ed19a15110591U (reference material) (Ag2N

]
Y 1 v o I ¥ . .
ﬂ’]iﬂﬂcﬁul‘lﬂmﬂ\nﬁﬁ']ﬂ ﬂ\iuuﬂ'ﬁﬁﬁjﬁ]ﬁﬂﬂﬂ')'lusl%llﬂ (validation) ¥945¢UU CFD-ICP-OES 994

o I ' A a Jd . . R o & Ay = o
Ared1Ls 51 iaNadlueMs lugWes a9y (mineral fortificants) 33 uTlundesdiny i lae

= 1 3 < o o a J a '
NITANYY Y%recovery VBT TINTNNUA (uﬂm%u an uazmﬂzﬁ) ‘1/11ﬂ1iﬂlﬂ§1$ﬂﬁ1ﬂih1ﬂ!&ﬁﬁ1ﬂ

2, o )
waauilaezladld (dialysate) 91n53UD CFD wazauimaennmslaezlad (non-dialysable,

Y o 09: 1 a J a 1 1 Y A 9 a J
retentate) LLa'Ju’l‘VI\3ﬁ@\1a]ullﬂfJLﬂi’l%WW’lﬂiN’lﬂ!Lﬁ‘ﬁ’lﬂ@’N"] AULATOY ICP-OES ll@Wﬂﬂ’lfl"JLﬂﬁ’lg‘W
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Y] A 1 1 A S Y 1 A A LS
gataaaluasen 3.9 wudwasawvesaunlaezladla  wazauimasnnmslaes lagian
Y 2 [ a 1 0911 & [] 9 A 1 1
TnaRean TS Ignamue &3l %recovery 1UFIIOBAT 94.5-102.8  Taslmianuuuy

2
(repeatability, RSD) Y0451 (Ca, Fe, Zn) 10an1150002 3
9 4 =1 A = .
$ovazupannuainsolunslaes ladveosnamenluansiaSuunaien  (calcium
fortificants) TugUresuaen Ta1luuanareiueglugialszanudosay 75-80 wugegaluglves
Y
UAAIFOUFIATA (calcium citrate, 81.8+2.5%) AIUVBIANTIATUFINET (zinc fortificants) UAIALAT DY
[ = a . . =2 9
az 45.0+2.2 Tugilvesansszneudans@-n3aezii i (zinc amino complex) 3UDITOBAL 53.142.7 U
[ A o . ) o 4 1 a I . . A
gﬂﬂl@ﬂﬁﬂﬂzﬁ“ﬁalv\lﬁ (zinc sulphate) mmugﬂwasmmm VDIATATUTIUNAN (iron fortificants) UM
1 o < 1Y) I <3
anueusalums laes laduandiaiu man(IFala  (iron(IDsulphate),  tManIDuaAAL
< 1 5 ] [ o [
(iron(ID)lactate) uazmaﬂ(n)ﬂmaﬁm (iron(IT)fumarate) adesay 41-45 Faliuanaany  aiuens
a < A J 091} dy
s umanTugives NaFe(EDTA Hmanuansalumslaos ladgega (81.3+2.2%) Matieninsn
2511891071 stability 35WI19a1513200Y iron-EDTA (log K of 25.7 for Fe(Ill) and 14.3 for Fe(II)
[Hurrell RF, 1997; Furia TE, 1980]) aanuenusalumanaaisFadoussning EDTA nulav
Y 1 Y ]
Yuegium effective stability constant (K,,) & A1 pH ¥ Tasa &, Hawsodmonla o innw
I 1 1 [] = ~ I 1 ~ I
unsAA19A189 19U K, ¥89 EDTA tag Fe(llD difn 12.3 fnnuilunsaas 2, 19.2 innuiunsa
U ~ I 1 ~ I 1 :/l v A A
Al 5, 224 Nanuilunsaan 7 uaz 257 Aanuiluniaan 12 uennniudilimgegatiie
nSeufiounusinoue Aonoaad Cu(ll) (log K 18.8), §4nzd Zn(Il) (log K 16.5) tazunaidey Ca(ll)
[V ngl A ] I 1 = Y1 a I~
(log K 10.7) @aduiie EDTA ogludnnzanuduniaaieueanszimnizerns wemaldiunaiu
) Y
a131/52noV321I19 EDTA f Fe(ID) nazdlosiumsanaznouves Fe(lll) Tuomsilon pH gaiu

[Hurrell RF, 1997]
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M3197 3.9 wamsasvaeun ey IAvesAI9819m5Ia5 U519 Ca, Fe 1182 Zn mineral fortificants

(n=3)
ANMAINTUYOMITA (LUg g fortificant)”
MSAINNIFIN . daufimdeninms
) . awilaeylaqfld Dialysed +
(Fortificants) PSnaniaviug laozlaq
(Dialysed) Non-dialysed
(Non-dialysed)
Calcium fortificants:
Calcium carbonate 4890 + 270 3630 + 100 1130 +210 4750+ 170
(742 +2.1) (23.2+4.2) (98.8 +4.9)
Tri-calcium phosphate 4460 + 260 3360+ 110 970+ 110 4340 + 50
(75.3+2.5) (21.7+2.5) (95.7+3.5)
Calcium lactate 3740 + 270 2940 + 90 710 + 80 3660 + 50
gluconate (78.6 +2.4) (19.0+2.2) (96.5+3.1)
Calcium citrate 4050 + 230 3310+ 100 740 + 90 4060 + 60
(81.8+2.5) (18.3+2.1) (99.0 +3.1)
Iron fortificants:
Fe(II) sulphate 1200 + 84 507 + 16 660 + 15 1170 +25
(42.4+1.3) (54.8 +1.3) (97.3+2.0)
Fe(Il) fumarate 1280 + 33 524+ 16 680 + 6 1210 + 15
(409 +1.2) (53.2+1.0) 945+ 1.1)
Fe(Il) lactate 1350 + 53 609 + 19 751+ 35 1360 + 44
(45.0+1.4) (55.5+2.6) (100.5+3.3)
Sodium iron EDTA 1340 + 50 1090 + 30 287+ 20 1380 + 30
(81.3+£2.2) (21.5+1.0) (102.8 £2.2)
Fe(IIT) ammonium 1440 + 54 364 + 10 994 + 76 1360 + 78
citrate (25.2+0.7) (73.5+5.6) (100.4 +5.8)
Zinc fortificants:
Zinc sulphate 683+ 9 363+ 19 323 +21 692 + 26
(53.1+2.7) (48.1 +3.1) (101.2 +3.8)
Zinc oxide 1124 + 20 516 +27 586+ 18 1002 + 39
(46.1 £2.4) (52.4+1.6) (98.4+3.4)
Zinc amino complex 1140 + 30 514 +125 577 +24 1090 + 20
(45.0+2.2) (50.5 +2.0) (95.5+1.6)

P

al [l

< '
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~
3.3.22 nnimslasuudasvesmsiaeslada
szuvlaez lagana i) Taommizluszuy batch dialysis THMaoummzluToaves
1 a 1 o’j 1 1 tﬁ' . . . QBJ} Y9y Q' d?}
alaog lagmnniu dawluszuumslvaunuaenios (continuous-flow dialysis) 1iulAdoyaiuiiu
1A Y 9 = 1 1 a 9 ~ 1
wnnae lddeyavesmsnlasunlawussaszringlees lasa wazdoyamslasuniaclugiana
' . . . A o £ Jay A
M99 (time-based dialysis profile) 5¢1UU CFD-ICP-OES ‘I/IWGJJ‘LJWUM&JGU@JJ‘]WUENﬂ'ﬂﬂﬁmgﬂlmﬂ Ao
{ 1 [~ 1 ' a . . @
miL'ﬂﬁauwﬂawmuiﬁmuazmmgﬂuﬂiﬂmﬁzmnulmz'lacm (dialysis profiles and pH change) 914
uaraalugii 3.9 @) vazmswlasunlasuazaulugiunainieg (time-dependent cumulative
[} { 1 b 1 1 1 { 4
plot) saneraalugd 3.9 (@waw) Fedoyavesnsszrinanududuvewssinaie Alaos lad
[ Aa 4 (Y a o
Taiisununar MdeyaluFaumans (kinetic information) A19AT1MI laoz lagaamnsofiuia
1a9nannudu (slope) voansmlszriinglaey lage
1 Y d T d
a1 pH wWasuulasnndszana 2.0 Wudszana 5.0 melu 30 wn wazilaswily
[ M [ { 1 Aa < { o
7.0-7.5 ¥dan 1 Hrlusaaaaslugii 3.9 @) diunslazauvetlSunamanilaes Tad1a
19 1 [ 3 A 9 A dgl 1 < (] 1 ~ 4 9
uaasegarwan  wunsqumani laes lad Idmniuedesias lusnnouidawulsl PBE uda
A2 a4 g v Yy & A 9 a ° Y o 4
minudnantios  tazgamennsil  Sesazuedlaes lagaansoduanldananusuvesnsii
9y J A 1 Aa 1 a Y o kY dy
(Mdua1s ¥ile) Havesesa1ee ninanems laes lagaaunsanaas ldegatanualensivli
] { 1 ) a 1 a <
wulugin 3.9 dwa W Iaud (ascorbic acid) HAAINAYOIMIAUATUNMTAAFUT AN

1 @ 1< 1 ' @ a ng ]
Taommizluaandaann 20 i (eNuiunsaaaunni 4) naannlaes lade yvonamivaziv

v
A A

Y 4 < [l = A I 1 a1 1 qgj [

lai1ms laez lagvossgman lunJasumlasdonnuiunsaaiiannnnii 6 Tunansaintivag l
o3| a3 @ { a a a 1 a 4

1 ascorbic acid Wunaldsqumanluglvestamaniimsauiandudin laos lagasosaz 63 il
=l =~ o A = a A a a9 ~ Qaj dy 9 = =

nSeuiisunui luimsauiniug Gooaz 49) nsmudasisaesuuiiozldlumsanyimsgady

Y

Y
lAveas 519 SIwNIHavR A TduasULAz 15T UEINTgR TN



Dialysed Fe (ug g™ pH
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1
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4 { a < v
510 3.9 nsimsnlasunlasvedlaes lagavessmanuaza pH (s wuw) vaznslms
v ' ' <
LﬂﬁsJumJamuuazﬁualummmmm (cumulative plot) Gllﬂxi‘ﬁ"lﬂlﬁﬁﬂ!,tﬁ%%lﬂﬂﬁgsl]ﬂ\‘]

laoslaga (gﬂﬁ'mdn) A5 FeSO, 110 ascorbic acid (a) 1@z ascorbic acid (b)
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a
3.3.2.3 anmslasunasveslasylagavessiprdanlumsiasusg
< ¢ v éd a 1 a U 33 R
!ﬂﬁﬂgﬂ?\lﬂﬁﬂﬂ%ﬂﬂ NUNMIANTITATINUASATIEVEININAVN
a ' < = % = = Yo ' 9 a o J
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<3 . . 1AW A o 1 = A
wianlugue Fe(Il) ammonium citrate WUIHEA51MS laoz lagadilugie 30 wiiusnuazaainlu
] Y [
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. . A1 o 9 3 dy A J A .
Y94 Fe(Ill) ammonium citrate UAINIGA (30802 25) MIUIUDIINAIAIN (stability constant) VDI
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a a <] g g A S Y < [ A a 1 a
M9 3.10 Ysmnasquianinanuauaziiani laez lag 18 lumanaDdama Aimsauasdadsy

k4
1Az a3 guEINIIQATN (n=3)

Fe(II) sulphate FeSO, with FeSO, with FeSO, with FeSO, with FeSO, with
Iron fortificants
(FeSO,)) ascorbic acid citric acid phytic acid tannic acid oxalic acid
Total Fe in each study is 1210 + 24 (Llg gfl)
Dialysed Fe (Jlg g ) and percent dialysis (%)
- Before 30 min 502 +20 589+ 15 518+ 19 225 +31 407 + 15 350+9
(41.6)" (48.3) (42.9) (18.7) (33.7) (29.0)
- After 30 min 89+4 169 +4 229+9 26+4 51+2 146 +4
(7.4) (14.0) (18.9) (2.2) (4.2) (12.1)
- Sum 592 +24 758 +20 747 + 28 251+34 458 + 17 496 + 13
(49.0 +2.0) (62.8 +1.6) (61.9+2.3) (20.8 +2.3) 379+ 1.4) 41.1+1.1)
Non-dialysed Fe 564+ 12 396 + 36 520+ 16 952 + 34 704 £ 25 700 + 10
(g g'l) (46.7+1.0) (32.8 +3.0) (43.1+1.3) (789 +2.9) (58.3+2.1) (58.0+0.9)
Dialysed +
1156 + 25 1155 +47 1267 + 25 648 + 58 1162 +23 1196 + 10
non-dialysed Fe
(95.7+2.0) (95.7+3.9) (101.4+2.1)  (99.7+3.9) (96.2+1.9) (99.1+0.9)

(Leg)

a ! A il < 19 a
ﬂmagslmammmmmmaazmm‘lﬂaz"lama
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4.2.1 M3ndnazAIee
Bulad pepsin (P-7000, from porcine stomach mucosa)
B lasd 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)
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AIIATENAITALAY pepsin: ALY pepsin 0.16 nTU luarsazarensalalasnaein
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M5IAT U pancreatin-bile extract (PBE) mixture: 82018 pancreatin 0.004 N3 11a% bile
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extract 0.025 N5 luesazare Twasy luamsuea 0.001 Tuals 5 Haaaas
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pH meter, Denver Instrument Model 215 (USA)

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

FIFFF system (Model PN-1021-FO, Postnova Analytics, Landsberg, Germany)

ICP-OES system Spectro CirosCCD (SPECTRO Analytical Instruments, Kleve, Germany)

{ 1 LY~ 1 [
Tumsnaaed 52U FIFFF AT18a539 310U UV spectrophotometer 9@ 0t 1
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ICP-OES Tagiimsiaiizvineldinou lunsivua Tu 15199 4.1

d‘ A A A a L4
13191 4.1 Nﬁ]u]lell"llf]\ilﬂiENiJ'EJGluﬂWi’)Lﬂ‘ﬂg?‘f

FIFFF

Carrier liquid

. pH20 0.01 M HCI
- pHS0 0.01 M HCI adjusted to pH 5.0 by NaHCO,
- PH7.0 0.01 M HCI adjusted to pH 7.0 by NaOH
Membrane 1000 Da MWCO, poly(cellulose acetate)
Channel flow rate / mL min" 0.75
Cross flow rate / mL min” 2
ICP-OES
RF generator frequency / MHz 27.2
RF power / W 1350
Nebulizer gas flow rate / L min" 1
Coolant gas flow rate / L min" 12

Auxiliary gas flow rate / L min”

a d
4.3 NANIINADDIAZIVITY

4.3.1 ﬂ]i!ﬁﬂ‘ﬂﬂ]ﬂ‘ig1uﬂlﬂﬁﬂ1§!!ﬂﬂﬁl’m§$ﬂﬂ Flow field-flow fractionation

(FIFFF)
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polystyrene sulfonate (PSS) MU Tuanaa1ee) HuasuaigiuIagaziimsnasigsiuen PSS via

43,17 uae 49 kDa luszu FIFFF 1% carrier liquid A% pH 2.0, 5.0 ag 7.0 1iniusiimsasians
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logt =0.57210gM-0.556, R’=0.984 e (1
logt =0.43710gM-0.065, R’=0.999 .. 2)
logt =0.526logM-0.100, R’=0.994 . 3)
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i‘ljﬁ 4.3(a-d) miﬂizﬁnﬂ@mmmmﬂmm‘ﬁWgtﬁﬂﬂ(ﬂﬂlﬂp%ﬂﬂ UV spectrophotometer ‘%Jﬂllel,agICPf

OES ¥21) 18 phytic acid YSua199 Taesiimsanul pH 2.0 (a), 5.0 (b), uag 7.0 (c)

@ [ 4 ] a <]
31 d HEAIMINTZAINNVIAVOIT AN TUIMTIAN phytic acid; 519tWaN : phytic

acid 1M1AY 1:10 (@uMasw), 1:50 (19naun), 1ag 1:100 (AnanIils9)

@ < o S '
miﬂizinﬂmsumﬁmmaﬂmmlumgﬂinuuﬂaamﬂuﬁmm&ﬁa

(a) <1 kDa
(b) >1 kDa 1 <500 kDa

(c) >500 kDa

(a)

(b)

(©)
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M9 4.2 %’aﬂazmsﬂszmsmammmmmmﬂmamﬁeﬁ phytic acid Lai& tannic acid ﬂimmmm

o ] Y] 1 ] 4 {
Iﬂfﬂmfﬂi‘ﬂll@]’J@EJNGI,l!ﬁﬂ"I’Jgﬂiﬂl‘ﬂﬁlﬁﬁﬂui%‘ﬂ‘ﬂﬂﬁﬂ@ﬂ@1ﬁ1§1ﬂ8ﬂ51ﬂﬁ]1ﬂlﬂull“ﬁﬂﬁ

pH 2.0, 5.0 118 7.0

OLIAN o8z 3NIZNYAINNVNAVDIZIHEN (%)
- <1 kDa >1 kDa, <500 kDa >500 kDa
BIQIMAN : phyticacid 2.0 16.0 2.0 81.9
(1:10) 5.0 3.9 25.5 70.7
7.0 6.0 455 48.4
BIAMAN : phyticacid 2.0 49.6 50.4 0.0
(1:50) 5.0 19.8 66.0 142
7.0 0.0 93.8 6.2
BIAIMAN : phyticacid 2.0 452 54.8 0.0
(1:100) 5.0 17.2 82.8 0.0
7.0 45 95.5 0.0
ﬁmmﬁn : 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
FIAMAN : tannic acid 2.0 98.9 12 0.0
(1:50) 5.0 0.9 0.7 98.4
7.0 1.1 0.6 98.2
m@;mﬁn : tannic acid 2.0 98.9 1.1 n.d.
(1:100) 5.0 25 16.1 81.5
7.0 1.7 1.7 96.6

{ @ <] < SR
@nﬁ'Nﬁ 4.2 Llﬁ’ﬂ\ifnsﬂﬁ3ﬁnf]@]jsll@\i‘fﬂ@]lﬁﬁﬂ@'nllsl]u']ﬂiﬂﬂllﬁﬂ\uﬂUﬁﬂﬁju%@ﬂﬁgﬂlﬂq

MINTLNEAINNUUIA TUAIIA19 A UATIIAY MANANITNABINDIN phytic acid HszANTAIN

[ < ™ 1 g/ o < 1 @
Gluﬂﬁﬁﬂi]ﬂ‘ﬁWﬁ]Lﬁaﬂq\i Iﬂﬂﬂ”liﬂﬂﬂ@\‘]ﬁﬂ@]i?ﬁ?uu”muﬂ 1:10 SIQIHanNaNasNeuUsIuNY phytic acid

(>500 kDa) lumsnaaesiinng pH d@miumsnaaesiionsradiu 1:50 uag 1:100 sqwmanalulug)

v ] A dgl 3 a o dgl 1
vgluse <1 kDauazille pH gevwily 5.0 uaz 7.0 vwnlasulinszaredrgavulusia>1 kDa,

<500 kDa

[ o . . v <3 v ] o (]
AUTUNANITNANDIVDN tannic acid WU ‘ﬁ"li{]L‘Viﬂﬂﬁ?ﬂi‘ﬂﬂlu%3ﬂi$%18@]311&%”3§ <1

4 [ @ 4 4 1< o ]
kDa tiJo pH 1111 2.0 taganaznouiiuiitiie pH gy 5.0 uaz 7.0 n52919A2 14529 >500 kDa

{ o 1 I @ 1
ﬂﬂl%uﬂ'liﬂ@a@ﬁﬁ@ﬁi'lﬁﬂu 1:100 %3W‘]J‘ﬁ'l§]|!1’iﬁﬂﬂi$il?ﬂ!%)®8ﬁ$ 16 ﬂi%i]'lﬂ@]i]cl,u‘]ﬂ\‘] >1 kDa, <500

kDa 1 pH (101 5.0 Aguaaalu 510 4.4
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25000

5.2wii (~25 kDa)

Iron emission intensity (cps)

Time (min)

! @ < 4 o 1 g’ @ < 1 . . [ Y
‘i‘iJ“ﬁ 4.4 ﬂTiﬂi$ﬂ1EJ@]’JG]HJGIILHWU’EN‘EWJ‘L‘Hﬁﬂlﬁ’ﬂﬁﬁﬂﬁ?ﬂiﬂﬂﬂWﬁl&ﬂ‘ﬁngﬂﬁﬂﬁﬂ phytic acid (M0

UG

o 1 [ [l ] 4
1:100 IﬂEJ“VHﬂTi‘UﬁJﬁ’JfJEINGI,uﬁﬂTJ%ﬂiﬂL‘Umﬁﬁ@ui%‘U“]JﬂTifJfJﬂ@1ﬂ1§1ﬂﬂﬂi?ﬂ%1ﬂl@u1“ﬁ3\l

1 pH 2.0 (@magw), 5.0 (Aanan11/39) wag 7.0 (Aenauiy)

v
I v @

< ' < o A
wirnulansamaninnuansolumsgadn IaanuNa phytic acid 118 tannic acid Taemwizh pH
=% & 1 ~ 9 Y A o Y 3 1% A’f 3 Y . . .
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AsstrACT: 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_ ) 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.

Kevworps: 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 sourcesare 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. Forexample, lead smeltersare 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 theyare bound. These formsinclude the following
broad categories: soluble; exchangeable; carbonate-
bound; Fe and Mn oxide-bound; organic matter-bound
and residual'. 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 phasesis the use
of phase-selective chemical extractions involving
multiple extracting reagents®. 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 forms®*.

In our previous work, a continuous-flow extraction
system has been developed to perform chemical
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speciation by sequential extraction of both metals®and
nonmetals® in solid materials. Compared with batch
extraction systems, the procedure israpid, hasless 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 required’. In addition,
the extractogram (a graphical plot of concentration
versus extraction volume) offersadditional information
about chemical association of metalsin the solid phases.
Thisstudy aims to investigate the use of a continuous-
flow sequential extraction system to determine the
fractionation of metalsin 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 formsand 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 kmnorth 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 fora period of one year. Atall sites, duplicate
samplers were installed within 20 m of each other.

Design of Air Particulate Collectors

Passive air particulate collectors provide arelatively
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
depthof 12.5 cm. The edges of the plastic funnels were
cutinazigzagshape 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 mabove 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
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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 chemicalsused were of analytical grade. Multi-

i,
Fig 1. The photograph of an air particulate collector.

Stainless wire gauze|,
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element stock solution for ICP-MS (AccuStandard, Inc.
CT, USA) was used for the preparation of standard
solutions. Aninductively 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 scheme?
was carried out using the following solutions:

Step 1 (F1): 0.01 M Mg(NO,), (exchangeable
fraction)

Step2(F2):0.11M CH,COOH (acid soluble fraction;
carbonate or specifically sorbed)

Step 3 (F3): 0.01 M NH,OH.HCl adjusted to pH 2
withHNO,, 85°C (reducible fraction; Fe/Al/Mn oxide-
bound)

Step4 (F4):8:3v/v(30% H,0,:0.02MHNO,), 75°C
(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 pm
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
coilapproximately 120 cm in length, which was placed
in a water bath. The flow extraction setup is shown in
Fig. 2.

boltom surtace of chamber cover Paristaltic pump

ground surface

7"\u
[ g )
"\_' perlorated surlace

glass heatng coil
in waterbath

e B

et
Fraction collector

Magnetic bar

Magnelic strer

Extractant resenvoir

Fig 2. The set-up of the continuous-flow extraction system.
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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. Followingaddition of amagnetic bar, a glass
microfibre filter was then placed on the outlet followed
byasilicone 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, (4 mL) and 37% HCI (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 metalsin 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.® as
described insection 2.2. The material collected would
have resulted from a combination of both wet and dry
deposition processes. Total metal deposition was
calculated from acombination 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
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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.

Inthe dry season, harvested rainwater ranged from
1.6t0 13.2mmmonth™', and from 52 to 70 mm month-
!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, and NO_ to give
acidic rainwater”.

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
widelyused in industry. Sources of metal contamination
inair particulates have been reviewed'?. 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
inboth 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. Nriagu'! 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__ )'?. The enrichment factor

crust;
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(EF_ ) ofanelementinan aerosol sample is defined as

(Cxat%Alatm)

crust (Cxc rust

CAlcrust)

where (C_ )and (C, ) arethe concentrations of
the atmospheric trace metal and Al, respectively, and
(C,.)and(C, . )aretheirconcentrationsinaverage
crustal material. The enrichment factor (EF_ ) 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 Moore®.

As an approximate guide, values of EF_ _ 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
larger than about 10' are referred to as enriched
elementsand may have some sources other than crustal
weathering, possibly anthropogenic. The higher the
value of EF__, the more likely that an anthropogenic
source is involved.

The high enrichment factors (10' — 10°) 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 environment'. Similar to earlier reports'®",
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 (EFcrus( Hel)
and EF_ _for Alby definitionis 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 elements'®. Previous studies have
reported the accumulation of Pb and Cd in the soil

Table 1. Rainwater volumes, pH and total metal depositions (g ha! month™!) for representative dry and wet season months

(n=2).
Rainfall pH of
Location (mm month!) rainfall Pb Cd Zn

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
L1l 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 2.0 652 851757 825 +183 092 +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 70.3 834 459 284 +033 242 +1.04 142 +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 smelter'” 8.
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 Pband 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! month™, 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 procedures™'?2°. 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,
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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.

Fraction Metal deposition in air particulate fractions (g ha! month™)
L1 L2 L3 L4
Dry season Wet season Dry season Wet season Dry season = Wet season  Dry season Wet season
Lead
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 525 + 450 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 £ 2.75 142 +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
Cadmium
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 + 0.33 091 +0.00 1.25+0.17 034 +0.17 1.16 + 0.00 0.33 + 0.25 1.42 + 0.33 0.17 = 0.00
Zinc

F1 2.1 +2.92 41+583 ND(<0.12) 1.2 +1.67 ND (<0.12) 0.7 £ 0.92 ND (<0.12) 2.8 =+ 4.00
F2 255 £ 21.17 22.0 £ 290 ND (<0.22) ND (<0.22) ND (<0.22) ND (<0.22) 38.5 = 11.00 6.8 = 5.33
F3 82+ 1158 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 22 308 10.0=+ 1.17 ND (<0.25) 3.8 =533 4.0=+558 6.6+ 125 74 £ 2.25
F5 68.3 + 44.50 87.3 = 54.17 61.3 = 35.08 69.7 + 4.25 50.2 = 17.0047.7 + 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.
L1,12,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 wasno Pbin the exchangeable fraction.
The predominance of Pbin the Fe-Mn oxide (reducible)
fraction is in broad agreement with previous reports
forair particles’'*?°and soil dusts'>*'. 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 (Aland 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

(hah L1 dry seasim

(1) L1 ot srasen

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).
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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
ismostly adsorbed on oxide (Fe/Al) surfaces; the results
being very similar to the extractograms of soil samples
collected at the same site!’. 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:
2aand b). Therefore, irrespective of the source of the
contamination, the extractograms appear quite similar.
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Fig 5. Monthly rainfall data (a) and fractional distribution of
Pb (b), Al (¢), and Fe (d) for air particulate matter
collected near a lead smelter (site L1).
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Fig 6. Monthly rainfall data (a) and fractional distribution of
Pb (b), Al (¢), and Fe (d) for air particulate matter
collected near a heavy traffic area (site L4).

Monthly Fractional Distribution of Pb in Air
Particulate Matters

Monthly data for the fractional distribution of Pb
inair 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, Aland 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

427

atmospheric pollution with Al and Fe as the most
abundant metalsactingas markers****. 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.

CoONCLUSION

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
occurringin the oxidizable and residual fractions, and
asmall 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 Pbin particulate matter from a heavy
traffic area also showed close associations of Pb with
the major elements Aland Fe. Total Pb depositionin 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—5cm)
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 (0-5cm) 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 2.5km from the smelter by taking several subsamples with a trowel,
and bulking from an area of approximately 0.5m? 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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Figure 1. Map showing the sampling sites in the area adjacent to the smelter.
Table 1. General soil characteristics.
Total Pb Sand Silt Clay Org.C Total Fe  Total Al Total Ca
Soil (mgkg™)  pH (%) (%) (%) (%) (%) (%) (mgkg™")

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 143.0 591 17.1 65.1 17.8 1.81 33 1.1 1875
Soil S4 246.6 5.73 20.5 61.4 18.1 2.65 34 1.1 2251

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 20-250mgkg ' Pb. Five of the topsoil samples were then chosen for
further study to represent a range from background to high concentrations of
Pb (Samples CI1, 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 5-10cm 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 5d. All the samples were
then ground and sieved through a 2-mm stainless steel sieve. All soils were stored in
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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 24h
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 um) 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 250 mg.

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% HNO; and rinsed with
ultrapure water before use. Standard stock solutions (1000mgL~") 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 1

Table 2. Sequential fractionation procedure.

Extraction conditions

Step Nominal fraction Extractant (Batch method)

1 Exchangeable 0.01 M Mg(NO;)," Shaken 24 h, 25°C

11 Acid-soluble (carbonate or 0.11 M CH3COOH" Shaken 16 h, 25°C
specifically sorbed)

111 Reducible (Fe/Al/Mn oxide-bound) 0.1 M NH,OH - HCI, pH 2° Shaken 6 h, 96°C

v Oxidizable (organic-bound) 30% H>0,:0.02M HNO; (8:3 v/v)*  Shaken 5h, 85°C

A" Residual HNO; + H,05° Acid digestion

#Modification from Tessier et al. scheme [13, 15].
® Modification from BCR scheme [14].
€ Acid digestion, Kovacs et al. procedure [12].
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(exchangeable phase), which is not required in the BCR scheme, 0.01 M Mg(NO3), was
used as the extractant. Many authors use 1 M MgCl, 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 er «al. [13] scheme by using
only 30% H,0,:0.02M HNO; (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/H»O, 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 10 min), 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-um 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 120cm 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 (1.00g) 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
1030 mL 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 0.5-1.0g of dried soil sample or residue from the extraction chamber
were transferred to digestion tubes together with SmL of HNO; (70%) and SmL of
H>0, (30%). The digestion tubes were placed on a heating block and the digestion
was operated following the recommended heating program for 6h [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 0.25g 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 (I4+IT1+1IT+1V +
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~" (calculated
as approximately 0.5h 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 er 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



575

Fractionation of lead in soils

0L F 98081 06'CTF 0L 8L L80F6'ST 88FTILI e8'0F8LY Y0'0F61°0 yoyeq

L9F99%C S6'CF00°65C 0STFI8'IC 60°0FCl'Y e0Fs6cC LTOFCSE 10°0F¢€0°0 MOLA ¥S 110§
¢S 0F9¥'801 0C'0F 0901 86'0F 68°CI COFO08L SI'0FTse Y0'0F S0 yored

I'cF0¢epl 06'¢ FoT syl 98 CF Ll woFoe6'l '0F0¥Cl LOOFELL 0r'0F6l10 Mol €S 110§
091 F¢T9oL 0r'oF0¢L 6C0F LY I'EF0PS CCoF10¢ 80°0F<ST0 Uyareq

S8FT66 61 CF SOl CLTFECTTL €5°0F89°1 C1F896 OI'0FIL°0 SO0F¥I0 MO ¢S 11oS
06'0F9¢¢ch e IFSIYI LI0OFTY'S IFv1C 8 0FICTT LO'OFLTO yoyeq

0'6F 669 SI0OF 91729 PO € FES61 IT°0F8L0 'eFoly 10°0F90°0 10°0F91°0 MO[q IS [0S
0€0FSrvl SI0OF9Y 60°0F€CT1 SOFwrL LT'0F 660 90°0F 610 yoreq

6'CTF80C SOEFVSIC 90'1FLL'S STOF L8O 6 EFLII 10°0F90°0 00°0F 11°0 MOo[q 1D [onuon

[e10L suorjorly Jo wng anpIsay Al da1g 111 daig 11 da1g [ daig POUIN odweg

(t=u “p'sF ,_8y3ur) sojdwes [10S 10] qd JO SPOYIAUW UONILIIXD [eNUANDAs MO[] pue [dIeq 10 S)Nsar [eonk[eue jo uostiedwo) 4 dqeL



576 N. Tongtavee et al.

(a) Control soil C1
350

300
250 |

200 ~

Al/Fe concentration (mg kg™)
Pb concentration (ug kg™")
Ca concentration (mg kg™")

(b) Contaminated soil S4
240

1400
1200

1000

= N
(o2} o
o o
! !

800
120 A
600

o]
o
!

400

N
[S)
L

200

Al/Fe concentration (mg kg™")
Pb concentration (ug kg‘1)
Ca concentration (mg kg‘1

o

—

c) Contaminated soil P2 (0-5 cm)
250

14000

- 12000
200 A

- 10000

150 1 - 8000

100 - —e_ Ca - 6000

- 4000
50 A

Pb concentration (ug kg™")
Ca concentration (mg kg™

2000

Al/Fe concentration (mg kg™')
>

0 5 10 15 20 25
Subfraction No.

Figure 2. Extractograms obtained using the continuous-flow method for (a) control C1, (b) contaminated
soil S4, and (c) contaminated soil P2 (0—5cm). For purposes of clarity, Pb concentrations in fraction III have
been scaled down by factors of 10 (C1 and P2) or 100 (S4).

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 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 Pb® (mgkg™")

Sample Step I Step 11 Step 111 Step 1V 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

#Pb concentrations in fractions of control C1 have been subtracted.

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 (mgkg™') 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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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 350-450mgkg ™" (table 6). However, Pb concentrations in the
subsurface layers (5-10cm and 20-30cm) were much lower and differed from one
point to another. The concentrations of Pb at a depth of 30cm are the lowest and
similar to background concentrations (ca 10-15mgkg™"). 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 (mgkg™') 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 ef al. [26] have estimated downward penetration rates of between
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0.3 and 0.36¢cmy ' 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 simultancously 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 (PbSO,, angelsite) [28, 29],
or as a combination of Pb sulphates and chlorides (PbCl,, cotunnite) [25]. Although
PbSOy, is less soluble than PbCl,, 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 PbCl, 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 CaSO, 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 CaCOj 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 I1I). 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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Figure 4. Pb/Fe mole ratio plots for subfractions in the reducible phases of the control and
contaminated soils.

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 (0-5cm) had resulted in a limited
movement of Pb into the underlying soil (5-10cm). There was no further detectable
movement of Pb below this layer.
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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 B;,. 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 0.08 mg 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 <74 pm) 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 fractionation”

Soil
Waimakariri Mangaotaki Magaopiko ~ Makarewa
New Zealand Recent soil Allophanic soil Recent soil Gley soil
classification”

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 (%) 2.37 553 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

“Data from Li et al. (2001a).
PHewitt (1993).
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throughout this work. All glassware used was cleaned and soaked in 10%
HNOj; and rinsed with ultra-pure water before use. Standard metal solutions
(1000 mg/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-pm particle retention] to allow dissolved matter
to flow through. Extractant was pumped through the chamber using a peristal-
tic pump [Micro tube pump, MP-3 N, EYELA (Tokyo likakikai Co., Ltd.)] at
varying flow rates using tygon tubing of 2.25 mm inner diameter. Heating of

Table 2. Sequential fractionation procedure for soil cobalt and manganese

Extraction conditions

Step Nominal fraction Extractant (Batch method)

1 Exchangeable 0.01 M Ca(NOs), Shake 24 h, 25°C

II Acid-soluble 0.11 M CH;COOH Shake 16 h, 25°C
(specifically sorbed)

111 Reducible 0.1 M NH,OH. HC], pH 2 Shake 6 h, 96°C
(Fe/Mn oxides)

v Oxidizable 30% H,0,: 0.02 M HNO; Shake 5h, 85°C
(Organic-bound) 8:3v/v)

v Residual HNO; + HF Microwave digestion
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Figure 1. Continuous-flow extraction system (modified from Shiowatana et al., 2001b).

the extractants in Steps III and IV was carried out by passing the extractants
through a glass heating coil approximately 120cm 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 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 used for the batch system (Table 2).

Extraction Procedure

A weighed sample (0.25-1.00g) 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—180 mL 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
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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 4 mL of HNO;3 (70%), 4 mL of H,O, (30%), and 2 mL
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 50.00 mL 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
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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 15-20°C 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 3> Fe-Mn oxides > organic-bound 3> 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 (IT). 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



