
CH3COOH in this extraction step. The concentrations of
iron and co-extracted carbonate are used to evaluate the
selectivity of the extractant. The results (Fig. 4) show that
the amount of extracted iron increases at increasing
concentrations of CH3COOH. However, the co-extracted
carbonate concentration becomes constant after 0.11 mol l−1

CH3COOH, indicating that, at 0.11 mol l
−1, CH3COOH is

adequate to dissolve the carbonate phase. The increased
amounts of iron at higher concentrations of CH3COOH
were due to partial dissolution of the Fe-(oxyhydr)oxides.
For specific dissolution of FeCO3, the molar concentrations
of extracted iron and carbonate should be equal. The molar
concentrations of iron and carbonate were found to be close
to unity at 0.05 mol l−1 and 0.11 mol l−1 CH3COOH,
indicating selective leaching. Lower extractability at
0.05 mol l−1 CH3COOHwas due to incomplete dissolution.
The higher extracted iron at CH3COOH concentrations
higher than 0.11 mol l−1 supported the aforementioned
partial dissolution of Fe(oxyhydr)oxides and was further
confirmed by the decreasing extracted iron in the reducible
phase at increasing CH3COOH concentrations. Therefore,
the acid concentration of 0.11 mol l−1 was considered

optimal for the acid soluble phase for corrosion product
samples.

Application to corrosion product samples

The results presented above suggest that the extraction
scheme developed can be used for evaluation of iron
species in corrosion product samples. Results from its
application to 11 samples (Table 2) showed the highest
proportion of iron in the reducible fractions (61–99% of
extractable iron). Fe-(oxyhydr)oxides appeared to be the
major constituents of the corrosion products investigated,
and, therefore, O2 played an important role in the corrosion
for these samples. Partial amounts of this phase may be
transformed from FeCO3. The study by Heuer and
Stubbins [12] showed that FeCO3 was unstable and
quickly decomposed to Fe2O3 after contact with air. Very
small proportions of iron were found in the water soluble
and oxidisable fractions (0–4% of extractable iron). The
sum of extracted and non-extracted iron (Table 3) from
continuous-flow sequential extraction shows good agree-
ment with the total concentration of iron obtained from acid

Table 2 Iron species in corrosion product samples as determined by continuous-flow sequential extraction (n=3) (ND not detectable)

Sample ID Extracted iron [mg Fe g−1 sample]

Water soluble phase Acid soluble phase Reducible phase Oxidisable phase Sum

001 ND 1.0±0.1 395.0±19.0 7.7±0.7 403.6±19.8
002 ND 58.4±3.9 334.6±8.7 3.8±0.9 396.7±12.4
003 3.9±0.2 22.1±1.9 185.2±18.2 1.7±0.5 213.0±20.5
004 0.1±0.0 0.7±0.1 318.8±21.4 ND 319.5±21.5
005 ND 42.4±5.0 367.3±23.1 1.5±0.0 411.3±28.1
006 ND 15.4±2.6 462.7±35.6 4.2±0.1 482.3±38.3
007 ND 2.8±0.2 371.9±8.2 8.9±0.5 383.5±8.7
008 ND 3.0±0.3 417.6±32.5 0.2±0.1 420.7±32.7
009 14.3±0.4 120.1±5.5 219.3±15.7 3.0±0.9 356.8±20.8
010 8.4±1.1 14.2±3.1 200.6±26.6 3.0±0.8 226.2±30.4
011 1.5±0.1 46.7±5.9 216.2±22.2 6.4±0.1 270.8±28.1

Table 3 Iron content in corrosion product samples as obtained from sequential extraction by continuous-flow system in comparison with
acid digestion (n=3)

Sample ID Extraction [%w/w] Acid digestion [%w/w]

Extracteda Non-extracted (residue) Sum

001 40.4±2.0 1.6±0.7 41.9±1.3 42.9±0.4
002 39.7±1.2 0.0±0.0 39.7±1.2 39.1±1.6
003 21.3±2.0 1.2±0.2 22.5±1.9 24.1±0.2
004 32.0±2.1 16.7±3.9 48.6±1.8 49.6±0.4
005 41.1±2.8 12.1±0.4 53.3±2.4 55.5±1.6
006 48.2±3.8 0.3±0.4 48.5±3.4 50.0±3.8
007 38.4±0.9 4.7±1.0 43.1±0.6 44.5±2.0
008 42.1±3.3 4.8±1.2 46.9±2.3 47.1±0.3
009 35.7±2.1 6.4±0.4 42.0±2.1 44.2±0.2
010 22.6±3.0 13.4±1.4 36.0±2.1 36.2±0.8
011 27.1±2.8 5.4±1.2 32.5±2.3 33.1±0.3
aSummation of extracted iron from four extraction steps
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digestion, with insignificant difference observed at the 95%
confidence level. The non-extracted iron may be attributed
to the iron associated with resistant complex species [25]
that are insoluble in the extractants used. The residual or
insoluble iron was difficult to dissolve and required aqua
regia to facilitate solubilisation. The continuous-flow
extraction method, with its collection of several subfrac-
tions, that we used in this work to obtain detailed extraction
profiles could be tedious, and it required a large number of
samples to be analysed. For practical use of this method,
one fraction per step of sequential extraction is sufficient to
obtain fractionation data. Additional advantages of the
continuous-flow approach are the ease of operation and
freedom from environmental and procedural contamination.

Conclusions

A continuous-flow sequential extraction was utilised to
fractionate iron species in corrosion products from natural
gas pipelines. Information on forms and quantities of iron
in the samples can be obtained. The total concentration of
iron was found to be in the range of 21–48% w/w. Iron is
predominantly present in the reducible fraction. This
indicates that corrosion products mostly result from O2

(as gas contaminant) and water. Techniques such as ion
chromatography and gas absorption with carbonate detec-
tion were applied to study the selectivity of extractants for
the targeted iron phases. Ion chromatography was used to
determine the amount of sulphate in the extracts of water
soluble and oxidisable extraction steps to confirm the co-
extraction of sulphate and sulphide. Simultaneous collec-
tion and determination of CO2 generated from leaching of
carbonate species revealed the association of iron and
carbonate in the acid soluble fraction of corrosion products.
The iron fractionation data can be used to understand the
origins and mechanisms of corrosion and, consequently, to
prevent or solve the corrosion problems in the petroleum
and natural gas industries.
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A continuous-flow system comprising a novel, custom-built extraction module and hyphenated

with inductively coupled plasma-mass spectrometric (ICP-MS) detection is proposed for assessing

metal mobilities and geochemical associations in soil compartments as based on using the three

step BCR (now the Measurements and Testing Programme of the European Commission)

sequential extraction scheme. Employing a peristaltic pump as liquid driver, alternate directional

flows of the extractants are used to overcome compression of the solid particles within the

extraction unit to ensure a steady partitioning flow rate and thus to maintain constant

operationally defined extraction conditions. The proposed flow set-up is proven to allow for

trouble-free handling of soil samples up to 1 g and flow rates r10 mL min�1. The miniaturized

extraction system was coupled to ICP-MS through a flow injection interface in order to discretely

introduce appropriate extract volumes to the detector at a given time and with a given dilution

factor. The proposed hyphenated method demonstrates excellent performance for on-line

monitoring of major and trace elements (Ca, Mn, Fe, Ni, Pb, Zn and Cd) released when applying

the various extracting reagents as addressed in the BCR scheme, that is, 0.11 M CH3COOH, 0.1

NH2OH �HCl and 30% H2O2, even when a well recognized matrix-sensitive detector, such as

ICP-MS, is used. As a result of the enhanced temporal resolution of the ongoing extraction,

insights into the breaking down of phases and into the kinetics of the metal release are obtained.

With the simultaneous multielement detection capability of ICP-MS, the dynamic fractionation

system presents itself as an efficient front-end for evaluation of actual elemental association by

interelement comparison of metals leached concurrently during the extraction time. Thus, the

intimate elemental association between Cd and Zn in contaminated soils could be assessed.

1. Introduction

At present, it is widely accepted that risk assessment of trace

elements contaminating environmental solid substrates is a

topic of utmost relevance in environmental studies. This

information can be used for evaluation of the impact on biota

and serves as a reference of environmental policy decisions. In

soil analysis, knowledge about the chemical forms of elements

is required, because of its close link to the mobility and

bioavailability of the species, which cannot be assessed by

merely measuring the total concentration of the elements.

Batch sequential extraction procedures are conventionally

employed for the fractionation of metals according to their

leachability.1–7 This technique makes use of suitable chemical

reagents, which are applied, in a given order, to the sample to

sequentially attack metals associated with different solid com-

partments. However, the batch procedures suffer from several

shortcomings, such as being tedious, time consuming and

being prone to risk of contamination and to metal adsorp-

tion/re-distribution phenomena, and, more importantly, they

are able to provide neither information about the kinetics of

leaching nor a detailed insight of the bindings of the metals

within the solid phases.

Recent trends in the soil analysis field have been towards the

development of methods aimed at tackling these drawbacks

and additionally at mimicking environmental events more

accurately than their classical extraction counterparts. The

dynamic (non-equilibrium)-based extraction approach has

proven to constitute an appealing alternative for trace element

partitioning.8 Thus, a number of research groups have pro-

posed singular flow-through extraction systems9–16 based on

continuous or discontinuous delivery of fresh portions of the

leaching reagents through small column-devices containing the

solid material. A notable limitation of the flow-through ex-

traction approach is the small inner dimension of the solid

containers, the use of high amounts of sample can therefore

cause unstable extraction flow rates due to blockage of the in-
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line filters by solid particles. Even though fast extraction and

screening of trace element release can be accomplished by

using small amounts of sample (typicallyr 25 mg),10,13–15 this

does require that highly homogeneous environmental solids

should be used.

By using flow-through approaches, on-line extraction mea-

surements have become possible.10,13–15,17–19 Chomchoei

et al.19 described the feasibility of coupling flow-through

microcolumn extraction to classical FAAS. However, the

simultaneous monitoring of metals was inherently restricted

due to the single element detection nature of the detector.

Therefore, hyphenated techniques based on the combination

of dynamic extraction systems with a powerful multielement

detector, i.e. ICP-OES or ICP-MS, should prove especially

attractive for metal fractionation in environmentally relevant

solids. Not only saving of analysis time per fraction but more

accurate information on interelement interaction in solid

phases should make it appealing for on-line fractionation/

detection protocols. The on-line analysis of the extracts by

ICP-OES measurements has been recently demonstrated by

Fedotov et al.18 who used a rotating coiled column as sample

compartment coupled with the detector. Unlike in Fedotov’s

work, Jimoh et al.15 exploited a flow injection manifold as an

interfacing unit between the soil microcartridge and the de-

tector to allow for a flexible manipulation of the leaching

agents and to provide a universal means of coupling to

different analytical instruments. The main shortcoming of

the microcartridge approach is the small sample size (5 mg)

used for fractionation.

In this work, the potential of flow-through sequential

extraction hyphenated on-line with ICP-MS for exploration

of elemental distribution and associations within soil phases is

demonstrated. A simple, continuous-flow set-up based on bi-

directional flow extraction is proposed for preventing the

clogging of the membrane surfaces incorporated within the

extraction module by solid particles. The ability to handle

larger sample amounts and higher extraction flow rates as

compared with earlier works will be also ascertained.

2. Experimental

2.1 Preparation of standard solution and glassware

The chemical reagents used were of analytical grade. Ultra-

pure water from a Branstead water purification unit (Bran-

stead International, IA, USA) was used throughout. Working

standard solutions were prepared by appropriate dilution of

the multi-element stock solution for ICP-MS (AccuStandard,

Inc., CT, USA) with extracting reagents. All glassware and

plastic containers were cleaned and soaked in 10% (v/v)

HNO3 for at least 24 h and rinsed with ultrapure water before

use.

2.2 Extraction unit

The dedicated flow-through extraction unit employed in this

work is shown in Fig. 1. It was machined out of polyoxy-

methylene that can tolerate the extractants used. The unit

comprises two polyoxymethylene end-caps, glass microfibre

membrane filters, PTFE membrane supports designed for

maximizing extractant flow through the entire sample, silicone

gaskets and a cylindrical sample container with an approx-

imate inner volume of 2.8 mL. All parts were assembled

according to the numbering order given in the figure. The

amount of soil sample (up to 1.0 g) was placed in the sample

container and sandwiched with glass microfibre filters (47 mm

diameter, 1 mm pore size (Whatman, Maidstone, UK)) to-

gether with the PTFE membrane supports. The silicone gas-

kets were used to prevent leakage. The whole compartment

was screwed tightly in position.

2.3 Soil material

The SRM 2711 from the National Institute of Standard and

Technology was used for evaluation of accuracy and reliability

of the proposed hyphenated technique and to allow for further

Fig. 1 Schematic diagram of the flow-through fractionation system

coupled to ICP-MS for on-line elemental monitoring via the flow

injection network; (a) forward and (b) backward extraction flow

directions. P1 and P2, pumps; V1 and V2, 6 port rotary valves.

(Top) Exploded view of the extraction unit comprising the following

components: (1) extraction cap, (2) membrane filter, (3) filter support,

(4) silicone gasket, (5) sample container. For operational details, see

text.
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comparison of results. The soil material was collected from the

tilled layer of a wheat field (MT, USA). It is a moderately

contaminated pasture soil that was oven-dried, sieved and

blended to achieve a high degree of homogeneity, the total

concentration being certified for a number of elements.

A top soil sample (0–10 cm) from Tak Province, Thailand

was used for evaluation of the ability of the designed extrac-

tion unit to handle different ranges of soil particle sizes as well

as the maximum soil amount applicable without causing an

unstable extraction flow rate. Being an alkaline sandy clay

loam soil (pH 7.48) having 3.17% organic matter, the soil

sample was ground and sieved for obtaining soil particle sizes

of o150, 150–250 and 4250 mm, respectively.

2.4 Extracting reagents

The BCR three-step sequential extraction scheme4 was con-

ducted in a dynamic fashion. The extracting reagents utilized

and the corresponding targeted phases are detailed as follows:

(i) 0.11 M CH3COOH (metals bound to carbonate, the so-

called acid soluble fraction); (ii) 0.1 M NH2OH �HCl in 25%

CH3COOH adjusted to pH 2 with HNO3 (metals bound to Fe

or Mn oxides, the so-called reducible fraction); (iii) 30% H2O2

(metals bound to organic matter, the so-called oxidizable

fraction)

2.5 Dissolution of soil residues

A closed-vessel microwave digestion system (Milestone model

MLS-1200 Mega, Bergamo, Italy) was employed for pseudo-

total digestion of residues. The residue leftover after the flow-

through sequential extraction scheme was transferred to a

digestion vessel of 20 mL capacity together with concentrated

HNO3 (5 mL) and 30% H2O2 (5 mL). The vessel was then

tightly sealed and subjected to a microwave digestion protocol.

The microwave digestion program consists of 5 steps, using

power levels and durations of /250/400/500/600/0 W and /10/

5/10/5/5 min, respectively. After cooling, the clear digests were

transferred and made up to an appropriate volume with

deionized water and the content of metals was determined

by ICP-MS.

2.6 System configuration

The configuration of the bi-directional continuous-flow ex-

traction system devised for dynamic metal fractionation and

on-line monitoring of the extracts is depicted in Fig. 1. A

peristaltic pump (P1) (Micro-tube pump, MP-3N, EYELA

(Tokyo Rikakikai Co., Ltd.)) was employed for continuously

propelling the leaching reagents through the extraction unit at

varying flow rates. The alternate change of extractant flow

direction was performed by the aid of the rotary valve (V1)

(Upchurch Scientific, Inc., WA). The interfacing of the extrac-

tion unit with the detection device was effected via a discrete

loop incorporated within a 6 port injection valve (V2) (Up-

church Scientific, Inc., WA), which upon actuation allowed

the content of the loop to be introduced into the ICP-MS via a

second peristaltic pump (P2). 2%HNO3 was used as carrier

and was continuously pumped to the nebulizer of the ICP-MS

(Sciex Elan 6000, Perkin Elmer, CT) by P2 (Gilson, France) at

a flow rate of 1.2 mL min�1. All outlets of the rotary valves

were connected through PEEK ferrules with rigid PTFE

tubing (0.8 mm id). All connections consisted of Tygon tubing

of 1.2 mm (id). The extract loop was also made of Tygon

tubing (26.5 cm long, 1.2 mm id) with an internal volume of

ca. 300 mL.
The ICP-MS operating conditions are as follow: RF power

1350 W; nebulizer, auxiliary and plasma gas flow rate are 0.99,

0.9 and 15 L min�1, respectively; isotopes monitored being
44Ca, 55Mn, 54Fe, 60Ni, 66Zn, 111Cd and 208Pb.

2.7 Operational procedure for bi-directional continuous-flow

sequential extraction and on-line ICP-MS detection

An amount of 0.25 g of soil sample was selected for on-line

fractionation studies. Initially, V1 and V2 were switched to the

forward and load positions, respectively, and P1 was started to

continuously pump 0.11 M CH3COOH at the flow rate of

5.0 mL min�1 through the extraction unit for allowing the

leaching of elements from the solid sample to take place. At

this stage, the valve loop was filled with extract containing the

released elements, the surplus flowing into the sample collector

of 30 mL capacity. After 30 s of extraction, valve V2 was

switched to the inject position and the extract zone entrapped

within the sample loop was by means of P2 transferred to the

ICP-MS as propelled by the carrier solution (2% HNO3).

When the extract had been flushed out from the extract loop,

V2 was returned to its original position. After a total of 60 s of

extraction in the forward direction, V1 was activated to the

backward position (Fig. 1b.), causing the extracting reagent to

flow in the opposite direction through the extraction unit for

60 s before being turned to the forward position once again.

During the 60 s of backward flow, sampling by V2 was effected

in the same manner as described for the forward flow direc-

tion. In general, the forward and backward extractions are

repeated until the signals of the elements under investigation

are close to baseline. Thereafter, the next extracting reagent

(viz., 0.1 M NH2OH �HCl or 30%H2O2) is introduced and the

operation repeated until all three extraction steps have been

completed.

Apart from online ICP-MS detection, the extracts collected

in each sample collector were analyzed by ICP-MS for metal

quantification. The results were used for confirmation of the

reliability of the proposed technique.

3. Results and discussion

3.1 Performance of the bi-directional continuous-flow

extraction approach for sequential extraction

In on-line fractionation/detection schemes, a critical issue to

take into account for successful coupling of the extraction

module with the detection instrument is the requirement of a

steady flow rate. Actually, an unstable extraction flow rate due

to blocking of the in-line filters by solid particles would impede

the metering of accurate volumes of leachates, thus hindering

the real-time monitoring of the extracts. Non-constant extrac-

tion flow rates were, in fact, pronounced in our first design,

namely, a continuous-flow stirred-flow cell unit, involving uni-

directional flow of the extractants.20,21 Although this problem

recently most elegantly was solved by the development of a

1250 | J. Environ. Monit., 2006, 8, 1248–1254 This journal is �c The Royal Society of Chemistry 2006



new dynamic extraction approach16 incorporating a bi-conical

microcolumn within a sequential injection network, it requires

more expensive, software-controlled instrumentation.

In order to provide a cost-effective flow-through partition-

ing system, the bi-directional continuous-flow extraction con-

cept is therefore proposed. It is based on an alternate change

of extractant’s flow direction through the extraction chamber

with two filtering membranes at both ends of the sample

compartment. This approach prevents the compactness of

solid particles on the membrane filter surface and at the same

time favors an intimate sample–extractant contact. The bi-

directional flow extraction system requires solely a peristaltic

pump for continuous delivering of the extracting agents. Be-

sides the cost effectiveness, simplicity and ease of operation are

additional advantages. In order to assess the performance of

the developed system, potential factors affecting the extraction

flow rate were taken into consideration.

Fine solid particles as well as high delivery rates for the

extractants are prone to cause the deterioration of the analy-

tical performance of the ongoing extraction. Fine particles are

easily retained within the membrane pores, while high pump-

ing rates generate increased flow impedance. An unsteady

extraction flow rate is especially noticeable whenever the

extractant is continuously and unidirectionally pumped

through the extraction vessel.10,15,21 However, in the bi-direc-

tional continuous-flow system sample weights of 250 mg, soil

particle sizes of even o150 mm, and extraction flow rates as

high as 10 mL min�1 are admissible without any observable

decrease of the extraction rate. As a result of the application of

high extractant flow rates, the leaching behavior of readily

mobilisable elements can be thoroughly investigated as op-

posed to previous reports where the extraction flow rate was

r3 mL min�1.11,15–18

A major issue in microcolumn fractionation approaches is

the capability of handling environmentally representative

sample amounts. Recent works reported the use of solid

masses r25 mg,10,13–15 which are only appropriate for highly

homogeneous substrates. Beauchemin et al.10 experienced

significant flow back-pressure when scaling the sample size

up from 25 to 250 mg in a microcolumn approach. By

exploiting the devised extraction module with a top soil sample

from Tak Province, Thailand (see Section 2.3), sample

amounts as high as 1.0 g could be processed on-line without

deterioration of the extraction flow rate when soil samples

with particle sizes within the ranges of 4250, 150–250 and

o150 mm were analyzed at rates ofr7.0 mL min�1. Thus, soil
particle size, extractant delivery rate and amount of sample

had virtually no effect on the extraction flow rate.

3.2 Instrumental configuration of the hyphenated technique for

on-line fractionation exploiting bi-directional flow

A bi-directional continuous-flow sequential extraction system

hyphenated with ICP-MS via a flow injection network is here

proposed for concurrently monitoring of the various trace and

major metals released during the extraction protocols. This

contrasts with recent publications from Beauchemin et al.10

and Fedotov et al.18 who directly coupled the extraction line

with ICP-MS and ICP-OES, respectively. The interfacing of

the extraction and detection streams via an FI manifold was

selected in the present work because it offers several advan-

tages, such as (i) independent control of the nebulization and

the extraction flow rates, and (ii) the possibility of automatic

on-line dilution of the extract matrix. Although ICP-MS has

been considered as a powerful analytical tool for metal

determinations as a result of its high sensitivity, wide linear

range and multielemental capabilities, it is well known as a

matrix-sensitive detector. The intrinsic low tolerance level of

total dissolved solids22,23 limits its potential use for metal

determination in matrices containing high electrolyte concen-

trations. In fact, a dramatic decrease of the instrument’s

sensitivity was found within 1 h of operation when the

CH3COOH-extracts in the collected fractions were directly

introduced into the nebulizer. The deposition of carbon and

soil matrices on the sampler cone of the MS interface drasti-

cally affected the sensitivity and the stability of the signals.

However, as a consequence of the dispersion/dilution of the

minute extract volume within the carrier stream during trans-

portation to the detector, the present set up expectedly yielded

much fewer matrix interferences and generally did not give rise

to problems for on-line detection of the various leachates. By

using FI discrete sample introduction, the operational time

can be extended significantly without observable reduction in

sensitivity.

3.3 Data treatment and evaluation of the hyphenated

bi-directional continuous flow sequential extraction set-up

for the exploration of metal partitioning

Although membrane supports working as diffusers were in-

serted in the extraction unit to facilitate a close contact

between soil particles and the leaching reagent, the extracta-

bility in the two flow directions was noticeably different, as can

be observed in the raw signals illustrated in Fig. 2a. This

happens regardless of the extraction unit orientation (horizon-

tal or upright) or direction sequence (left to right or vice versa)

of extraction. The occurrence was still observed when the

internal volume of the extraction unit was reduced from 2.8

to 1.4 mL. This effect is very likely due to the different leachant

fractions analyzed on-line, as a consequence of slight differ-

ences in the flowing paths of the leaching agents in both

directions and the manual operation of the injection valves,

while the influence of the flow direction on the fluidized bed-

like extraction conditions might also play a role.

The raw extraction patterns were therefore processed in

order to obtain a kinetic leaching profile. The final extracto-

gram (Fig. 2b) was the result of averaging each pair of forward

and backward peaks: each such average was plotted against

the average exposure time. The quantification of the total

extractable amount of elements was effected by integration of

the processed extractogram.

The SRM 2711 was used to evaluate the accuracy and

reliability of the hyphenated system. The extractable metal

content obtained via on-line detection was compared with the

off-line mode, involving the determination of metal concen-

trations in the fraction collectors and also with previously

reported data of batchwise extraction.24 As is apparent, both

on-line and off-line modes in the proposed approach yielded
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values which were insignificantly different at the significance

level of 0.05 for every extraction step of all metals studied (see

Table 1). Comparing batch and flow-through extraction, the

percentage distribution of metals in the various fractions was

significantly different. This is caused by the variable, opera-

tionally-defined, experimental conditions used in the two

approaches. The redistribution/readsorption of leached metals

onto the remaining solid substrate during a long extraction

period, the different extraction times, and/or the incomplete

metal leaching25 in equilibrium-based extraction protocols

may contribute to the different metal partitioning patterns.

In contrast with batch extraction, the dynamic method mini-

mizes the risk of readsorption due to the fact that the contact

time between the solid and the liquid phases is minimized by

the continuous delivery of fresh portions of leaching reagent

through the soil container. However, the total concentrations

of Cd, Ni, Pb and Zn obtained by summation of all fractions

plus residue from the flow-through hyphenated technique as

well as batch extractions are in good agreement with the

certified concentrations in SRM 2711. However, those of Ca,

Fe and Mn show lower recoveries probably due to the

incomplete digestion in the pseudo-total analysis of the resi-

dual fraction.

3.4 Investigation of the metal soil phase associations

Apart from the detailed insight into metal distribution in the

various phases, the extractogram of each element, as obtained

by a graphical plot of the extracted concentration against the

leaching time, can provide additional information. The ap-

pearance of leaching peaks in the extractrograms enables an

examination of the selectivity of extracting agents for each

nominal soil phase and the binding between trace elements and

soil parent phases. An illustration of this study is shown in Fig.

3. In the first step of extraction, CH3COOH was used for

dissolving CaCO3 and releasing metals bound to that phase.

For the second step, NH2OH �HCl was used for attacking

oxides/hydroxides of Fe and Mn. Therefore, simultaneous

monitoring of the stripping of trace metals and major elements

in solid phases, i.e. Ca, Fe and Mn, can be used for demon-

strating how trace elements are bound to the particular soil

phases.

As seen in the extractrogram, peak positions and shapes

between targeted metals (viz., Cd and Pb) are all accompanied

Table 1 Comparison of extractable metal contents (mg kg�1) for SRM 2711 as obtained by the bi-directional continuous-flow sequential
extraction system with on-line and off-line ICP-MS detection modes and batchwise fractionation

Step I Step II Step III Residual Sum Certified value

Cd This work (on-line)a 18.8 � 0.5 13.7 � 1.6 2.13 � 0.25 2.82 � 0.01 37.5 � 1.7 41.70 � 0.25
This work (off-line)a 19.9 � 0.5 14.5 � 0.9 2.01 � 0.1 2.82 � 0.01 39.2 � 1.0
Ho et al. (batch)b 28.6 � 1.1 9.3 � 0.6 2.4 � 0.9 o1 40.2 � 0.8

Ni This work (on-line) 2.7 � 0.3 oD.Lc oD.Lc 17.3 � 2.0 20.0 � 2.0 20.6 � 1.1
This work (off-line) 3.2 � 0.1 oD.L oD.L 17.3 � 2.0 20.5 � 2.0

Pb This work (on-line) 168 � 11 517 � 52 187 � 15 149 � 20 1021 � 59 1162 � 31
This work (off-line) 187 � 8 570 � 24 212 � 7 149 � 20 1118 � 33
Ho et al. (batch) 302 � 27 349 � 32 356 � 85 97.9 � 19.7 1100 � 100

Zn This work (on-line) 94.9 � 9.0 70.8 � 1.7 129 � 14 66.6 � 2.3 361 � 17 350.4 � 4.8
This work (off-line) 96.5 � 6.9 73.8 � 0.7 140 � 7 66.6 � 2.3 377 � 10
Ho et al.(batch) 41.8 � 1.2 62.2 � 7.1 37.1 � 13.3 206 � 33 347 � 34

Ca This work (on-line) 9630 � 610 1910 � 120 2100 � 170 8500 � 660 22 100 � 900 28 800 � 800
This work (off-line) 9920 � 430 2110 � 50 2050 � 60 8500 � 660 22 600 � 800

Fe This work (on-line) 301 � 27 1771 � 120 865 � 76 18 270 � 770 21 200 � 800 28 900 � 600
This work (off-line) 310 � 15 1900 � 113 897 � 54 18 270 � 770 21 400 � 800

Mn This work (on-line) 145 � 4 211 � 13 15.5 � 1.3 159 � 14 531 � 20 638 � 28
This work (off-line) 157 � 5 233 � 5 15.4 � 0.7 159 � 14 564 � 16

a Results are expressed as the mean of 3 replicates � standard deviation. b Former BCR scheme in batchwise extraction.24 c The detection limits

were 0.2 and 0.1 mg kg�1 for steps II and III of extraction, respectively.

Fig. 2 Extraction profiles of Cd for the acid-soluble step, as obtained

from the bi-directional continuous-flow extraction system coupled on-

line to ICP-MS. (a) Raw signals showing alternate forward and

backward peaks; and (b) processed profile obtained by averaging each

pair of forward and backward peaks. Sample SRM 2711.
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by a Ca peak in step I and Fe and Mn peaks in step II. This

can be taken as evidence that the release of Cd and Pb by

CH3COOH and NH2OH �HCl is dependent on the dissolution

of soil solid phase material. This proves that the fraction of

both metals retained by exchangeable soil sites is not as

relevant as the Ca-bound fraction. Therefore, the dynamic

fractionation method should be regarded as appealing ap-

proach for discrimination of soil phase associations taking

into account the lack of selectivity of the three BCR extracting

reagents for a defined soil compartment.

A detailed extractogram also provides further knowledge on

the homogeneity of binding and mobility of metals in the

nominal phases. The surface bound metals would dissolve

earlier than the remaining in the same soil fraction and

generate a distorted peak profile.26 It is clear that the present

approach provides a better way for exploration of metal soil

phase associations that can be of utmost importance to assess

the impact of readily accessible trace elements in environmen-

tal substrates.

3.5 Applicability of the proposed approach for the study of the

elemental associations

Traditionally, metal associations in soil have been ascertained

by investigation of their correlation in soil phases. Due to the

restrictions of the batchwise approach that provides solely a

single value of extractable metals in each fraction, the statis-

tical comparison of the content of metals in a particular phase

of a number of samples is commonly performed.27–29 When

the contents of the elements correlate well, they are considered

to be closely associated. This basis overlooks the fact that

elements extracted in the same extraction step may not have

dissolved simultaneously but at a different timing during that

step. The present approach may thus offer a better evidence of

elemental associations and may more accurately be exploited

for correlation investigations.

Shiowatana et al.21 and Hinsin et al.30 demonstrated the

potential of overlayed extractograms obtained from batch

analysis of extract fractions resulting from continuous-flow

partitioning systems for investigation of metal associations.

Two elements are considered as closely associated if their peak

profiles and shapes coincide with time during a given extrac-

tion step. Elemental associations can be more accurately

detected by on-line ICP-MS interelement comparison as a

consequence of the high temporal resolution of the leaching

profile, as exemplified in this work by overlapping the on-line

extractograms for Cd and Zn. The extraction profiles illu-

strated in Fig. 4 reveal a close association between Cd and Zn

in the acid soluble and reducible fractions, but not in the

oxidizable fraction. The strong overlapping of peak profiles

for Cd and Zn indicates the simultaneous release of these two

elements from the same solid compartment. Extractograms are

not merely applicable to the evaluation of elemental distribu-

tion and soil phase associations, but they can be extended for

the investigation of the homogeneity of solid materials,30

readsorption behavior of trace elements25,31 as well as the

degree of anthropogenic soil contamination.26,32

4. Conclusion

The bi-directional continuous-flow hyphenated technique pro-

posed herein has proven to be an appealing approach for

conducting metal fractionation studies in environmental solid

substrates. The non-steady flow rate during the fractionation

protocol, as detected in former flow-through stirred cell

systems, which hinders the coupling of the extraction units

with atomic spectrometers, can be entirely circumvented by

the alternate change of the flow direction of the extractant.

Based on this concept, partitioning schemes can be carried out

on-line with soil amounts of up to 1 g, thus assuring, as

opposed to previous miniaturized microcolumn systems, sam-

ple representativeness and leaching flow rates of up to 10 mL

min�1. It can therefore be applied to various solid substrates

for evaluation of metal accessibility under fast leaching

conditions.

The hyphenated method offers not only information on

trace element distribution but it constitutes itself as a powerful

analytical tool for research in soil science in order to ascertain

the modes of occurrence and accessibility of metals to biota as

well as the detection of possible anthropogenic point sources.

Thanks to the multielemental detection capacity of ICP-MS,

interelemental comparison for exploration of metal associa-

tions in defined soil geological phases can be performed in a

straightforward manner.

Although the alternate change of extractant flow direction

through the extraction unit and the injection of discrete extract

plugs into the ICP-MS were performed manually in this work,

Fig. 3 Processed extractograms of trace and major elements in SRM

2711, as obtained from the three step BCR sequential extraction

scheme performed in the proposed extraction system in hyphenation

with on-line ICP-MS detection.

Fig. 4 Processed extraction profiles for Cd and Zn in SRM 2711.
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it is also feasible to develop a computer-controlled hyphenated

set-up for fully automated on-line soil processing.
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Abstract

Sequential injection microcolumn extraction (SI-MCE) based on the implementation of a soil-containing microcartridge as external reactor in a
sequential injection network is, for the first time, proposed for dynamic fractionation of macronutrients in environmental solids, as exemplified by
the partitioning of inorganic phosphorus in agricultural soils. The on-line fractionation method capitalises on the accurate metering and sequential
exposure of the various extractants to the solid sample by application of programmable flow as precisely coordinated by a syringe pump.
Three different soil phase associations for phosphorus, that is, exchangeable, Al- and Fe-bound, and Ca-bound fractions, were elucidated by

accommodation in the flow manifold of the three steps of the Hieltjes–Lijklema (HL) scheme involving the use of 1.0M NH4Cl, 0.1M NaOH and
0.5M HCl, respectively, as sequential leaching reagents. The precise timing and versatility of SI for tailoring various operational extraction modes
were utilized for investigating the extractability and the extent of phosphorus re-distribution for variable partitioning times.
Automatic spectrophotometric determination of soluble reactive phosphorus in soil extracts was performed by a flow injection (FI) analyser based

on the Molybdenum Blue (MB) chemistry. The 3σ detection limit was 0.02mgPL−1 while the linear dynamic range extended up to 20mgPL−1

regardless of the extracting media. Despite the variable chemical composition of the HL extracts, a single FI set-up was assembled with no need
for either manifold re-configuration or modification of chemical composition of reagents.
The mobilization of trace elements, such as Cd, often present in grazed pastures as a result of the application of phosphate fertilizers, was also

explored in the HL fractions by electrothermal atomic absorption spectrometry.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Sequential injection; Dynamic fractionation; Inorganic phosphorus; Soil

1. Introduction

Phosphorus is an essential nutrient supporting the plant
growth but it is also considered as a core factor for the eutroph-
ication of rivers and lakes [1,2]. Accurate determination of
inorganic phosphorus in natural waters and environmental solids
is a current topic of major concern since this species is gen-
erally regarded as the limiting nutrient for biota growth. The

∗ Corresponding author. Tel.: +34 971 259576; fax: +34 971 173426.
∗∗ Corresponding author. Tel.: +45 4525 2346; fax: +45 4588 3136.

E-mail addresses: manuel.miro@uib.es (M. Miró), ehh@kemi.dtu.dk
(E.H. Hansen).

quantitation of phosphorus in soils is aimed, for example, at
the evaluation of the optimum soil phosphorus concentration
required for plant growth; the determination of the phospho-
rus supplying capacity of soils according to the parental rocks;
and most recently, the identification of scenarios where the
prolonged application of superphosphate fertilizers might con-
tribute to point source of trace element pollution.
In the geochemical, ecological and environmental fields,

there has been an increasing interest for the chemical and physi-
cal characterization of the different forms of phosphorus in soils
and sediments in order to determine the bioavailable fraction.
A common route to estimate the stock of potentially accessible
forms is to fractionate phosphorus according to the extractabil-
ity by leaching reagents of increasing aggressiveness [3–8].

0003-2670/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2006.03.114
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Sequential extraction techniques are traditionally conducted in
a batch end-over-end fashion, which is rather laborious, tedious,
time consuming and it is subjected to several potential errors
including risks of contamination due to samplemanipulation and
underestimation of given fractions due to re-adsorption phenom-
ena. Although naturally occurring processes inherently always
are dynamic, batchwise extraction are nevertheless routinely
performed with particular leaching agents for extended periods
of time to ensure the establishment of steady-state conditions
between the solid and liquid phases.
In order to alleviate these drawbacks, recent trends have been

focused on the development of on-line extraction protocols.
A number of research groups have directed their efforts into
the characterization of dynamic fractionation systems, mostly
involving continuous flow or flow injection approaches [8–15],
where fresh portions of extracting reagents are continuously
delivered to small containers or microcartridges containing the
solidmaterial. This approach offers enhanced information on the
fractionation procedure as regards to the kinetics of the ongoing
leaching process, chemical associations between elements and
size of pools available under environmentally changing scenar-
ios.
Tiyapongpattana et al. [8] reported a continuous flowmethod

for sequential fractionation of inorganic phosphorus based on
the principle of stirred flow cells. Soil samples are extracted in a
closed extraction chamber furnishedwith a glassmicrofiber filter
by the action of leaching reagents that are continuously propelled
forward by means of a peristaltic pump. Besides its simplicity,
the continuous flow system features a significant reduction in
extraction time as compared with conventional batch protocols.
However, the proposed configuration is not sufficiently rugged
for on-line dynamic sequential extractions owing to the insta-
bility of the flow rate occasioned by the clogging of the in-line
filter. In addition, the large dimensions of the sample container
hinder appropriate resolution of the extraction profile.
The inherent shortcomings of stirred flow cell configurations

are to be overcome by exploiting sequential injection micro-
column extraction (SI-MCE) [16], that should be regarded as a
simple, robust and expeditious technique for ascertaining the
fractional distribution and binding sites of specific elements
in solid samples. The automated sequence comprises the con-
secutive aspiration of the individual extractants from different
external ports of the valve, which, via flow reversal, sequentially
are exposed to the solid sample as contained in the microcar-
tridge attached externally to one of the port positions. To the
best of our knowledge, SI-MCE has been merely utilized for
exploration of the mobility and availability of trace metals in
soils [16–18], but, so far, no work has been reported on the
potential applicability to macronutrient fractionation.
Amongst the various operationally defined sequential

extraction procedures for the determination of phosphorus
forms in environmental solids, the Williams et al. [19] and
Hieltjes–Lijklema (HL) [3] schemes have been commonly
adopted as routine methods. Even though the former has been
taken as a working basis for the harmonized protocol of the
Standard, Measurement and Testing (SM&T) Program of the
Commission of the European Communities [20], its adaptability

to flow systems for on-line fractionation is rather cumbersome
because of the single extraction nature of the several steps.
Hence, the sequential HL method, which is established as the
standard within the field of limnology for phosphorus fractiona-
tion [21] was herein selected for on-line SI-MCE. This scheme
addresses three inorganic forms of phosphate, that is: (i) the frac-
tion retained by exchange sites, (ii) the fraction associated with
aluminium and iron oxyhydroxides and (iii) the calcium-bound
fraction, generally referred to as apatite-phosphate.
In dynamic extraction approaches, in contrast to conven-

tional fractionation protocols, a plethora of extract solutions
are generated, thereby rendering rather time consuming pro-
cedures when performing the extract analyses in a batchwise
mode [8,9,11,16,17]. This work was therefore also aimed at
the development and characterization of an FI system based
on Molybdenum Blue (MB) complex formation for automatic
and rapid analysis of HL extracts. It should be noted that
FI has been primarily utilized as an analytical tool for mon-
itoring dissolved reactive phosphorus in freshwater systems
[22–30], yet only a few papers have dealt with soil extract
analysis [31–34].

2. Experimental

2.1. Apparatus

An FIAlab-3500 flow injection/sequential injection system
(Alitea, USA) equipped with an internally incorporated 10-port
multiposition selection valve (SV) and a syringe pump (SP,
Cavro, Sunnyvale, USA) with a capacity of 5mL was used. The
SI-system was computer controlled by the associated FIAlab
software. The extractionmicrocolumnwas connected within the
SI-system as an external module as shown in Fig. 1a and b. All
outlets of the SV were connected through PEEK ferrules with
rigid PTFE tubing (0.5mm i.d.). The central port of the SV was
connected to the SP via a holding coil (HC1), which consisted
of a 5m long PTFE tubing (0.8mm i.d.), with an inner volume
of ca. 2.5mL. The holding coil for the extracts in Fig. 1b was
also made of PTFE (HC2, 2.5m long, 1.0mm i.d.).
The FImanifold devised for determination of orthophosphate

in the SI-MC soil extracts is depicted in Fig. 2. The flow sys-
tem is composed of two low-pulsation multichannel peristaltic
pumps with rate selector (Type IPS-4, Ismatec, Zurich, Swizer-
land) used for reagents/sample propulsion and sample loading,
respectively. The flow rates of the various streams as well as
the optimum dimensions of the reaction coils for heteropoly-
acid complex formation and reduction by tin(II) chloride are
shown in the figure. A minute volume of extract (viz., 25�L)
is injected into the flow network via a six-port rotary injection
valve (Rheodyne, Type 5041). An UV–vis spectrophotometer
(Jenway, Model 6300, UK) equipped with a 10mm optical path
flow-through cell was set at 690 nm and connected to a chart
recorder (Radiometer, Model Rec 80 Servograph, Denmark) for
monitoring of the molybdenum blue complex.
Determination of the concentration of cadmium in the HL

fractions was performed by a Perkin-Elmer 2100 Electrother-
mal Atomic Absorption Spectrometer (ETAAS) equipped with
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Fig. 1. Schematic diagrams of the sequential injection microcolumn set-ups for
dynamic fractionation of inorganic phosphorus in soils as exploited for: (a) uni-
directional and stopped flow and (b) bi-directional flow extraction. SP, syringe
pump; SV, selection valve; HC1 and HC2, holding coils.

deuterium background correction, following manufacturer rec-
ommendations [35]. One microgram of Pd(NO3)2 was utilized
as a matrix modifier.

2.2. Microcolumn assembly

The dedicated extraction microcolumn exploited in this work
has been described in detail elsewhere [16,18]. Made of PEEK,
it comprises a central dual-conical shaped sample container for
facilitating fluidized-bed like mixing conditions. The entire unit
is assembled with the aid of filter supports and caps at both ends.
The membrane filters (Millipore, FluoroporeTM filter, 13mm

Fig. 2. Flow injection manifold for automatic monitoring of orthophosphate in
soil extracts resulting from the Hieltjes–Lijklema scheme. R1, 2.4 g L−1 tartaric
acid; R2, 12 g L−1 ammonium molybdate in 0.6M H2SO4; R3, 0.3 g L−1 tin(II)
chloride + 1.88 g L−1 hydrazinium sulphate in 0.5M H2SO4.

diameter, 0.45�m pore size) used at both ends of the extrac-
tion microcolumn allowed solutions and leachates to flow freely
through but retained particulate matter.

2.3. Preparation of reagents

All glassware usedwas previously rinsedwith 25% (v/v) con-
centrated nitric acid/water in awashingmachine (Miehle,Model
G 7735 MCU, Germany) and afterward rinsed with Milli-Q
water. All chemicals were of analytical-reagent grade andMilli-
Q water was used throughout. The various chemicals employed
in this work are detailed as follows.

2.3.1. Standard solutions
A stock standard solution of orthophosphate (100mgPL−1)

was prepared by dissolving 0.4392 g of KH2PO4 (Merck) in
water and making up to a final volume of 1000mL with Milli-Q
water. The stock standard solution of cadmium (1000mgL−1)
forAASwaspurchased fromMerck.Working standard solutions
of P and Cd were obtained by stepwise dilution of the stock
solutions.

2.3.2. Leaching reagents for sequential extraction
The chemicals utilized in the HL sequential extraction

scheme are the following:

Step 1 1.0M NH4Cl adjusted at pH 7 with NH4OH,
Step 2 0.1M NaOH,
Step 3 0.5M HCl,

which were aimed at stripping the labile, Fe- and Al-bound, and
Ca-bound phosphorus fractions, respectively.

2.3.3. Reagents for flow injection analysis
According to the schematic diagram depicted in Fig. 2, R1 is

composed of 2.4 g L−1 tartaric acid solution (Aldrich) inMilli-Q
water, R2 involves 12 g L−1 ammonium molybdate (Riedel-de-
Haën) in 0.6M H2SO4 (Merck) and R3 comprises 0.3 g L−1
SnCl2 (Merck) in 0.5M H2SO4. The latter chemical also con-
tains 1.88 g L−1 hydrazinium sulphate (J.T. Baker) for reagent
preservation, whereby the combined solution is stable for, at
least, 2 weeks.

2.4. Soil sample

A soil certified reference material from the National Insti-
tute of Standards and Technology, namely SRM 2711, was used
for method validation. The soil material was collected from the
tilled layer of a wheat field (MT, USA). It is a moderately con-
taminated pasture soil that was oven-dried, sieved and blended
to achieve a high degree of homogeneity, the total concentration
being certified for a number of elements, including phosphorus.
The custom-built microcartridge was packed with 50mg soil,
thereby matching the sample weight endorsed in the batchwise
HL scheme. Under these conditions, the free column volume
(FCV) was estimated to be 250�L.
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2.5. Dissolution of soil residues

A closed-vessel microwave digestion system (Anton Paar
Model Multiwave 3000, Austria) was used for digestion of
residues after on-line fractionation. Residues from the extraction
microcolumn were transferred to glass vessels as water slurries
together with 2.0mL of HNO3 (65%, Merck) and 6.0mL of
HCl (30%, Merck). The vessels were then tightly sealed and
subjected to a microwave digestion, according to manufacturer
recommendations (1400W, 30min). After cooling, the digested
solutions were made up to appropriate volume with Milli-Q
water, and the content of orthophosphate was determined
by spectrophotometry using a batchwise standard addition
method.

2.6. Operational sequences for sequential injection
microcolumn extraction

In this study, three applicable modes for the SI-MCE, that
is, the uni-directional and stopped flow (see Fig. 1a) and the bi-
directional flow (Fig. 1b), were investigated for inorganic phos-
phorus accessibility from soils. In all procedures, a maximum
of 45mL of each extractant was used. In order to avoid undue
backpressure during extractant loading in those protocols involv-
ing flow reversal, merely 1mL aliquots were manipulated at a
time in the system using an air-sandwiched fashion. The com-
plete sequential extraction procedure of the three approaches is
described below.

2.6.1. Uni-directional flow
Before initialization of the extraction cycle, a 900�L air plug

is aspirated from port 3 of SV into HC1. Afterward, SP is set
to aspirate 1.00mL of 1.0M NH4Cl from port 4 into HC1 at a
flow rate of 50�L s−1, whereupon the extractant and air plugs
are pushed forward at the same rate through the microcolumn,
allowing extraction to take place. For each five cycle runs, the
extracts from the microcolumn are collected in a separate plas-
tic vial, thus totally amounting to nine 5mL subfractions for a
complete set. Prior to continuing with the ensuing HL extraction
step, a washing protocol is implemented by sequential aspira-
tion of 900�L of air and 1.00mL of H2O into HC1 which, via
flow reversal, are delivered through the sample container into the
fraction collector. This run is repeated five times. The amount
of phosphorus leached in the cleansing step is summed to the
content of the subfractions collected in the previous extraction.
Thereafter, the next extractant (viz., 0.1M NaOH or 0.5MHCl)
is automatically aspirated from the respective valve port and
the collection of nine 5mL subfractions repeated until all three
leaching steps have been completed.

2.6.2. Stopped flow
The systemoperationwas similar to that of the uni-directional

flow procedure, except for the inclusion of an ancillary stopped
flow stage. Here, a 900�L air plug and 250�L of extractant
(that matches the free column volume) are consecutively pulled
inwards into HC1 at 50�L s−1, the leaching reagent being dis-
pensed afterwards via port 7 into the microcolumn where it

remains halted for 30 s. Afterwards, the air segment in HC1 is
dispensed forward to flush the leachant from the column into the
fraction collector. The stopped flow mode is only programmed
for the first step of the HL scheme, which estimates the loosely
bound phosphorus fraction, in order to assess the possible re-
adsorptionof the target analyte on active soil sites. The extraction
procedure was repeated with 20 cycle runs for each subfraction,
thus amounting to a total of 9 subfractions for each set.

2.6.3. Bi-directional flow
SP is set to aspirate consecutively 900�L of air and 1.00mL

of 1.0M NH4Cl into HC1 at a flow rate of 50�L s−1. The
entire extractant plug is then delivered through the soil column
at 50�L s−1 and becomes positioned in HC2. Thereafter, the
extract is aspirated backwards through the column and via the
central port intoHC1, and then finally dispensed to the collection
vial attached to port 2. Again, the leaching process is repeated
with five cycle runs for each subfraction, and totally nine sub-
fractions for each set. Just as the stopped flow approach, this
operational mode is merely applied to the first step of the HL
scheme.
The amount of orthophosphate collected in the various sub-

fractions was determined by flow injection spectrophotometry
using the manifold depicted in Fig. 2. Accurate determination
of trace concentrations of cadmium released during application
of HL method was conducted by ETAAS via direct injection of
20�L extracts.

3. Results and discussion

3.1. Configuration of the sequential injection microcolumn
system for fractionation of inorganic phosphorus

Although originally conceived for automated liquid phase
analysis, the scope of SI has been recently expanded to the on-
line handling of solid materials [16–18], which is a consequence
of its inherent flexibility for accommodating external modules
into theflownetwork.Yet, there is still place for the improvement
for the various SI operational extraction modes, that is, uni-
directional, bi-directional and stopped flow-based fractionation.
Even though SI is a discontinuously operating flow approach,
a truly forward flow fractionation scheme has been designed in
thiswork. This is carried out by sandwichingmetered volumes of
extractant between discrete air plugs, thus preventing a portion
of the leaching reagent to reside in the sample line in intimate
contact with the packed soil during loading of the next leachant
zone into HC1. Therefore, the contact time is identical for the
entire segment in each run of the iterativemultiple-step protocol.
In addition, the inexistence of a concentration gradient in HC1
is assured by hindering the dispersion of the aspirated reagent
plug into the carrier solution.
As opposed to earlier works [16,17], there is no need for

re-configuration of the SI-manifold for the bi-directional flow
approach. This is circumvented by replacement of the pre-valve
microcolumn arrangement for an in-valve column attached con-
figuration (see Fig. 1b). Improvement of the stopped flow mode
ismade by calculating the free columnvolume of the soil-packed
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Fig. 3. Sequential injection extractogramsof inorganic phosphorus inSRM2711
as obtained from the application of three different operational modes for the step
I of the Hieltjes–Lijklema scheme: uni-directional flow (�); bi-directional flow
(�); stopped flow (�). Subfraction volume: 5mL.

container and programming the liquid driver for accurate deliv-
ery of consecutive FCVs of extractant through the microcolumn
prior to halting the flow in each single step of the analysis
cycle.
In all cases, analysis of SI-MC extracts is conducted off-line

because of the likelihood of effecting multiparametric sequen-
tial determinations of macronutrients and trace elements in each
subfraction by spectrophotometry and atomic absorption spec-
trometry, respectively.

3.2. Sequential injection microcolumn for investigation of
phosphorus re-adsorption

In sequential extraction techniques, aside from the non-
selectivity of the extractant solutions, a crucial issue to be inves-
tigated is the extent of re-adsorption of leached elements onto
the remaining solid phases during the time span of the extrac-
tion, which causes the underestimation of bioavailable fractions.
Taking into account the versatility of movements of the syringe
pump, the potential re-distribution of phosphorus during par-
titioning can be thoroughly studied by critical comparison of
experimental data provided by the three aforementioned extrac-
tion modes for SI-MCE. It should be noted that the longer the
intimate contact time between solid and leachant is, the higher
becomes the probability that re-adsorption might occur. There-
fore, the extraction time should be reduced to the extent possible
[36], yet, a compromise should be reached regarding leaching
kinetics for the targeted phases. Hence, the uni-directional flow,
where the sample is continuously subjected to fresh extractant
volumes (text = 5 s) is expected to be free from re-adsorption as
opposed to the bi-directional and stoppedflowalternativeswhere
the extracts remain longer (text = 10 and 35 s, respectively) with
the undissolved solid.
Fig. 3 shows the extractograms (graphical plots of extractable

amounts versus subfraction number) recorded for the forward
flow, bi-directional and stopped flow modes for the first step of
the HL protocol. The investigation was restricted to the read-
ily bioavailable phosphorus fraction because the re-distribution
phenomenon is generally pronounced when employing mild
extractants [37].

The fraction of exchangeable phosphorus determined
by the uni-directional, bi-directional and stopped flow
modes amounted to 0.0045± 0.0005, 0.0039± 0.0001 and
0.0043± 0.0007mgPL−1, respectively. The inexistence of sig-
nificant differences at the significance level of 0.05 revealed that
the re-adsorption was negligible for this particular solid mate-
rial. This is attributed to the lack of selectivity of NH4Cl, which
is capable of removing partially carbonates from soil, thereby
eliminating potential surfaces for phosphorus fixation [3,38].
The extraction patterns in Fig. 3 showed a dependence of the
partitioning mode with the extraction rates, the highest rates
being observed for the stopped flow approach.

3.3. Optimization of a flow injection system for monitoring
of inorganic phosphorus in HL soil extracts

Two recent reports [31,39] have addressed the automatic
determination of MB-reactive phosphorus in soil solutions
resulting from batchwise fractionation via flow-based systems,
namely FI and all injection analysis. However, Tiyapongpattana
[39] claimed that it was a requirement to replace the carrier solu-
tion for each extractantmedium tominimize the Schlieren effect,
andAmornthammarong et al. [31] found that it was also required
to adjust the concentration of sulphuric acid in the ammonium
molybdate solution for the different leachant solutions. In this
work, these flow manifolds were modified in order to design
a simple set-up capable of admitting high electrolyte solutions
as well as acidic and alkaline samples resulting from the HL
schemewithout changing neither the configuration of the system
nor the chemical composition of the various streams. Schlieren
effects wereminimized by a 10-fold reduction of the sample vol-
ume used as compared to the earlier assembly [39] and a slight
increase in residence time, thus promoting better axial mixing
between the minute, well-defined volume of extract and the car-
rier solution (water) on their way towards the detector. On-line
quantitation of soluble reactive phosphorus relies upon reaction
of the target species with acidic molybdate to form molyb-
dophosphoric acid which is subsequently reduced by tin(II)
chloride to yield the blue-colored MB compound. Although the
on-line formation of molybdosilicate is precluded by increasing
the acidity of the reaction medium, the higher the acidity the
lower the method’s sensitivity due to the slow development of
the reaction for molybdophosphate formation. Thus, the recom-
mended concentration of sulphuric acid in the heteropolyacid
forming reagent [39] was reduced from 1.0 to 0.6M. The
detection and determination limits for the optimized FI set-up at
the 3 and 10σ levels were 0.02 and 0.09mgPL−1, respectively,
regardless of the extraction medium, while the linear dynamic
range extended up to 20mgPL−1. Actually, the tolerance of the
flow injection method to metasilicate in 0.1MNaOH, and in the
presence of tartaric acid as amasking agent, is ca. 500mgSi L−1.
Taking into account that silicate forms are hydrolysed, and
thus mobilized, in alkaline solutions, and that the maximum
available amount of silicon in SRM 2711 is merely 15mg,
the proposed method offers suitable selectivity for spectropho-
tometric monitoring of inorganic phosphorus in the selected
material.
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Table 1
Comparison of extractable amounts of inorganic phosphorus in SRM 2711 using the Hieltjes–Lijklema fractionation scheme as obtained with sequential injection
microcolumn extraction and continuous flow stirred flow cell-based approaches

Flow-through method Phosphorus content (%w/w)

1.0M NH4Cl 0.1M NaOH 0.5M HCl Residue Sum Certified value

Continuous flow [8] 0.0189± 0.0006 0.0077± 0.0004 0.0413± 0.0006 0.0085± 0.0004 0.0764± 0.0011 0.086± 0.007
Sequential injection
microcolumna (this work)

0.0045± 0.0005 0.0093± 0.0010 0.0373± 0.0018 0.0275± 0.0048 0.0786± 0.0052

a Results are expressed as the mean of five replicates± standard deviation.

3.4. Accuracy of the proposed system and critical
comparison of the analytical performance of SI-MCE with
that of continuous flow systems

To evaluate the accuracy of the SI-MC system for phosphorus
fractionation, a grazed soilwith loworganic phosphorus content,
that is, the SRM 2711 Montana soil, was selected. Table 1 lists
the amounts of orthophosphate extracted by on-line dynamic
SI-MCE, which are compared with those recently reported for
the same solid substrate using a continuous flow manifold with
a stirred flow chamber [8]. The total phosphorus concentra-
tion obtained by summation of the entire set of fractions plus
residue in SI-MCE showed a good agreement with the certified
value and that obtained by fraction summation in the stirred flow
cell method. Nevertheless, a significant difference in available
phosphorus was distribution was found for the loosely bound
fraction between the SI and the continuous flow method. This
discrepancy is attributed to the different operationally defined
extraction conditions for both procedures, such as, e.g., the par-
titioning time, and the non-selectivity of NH4Cl for the targeted
phase. In fact, the residence time of an extractant plug within
the stirred chamber amounted to 120 s versus merely 5 s for the
uni-directional SI-MC fashion. The shorter residence time in
the proposed system would concurrently minimize the stripping
of matrix ingredients which might potentially interfere in the
determination step.Actually,while the standard additionmethod
was mandatory for the determination of soluble reactive phos-
phorus in the NaOH and HCl extracts in the continuous flow
system [8] owing to the poor performance of calibration pro-
tocols involving matrix matching with the pertinent extracting
reagent, no multiplicative interferences were found in SI-MCE,
whereby a straightforward external calibration approach with
matrix matching was adopted.
The lack of selectivity of NH4Cl for the exchangeable phos-

phorus fraction is occasioned by the capability of the reagent for
attacking iron and aluminium hydroxy phosphate minerals, i.e.,
strengite and variscite, as a function of the contact time between
solid and liquid phases [40]. This explains the overestimation of
labile phosphorus and underestimation of aluminium- and iron-
bound phosphorus in the continuous flow system as compared
to SI-MCE (see Table 1).
The analytical performance of both batchwise and flow-

through dynamic methods for fractionation of inorganic phos-
phorus according to the HL scheme is detailed in Table 2. The
totally enclosed continuous flow system speeds up the extraction

process as a result of the steady renewal of the leaching solutions
and minimizes the risk of personal errors and contamination due
to the avoidance of manual phase separations. Yet, the major
problem posed by the application of continuous fractionation
using stirred flow cells is the large dead volume of the sample
container. Thus, a five-fold increase in soil amount versus batch
fractionation is necessitated for attaining detectable signals due
to the inherent dilution of released species. In addition, a larger
consumption of reagents is concomitantly entailed for extrac-
tion until completion (≥300mL versus 50–100 and 25–30mL
in batch and SI-MCE, respectively, for a single fraction). In fact,
the stirred flow cell method was not deemed sensitive enough
to be coupled to FI, for which reason the extracts were analysed
by batch spectrophotometry. Furthermore, the fraction volumes
collected in the continuous flow system, namely 60mL, were
12-fold higher than those of SI-MC fractionation. The tempo-
ral resolution of the former method is therefore inappropriate
for a detailed insight into leaching kinetics and phosphorus
distribution in the soil phases, and only averaged leachable con-
centrations can be estimated. Finally, the instability of flow rates
in the flow cell arrangement as a result of the pulsed flow of
the peristaltic pump and blockage of the membrane filter with
colloid particles, especially in the NaOH extraction step, was
circumvented in SI-MCE by the novel design of the sample con-
tainer and the ruggedness of the liquid driver.

Table 2
Analytical performance of batchwise and dynamic extraction methods based on
Hieltjes–Lijklema scheme for fractionation of inorganic phosphorus in soils

Condition/parameter Batch Dynamic extraction

Continuous flow SI-MCE

Sample (g)/extractant (mL) 1/1000 1/40a 1/5b

Extractant volume (mL)
NH4Cl fraction 2× 50 540 25
NaOH fraction 50 300 30
HCl fraction 50 300 30

Extraction time per sample (h) 45c 3.8 2.1
Operational time for extract
analysis (min)

20d 120e 20f

a Calculated as the ratio between sample weight and container volume.
b Calculated as the ratio between sample weight and free column volume.
c The length of the manual solid–liquid separations is not included.
d Only three extracts are analysed for the three-step fractionation procedure.
e The extracts containing NaOH and HCl extracted P are analysed by the
standard addition method.
f The entire set of extracts is analysed by external calibration.
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3.5. Applicability of Hieltjes and Lijklema scheme for
cadmium fractionation in soil

Phosphorus is added to pasture soils by direct application
of either reactive phosphate or acidulated rocks in the forms of
single superphosphate, triple superphosphate or diammonium
phosphate. These fertilizers contain varying concentrations of
Cd depending on the particular phosphate mineral used as a raw
material for theirmanufacture [41]. TheCd content of phosphate
rocks varieswidely,with the phosphate rocks of sedimentary ori-
gin having a very high concentration of Cd, and those of igneous
origin having very low concentrations. The continuous use of
fertilizers over a long time period might cause an undesired
accumulation of Cd to levels above the maximum permissible
concentrations set by regulatory authorities concerning human
health. The impact of such fertilizers contaminated with trace
elements, such as Cd, on the environment can be ascertained by
sequential extraction. A multitude of partitioning schemes have
been launched for evaluating the origin, mode of occurrence and
mobility of trace elements in natural environments [37,42–45].
The potential applicability of the HL scheme to elucidate soil
phase chemical associations not only for phosphorus but also
for trace elements is, however, for the first time, investigated in
this work. In fact, the HL procedure confines certain analogies
with the well-established three-step fractionation scheme of the
SM&T of the EU [45]. The first and third steps of HL, that
involve the stripping of the exchangeable pools and phosphorus
bound to calcium or adsorbed on calcium carbonate, are compa-
rable with the first step of the SM&T protocol (i.e., acid soluble
fraction) in terms of the nature of the soil phases solubilized. In
fact, the summation of extractable Cd in SRM 2711 in steps I
and III of the HL scheme performed in an MCE uni-directional
flow fashion amounted to 37.9± 1.1mgCd kg−1, which corre-
lates well with the acid soluble Cd (viz., 36.2± 0.6mgCd kg−1)
as obtained from the step I of the SM&T protocol effected in
a batchwise mode [46]. This good agreement between batch
and flow-through partitioning methods is expected for labile,
readily leachable elements, such as Cd. It should be also noted
that the HL scheme offers, as opposed to SM&T, the possi-
bility of discrimination of geologically relevant fractions (viz.,
exchangeable and acid soluble) which are of particular inter-
est for readily mobilisable elements. The fractional distribution

Fig. 4. Sequential injection extractograms of P and Cd in SRM2711 as obtained
from the application of Hieltjes–Lijklema scheme using the SI-MCE system in
a uni-directional flow fashion. Subfraction volume: 5mL.

and extraction profiles of cadmium and phosphate using the HL
protocol are schematically illustrated in Fig. 4. From the extrac-
tograms, it is feasible to discern the weakly adsorbed cadmium,
probably as a freemetal ion or chlorocomplex on ionic sites (step
I in HL) from the cadmium carbonate (step III in HL) resulting
from the isomorphic substitution of Ca byCd in calciteminerals.
The current impact of other potentially toxic elements in rock
phosphates [47] such as As, Pb, Cr, Zn, Hg and F, which can
be made available concurrently with phosphorus under environ-
mentally changing conditions, might analogously be assessed
via the HL partitioning method effected in a dynamic fashion.

4. Conclusion

The sequential injection microcolumn concept has been pre-
sented as a unique alternative to the batchwise and continuous
flow counterparts for automatic fractionation of inorganic phos-
phorus in environmental solids. As opposed to previous flow-
based approaches, the proposed SI-method features enhanced
ruggedness and significant reduction of reagent consumption
besides being characterized by rapidity, ease of operation and
improved temporal resolution. The operational procedure and
the configuration of the SI-MC system have been designed
for on-line microfluidic handling of the HL leachant solutions
and accurate control of partitioning time by exploiting pro-
grammable flow.
Bearing in mind the capability of SI to accommodate sev-

eral operational fractionation modes in a dynamic fashion, i.e.,
uni-directional, bi-directional and stopped flow, the potential re-
distribution of phosphate for a particular extracting reagent can
be assessed in a fully automated manner. In addition, a single
flow injection system was assembled for facilitating the analy-
ses of the HL extracts using the MB chemistry regardless of the
composition of the extracting media.
The HL scheme, which offers enhanced phase resolution for

readily mobilisable elements with respect to the harmonized
SM&T protocol, was also utilized for the fractional distribution
of cadmium in soils exposed to contamination via phosphate fer-
tilizers. Experimental results revealed that both cadmium and
phosphorus are predominantly bound to the calcium carbon-
ate phase for the pasture soil (SRM 2711) analysed. Further
research is being currently conducted in our group to exploit
novel flow-based techniques, such as multicommutation flow
analysis, multi-pumping flow analysis and multisyringe flow
injection analysis, for on-line treatment of the multiple extracts
obtained sequentially via dynamic SI-MC fractionation.

Acknowledgments

JanyaBuanuam is grateful for financial support granted by the
Royal Golden Jubilee Ph.D. Program of the Thailand Research
Fund and to the Postgraduate Education and Research Program
in Chemistry (PERCH) of the Higher Education Development
Project of the Commission on Higher Education (Thailand).
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Fractionation and elemental association of Zn, Cd, and Pb in soils near Zn mining areas were studied using
a continuous-flow sequential extraction approach. The recently developed sequential extraction procedure
not only gave fractional distribution data for evaluation of the mobility or potential environmental impact of
the metals, but also the extraction profiles (extractograms) which were used for study of elemental
association. In addition, the elemental atomic ratio plot extractogram can be used to demonstrate the degree
of anthropogenic contamination. Seventy-nine soil samples were collected in the vicinity of a Zn mine and
were fractionated into 4 phases i.e. exchangeable (F1), acid soluble (F2), reducible (F3) and oxidizable (F4)
phases. Most samples were contaminated with Zn, Cd and Pb. The reducible phase is the most abundant
fraction for Zn and Pb (450%) while Cd is concentrated in the first 3 extraction steps. The distribution
patterns of Cd were obviously affected by soil pH. 55% of Cd appears predominantly in the F1 fraction for
acidic soils while in neutral and alkaline soils, it was mostly (70%) found in the F2 þ F3 fractions. The
extractograms obtained from the continuous-flow extraction system revealed close association between Zn,
Cd, Pb and Fe in the acid soluble phase, Cd–Pb and Zn–Fe in the reducible phase for contaminated soils. A
correlation study of the 3 metals using a correlation coefficient was also performed to compare the results
with the elemental association revealed by the extractograms. Atomic ratio plot extractograms of Zn/Fe, Cd/
Fe and Pb/Fe in the reducible phase, where contaminated metals are predominant, can be used to evaluate
the degree of anthropogenic contamination. From the elemental atomic ratio plot, it is obvious that the
contaminants Cd and Pb are mostly adsorbed on the surface of Fe oxides. Zn, which is present in an
approximately 1 : 1 ratio with Fe in contaminated soils, does not show a similar trend to that found for
Cd and Pb.

Introduction

To understand the issue of metal contamination and its effect
on ecosystems and living organisms, not only its occurrence
but also its behavior in soil has been of particular interest. At
present, it is recognized that the distribution, mobility and
bioavailability of heavy metals depends not only on their total
concentration but also on their forms in the solid phase to
which they are bound. A sequential extraction technique is
widely used to fractionate metals in solid samples due to their
leachability.1–4 This technique makes use of suitable chemical
reagents which are applied in a given order to the sample to
sequentially leach metals of different phases. The reagents used
are dependent on the goals pursued and on the physical
characteristics of the sample.

Sequential extraction procedures are mostly performed in a
batch procedure. Recently, our group has developed a contin-
uous-flow extraction system for sequential extraction5 which
has shown many advantages compared to a batch method. The
flow system has the benefits of simplicity, rapidity, less risk of
contamination, possibility for automation and provision of
kinetic leaching information. In this report, the system was
applied to soil samples taken from near a Zn mining area in
Tak Province, Thailand. The first objective of the study is to
examine fractionation of metals in soil samples resulting from
Zn mining activities. Since the continuous-flow extraction can
provide extractograms of kinetic leaching of elements, it is the
second aim of this work to use the extractograms to study the
chemical associations in soil fractions and to evaluate the

degree of anthropogenic contamination. Finally, the mobility
and potential bioavailability of Cd in the soil was studied by
investigation of the correlation between Cd in rice grain and
Cd in specific fractions.
The environmental problems resulting from Zn mining have

been reported in many parts of the world such as Derbyshire in
central England6 and in southern Poland.7,8 In those areas, a
number of elements associated with Zn or Pb mineralization
have been found to be highly elevated in soil contaminated by
mining operations. Soils from the vicinity of a Zn/Pb mining
and smelting complex in Poland were found to contain high
total concentrations of Zn, Pb and Cd: 234–12 400; 42–3570;
2–73.2 mg kg�1, respectively.8

Associations of heavy metals with Zn ore have been re-
ported. Zn, Cd and Pb minerals often occur together because
they have similar chemical behavior and they are often found
to combine with sulfur as primary minerals.9 Other heavy
metals found as common impurities in Zn ores are Mn, Hg,
Ge, Ag in sphalerite; Fe, Co, Cu, and Mn, in smithsonite and
Mn and Fe in zincite.10,11

Chemical partitioning of heavy metals (Pb, Zn and Cd)
in soils contaminated by past Zn/Pb mining and smelting
activities was investigated by Li and Thornton.12 They
found that the main chemical phases of Pb are carbonates
(24–55%) and Fe–Mn oxides (30%). Zn was found to be
strongly associated with the Fe–Mn oxides (30%) and residual
fractions (50%). For Cd, the exchangeable, carbonate and
Fe–Mn oxide phases account for more than 70% of the total
Cd content.
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In metal bioavailability studies of contaminated soil, it is
generally accepted that metal bioavailability in soils depends
on many factors. These factors are not completely understood
and simple relationships are seldom found in natural soil
systems between plant metal levels and total metal concentra-
tions in soil.13–15 In some investigations, correlations between
specific metal fractions and plant metal contents were found.
For example, in soils that had been amended with composted
or liquid sewage sludge it was found that Zn in exchangeable
and oxidizable fractions had a strong correlation with Zn in the
leaves of barley (Hordeum vulgar).16 A simple relationship
existed between Co in the exchangeable fraction and the Co
concentration in winter wheat (Triticum aestivum L.) and
alfalfa (Medicago sativa L.) while the adsorption of Ni, Cu
and Pb by plants could be predicted by a stepwise multiple
regression procedure.17 These studies show the possibility for
using sequential extraction data to evaluate the correlation
between metals in soil and plant uptake. Therefore, the rela-
tionship between plant uptake of metals and the metal con-
centration in some fractions was also investigated.

Experimental

Chemicals and apparatus

All chemicals used were of analytical grade. Multi-element
stock solution for ICP-MS (AccuStandard, Inc. CT, USA) has
been used for the preparation of standard solutions. Before
use, all glassware and plastic containers were cleaned and
soaked in 10% (v/v) HNO3 for at least 24 h, followed by
rinsing three times with ultra pure water.

Inductively coupled plasma mass spectrometry (ICP-MS,
Perkin Elmer ELAN 6000) was used for the elemental deter-
mination of extracts.

Sample under investigation

Seventy-nine top soil samples (0–10 cm) near a Zn mining area
in Tak Province, Thailand were sampled. All the samples were
then sieved through a 2 mm sieve and milled in an agate mortar
to fine particles, to obtain good homogeneity, which were used
in the chemical analysis. Soil pH, soil texture and % organic
matter (%OM), determined by the Walkley and Black meth-
od,18 of the samples investigated are given in Table 1. The soil
samples studied were slightly acidic, neutral or alkaline. Most
samples (69 samples) had a %OM between 1.5–3.5%. Their
textures were sandy loam, loam, sandy clay loam or clay loam.

Fractionation scheme

The modified Tessier sequential extraction scheme4,19 was
carried out using the following solutions:

Step 1 (F1): 0.01 M Ca(NO3)2 (exchangeable fraction)
Step 2 (F2): 0.11 M CH3COOH (acid soluble fraction)
Step 3 (F3): 0.04 M NH2OH �HCl adjusted to pH 2 with

HNO3, 85 1C (reducible fraction)

Step 4 (F4): 8 : 3 v/v (30% H2O2 : 0.02 M HNO3), 96 1C
(oxidizable fraction)
Step 5 (F5): 1 : 1 v/v (conc. HNO3 : 30% H2O2) (residual

fraction)

Continuous-flow sequential extraction system

Extraction chamber. The continuous-flow extraction system
as previously reported5 was used. The extraction chamber was
designed to allow containment and stirring of a weighed
sample. Extractants could flow sequentially through the cham-
ber and leach metals from the targeted phases. The chamber
and its cover was constructed from borosilicate glass to have a
capacity of approximately 10 ml. The outlet of the chamber
was furnished with a Whatman (Maidstone, UK) glass micro-
fibre filter (GF/B, 47-mm diameter, 1 mm particle retention) to
allow dissolved matter to flow through. Extractant was
pumped through the chamber using a peristaltic pump (Micro
tube pump, MP-3N, EYELA (Tokyo Rikakikai Co. Ltd)) at
varying flow rates using Tygon tubing of 2.25 mm inner
diameter. Heating of the extractant in steps III and IV at
85 1C and 96 1C was carried out by passing the extractant
through a glass heating coil approximately 120 cm in length
which was placed in a waterbath before the extraction cham-
ber. The temperature of the extractant, either 85 1C or 96 1C, in
the chamber was achieved when the heating coil was immersed
in a thermostatted water bath controlled at 88 1C and 99 1C
respectively, due to slight heat loss.

Extraction procedure.Aweighed sample (approx. 0.25 g) was
transferred to a clean extraction chamber together with a
magnetic bar. A glass microfibre filter was then placed on the
outlet followed by a silicone rubber gasket, and the chamber
cover was securely clamped in position. The chamber was
connected to the extractant reservoir and the collector vial
using Tygon tubing and placed on a magnetic stirrer. The
magnetic stirrer and peristaltic pump were switched on to start
the extraction. The extracting reagents were sequentially flo-
wed through the chamber and the extraction took place. The
extract passing the membrane filter was collected at 30 ml
volume intervals to obtain 6 subfractions for each extractant.
Extraction was carried out until all four extraction steps were
completed.

Total dissolution of sample and dissolution of residue. A
closed-vessel microwave digestion system (Milestone model
MLS-1200 Mega, Bergamo, Italy) was used for pseudo-total
digestion of soil samples and residues. Weighed soil samples
(0.25 g) or residue from the extraction chamber were trans-
ferred to the vessels together with concentrated HNO3 (5 ml)
and 30% H2O2 (5 ml). The vessel was then tightly sealed and
subjected to a microwave digestion. After cooling, the digested
solutions were made up to volume in volumetric flasks.

Analysis of heavy metals in soil extracts and digests

Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb in soil extracts and
digests were determined by ICP-MS. The contents of Cr, Mn,
Fe, Co, Ni, and Cu were found to be in the normal range while
concentrations of Zn Cd and Pb were significantly elevated
with respect to the background concentrations reported by Soil
Science Division, Thailand. The high concentrations of Zn, Cd
and Pb detected in the soil extracts indicate that these sites have
been contaminated by these three metals. Therefore, this report
will focus on Zn, Cd and Pb.

Quality control of analytical data. A soil certified reference
material, National Institute of Standards and Technology
(NIST) SRM 2711, was used for method validation. Further-

Table 1 Some chemical and physical properties of the soil used in the

study

pH n Texture n %OM n

4.5–5.0 (Very acid) 7 Sandy loam 21 o1.5 1

5.1–6.0 (Acid) 12 Loam 16 1.5–3.5 69

6.1–6.5 (Slightly acid) 13 Sandy clay loam 20 43.5 9

6.6–7.3 (Neutral) 12 Clay loam 22

7.4–7.8 (Slightly alkaline) 21

7.9–8.4 (Alkaline) 14

n ¼ Number of samples.
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more, one-third of the total number of samples examined were
also subjected to residual analyses to obtain total concentra-
tions by summation of all fractions. The results were compared
with those obtained by total digestion of the corresponding
samples.

Blank analysis was performed frequently and every time a
change of reagents or materials was used. High blank values
were sometimes found, particularly for zinc, from some
batches of glass fiber filters. However, this was found to be
no problem because the levels of zinc in almost all samples
studied were very high, such that extracted amounts were much
higher than the blank values.

Results and discussion

Evaluation of the continuous-flow sequential extraction system

Evaluation of the continuous-flow sequential extraction system
was performed by comparison of the summation data of all
fractions with the certified values for total metal concentrations
of the NIST SRM 2711 (Table 2). The total concentrations of
Cd, Zn and Pb by summation showed good agreement with the
total concentration from the certified values with slightly lower
Cd and Pb values. This was also observed in our previous work,
probably because the concentrations of elements in extracts were
often lower in the continuous-flow system due to a dilution
effect and some subfractions of the extract may not be detect-
able. Zn was found to be slightly higher probably from the
higher blank values as a result of leaching contamination.

Fig. 1 presents correlation plots between the total metal
contents of 24 samples determined by a single digestion of non-
fractionated soil and those obtained by summation of metal
amounts of all fractions from continuous-flow sequential ex-
traction. The results show very good correlations with R2 being
higher than 0.99 for the three elements studied. The values
from summation of fractionation data were slightly lower than
those of total digestion as depicted by slopes being 0.87, 0.83
and 0.86 for Cd, Zn and Pb, respectively. This was also found
in our previous work and was likely to be due to the dilution
effect which caused poorer detectability for sequential extrac-
tion procedures. These levels of recoveries can be considered
acceptable for this type of determination which involves sum-
mation of several data from subfractions and a dilution effect.

Distribution of Cd, Zn and Pb in soil samples

Soil samples studied were measured for their total concentra-
tions by pseudo-total digestion and divided into 4 groups
according to their total Cd, Zn and Pb concentrations; back-
ground level, slightly contaminated (2–5 times of background
level), moderately contaminated (6–50 times of background
level), and highly contaminated (more than 50 times back-
ground level). Most soil samples are contaminated with Cd and
Zn in moderate and high levels (62 samples for Cd and 52
samples for Zn). For Pb, 46 of 79 soil samples analyzed are at
background level while 26 samples are slightly and 7 samples
moderately contaminated.

The concentrations of Cd, Zn and Pb in soils adjacent to the
zinc mining area are distinctly elevated. Cd, Zn and Pb
concentrations were found to decrease with distance from the

mining area (data not shown) indicating the likeliness of zinc
mining as the point source of contamination.

Fractionation of Pb, Zn and Cd in soil samples of different pHs

It is well known that many soil properties such as soil organic
matter, cation exchange capacity (CEC) and soil pH can affect
the distribution of heavy metals. It is interesting to investigate
the fractional distribution of Pb, Zn and Cd in various soil
pHs. Soil pH in this study falls in a very acid zone to an
alkaline zone. The numbers of soil samples in each soil
property group are shown in Table 1. To study the effect of
soil pH on metal retention, the relationship between total

Table 2 Comparison of metals contents in SRM 2711 soil as determined by continuous-flow sequential extraction procedure and certified values

Element

Concentration/mg kg�1, n ¼ 2

F1 F2 F3 F4 F5 Total Certified value

Cd 0.24 � 0.09 30.1 � 1.2 2.2 � 0.9 0.5 � 0.1 0.01 � 0.00 33.1 � 0.2 41.70 � 0.25

Zn 0.0 � 0.00 68.9 � 6.2 165.3 � 10.4 157.6 � 54.3 1.64 � 0.001 393.4 � 50.1 350.4 � 4.8

Pb 0.0 � 0.00 631.1 � 105.7 461.2 � 110.0 25.9 � 2.5 0.54 � 0.15 1118.7 � 6.7 1162 � 31

Fig. 1 Correlation plots of total metal contents determined by a single
digestion of non-fractionated soil and by the continuous-flow sequen-
tial extraction procedure.
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contents of Pb, Zn and Cd and soil pH was investigated. Fig. 2
shows clearly the pH dependence of metal retention in soil of
the three elements. The three elements exhibit similar charac-
teristics of pH dependence. Their total contents increase shar-
ply with increasing pH from 7.0 to 7.9. Alkaline soils were
proven to be a good scavenger of metals. This phenomenon is
well-known and can be related to an increase of both specific
and non-specific adsorption and to precipitation .20

The effect of soil pH on fraction distribution was also
investigated. The average fraction distributions of Pb, Zn
and Cd in 3 different soil pH zones, i.e. acidic (pH 4.5–6.5),
neutral (pH 6.6–7.3) and alkaline (pH 4 7.3) zones, are
presented in Fig. 3. Samples with negligible amounts of
extractable metals are not included in this investigation there-
fore the number of samples in acidic, neutral and alkaline
zones are 32, 12 and 34 for Pb, 31, 12 and 34 for Zn, and 22, 8
and 32 for Cd, respectively.

For Pb, the most abundant fraction for the soils studied was
found to be in the reducible phase (F3) regardless of soil pH.
This fraction accounts for more than 70% of the extractable Pb

content. The result agrees well with the observation of Li and
Thornton12 who found that a large amount of Pb in the soils at
historical Pb mining and smelting areas was in the reducible
fraction. The fraction distribution patterns of Pb are also very
similar independent of the soil pH. The proportions of Pb
were found to be in the order of: reducible (F3) 4 acid soluble
(F2) 4 oxidizable (F4) 4 exchangeable (F1) fractions.
For Zn, about 50% of the extractable form was present in

the F3 fraction for all three soil pH groups. Cadmium was
predominantly (455%) found in the first 2 fractions (F1 þ F2)
and mostly (485%) in the first 3 fractions (F1 þ F2 þ F3).
These results agree with many previous observations of Kuo
et al.,21 Hickey and Kittrick22 and Xian23 who reported that
the organic/sulfide phase has only a minor role in binding Cd.
The reducible phase was found to behave as an important
scavenger of Pb and Zn and to a lesser degree for Cd.
In the case of Zn and Cd, soil pH shows a significant

influence on the distribution patterns of these metals. Increas-
ing soil pH caused a decrease in Cd and Zn contents in the
exchangeable (F1) fraction but an increase in Cd and Zn
contents in the acid soluble (F2) fraction. The effect of soil
pH on the Cd distribution pattern has been explained20,24 that
as pH decreases, the solubility of the metal increases and metal
is released in the forms of free or solvated ions. Therefore,
lowering the pH of the soil can increase the concentration of
metals in the soil solution.
Since exchangeable and acid soluble fractions (F1 þ F2) are

usually considered as mobile and having the most environmental
impact, a comparison of their abundance in soil of different pHs
was made. The Zn concentration in the mobile fraction (F1 þ
F2) in alkaline soils is higher than that in neutral soils and higher
than that in acidic soils but that of Cd shows the opposite trend.
The high Cd proportion in the mobile fraction (55–70%) clearly
illustrates that Cd is more mobile and easily transported than Zn
and Pb and it is therefore of particular concern, even without
considering its higher toxicity.
The distribution of Zn and Cd in the oxidizable fraction (F4)

is also affected by soil pH. Zn and Cd contents in this fraction
seem to decrease with increasing soil pH. A clear explanation
of changes in the percentage distribution of Zn and Cd in the
F4 fraction is not possible in this study. Metal binding with
organic matter i.e. humic acids was considered to be complex
and dependent on many factors25 such as pH and the presence
of other metal ions.

Elemental associations in soil fractions using correlation study

and extractograms

Generally, the association between metals in soils has been
studied by investigation of their correlation in soil phases. This
is performed by comparison of contents of two elements in a
particular fraction of a number of samples. When the contents
of two elements correlate well, they are considered to be closely
associated. One of the problems when studying elemental
association by this approach is the non-absolute evidence of
elemental associations. Elements extracted in the same extrac-

Fig. 2 Correlation plot between total metal contents and soil pH.

Fig. 3 Average % Pb, Zn and Cd distribution in soils of different soil pHs.
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tion step may not have dissolved simultaneously but at a
different time during that step. In other words, correlation of
elements may not be a true elemental association. Such study
of the relationship between metals in individual fractions by
correlation study may be better referred to as ‘elemental
correlation’.

For investigation of elemental association, the overlayed
extractograms obtained from a continuous-flow extraction
can be used. Shiowatana et al.26 and Hinsin et al.27 used
extractograms for evaluating the elemental associations in soils
and iron hydroxide precipitates. The elemental associations for
different elements can be studied by comparing detailed peak
profiles and peak shapes of extractograms. Such detailed
comparison is impossible using batch fractionation data alone,
where the only possible comparison is between the elements
extracted in a particular phase. The elemental correlation by
considering the correlation coefficient and elemental associa-
tion from extractograms are discussed using the data obtained
in this study as follows:

The elemental correlations between Zn–Cd, Zn–Pb and
Cd–Pb in individual fractions of soils are shown in Table 3.
Because soils with high and low Cd contents may show
different elemental correlations and in order to have a large
enough number of samples in each group for correlation study,
samples are divided into 2 groups based on the total content of
Cd. In Table 3, the first group represents data from soils
containing a total Cd content of o0.15–0.75 mg kg�1 (un-
contaminated to slightly contaminated soil). The second group
contains 40.75 mg kg�1 (moderately to highly contaminated
soil).

The correlations between metals in the two groups of soil
samples are different. For group I, correlation between Cd–Zn,
Cd–Pb was found only in F3 (r ¼ 0.714) and F4 (r ¼ 0.876),
respectively but significant correlations between Zn, Cd and Pb
were found in group II for F2, F3 and F4 where contaminated
metals were predominant.

Considering the elemental association in a particular frac-
tion by using the extractograms, Fig. 4 shows the extracto-
grams of Zn, Cd and Pb in highly, moderately contaminated
and uncontaminated soil. The results show close associations
between Zn, Cd and Pb and Fe in the acid soluble phase for the
highly contaminated soil (Fig. 4a). In the reducible fraction, Cd
and Pb appear to dissolve at the same time and earlier than Zn
and Fe which appear together in the later part of the leaching.
This indicates a strong association of Zn with Fe oxides which
are important constituents of soil in the reducible fraction. The
results of the relationship between metals in individual frac-
tions from the two methods are obviously different because the
two methods were based on different approaches as previously
indicated.

Elemental atomic ratio plots for evaluation of the degree of

anthropogenic contamination

The degree of contamination can be studied by the continuous-
flow sequential extraction. This is obtained by a graphical plot

of the elemental atomic ratio of metals of interest versus the
subfraction number in a particular phase. The atomic ratio
plots of Cd/Fe, Pb/Fe and Zn/Fe for highly contaminated,
moderately contaminated and uncontaminated soils are shown
in Fig. 5.
The extent of Cd, Pb and Zn adsorption on Fe oxides in the

reducible fraction can be clearly observed in Fig. 5. For Cd in
highly contaminated soil, high ratios of Cd/Fe were found in
the early subfractions and decreased with subfraction number
to approach a constant value. The atomic ratio of Cd/Fe in
moderately contaminated soil differs from highly contaminated
soil in that the atomic ratio is very low and almost constant for
all subfraction numbers. Cd contents in uncontaminated soil

Table 3 Correlation coefficient between metal in soil fractions with other metal in corresponding soil fractions

F1 F2 F3 F4

Cd Zn Cd Zn Cd Zn Cd Zn

Group I (Cd o 0.15–0.75 mg kg�1), n ¼ 17

Zn 0.000 0.577 0.714a �0.067
Pb 0.000 �0.087 �0.133 �0.167 0.562 0.576 0.876a 0.310

Group II (Cd 4 0.75 mg kg�1), n ¼ 62

Zn 0.372a 0.807a 0.848a 0.417a

Pb �0.019 0.109 0.752a 0.630a 0.851a 0.950a 0.396a 0.643a

a Correlation coefficient is significant at po 0.01.

Fig. 4 Extractograms for Zn, Cd, Pb and Fe for highly (a), moder-
ately (b) and uncontaminated (c) soils.
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are too low to be detectable; therefore, atomic ratio of Cd/Fe
of the soil could not be determined. The results indicate that
the contaminated Cd is mostly adsorbed on the surfaces of Fe
oxides. The atomic ratio plots of Pb/Fe (Fig. 5b), show the
same tendency as those of Cd. It appears that the atomic ratio
plot can be used as a tool for identification of anthropogenic
origin and degree of contamination. The atomic ratio of Zn/Fe
in highly contaminated soil varied in the range 0.6–1.1 (Fig. 5c)
while that of moderately contaminated and uncontaminated
soil are lower than 0.2. The atomic ratio plot of Zn/Fe in highly
contaminated soil does not show a similar trend as found
for Cd and Pb.

Correlation between metal in rice grain and metal fractions

Heavy metal uptake by plants in contaminated soils has been
extensively studied. The sequential extraction method has been
used in an attempt to evaluate the relationship between the
bioavailable fraction of metal in soil and the metal content in
plant. Mench et al.28 found that Cd and Ni uptake by maize
was correlated with their contents in the exchangeable fraction.
In this study, correlations between metal in rice grain, total
metal contents, exchangeable (F1), acid soluble (F2) fractions
and the summation of exchangeable and acid soluble (F1þ F2)

fractions were studied. Pb in soil samples was mostly found
near background levels or slightly contaminated therefore Pb is
not included in this study. The correlation coefficients between
metal in rice grain and their different fractions in soil collected
from the corresponding field of rice grain samples are listed
in Table 4.
A significant correlation was found between Cd in the F1

fraction and Cd in rice grain (r ¼ 0.680). The result from
fractionation shows the predominant Cd content in F1 for
acidic soils. This implies that rice will uptake more Cd in acidic
soil than neutral and alkaline soils. In other word, Cd uptake
can be regulated by pH control of the soil. The present study
agrees with previous reports which found that the uptake of Cd
into crops grown on contaminated soils was correlated with
Cd in the exchangeable fraction which was governed by
soil pH.7,29

Total metal contents were poorly correlated with metal con-
centrations in rice grains (r ¼ 0.341, 0.115 for Cd and Zn,
respectively). These results agree with previous studies.13,30–32

The different physical and chemical properties of soil have
prevented the obtainment of direct relationships between the
total metal contents in soil and plants.
The correlations between Fe and Zn in rice grain, total metal

contents, concentrations of F1, F2 and F1 þ F2 were also
studied. The contents of Fe and Zn in the soil fractions do not
correlate with the metal contents in rice grain. No significant
correlation for these two elements was found.

Conclusions

A continuous-flow sequential extraction was utilized to study
fractionation and elemental association of Zn, Cd and Pb in
soil contaminated from zinc mining activities. Zn and Pb are
predominantly present in the reducible fraction while Cd is
concentrated in the first three fractions. Soil pH strongly affects
the distribution of Cd but has no effect on Pb. The elemental
associations were investigated from extractograms obtained.
The results show close associations between Zn, Cd, Pb and Fe
in the acid soluble phase for the contaminated soil. In the
reducible fraction, Cd and Pb appear to dissolve at the same
time and earlier than Zn and Fe, which appear together in the
later part of the leaching. The extractograms provide detailed
information that is not possible to obtain using a batch
extraction technique. The data from elemental atomic ratio
plot extractograms of Cd/Fe and Pb/Fe and Zn/Fe in the
reducible phase confirm the information obtained from extra-
ctograms that contaminated Cd and Pb is adsorbed on the
surface of Fe oxides. The higher the degree of contamination,
the higher the Cd/Fe and Pb/Fe atomic ratio in the earlier
subfractions of extraction. The two additional advantages of
the continuous-flow extraction, i.e. using extractograms to
study elemental association and use of elemental atomic ratio
plots as a tool for identification of the anthropogenic origin
and degree of contamination, have proved the continuous-flow
extraction as an efficient system for detailed investigation of

Fig. 5 Elemental atomic ratio of Cd/Fe (a), Pb/Fe (b) and Zn/Fe (c)
plotted against subfraction number in the reducible phase, H ¼ highly,
M ¼ moderately and U ¼ uncontaminated soils.

Table 4 Correlation coefficient between metals in rice grain, total

metal contents, exchangeable (F1), acid soluble (F2) and the summa-

tion of exchangeable and acid soluble (F1 þ F2) fractions

Metal in rice grain

Metals in soil

Total F1 F2 F1 þ F2

Cd 0.341 0.680a 0.266 0.298

Zn 0.115 0.133 0.301 0.172

Fe N.A. 0.567 0.079 0.034

N.A. ¼ Not available.a Correlation coefficient is significant at

p o 0.01.
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soil contamination. However, the continuous-flow extraction
does have some drawbacks concerning the larger numbers of
analyses of subfractions required and the dilution effect from
the flowing stream of extractant.
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Automated Sequential Injection-Microcolumn
Approach with On-Line Flame Atomic Absorption
Spectrometric Detection for Implementing Metal
Fractionation Schemes of Homogeneous and
Nonhomogeneous Solid Samples of Environmental
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An automated sequential injection (SI) system incorporat-
ing a dual-conical microcolumn is proposed as a versatile
approach for the accommodation of both single and
sequential extraction schemes for metal fractionation of
solid samples of environmental concern. Coupled to flame
atomic absorption spectrometric detection and used for
the determination of Cu as a model analyte, the potentials
of this novel hyphenated approach are demonstrated by
the ability of handling up to a 300 mg sample of a
nonhomogeneous sewage amended soil (viz., CRM 483).
The three steps of the endorsed Standards, Measure-
ments, and Testing sequential extraction method have
been also performed in a dynamic fashion and critically
compared with the conventional batchwise protocols. The
ecotoxicological relevance of the data provided by both
methods with different operationally defined conditions
is thoroughly discussed. As compared to traditional batch
systems, the developed SI assembly offers minimal risks
of sample contamination, the absence of metal re-
distribution/readsorption, and dramatic saving of opera-
tional times (from 16 h to 40-80 min per partitioning
step). It readily facilitates the accurate manipulation of
the extracting reagents into the flow network and the
minute, well-defined injection of the desired leachate
volume into the detector. Moreover, highly time-resolved
information on the ongoing extraction is given, which is
particularly relevant for monitoring fast leaching kinetics,
such as those involving strong chelating agents. On-line
and off-line (for Cu, Pb, and Zn) single extraction schemes
are also proven to constitute attractive alternatives for fast
screening of metal pollution in solid samples and for
predicting the current, rather than the potential, element

bioavailability by the assessment of the readily mobilizable
metal forms.

Sequential injection (SI) analysis has already been established
as a powerful, fully automated computer-controlled sample pre-
treatment tool for wet chemical analysis.1-4 Basically, SI encom-
passes a multiposition selection valve with a central communica-
tion line that can be made to address each of its peripheral ports
(refer to Figure 1), and which, by means of a syringe pump, is
used for sequentially aspirating well-defined segments of the
various constituents of the assay, situated at the individual ports,
and placing them into a holding coil. Afterward, the segments
are, via flow reversal, propelled toward the detector, the manifold
allowing appropriate unit operations to be executed by incorpora-
tion of packed column reactors, reaction coils, dilution chambers,
digestion or extraction units, or gas diffusion/dialysis modules.5,6

The system, moreover, allows metering of minute volumes (down
to a few tenths of microliters), and the use of a syringe pump
readily and reproducibly permits automatic microfluidic handling
and operation at variable flow rates at will.7

Despite the recognized advantages of SI with respect to the
first generation of flow injection (FI),8-9 manipulation of solid
materials into the microchannels of the SI network remains a
challenge for analytical chemists. Yet, this flow approach entails
inherent potentials for on-line processing of solid samples, as
recently demonstrated in our research group,10 which should
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attract the interest of practitioners in other scientific fields, such
as soil science. In this discipline, fractionation analysis is currently
regarded as a powerful tool for the identification and quantification
of trace pollutants (e.g., anthropogenic metal species) bound to
predefined geological phases in the soil sample. The batchwise
procedures conventionally used are effected in a single or
sequential extraction fashion under operationally defined condi-
tions by attacking pollutant soil phase associations with solely one
chemical reagent or by the sequential action of various extractants
of increasing aggressiveness to leach the target species from
particular soil compartments. Single extractions are mostly
exploited to evaluate the exchangeable fraction of trace elements
in soils, to estimate the fraction of total metal content available
for root uptake,11 and to predict pools of contaminants mobilizable
via acidification or complexation processes.12 Sequential extrac-
tions, though more laborious and time-consuming, provide en-
hanced information on the leachability of metal forms in different
targeted phases. The ultimate aim of these fractionation schemes
is to acquire knowledge on items of major environmental concern
such as the origin, mode of occurrence, bioavailability, potential
mobility, and the transport of the elements in natural scenarios.13-17

Although both single and sequential extraction protocols, such
as the well-established three-step scheme from the Standards,

Measurements and Testing (SM&T) Program of the European
Commission18,19 (formerly BCR), originally were devised to
simulate natural conditions, researchers have more recently
realized that naturally occurring processes are, in fact, always
dynamic,20,21 rather than static as they are identified by the
traditional equilibrium-based methods. In addition, these batch
(“end-over-end”) extraction schemes suffer from several limitations
regarding practicability (e.g., lack of automation, potential risks
of contamination, labor-intensive and time-consuming protocols)
and the significance of information provided, due to the inherent
phase overlapping as a consequence of phase transformations,
readsorption, and re-distribution of extracted elements.

In recent years, a number of groups have developed clever
dynamic fractionation methods capitalizing on the advantageous
features of FI schemes to circumvent the abovementioned
drawbacks.20-25 In all cases, the solid sample, as contained in small
containers or microcartridges, is continuously subjected to the
effect of fresh portions of a given leaching agent provided in a
semiautomated fashion. These strategies have already opened new
avenues for exploring the kinetics of the leaching processes as a
function of exposure time and for obtaining a more realistic insight
into metal lability from the different soil fractions. However, the
manipulation of the extractant into the FI network to allow for
increasing contact times with the solid substrate is rather
cumbersome due to the intrinsic rigidity of the FI manifold and
the progressive aging of the flexible tubes of the peristaltic pumps
demanding a high frequency of maintenance. Although hyphen-
ated microanalytical techniques for on-line detection of released
species have been proposed recently, metal fractionation studies
have merely been performed by increasing the concentration of
the nitric acid supplied to the packed sample.21,23 To the best of
our knowledge, the application of a complete sequential extraction
scheme in a fully automated mode along with on-line detection
has not yet been reported.

In this paper, SI is exploited for the first time as a versatile
and automated approach for the implementation of both single
and sequential metal extraction/fractionation protocols in a single,
compact module furnished with a dedicated dual-conical micro-
column, which can be hyphenated with atomic spectrometers (e.g.,
ICP-AES, ICP-MS, or AAS) for on-line leachate measurements.
While it would be preferable to use a multielement detection
device, a flame-AAS (FAAS) instrument was used in this investiga-
tion to exploit the principle applicability of the methodology.
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(11) Pueyo, M.; López-Sánchez, J. F.; Rauret, G. Anal. Chim. Acta 2004, 504,
217-226.

(12) Sahuquillo, A.; Rigol, A.; Rauret, G. Trends Anal. Chem. 2003, 22, 152-
159.

(13) Kennedy, V. H.; Sanchez, A. L.; Oughton, D. H.; Rowland, A. P. Analyst
1997, 122, 89R-100R.

(14) Gleyzes, C.; Tellier, S.; Astruc, M. Trends Anal. Chem. 2002, 21, 451-467.

(15) Das, A. K.; Chakraborty, R.; Cervera, M. L.; de la Guardia, M. Talanta 1995,
42, 1007-1030.

(16) Filgueiras, A. V.; Lavilla, I.; Bendicho, C. J. Environ. Monit. 2002, 4, 823-
857.

(17) Hlavay, J.; Prohaska, T.; Weisz, M.; Wenzel, W. W.; Stingeder, G. J. Pure
Appl. Chem. 2004, 76, 415-442.

(18) Ure, A. M.; Quevauviller, Ph.; Muntau, H.; Greepink, B. Int. J. Environ. Anal.
Chem. 1993, 51, 135-151.
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Figure 1. (Top) Schematic diagram of the hybrid FI/SI system with
on-line FAAS detection for metal partitioning studies, comprising a
syringe pump, a 10-port selection valve (SV) with a central com-
munication channel (CC), a holding coil, a soil column, and a two-
position injection valve (IV) accommodating sample loops SL1 and
SL2. C1 and C2, carrier solutions; P1 and P2, peristaltic pump; W,
waste. (Bottom) Exploded view of the extraction microcolumn,
comprising the following components: (1) dual-conical sample
container, (2) silicone gasket, (3) membrane filter, (4) filter support,
(5) O-ring, and (6) end screw cap. The total volume of the sample
container is ca. 400 μL. Bottom figure adapted with permission from
ref 10. Copyright 2004 Elsevier Science Publishers.
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Detailed information about the kinetics of the ongoing extrac-
tion process and the current mobility of the various chemical forms
of the target elements may thus be obtained. By taking advantage
of the multiposition selection valve and the accurate microfluidic
handling of the syringe pump, the different and well-accepted
SM&T single and sequential extraction solutions can be precisely
aspirated and dispensed through the soil microcolumn, whereupon
the stripped target species are immediately injected into the
detection device via a straightforward FI interface. Controllable
on-line dilution to account for the variability of metal concentra-
tions in the various extracts is readily accomplished by program-
ming the portion of the FI sample loop to be filled by the leachate.

To ascertain the potentials of the hyphenated technique, a
nonhomogeneous metal-contaminated complex sample was em-
ployed, namely, the sewage amended CRM 483 soil, with certified
metal extractable contents for single extraction procedures (acetic
acid and ethylenediaminetetraacetic acid (EDTA)), using Cu as
the model of an anthropogenic metal ion of major concern, for
instance in mining areas.26 The dynamic information obtained with
the microanalytical automated flow system is also critically
compared with that previously reported for batch fractionations.

EXPERIMENTAL SECTION
Instrumentation. A FIAlab-3500 flow injection/sequential

injection system (FIAlab, USA) equipped with an internally
incorporated ten-port selection valve (SV), and a syringe pump
(SP, Cavro, Sunnyvale, CA) with a capacity of 5 mL was used.
The SI system was computer-controlled by the associated FIAlab
software. The extraction microcolumn was incorporated within
the SI system, and the outlet of the sample container was
connected to a ten-port two-position injection valve (IV), acting
as interface to a flame atomic absorption spectrometer (FAAS,
AAnalyst 100, Perkin-Elmer), as depicted schematically in Figure
1. All ports of the SV and IV were connected through PEEK
ferrules with rigid PTFE tubing (0.5 mm i.d./1.60 mm o.d.). The
central port of the SV was connected to the holding coil (HC),
which consisted of PTFE tubing (1.32 mm i.d./1.93 mm o.d.), the
length being 110 cm, corresponding to a volume of 1.5 mL. The
lengths of the PTFE tubing from port 6 of SV to the microcolumn
and from the outlet of the microcolumn to IV were each 20 cm,
corresponding to a volume of 40 μL. The IV was furnished with
two sample loops (SL1 and SL2) each of 175 μL capacity. The
connecting line between the IV and the FAAS nebulizer, which
contributes to leachate dilution, was 19 cm long. The carrier
solutions (C1, and C2; Milli-Q water) were pumped by means of a
multichannel peristaltic pump (Ismatec, SA 8031) furnished with
Tygon tubing. The peristaltic pump (in Figure 1 for graphical
reasons depicted as two separate pumps, P1 and P2) was set at a
slightly higher flow rate (viz., 6.2 mL min-1) than the uptake rate
of the FAAS (viz., 6.0 mL min-1) to deliver the extract into the
nebulizer by a positive pressure.

For on-line FAAS detection of Cu the wavelength and slit width
were 324.5 nm and 0.7 nm (except for the extracts obtained in
the EDTA single extraction method, where 216.5 nm and 0.2 nm
were used). The same conditions were used in the off-line
measurements of Cu, while the analytical wavelengths and slit

widths for Pb and Zn were fixed at 283.3 nm and 0.7 nm, and
213.9 nm and 0.7 nm, respectively. Electrothermal atomic absorp-
tion spectrometry (ETAAS, Perkin-Elmer 2100) was exploited as
a detection system to determine Pb in the acetic acid subfractions.
The temperature program was executed according to the manu-
facturer’s recommendations,27 yet a 0.17 M NH4H2PO4 solution
was used as a modifier to increase the pyrolysis temperature to
850 °C.

Microcolumn Assembly. The purpose-made extraction mi-
crocolumn exploited in this work (Figure 1, bottom) was made
of PEEK and comprised a central dual-conical shaped sample
container with an inner volume of approximately 400 μL.10 The
entire unit is assembled with the aid of filter supports and caps at
both ends. The membrane filters (Millipore, Fluoropore mem-
brane filter, 13 mm diameter, 1.0 μm particle retention) used at
both ends of the sample holder retains efficiently the solid particles
while allowing solutions and leachates to flow freely with no back-
pressure effects.

Soil Sample. A certified reference material from the Stan-
dards, Measurements and Testing Program, namely, CRM 483
soil, was used to evaluate both the EDTA and the acetic acid single
extractions, and the endorsed SM&T three-step sequential extrac-
tion method.19 The solid material (sewage sludge amended soil)
containing high levels of organic matter (viz., 12%) was collected
from Great Billings Sewage Farm (Northampton, U.K.), as
reported elsewhere.28

It should be stressed that the pretreatment steps for the
preparation of this reference material involved sieving through a
2 mm round-hole sieve and mixing thoroughly by rolling for
several days. The resulting material is, thus, characterized by a
poor homogeneity, so that when the conical microcolumn was
packed with the 300 mg soil, used in all experiments herein, it
was guaranteed to constitute a representative fraction of the CRM
483 material.29 It should be stressed that the selected soil cannot
be handled reliably with previously reported FI/continuous
microcartridge extraction techniques utilizing minute quantities
of solid sample (5-25 mg).21,23,25

Reagents and Solutions. All chemicals were, at least, of
analytical-reagent grade, and Milli-Q water was used throughout.
Working standard solutions of metal ions were prepared by
appropriate dilution of 1000 mg L-1 stock standard solutions
(Merck) with 0.1 M nitric acid. The various chemicals employed
in this work are detailed as follows: glacial acetic acid (Merck),
EDTA free acid (Sigma), hydroxylammonium chloride (Merck),
hydrogen peroxide (30%; Merck), calcium chloride dihydrate
(Merck), Suprapur ammonia (25%; Merck), Suprapur nitric acid
(Merck), Suprapur perchloric acid (Merck), and hydrofluoric acid
(Merck).

Prior to use, all glassware was rinsed with 25% (v/v) concen-
trated nitric acid/water in a washing machine (Miehle, Model G
7735 MCU, Germany) and afterward rinsed with Milli-Q water.

Single Extraction and Modified SM&T Sequential Extrac-
tion Schemes. The reagents used in the single and sequential
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extraction schemes according to the SM&T recommendations are
presented in the following sections:

Single Extraction Scheme. A 0.05 mol L-1 amount of EDTA was
prepared as the ammonium salt solution by adding in a fume
cupboard 14.61 g of EDTA free acid to 80 mL water and by
partially dissolving it by stirring in 13 mL of 25% ammonia solution.
The addition of ammonia was continued until all the EDTA was
dissolved. The obtained solution was filtered through filter paper
into a 1.00 L polyethylene volumetric flask and diluted with water
to 0.9 L. The pH was adjusted to 7.00 ( 0.05 by addition of a few
drops of ammonia or hydrochloric acid as appropriate. Finally,
the solution was diluted with water to 1.00 L, well-mixed, and
stored in a stoppered polyethylene container.

A 0.43 M solution of acetic acid was prepared by adding in a
fume cupboard 25 mL of glacial acetic acid to about 500 mL of
water in a 1.00 L polyethylene volumetric flask. The solution was
diluted with water to 1.00 L volume, well-mixed, and stored in a
stoppered polyethylene container.

A 0.05 M aqueous solution of calcium chloride was prepared
by weighing 7.35 mg of the dried salt and then diluting it to 1.00
L volume with water.

Three-Step Modified Sequential Extraction Scheme. Step I (acid
soluble fraction): A 0.11 M acetic acid solution was obtained by
appropriate dilution of the 0.43 M acetic acid stock solution
prepared previously.

Step II (reducible fraction): A 0.5 M hydroxylamine solution
was prepared daily by dissolving 3.48 g of hydroxylamine
hydrochloride in the minimum volume of water (ca. 10 mL) to
which was added 1.6 mL of 2 M HNO3. The solution was finally
diluted to 100 mL with water.

Step III (oxidizable fraction): A 30% hydrogen peroxide
solution was used as supplied by the manufacturer.

Dissolution of Residues. The residues from the extraction
microcolumn were transferred to a PTFE vessel and, following
addition of 6.0 mL of concentrated nitric acid and 5.0 mL of
concentrated hydrofluoric acid, then heated gently to near dryness
in a sand bath, with the temperature not exceeding 200 °C. Upon
complete dissolution, the samples were cooled and 5 mL of
perchloric acid was added, whereafter they were heated again to
near dryness and diluted with 0.1 M HNO3 to 50 mL prior to
atomic absorption spectrometric measurements.

General Procedure for On-Line Single and Sequential
Extraction. Initially, the holding coil was filled with the carrier
solution (Milli-Q water) and all tubing from the peripheral SV ports
were filled with the respective leaching solutions, while an air
segment was delivered to the SL2 interface via the assembled soil
containing microcartridge. Since the total volume of the conduits
between the holding coil (HC) and the FAAS (including micro-
column and sample loop) was 655 μL, SP was set to aspirate an
equivalent volume of the desired extractant into HC and, then,
the entire extractant plug was dispensed (10 μL s-1) from HC
directly to the microcolumn, allowing soil phase dissolution to
take place, along with leachate collection into loop SL2. After a
delay time of 3 s, during which the pump was stopped, IV was
switched (downward direction of the arrow in Figure 1) to make
SL2 part of the conduit between P2 and the FAAS and the extract
was injected into the detector by means of carrier C2. The 3 s
delay time was incorporated first to engage the FAAS measure-

ment and second to avoid creation of a pressure change during
the valve shift.

Then SP was set to aspirate consecutively 100 μL of air from
port 4 and 1050 μL of extractant into HC (at the rate of 100 μL
s-1). The role of the air segment is to prevent dispersion of the
leaching reagent into the carrier solution. Solely 175 μL of the
extractant plug (i.e., equal to the volume of the loops SL) was
dispensed (10 μL s-1), at each time, through the microcolumn
into the SI-FAAS interface, in this case loop SL1. The IV was
again turned and the leachate, supplied to the nebulizer by carrier
C1, was analyzed on-line. The described procedure, alternately
filling loops SL1 and SL2, was continued with a given reagent until
no detectable amount of metal was leached (i.e., the signal was
below LOD), or the increase was lower than 5% of the total metal
leached. For elements continuously leaching from slowly acces-
sible pools, as occurring in the acetic acid single extraction, a
sample weight to extractant volume ratio similar to that of the
batch method was selected.

The quantification of target analytes was done by peak
integration (6 s) and summing up the peak areas of the particular
metal fraction. All determinations were made using external
calibration with standards prepared in diluted nitric acid. Although
a common practice in batchwise fractionation is the use of
calibration protocols based on matrix matching with the pertinent
extracting reagent,11,30 in our case, under the operationally selected
conditions for CRM 483 partitioning, no multiplicative matrix
interferences were encountered, as revealed by the application
of the method of standard additions. This is a consequence of
the discrete injection of minute, well-controlled volumes of extract
into a continuously flowing carrier stream prior to FAAS detection,
thus ensuring a high wash-to-sample exposure time, which
diminishes risks of burner blockage.

RESULTS AND DISCUSSION
SI Analyzer for Single and Sequential Extraction Schemes.

Dynamic extraction procedures for monitoring metal ion release
from solid samples can be categorized into continuous20-23 and
discontinuous leaching processes10 by exploiting the first (FI) and
second (SI) generations of flow injection analysis, respectively.
SI is more advantageous than FI in terms of accurate handling of
microvolumes at predefined uniform flow rates through the solid
substrate, because the flows are precisely controlled via the
syringe pump with no need for frequent system recalibration.
Furthermore, back-pressure or clogging effects in SI assemblies
housing solid samples can, if called for, efficiently be alleviated
by accommodating bidirectional flow approaches.

In our case, however, the SI setup with unidirectional flow
fashion was entirely free from increase in flow resistance, even
after long-term use. This is a result of the optimum hydrodynamic
features of the dedicated biconical shaped microcolumn design
(refer to Figure 1), which, in fact, accepts considerable amounts
of solid material (up to 300 mg), so that solid materials lacking
homogeneity can, also, be pretreated fully automatically without
problems.

With regard to on-line detection, the discontinuous operational
nature of SI must be taken into account for appropriate hyphen-

(30) Rauret, G.; López-Sánchez, J. F.; Sahuquillo, A.; Barahona, E.; Lachica, M.;
Ure, A. M.; Davidson, C. M.; Gomez, A.; Lück, D.; Bacon, J.; Yli-Halla, M.;
Muntau, H.; Quevauviller, Ph. J. Environ. Monit. 2002, 2, 228-233.
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ation with the detection instrument. Electrothermal atomic absorp-
tion spectrometry (ETAAS) is inherently the most attractive
detector for trace metal monitoring following SI extraction. Yet,
the accommodation volume of the graphite tube (<50 μL) is
unnecessarily small even for monitoring fast leaching kinetics,
and the extraction schemes can therefore be excessively pro-
longed as a consequence of the resulting low measurement
frequency of ETAAS.

Although ICP-AES and ICP-MS nowadays have been consoli-
dated as routine tools for metal determinations because of their
high sensitivity and multielemental capabilities, their intrinsic low
tolerance to total dissolved salts31,32 limits their potential uses. For
ICP-MS, spectral interferences arising from isobaric overlapping,
and the presence of polyatomic ions, further makes its application
troublesome.33

From an operational point of view and despite its single-element
capability, FAAS should be regarded as an attractive alternative
for on-line analysis of metal contaminated soil samples using the
well-accepted SM&T extractants. Not the least because the
moderate dilution required to bring the analyte concentrations
into the linear dynamic range can be readily performed in the
microconduits of the flow setup. Furthermore, this detection
principle has proven to be compatible with direct FI injection of
the leaching agents with negligible matrix interferences.

To make compatible techniques of different nature, an external
FI device was required, thereby yielding a SI-FI hybrid approach.
It should be stressed that while the free uptake rate of FAAS
usually ranges from 4 to 10 mL min-1, the packed microcolumn
accepts maximum delivery flow rates of ca. 1.0 mL min-1. As can
be seen in Figure 1, a leachate injector furnished with two sample
loops was used to ensure optimum performance of the SI and
FAAS systems, and allowing consecutive measurements to be
effected, that is, the leaching process itself became the limiting
step of the overall procedure.

As opposed to unidirectional continuous extraction protocols
in FI systems, the hybrid SI-FI extraction technique allows all
of the extract to be subjected to analysis, and hence an almost
continuous extraction profile can be recorded (whenever required,
in-line dilution can be realized via the software-controlled injection
of a well-defined microvolume of leachate into the carrier of the
SI-FAAS interface). Thus, by using volumes equal to only 175
μL of extract per injection, detailed knowledge on the leaching
kinetics is gained, which otherwise could not be obtained, as off-
line FAAS detection in the continuous-mode requires more than
1000 μL solution for reliable measurements.

In the following, discussions of the two extraction schemes
with on- or off-line detection are offered in more detail.

Single Extraction Schemes with Off-Line Detection. Weak
acid and strong complexing solutions are commonly used to
assess trace-element availability in soil sciences. Complexing
agents extract both carbonate and organically bound fractions,
whereas weak acids mimic the effect of an acid input, such as
acid rainfall or an anthropogenic spill, onto solid substrates of
environmental origin.12,13 Therefore, one of the aims of the present

work was critically to compare the analytical results from the
proposed dynamic method as achieved with the CRM 483 soil
with those obtained under equilibrium conditions. The SI extrac-
tion system with off-line detection was assembled for fractionation
explorations of three trace elements of different recognized lability
(viz., Pb, Cu, and Zn). While Zn is considered as a typical mobile
element, Cu is regarded as a metal of intermediate mobility and
Pb as a fixed element.12 The automated extraction was performed
in the unidirectional flow mode as reported before,10 yet at a
perfusate flow rate of 10 μL min-1 with collection of 1 and 2 mL
per subfraction for EDTA and CH3COOH, respectively.

Table 1 is a compilation of the extractable amounts of Pb, Cu,
and Zn from the CRM 483 soil as obtained by resorting to the SI
single extraction schemes with off-line detection. For the CH3-
COOH extraction of Pb and Cu, the total volume of the extractant
was fixed at 12 mL to maintain a soil mass/volume ratio identical
to that in the batchwise method. For these two nonreadily
accessible metal ions, a nearly constant, continuous leaching
profile was detected, due to the nonselectivity of the reagent,34

which is also capable of releasing different metal pools prone to
acidification processes. On the other hand, Zn was rapidly leached
from the sewage amended soil. The CH3COOH extraction pattern
was monitored until the increase of metal leached in five
consecutive subfractions was less than 5% of the accumulated
amount. As shown in Table 1, the extractable content of Zn via
SI-CH3COOH extraction is statistically comparable to the certified
value, thereby indicating that both, conceptually different methods
yield similar results whenever applied to weakly retained forms.
This also holds true for reagents with a strong capacity for metal
mobilization and stabilization, such as EDTA, thus minimizing
readsorption and re-distribution drawbacks. In fact, several
researchers have employed chelating agents aimed at limiting
precipitation and sorption of solubilized forms during batch
procedures.35 In this context it should be born in mind that EDTA
is not merely capable of mobilizing carbonate and organic metal
forms by competing complexing reactions but also metals en-
trapped in hydrous oxides of iron because of the high stability
constant of the Fe-EDTA chelates (viz, log K ) 25). This explains
the good agreement between the SI and the batch results for the
EDTA extractable fractions of the entire set of target elements.

In contrast, the leachable content under dynamic mode for less
labile forms, such as acid soluble Pb and Cu, is appreciably lower(31) Wang, J.-H.; Hansen, E. H. J. Anal. At. Spectrom. 2002, 17, 1278-1283.

(32) Cano, J. M.; Todolı́, J. L.; Hernandis, V.; Mora, J. J. Anal. At. Spectrom. 2002,
17, 57-63.

(33) Montaser, A. Inductively Coupled Plasma Mass Spectrometry, WILEY-
VCH: New York, 1998; Chapter 7.

(34) Whalley, C.; Grant, A. Anal. Chim. Acta 1994, 291, 287-295.
(35) Raksasataya, M.; Langdon, A. G.; Kim, N. D. Anal. Chim. Acta 1997, 347,

313-323.

Table 1. Extractable Contents of Trace Metals (mg
kg-1) in CRM 483 As Obtained by the Single Extraction
Procedure Using the SI Extraction System with
Off-Line Detectiona

acetic acid (n ) 3) EDTA (n ) 3)

element obtained certified value obtained certified value

Pb 1.4 ( 0.1 2.10 ( 0.25 206 ( 9 229 ( 8.0
Cu 19 ( 2 33.5 ( 1.6 227 ( 11 215 ( 11
Zn 637 ( 38 620 ( 24 617 ( 5 612 ( 19

a Soil sample, 300 mg; extraction flow rate, 10 μL s-1; subfraction
volume/total extractant used, 1 mL/50 mL and 2 mL/12 mL for EDTA
and CH3COOH, respectively.
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than that obtained under a steady-state regime. This is a
consequence of the inherently longer intimate contact time
between soil and solution in the batchwise method. Actually, the
results provided by both procedures are expected to differ
considerably whenever the leaching agent attacks soil phases
containing large available pools of slowly accessible elements. Yet,
when increasing the acidic extractant volume in the SI method
up to 50 mL, the leached amount for Pb and Cu was 3- and 2-fold
higher, respectively, than the certified values due to the continu-
ous shift of the metal distribution equilibria. Therefore, it is
possible to conclude that the automated fractionation studies are
better suited than their traditional counterparts for predicting
actual risks associated with soil contamination.

Automated Single and Sequential Extraction Schemes
with On-Line Detection. Microcolumn-based single and sequen-
tial extraction schemes were equally well accommodated in the
fully automated SI setup for element partitioning studies. Besides
preventing contamination risks, the totally enclosed environment
reduces auxiliary sample manipulations dramatically, as neither
separation nor dilution steps are needed. Very importantly, the
microanalytical hyphenated technique ensures highly time-
resolved information on the ongoing extraction process. Hence,
fast leaching processes, such as those involving EDTA, can be
appropriately monitored as depicted in Figure 2. For the particular
reference material under investigation, more than 45% of the Cu(II)
potentially prone to complexation is released in the first 2 mL of
EDTA solution. Figure 3 clearly illustrates the different kinetic
information rendered by the on-line analysis of minute volumes
of leachate and, for comparison, measurements after manual

dilution of 1 mL subfractions. The averaged concentrations of the
semiautomated procedure are, thus, inadequate for short-term
assessment of the ecological impact of pollutants liberated under
the action of soluble ligands.

For the first time, the use of the three reagents in the well-
established (sometimes termed standard36) SM&T extraction
scheme19 has been effected in a dynamic flow-through mode.
According to previous researchers,20 the third step of the
procedure was realized at room rather than at elevated temper-
ature, yet the flow rate was half (viz. 5 μL s-1) of that for the
other extractants in order to increase the contact time between
the oxidizing agent and the sample. It should be emphasized that
the methodology applied in the standard scheme for organic
matter degradation solely is useful to estimate the total metal
content associated with oxidizable soil phases. The oxidation at
room temperature is a more realistic measure of the current,
rather than potential, availability of metal ions by changes in
oxidizing conditions or microbial activity in real-life samples, as
metals associated with refractory organic compounds included in
the mineral soil compartments are assumed to remain in the
sample matrix for longer periods.13

As shown in Table 2, the fully automated single CH3COOH
extraction method renders, similarly to the off-line detection
scheme, lower Cu recoveries than the batch protocol. Yet, the
on-line available fraction (i.e., 26 mg kg-1 Cu) differs from that
achieved under nonequilibrium regime but with fraction collection

(36) Filgueiras, A. V.; Lavilla, I.; Bendicho, C. Anal. Bioanal. Chem. 2002, 374,
103-108.

Table 2. Extractable Contents of Trace Metals (mg kg-1) for CRM 483 As Obtained by the Single Extraction
Procedure and the Modified SM&T Three-Step Sequential Extraction Procedure Using the SI Extraction System
with On-Line FAAS Detection

sequential extraction (n ) 3)
single extraction (n ) 3)

element method acetic acid EDTA step I step II step III residue
total

(I + II + III + residue)

Cu proposed system (automated) 26 ( 1 221 ( 5 12 ( 1 198 ( 8 39 ( 3 112 ( 6 361 ( 11
reported value (batchwise) 33.5 ( 1.6a 215 ( 11a 16.8 ( 1.5b 141 ( 20b 132 ( 29b 43.3 ( 3.8b 335 ( 35b

362 ( 12c

a Certified value. b Taken from ref 30: soil sample, 300 mg; extraction flow rate, 10 μL s-1 (except step III, 5 μL s-1); subfraction volume,
175 μL; total extractant used, 12 and 18 mL for CH3COOH and EDTA (single extraction) and 12, 24, and 12 mL for steps I, II, and III (sequential
extraction), respectively. c Total aqua regia digestion value.30

Figure 2. Extractograms for Cu in CRM 483, as obtained from
single extraction on-line FAAS detection: (9) EDTA extraction; ([)
CH3COOH extraction; subfraction volume, 175 μL; extraction flow
rate, 10 μL s-1. In the insert is shown a close-up of the extractogram
within the first 8 min using CH3COOH.

Figure 3. Extractograms for Cu with EDTA extraction, comparing
the concentration of Cu in each subfraction when using off-line
(1.0 mL per collected subfraction) and on-line FAAS detection
(175 μL per subfraction).
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(i.e., 19 mg kg-1 Cu). These discrepancies are the result of the
differences of the two operational procedures, since the delay time
per subfraction required in the on-line method between extraction
and measurement causes longer extractant-sample contact times
(viz., 42 s/(mL of reagent)). The leaching patterns are obviously
unaffected by the detection mode, as deduced from Figure 2 and
the comments in the above section.

To compare critically both the dynamic and the batch extrac-
tion techniques, it should be noted that the contact time between
the soil and the solution in the latter one is 16 h, so that metal
re-distribution processes most likely take place. Gómez-Ariza et
al.37 reported that the percentages of readsorption of metals were
strongly dependent upon the Fe-Mn oxide and organic matter
content. In this context, Chomchoei et al.38 demonstrated that the
higher the organic matter content, the higher the readsorption
of leached divalent metals, such as Cu, was encountered. There-
fore, when the manual sequential extraction method is applied to
soils containing high levels of organic matter, the first two steps
are expected to be influenced by re-distribution processes. The
higher recovery of Cu associated with easily reducible phases
(mostly, manganese oxyhydroxides) for the sewage amended
CRM 483 soil using the hybrid SI/FI system (see Table 2) as
compared with the standard procedure is, hence, to be explained
by the contribution of this phenomenon from step II to step III.
The metal content liberated from oxidizable phases, cannot,
however, be strictly compared because of the variable operational
conditions of both methods.

In Figure 4 is illustrated the three-step Cu extractogram for
the CRM 483 using the proposed flow system with on-line FAAS

detection. The extraction profile renders an additional insight into
the chemical associations of the elements within the soil compart-
ments and into the leaching kinetics through continuous monitor-
ing of the overall partitioning protocol.

As detailed in Table 2, the accuracy of the proposed approach
is assessed by comparing statistically the summation of the
extracted concentrations in each operationally defined phase plus
the residue fraction with the reported total concentrations using
aqua regia digestion. No significant differences existed between
the total metal contents provided by the two methodologies. Thus,
the extractable amount of Cu obtained by summation of steps I,
II, and III (i.e., 249 mg kg-1) is fairly similar to that mobilized
using the EDTA single extraction method (i.e., 221 mg kg-1).
Therefore, the EDTA scheme can be regarded as a valuable tool
for fast screening of metal pollution and measurement of readily
bioavailable forms.

The most easily accessible pool of Cu from the CRM 483 was
also monitored by resorting to the McLaren-Crawford scheme,
originally developed for copper fractionation in soils.39 The first
two steps of this procedure, involving 0.05 M CaCl2 for mobiliza-
tion of water-soluble and exchangeable fractions and 0.43 M CH3-
COOH for the acid soluble phases (or metals weakly bound to
specific sites), were compared with the SM&T acetic acid single
extraction scheme. The metal concentrations found in the ex-
changeable and acid soluble fractions were 1.8 ( 0.2 and 25 ( 2
mg kg-1, respectively. The summation of these two fractions is
statistically comparable to that of the SM&T method (viz., 26 (
1 mg kg-1), thereby demonstrating that single extractions are time
and cost-effective alternatives to the sequential procedures for
empirical assessment of the ecotoxicological significance of a given
element in environmentally relevant solid samples, as also pointed
out by several researchers.13,36
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Figure 4. Extractogram for Cu in CRM 483 using the three-step
sequential extraction scheme in the proposed SI system with on-line
FAAS detection. Subfraction volume, 175 μL.
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Abstract

Recently a novel approach to perform sequential extractions (SE) of elements in solid samples was developed by this group, based upon the
use of a sequential injection (SI) system incorporating a specially designed extraction microcolumn. Entailing a number of distinct advantages
as compared to conventional batch methods, this fully automated approach furthermore offers the potentials of a variety of operational
extraction protocols. Employing the three-step sequential extraction BCR scheme to a certified homogeneous soil reference material (NIST,
SRM 2710), this communication investigates four operating modes, namely uni-, bi- and multi-bi-directional flow and stopped-flow, allowing
comparison of the metal fractionation profiles. Apart from demonstrating the versatility of the novel approach, the data obtained on the metal
distribution in the various soil phases might offer valuable information as to the kinetics of the leaching processes and chemical associations in
different soil geological phases. Special attention is also paid to the potentials of the microcolumn flowing technique for automatic processing
of solid materials with variable homogeneity, as demonstrated with the sewage amended CRM483 soil which exhibits inhomogeneity in the
particle size distribution.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Sequential extraction; Sequential injection; Soil; Leaching kinetics; Microcolumn; Metal fractionation

1. Introduction

Sequential extraction is one of the most important tools
to assess the impact of trace elements in solid samples
(namely, soils, sediments, solid wastes, sludges, airborne
particulates, biological tissues and foodstuffs) [1]. The
results offer detailed information about the origin, mode
of occurrence, bioavailability, potential mobility, and the
transport of the elements in the natural environment [1–5].

∗ Corresponding author. Tel.: +45 4525 2346; fax: +45 4588 3136.
E-mail address: ehh@kemi.dtu.dk (E.H. Hansen).

When sequential extraction is practiced in the batch mode,
there is, however, a high risk of sample contamination.
Moreover, the classical manual procedures are tedious, time
consuming, labor intensive and subject to several potential
errors.

Exploiting the benefits of the manipulatory advantages of
sequential injection (SI) [6–9], this group recently developed
a novel, robust approach to perform sequential extraction of
element in solid soil samples by using an SI-system incor-
porating a specially designed extraction microcolumn [10].
In this context, it was especially useful that SI-systems are
based on using programmable, bi-directional discontinuous

0003-2670/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2004.12.068
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flow as precisely co-ordinated and controlled by a computer.
Therefore, the flow network is easy and simple to reprogram
from one application to another, notable advantages being
that it allows the exact metering of even small volumetric
volumes and that it readily and reproducibly permits flow
reversals. Furthermore, sample/reagent consumption, oper-
ating times, as well as risks of contamination and analyte
loss due to manipulation are considerably reduced in com-
parison with conventional batchwise systems. In this context,
it should be stressed that the latter operationally-defined pro-
cedures are performed under pseudo-equilibrium conditions,
so that kinetic information on the mobility of a given element
is lost.

Based on the operation of the syringe pump, four op-
erational modes are potentially feasible, comprising uni-
directional flow, bi-directional flow, multi-bi-directional flow
and stopped-flow, which are critically compared in this work
aimed at metal fractionation explorations in solid samples.
Sequential injection analysis is, thus, used as a powerful au-
tomated technique for accurate handling of micro-volumes of
extracting solutions through the soil microcolumn in what-
ever desired sequence, and also as a promising tool in looking
into the kinetics of the leaching processes as a function of ex-
posure time, and into the chemical associations of the differ-
ent components of the solid materials in the various leaching
protocols.

In order to ascertain the results, the flow system was
tested on two different certified reference materials with
variable particle size distribution, namely, the homogeneous
SRM 2170 pasture soil using the three-step BCR extraction
scheme, and the heterogeneous sewage amended CRM 483
soil with single extraction protocols. It should be mentioned
that the latter soil cannot be handled with reported flow injec-
tion/continuous microcartridge extraction techniques utilis-
ing minute amounts of solid sample [11–13], since the packed
material cannot necessarily be considered as representative
of the bulk medium. Though the emphasis herein is more on
the potentials of the SI-microextraction technique as a novel
operational concept able to integrate extraction schemes for
metal fractionation in samples of different complexity, an
interpretation of the behavior of the individually extracted
metal species in the various operational modes is also pro-
vided for the SRM 2710 soil.

2. Experimental

2.1. Instrumentation

A FIAlab-3500 flow injection/sequential injection system
(Alitea, USA) equipped with an internally incorporated 10-
port selection valve (SV), and a syringe pump (SP, Cavro,
Sunnyvale, USA) with a capacity of 10 ml was used. The
SI-system was computer controlled by the associated FIAlab
software. The extraction microcolumn was connected within
the SI-system as shown in Fig. 1. All outlets of the SV were

Fig. 1. Schematic diagram of the SI/SE systems used: (a) uni-directional
flow and stopped-flow systems; (b) bi-directional flow and multi-bi-
directional flow system. SV, selection valve; CC, central communication
channel; SP, syringe pump; HC1 and HC2, holding coils number 1 and 2;
W, waste; carrier, Milli-Q water (from Ref. [10] by permission of Elsevier
Science Publishers).

connected through PEEK ferrules with rigid PTFE tubing
(0.5 mm i.d./1.60 mm o.d.) (Bohlender, Germany). The cen-
tral port of the SV was connected to the holding coil (HC),
which consisted of PTFE tubing (1.32 mm i.d./1.93 mm o.d.)
(Cole-Parmer Instrument Company, USA), the length being
110 cm, corresponding to a volume of 1.5 ml.

Determination of the concentrations of the individual
metal species was performed by using a Perkin-Elmer An-
alyst 100 flame atomic absorption spectrometer (FAAS)
equipped with deuterium background correction.

When required, heating of extractants was made by means
a thermostated hotplate allowing the solutions to obtain the
required temperature before aspiration into the system.

2.2. Apparatus and procedure

The extraction microcolumn employed in this work has
been described in detail previously [10]. Made of PEEK, and
comprising a central bi-conical shaped sample container, with
a volume of ca. 359 �l, and equipped with filters and filter
supports and caps at both ends, the entire unit is ca. 43 mm
long when fully assembled. The membrane filters (Millipore,
FluoroporeTM membrane filter, 13 mm diameter, 1.0 �m par-
ticle retention) used at both ends of the extraction microcol-
umn allowed dissolved matter to flow freely through.
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Table 1
Experimental details of the three-step BCR sequential extraction scheme
performed in the flow-through automated fashion

Step Extracting reagent Fraction

I 0.11 mol l−1 acetic acid, room temperature Acid soluble
II 0.1 mol l−1 hydroxylamine hydrochloride, pH

2.0, 65± 5 ◦C
Reducible

III 8.8 mol l−1 hydrogen peroxide, pH 2.0,
85± 5 ◦C

Oxidisable

In this study, the three-step sequential extraction scheme of
the Community Bureau of Reference (BCR) [14] was carried
out as shown in Table 1.

2.3. Soil sample

A soil certified reference material from the National Insti-
tute of Standards and Technology (NIST), SRM 2710, was
used. The soil material was collected from a pasture land
(Montana, USA) affected by the deposition of creek sed-
iments. It is a highly contaminated soil, the certified total
concentration values of a number of elements being given.
According to the certification report, this material was care-
fully prepared to achieve a high degree of homogeneity, its
primary mission in this work being to provide a convenient
way for evaluation of the accuracy of the proposed schemes.
The extracts obtained automatically from the highly contam-
inated soil in the different extraction steps of the various op-
erational SI-modes were processed by FAAS.

In this investigation, the dedicated microcolumn was
packed with merely 25 mg of SRM 2710 soil. However, ac-
ceptable results when working with such low amounts of
homogeneous solid materials have been verified previously
[10] and also reported in the literature [11–13,15].

As a model solid sample to assess the potentials of the
automated SI-extraction system, another certified reference
material was also used, i.e., CRM 483 from BCR, which is a
heterogeneous sewage sludge amended soil containing high
levels of organic matter.

2.4. Preparation of reagents

All reagents were of analytical grade. Milli-Q water was
used throughout. Working standard solutions were prepared
by diluting 1000 mg l−1 stock standard solutions (Merck).

Other chemicals employed in the experiments were Supra-
pur nitric acid (65%, Merck), Suprapur perchloric acid (70%,
Merck), hydrofluoric acid (40%, Merck), hydrogen peroxide
(30%, Merck), glacial acetic acid (100%, Merck), and hy-
droxylammonium chloride (Merck).

Prior to use all glassware was rinsed by 25% (v/v) con-
centrated nitric acid in a washing machine (Miehle, Model G
7735 MCU, Germany) and afterwards cleaned with Milli-Q
water.

2.5. Dissolution of residues and determination of total
concentrations of metals

Residues from the extraction column were transferred to
a PTFE vessel and then 3.0 ml of nitric acid (65%) and 3.0 ml
of hydrofluoric acid (40%) were added and heated gently to
near dryness in a sand bath, with temperature not exceeding
140 ◦C, as reported elsewhere [16]. The samples were cooled
and 1 ml of perchloric acid was added, thereafter they were
heated again to near dryness and finally diluted with 2% ni-
tric acid. All the sample solutions were then further properly
diluted to make the analyte concentrations within the linear
dynamic range of the FAAS instrument.

2.6. Operating procedures

In this study, four applicable modes of the sequential in-
jection/sequential extraction (SI/SE) procedure were investi-
gated, that is, the uni-directional flow and the stopped-flow
as shown in Fig. 1(a), and the bi-directional flow and triple
bi-directional flow as depicted in Fig. 1(b). In all procedures,
a total of 50 ml of each extractant was used. However, in
order to ensure appropriate temperature control of the solu-
tions, and to avoid back-pressure effects during extractant
loading in those protocols involving flow reversal, only 1 ml
aliquots were manipulated at a time in the system. The com-
plete sequential extraction procedure of the four approaches
thus runs through the following sequences.

Uni-directional flow. SP was set to aspirate consecutively
300 �l of air from port 6 and 1.00 ml of 0.11 M CH3COOH
from port 1 into HC1 (at a rate of 100 �l s−1). The role of the
air segment is to prevent dispersion of the leaching reagent
into the carrier solution. The entire extractant plug was then
dispensed (50 �l s−1) from HC1 directly to port 5 and then
passed through the microcolumn, allowing extraction to take
place. For each five cycle runs, the extracts from the mi-
crocolumn were collected in a separate plastic vial, thus to-
tally amounting to ten 5 ml subfractions for a complete set.
Thereafter, the next extractant was automatically aspirated
from the respective valve port and the collection of ten 5 ml
subfractions repeated until all three leaching steps had been
completed.

Stopped-flow. The system operation was similar to that of
the uni-directional flow procedure, except that the procedure
included the extra stopped-flow step. After aspiration of the
air and of the extractant segment into HC1, 800 �l of the
leaching agent was dispensed (50 �l s−1) from HC1 directly
to port 5 to wash out the former extract and stop the next
fraction volume into the microcolumn, the stop period being
affixed to 2 min. Afterwards, the remaining extractant in
HC1 was dispensed to pass through the column, thereby
transporting totally 1.00 ml to the subfraction collector. The
stopped-flow step was performed only in step I (acid soluble
fraction) to assess the possible re-adsorption of the various
elements on the soil particle surface, as well as the influence
on the metal extractability by application of the ensuing
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reducing and oxidising leaching agents. The extraction
procedure was repeated with five cycle runs for each
subfraction and totally ten 5 ml subfractions for each set.
Extractions with the following two extractants were made
as described in the uni-directional flow procedure above.

Bi-directional flow. SP was set to aspirate 1.00 ml of
0.11 M CH3COOH (50 �l s−1) from port 1 to pass through
the microcolumn to HC1. To ensure that all of the extrac-
tant actually had been passed through the column, the central
communication channel (CC) in the SV was immediately,
after the loading of the extractant, switched to port 6 and
SP made to aspirate 1.00 ml of air (50 �l s−1) which hence
became positioned in HC2. The extract was then dispensed
backward (50 �l s−1) through the column, HC2, port 5 and
finally collected in the subfraction collector. Again, the leach-
ing process was repeated with five cycle runs for each sub-
fraction, amounting to a total of 10 subfractions for each set.
Identical protocols were executed for the consecutive steps
of the sequential extraction scheme.

Triple bi-directional flow. The operation of the system
was similar to that of the bi-directional flow procedure, ex-
cept that the extractant in each cycle run was passed through
the extraction microcolumn backward and forward totally six
times (3× bi-directional). The triple bi-directional step was
performed merely in the first step of the SE protocol, so that
the extraction yields of the acid soluble fraction are to be
compared for the various SI-extraction modes handled, that
is, the following extractants were used as described in the
bi-directional flow procedure.

The extracts were subjected to FAAS measurement after
the overall automated extraction steps were completed. All
determinations were made using external calibration without
matrix matching, as this previously has been found unneces-
sary for this particular reference material [10]. The total metal
concentrations were obtained for each extraction mode by
summation of the metal content in the soil phase associations
sensitive to acidification and redox processes, and the resid-
ual fraction, allowing statistical comparison with the certified
values.

3. Results and discussion

3.1. Extraction by the SI/SE system

By exploiting the SI/SE microcolumn set-up illustrated in
Fig. 1, and taking advantage of the versatility of the move-
ments of the syringe pump, four modes of extraction are
practicable, that is, uni-directional flow, bi-directional flow,
multi-bi-directional flow, and stopped-flow, being also read-
ily applicable to single extraction schemes.

In the uni-directional flow the extractant plugs are deliv-
ered only once through the microcolumn. This approach is
simple, rapid and easy to perform. Moreover, in contrast to the
other extraction protocols, and to batch-mode extractions, the
uni-directional multiple-step scheme minimizes the problem

of readsorption and redistribution of released species during
extraction, because the extractant is being continuously re-
newed, and the contact time between the leachant solution and
soil sample is, to a great extent, reduced. Thus, this dynami-
cally operating mode can be regarded as an elegant solution
to reduce the readsorption effects, which may dramatically
affect trace metal extractability in the earlier steps of sequen-
tial extraction protocols, as reported by different researchers
[17–19].

Yet, in order to obtain additional kinetic insight and valu-
able information on the various metal pools available, longer
contact time between the extractant and the soil sample might
be profitable, which can readily be achieved by exploiting the
stopped-flow and the forward–backward flow approaches.
The bi-directional flow mode must also be considered as a
suitable alternative whenever back-pressure effects are en-
countered in the uni-directional approach due to the progres-
sive tighter packing of the solid material. In the present appli-
cation, however, the uni-directional operation turned out to be
entirely trouble-free, and neither flow resistance nor tendency
of clogging was observed even after long-term use at the mod-
erately high flow rates applied (namely 3.0 ml min−1), which
is attributed to both the minute amounts of solid material em-
ployed and the optimum hydrodynamics of the custom-built
microcolumn.

3.2. Comparison of the extractable amount of metals by
different modes of extraction

One of the aims of the present work was to critically com-
pare the analytical performance of the various SI-extraction
procedures performed in an automated fashion in terms of
extractability and acceleration of the operationally-defined
SE schemes, thus reducing the number of subfractions. As
a consequence of the longer contact times between the ex-
tractant plugs and the packed soil sample in the triple bi-
directional flow and stopped-flow with respect to the uni-
and bi-directional approaches, higher extraction efficiencies
might be expected. On the other hand, it should be also kept in
mind that problems due to metal readsorption/redistribution
processes might emerge. If that is the case, the extractable
amount of target metals by using the two former modes should
decrease in step I and increase in either step II or III. There-
fore, in this study, triple bi-directional flow and stopped-flow
were executed solely in step I.

It is important to emphasise the existence of a correlation
between the contact time and the extent of the redistribu-
tion/readsorption phenomenon, as the larger the extraction
time the larger influence of this phenomenon is expected.
However, it is possible to discern between both effects by
comparison of the metal leachable contents obtained for
the stopped-flow and forward–backward approaches for
a given extraction time. In fact, the stopped-flow mode
provides relevant information on the readsorption process
as a consequence of the stagnant nature of the leaching
solution, whereas the effect of the contact time may be
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Table 2
Extractable amounts of Pb, Cu, Zn, and Mn for the various operationally-defined automated extraction modes using the SI/SE microcolumn set-up

Element Mode Amount extracted (mg g−1)±S.D. (n = 3) Total (mg g−1) Certified values (mg g−1)

Step I Step II Step III Residue

Pb Uni-directional 1.0 ± 0.1 2.11 ± 0.03 <0.36a 2.3 ± 0.1 5.5 ± 0.1 5.53± 0.08
Bi-directional 0.97 ± 0.02 2.6 ± 0.1 0.5± 0.1 1.45 ± 0.09 5.5 ± 0.2
Stopped-flow 1.04 ± 0.01 2.48 ± 0.01 < 0.36a 2.10 ± 0.05 5.62 ± 0.05
Triple bi-directional 0.9 ± 0.1 2.39 ± 0.06 0.6± 0.1 1.5 ± 0.1 5.5 ± 0.2

Cu Uni-directional 1.38 ± 0.09 0.53 ± 0.02 0.15± 0.01 0.75 ± 0.07 2.8 ± 0.1 2.9± 0.1
Bi-directional 1.46 ± 0.06 0.65 ± 0.05 0.14± 0.06 0.71 ± 0.06 3.0 ± 0.1
Stopped-flow 1.56 ± 0.09 0.73 ± 0.02 0.22± 0.04 0.40 ± 0.09 2.9 ± 0.1
Triple bi-directional 1.6 ± 0.1 0.70 ± 0.09 0.17± 0.08 0.4 ± 0.1 2.9 ± 0.2

Zn Uni-directional 1.62 ± 0.02 1.4 ± 0.1 1.1± 0.1 2.7 ± 0.2 6.9 ± 0.2 6.95± 0.09
Bi-directional 1.65 ± 0.04 1.48 ± 0.03 1.27± 0.06 2.5 ± 0.3 6.9 ± 0.3
Stopped-flow 1.7 ± 0.1 1.52 ± 0.03 1.04± 0.03 2.7 ± 0.1 6.9 ± 0.1
Triple bi-directional 1.75 ± 0.09 1.53 ± 0.05 1.04± 0.01 2.6 ± 0.2 6.9 ± 0.2

Mn Uni-directional 1.9 ± 0.2 0.44 ± 0.02 0.63± 0.03 6.9 ± 0.7 9.9 ± 0.7 10.1± 0.4
Bi-directional 0.95 ± 0.03 1.62 ± 0.04 0.46± 0.05 6.8 ± 0.8 9.9 ± 0.8
Stopped-flow 1.78 ± 0.05 1.5 ± 0.1 0.6± 0.1 6.2 ± 0.1 10.0 ± 0.2
Triple bi-directional 1.92 ± 0.07 1.6 ± 0.3 0.55± 0.02 5.9 ± 0.1 10.0 ± 0.3

Sample, SRM 2710 soil; S/C ratio, 1:14; extraction flow rate, 50 �l s−1.
a Below the FAAS detection limit.

ascertained via the bi-/multi-bi-directional modes since the
diffusion layer of the extractant solution in contact with
the soil matrix—containing the highest concentration of
released metal species—is renewed for each extraction step.

Table 2 shows the extractable amounts of Pb, Cu, Zn and
Mn for the SRM 2710 soil as obtained with the SI/SE system
exploiting various automated extraction protocols. Despite
the uni-, bi-, triple bi-directional and stopped-flow intrinsi-
cally give rise to different extraction times (namely, 7, 14, 48
and 120 s, respectively, for a loading flow rate of 50 �l s−1),
the extractability of trace metals from each soil phase asso-
ciation is by and large similar. However, the contribution of
re-distribution processes can be detected for Pb and Cu due
to the appreciable increase in the extractability for the re-
ducing agent using the backward–forward (ca. 18 and 28%,
respectively) and stopped-flow (ca. 17 and 38%, respectively)
modes in comparison with the uni-directional flow. In fact, the
phenomenon of re-distribution for the batchwise SE schemes
has been found particularly relevant for Cu and Pb, the man-
ganese oxide and humic acids being mostly responsible for
this effect [2].

Moreover, as opposed to Pb, the SI-extraction yields for
Cu using the chemical extractant with the lowest leachant
strength, i.e., 0.11 M acetic acid, improved to some extent
(≤15%) by increasing the leaching time, which can be ex-
plained according to the different mobility of both metal ions:
While Cu is regarded as an element of intermediate mo-
bility, with pools of the readily leachable carbonate bound
phase, Pb is considered as a typical fixed element [5]. In
addition, whereas the Pb fraction susceptible of oxidation
processes is not significantly different for the bi- and triple
bi-directional flow, both the uni-directional and stopped-flow
modes yielded lower extraction yields. This behavior might

be explained by the difference of the extracting operations,
because the uni-directional flow and the stopped-flow are ba-
sically based on the same operating approach, just as are the
bi- and the triple bi-directional flow procedures.

The behavior of manganese was somewhat different from
that of the remaining metals explored. It should, however, be
taken into account that Mn, as opposed to Pb, Cu and Zn, is a
major element in soil matrices. Although hydrous oxides of
manganese are commonly described as easily reducible soil
phases [2], manganese should be regarded in SRM 2710 as
a non-labile element, being strongly associated to the resid-
ual fraction. According to Table 2, the extractable amounts
associated to carbonates for the bi-directional flow, and the
reducible fraction for the uni-directional flow are lower than
those attained by the other modes of extraction. This is prob-
ably caused by the insufficient contact time between soil and
extractant.

3.3. Kinetic leaching and chemical associations in the
soil sample

Apart from the information on metal distribution in the
various phases, extractograms of each element [20] as ob-
tained by a graphical plot of extracted concentration and sub-
fraction number can provide an additional useful insight into
the kinetics of the leaching processes and the chemical asso-
ciations of the elements within the solid phases.

According to the extractograms of Pb, Cu, Zn, and
Mn resulting from the application of the different SI/SE
operational modes to the SRM 2710 soil (see Fig. 2 for
further details), the most labile elements, i.e. Zn and Cu, are
specially sensitive to acidification processes, so that more
than 25% of the total metal content is bound to carbonates.
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Fig. 2. SI/SE extractograms of metals in the SRM 2710 reference soil re-
sulting from the application of different operational modes: uni-directional
flow (�); bi-directional flow (�); stopped-flow(�); and triple bi-directional
flow (×). Sample, 25 mg; subfraction, 5 ml; extraction flow rate, 50 �l s−1.

Moreover, the target phases are rapidly leachable, since
more than 80% of the maximum metal available is obtained
in the first four subfractions. On the other hand, lead is
highly affected by reduction processes since the maximum
extractability (ca. 45%) was obtained in step II of the SE
scheme. This result agrees with previous researchers [21,22]
who found that fixed elements, such as lead, are bound to
easily or moderately reducible fractions (namely, manganese
oxyhydroxides and amorphous iron oxides).

When comparing the leaching patterns of the various met-
als in SRM 2710 for the uni-directional mode (Fig. 3), it is
noticeable that the kinetics of metal release from the solid ma-
terial follow the same trends for all trace metals: each target
analyte is mostly leached in the first subfraction (>30% for
Cu, and >40% for Zn and Pb), and the concentration in solu-
tion rapidly decreases in the following subfractions. Similar
pictures are encountered when exploiting the remaining dy-
namic extraction sequences, and virtually the same leaching
profiles are obtained.

Another outstanding asset of the SI/SE system is the
feasibility of comparing both the peak positions and the
profile shapes between elements to identify pollutant–soil
phase interactions. In order to gain more detailed informa-
tion of the leaching kinetics and elemental association, the

Fig. 3. Extractograms of metals in the SRM 2710 reference soil resulting
from the application of the BCR three-step sequential extraction protocol
using the SI-microanalytical system in a uni-directional fashion. Sample,
25 mg; extraction flow rate, 50 �l s−1; subfraction volume, 5 ml.

detailed, continuous extractograms are to be explored. This
can either be effected by collection of smaller volumes of
extract per subfraction, or, as this group presently is engaged
in, by interfacing the SI-microcolumn set-up directly with an
appropriate flow-through detector, thereby allowing on-line
determination of the individual metals.

3.4. Particle size and soil homogeneity

The proposed SI/SE concept with automatic handling of
solutions can be regarded as a versatile tool and supple-
mentary technique to the flow injection/continuous flow mi-
crocolumn schemes [11–13,23] that have recently attracted
special interest for on-line fractionation of metal ions in
solid materials and assessment of leaching kinetics to receive
valuable information on metal mobility and availability to
biota.

Although the use of minute amounts of solid samples, even
lower than 10 mg [11], have been reported recently, it should
be born in mind that the reliability of the leaching assays is to
be strongly influenced by the particle size distribution, which,
in turn, depends on the sample preparation protocols effected
prior to initialisation of the extraction tests. As suggested by
Beauchemin et al. [12], the treatment of solid materials with
poor homogeneity by automated microextraction techniques
could be troublesome due to the limited capacity of the sam-
ple container and the increase of flow resistance. Yet, the
feasibility of handling heterogeneous soil samples into flow
manifolds is a current subject of exploration in our research
group. To this end, the sewage sludge amended CRM 483 soil
with certified release concentrations of anthropogenic metals
following standardised single extraction procedures [24] is
being used as a model of heterogeneous material with parti-
cle size up to 2 mm, as compared with <74 �m in the SRM
2710 pasture soil. The experiments have been scaled up to
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evaluate the maximum sample amount to be accommodated
in the dedicated microcolumn. Sample size is proven to be
readily enlarged up to 300 mg with minimum back-pressure
increase, because of the favourable hydrodynamics of the
dual-conical shaped column. The perfusing extractant flow
rate should, however, be tailored to the dimensions of the
column for appropriate long-term performance of the micro-
analytical system. Thus, the coefficients of variation for lead
in consecutive uni-directional single extractions for CRM 483
have been reduced from 35 to 5% by increasing the sample
mass from 25 to 300 mg, rendering R.S.D. values compara-
ble, and even better, to those of the homogeneous SRM 2710
soil (see Table 2 for further information).

As a result, the proposed configuration has opened new
avenues for automatic extraction schemes of environmentally
relevant parameters in soils with different morphology and
variable homogeneity. Current research is also being focused
on the implementation of single and sequential extraction
protocols in a single, compact and miniaturised SI-manifold
aiming at developing a robust tool with inherent capabilities
for fast screening of soil pollution and at-site monitoring of
soil phase associations.

3.5. Validation of the proposed system

The accuracy of the proposed approach was evaluated by
analyzing the SRM 2710 certified reference material, and
comparing statistically the summation of extracted concen-
trations in each operationally-defined phase and residue frac-
tion with the certified total concentrations detailed in Table 2.
The t-test for mean comparison was applied as a signifi-
cance test [25]. Since the experimental t-values for Pb, Zn,
Cu and Mn were lower than the critical value of |t| (viz.,
2.23, P = 0.95) no significant differences were encountered
between the certified values and the sum of concentrations
at the 5% significance level. As a consequence, the SI/SE
method is free from both additive and multiplicative matrix
interferences, making the application of the method of the
standard additions unnecessary.

The correlation between the uni-directional flow (UNI)
and the bi-directional (BI), triple bi-directional (TR) and
stopped (ST) flow modes was assessed via statistical treat-
ment of the regression curves obtained from the overall re-
sults listed in Table 2 for trace elements. The correlation lines
were as follows: UNI = (1.16± 0.22) BI− (0.09± 0.28);
UNI = (1.10± 0.20) TR− (0.04± 0.27) and UNI = (1.09±
0.21) ST + (0.003± 0.27).

As deduced from the above equations, the calculated
slopes and intercepts do not differ significantly from 1 and
0, respectively, thus confirming the inexistence of systematic
differences between the various operational modes for the
SRM 2710 reference material. It can be concluded from these
results, that this homogeneous, highly contaminated soil con-
tains large pools of easily mobilisable metal fractions, so
that the uni-directional flow provides extraction yields which
are statistically comparable with that of the other automated

protocols. However, the application of operational modes in-
volving longer extraction times should be desirable to en-
hance the extraction efficiency in soils, sediments or sludges
with large fractions of slowly accessible metals, as currently
being investigated in our laboratory exploiting both single
and sequential extraction approaches in an automated flow
fashion.

Acknowledgements

Roongrat Chomchoei is grateful for financial support
granted by The Royal Golden Jubilee Ph.D. Program of the
Thailand Research Fund and to The Postgraduate Education
and Research Development Program in Chemistry (PERCH)
of the Commission on Higher Education (Thailand). Manuel
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Abstract

Isotope dilution methods using a stable isotope tracer (207Pb) were developed for the determination of Pb availability in

contaminated soils. The methods included determination of E values (isotopically exchangeable pool), L values (plant labile

pool) and isotopic exchange kinetics (IEK). Isotopically exchangeable Pb was monitored at different exchange times based

on measurement of the 207Pb/208Pb ratio in soil solution following addition of the tracer. The rate of decrease in the
207Pb/208Pb ratio in solution could be described by using the same IEK equation as used previously with radioisotope tracers.

The amounts of isotopically exchangeable Pb in Pb-contaminated soils estimated from long-term IEK parameters were in

good agreement with directly determined E values up to 15 days. However, values of some of the fitted IEK parameters cast

doubts on the validity of using the IEK approach with 207Pb, most probably as a result of irreversible fixation of some of the

spike by reactive surfaces in the soils. Estimation of isotopically exchangeable Pb using short-term kinetics data was

unsuccessful, substantially underestimating E values. Results for the control (uncontaminated) soil were highly variable, most

probably as a result of fixation of tracer by the soil and poor analytical precision due to low solution Pb concentrations. A

compartmental analysis of the variation in E values with time indicates a good potential for estimating bioavailable Pb in

contaminated soils. The amounts of available Pb obtained from summation of the E1 min and E1 min–24 h pools (E(available)),

accounting for an average of 57.62% of total soil Pb, were significantly correlated with both the L values and with Pb

extracted from soil with EDTA.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Isotopic exchange kinetics; Lead; Bioavailability

1. Introduction

The present amount of lead (Pb) in the environ-

ment is a result of release by natural processes and a

long history of anthropogenic use of Pb. The

increasing uses of Pb have resulted in recurring
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environmental contamination in developing and

industrialised areas of the world. Contamination of

soil with Pb from the main recognised sources is well

documented, i.e. mining and smelting, automotive

emissions, Pb-based paints and industrial activity (e.g.

Haack et al., 2003; Wong and Li, 2004; Ettler et al.,

2004; Monastra et al., 2004). Accumulation of lead in

surface soils can impact on environmental health and

can affect food quality and human health. It is widely

recognized that the mobility and bioavailability of

metals in the environment depend not just on their

total concentrations. Hence, determination of metal

availability is important for the assessment of metal

toxicity in contaminated soils. In response to this

concept, there has been a great deal of research

conducted to find suitable methods for the determi-

nation of available Pb in contaminated soils (e.g.

McLaughlin et al., 2000; Bacon et al., 2004; Bäck-

ström et al., 2004).

In relation to the mobility and plant uptake of

elements, isotope dilution techniques have been used

for investigating elemental dynamics in the soil–plant

system (Tiller et al., 1972; Fardeau, 1993; Singh and

Pandeya, 1998; Gérard et al., 2000). These techniques

are based on the assumption that isotopic tracers

added to the soil solution will exchange with the

potentially available and mobile forms of elements

present in the soil solid phase (often referred to as the

labile pool). In principle, the isotopic exchange

procedure can be performed using both radioactive

and stable isotope as tracers. In previous studies,

isotopic exchange with radioactive isotopes has been

used mainly for the determination of labile forms of

metals such as Cd, Zn and Ni in soils (e.g. Echevarria

et al., 1998; Hamon et al., 1998; Smolders et al.,

1999). There are two main types of labile pool

measurements by isotopic exchange, i.e. the determi-

nation of E and L values. The E value is a direct

measurement of the isotopically exchangeable metal

pool obtained by equilibrating soil suspension with a

radioisotope spike, followed by measurement of the

specific activity of the soil solution after equilibration.

For the determination of L values, plants are grown in

soils spiked and pre-equilibrated with the radio-

isotope. Measurement of the specific activity of the

isotope in the plants is then used to compute the labile

pool in the soil. Some studies have suggested that E

and L values produce different estimates of the labile

pool. (Tiller et al., 1972; Smolders et al., 1999; Gray

et al., 2001). In contrast, Echevarria et al. (1998)

found that E and L values for Ni were similar. Errors

may arise with L values because the specific activity

of the exchangeable metal as sampled by plants can be

affected by many complex chemical and biological

processes in the soil.

For additional information, a method has been

developed to study isotopic exchange as a function of

time. This approach is usually referred to by the term

isotope exchange kinetics (IEK) (Fardeau et al.,

1985). The IEK method has been successfully applied

to describe the kinetic transfer of radioactive phos-

phate ions (32PO4) from the soil solution to the solid

phase (Fardeau, 1996; Frossard and Sinaj, 1997). It

has been shown that the IEK technique is very useful

in describing P availability in terms of the concepts of

intensity, quantity and capacity factors. More recently,

the IEK technique has been applied successfully to

study Zn exchangeability in soils (Sinaj et al., 1999),

and Echevarria et al. (1998) used IEK to assess Ni

phytoavailability in Ni polluted soils. Gérard et al.

(2000) and Gray et al. (2004) have used the IEK

technique to investigate Cd availability in cadmium-

contaminated soils.

All the above studies of IEK have used radio-

isotopes tracers. However, procedures employing

radioisotopes generally require special facilities for

the safe handling and final disposal of radioactive

materials. In addition, for Pb there is no radioisotope

tracer that can be used for isotopic exchange studies.

In contrast to use of radioisotopes, there have been

only a handful of studies that have used stable

isotopes to measure labile metals in soils. Given some

of the advantages that stable isotopes offer over

radioisotopes as outlined by Vanhaecke et al. (1997),

and the increasing availability and sophistication of

mass spectrometry (MS) instruments, there is now

increased interest in using analytical techniques that

rely on stable tracers to measure labile fractions of

heavy metals. For example, in recent years, analytical

techniques using inductively coupled plasma-mass

spectrometry (ICP-MS) coupled with using stable

isotopes have been developed and applied to study the

bioavailability (labile fraction) of metals in soils by

Gäbler et al. (1999), Ahnstrom and Parker (2001),

Ayoub et al. (2003) and by Gray et al. (2003). The

labile fraction is defined as that portion of an element

N. Tongtavee et al. / Science of the Total Environment 348 (2005) 244–256 245



in a soil that rapidly exchanges with an added spike

which contains a known quantity of the element of

interest, artificially enriched with one of the isotopes

of the element. In the case of Pb, the determination of
207Pb and 208Pb can be easily carried out using

quadrupole-based ICP-MS instruments (ICP-QMS)

(Becker, 2002).

The labile pool of a metal in soil, whether

determined by radioactive or stable isotopes, can be

considered as a relatively unambiguous assessment of

the chemical and biological reactivity of that metal in

soil compared with fractions isolated by chemical

extractants (e.g. Nakhone and Young, 1993). How-

ever, it should be recognised that isotopic exchange

determinations are based on the assumption that the

added spike (radioisotope or stable isotope) remains

100% available for exchange. Examination of the

equations for the calculation of E values shows that

fixation (dirreversibleT sorption) of some of the spike

by reactive soil phases results in an overestimate of

the size of the labile pool. In the case of relatively

mobile elements such as Cd and Zn, the assumption

that 100% of the spike remains available for exchange

appears reasonable, although, in some cases, some

fixation of the spike may occur even with these

elements. For example, Tiller et al. (1972) reported

evidence of fixation of spiked radioactive Zn by soils.

They found quite erratic overestimates of isotopically

exchangeable Zn for alkaline soils, sometimes even

exceeding the total amount of soil Zn. In the case of

Pb, fixation of the spike could potentially be a

considerable problem since Pb is known to be very

strongly bound by soil surfaces. Indeed, examination

of the results of Gäbler et al. (1999) suggests that

fixation may be a real issue. Their values for isotopi-

cally exchangeable Pb, determined in water or 1M

NH4NO3, were actually higher than the concentration

of EDTA-extractable Pb determined for their study

soil. This would seem a somewhat unlikely situation.

In addition, several recent isotope studies examining

isotopic signatures of different soil Pb pools show that

there is considerable Pb isotopic heterogeneity

between pools, and at best, exchange between

fractions and homogenisation of isotopic ratios must

be extremely slow (e.g. Emmanuel and Erel, 2002;

Wong and Li, 2004; Bacon et al., 2004).

In the present study we have examined the use of

an enriched stable Pb isotope to determine the pool

of isotopically exchangeable Pb in soils (E value).

We have also investigated whether it is possible,

using the IEK approach, to predict isotopically

exchangeable Pb for long-term exchange times, i.e.

up to 15 days, from short-term data (1–100 min).

Our study also includes the measurement of isotopi-

cally exchangeable Pb based on plant uptake (L

value). With all methods, we examine the data for

evidence that fixation of the spike may limit or

invalidate their usefulness. Finally we compare the

different measurements of labile Pb with a single soil

extraction with ethylenediaminetetraacetate disodium

salt (EDTA).

2. Materials and methods

2.1. Description of study site and soil samples

Surface soil samples (0–10 cm) were sampled

from the area surrounding a small lead smelter

located near the town of Rangsit, approximately 110

km north of Bangkok, Thailand. The smelter, has

been operating for the last 10 years and is used

essentially to re-cycle lead (Pb) from old batteries.

Sampling was carried out at distances of between 0

and 2.5 km from the smelter by taking several sub

samples at each location with a trowel from an area

of approximately 0.5 m2 and bulking. A preliminary

sampling of the site was carried out and the total

concentrations of Pb in these samples were deter-

mined. The results showed that total Pb concen-

trations varied in the range of 20–250 mg/kg Pb.

Five samples were chosen for use in this study to

represent a range from background to high concen-

trations of Pb. The background soil was sampled at a

distance of 2 km from the smelter. The chemical and

physical properties of these five soils are shown in

Table 1. Soil samples were dried at 30 8C in an oven

for 5 days. All the samples were then ground and

sieved through a 2 mm stainless steel sieve. All soils

were stored in a desiccator prior to laboratory

analysis. Soil pH was measured in a water suspen-

sion using a soil/solution ratio of 1:2.5 after the

suspensions were shaken for 24 h on a reciprocating

shaker at 20 8C (Blakemore et al., 1987). Total

carbon content was determined by LECO CNS 2000

Analyser. Soil texture was measured by the Malvern

N. Tongtavee et al. / Science of the Total Environment 348 (2005) 244–256246



Laser Sizer method (Singer et al., 1988). Total Pb,

Fe and Al were determined by acid digestion as

described by Kovács et al. (2000), followed by

atomic absorption spectrophotometry or ICP-QMS

using a Perkin Elmer SCIEX model ELAN 6000.

2.2. Reagents

All chemicals used were of Analytical Reagent

grade and obtained from BDH Chemicals (Poole,

Dorset, UK). High purity water was used throughout

with a metered resistivity z18 MV. Elemental Pb

enriched with 207Pb (z94.6% 207Pb) was purchased

from Novachem Pty. Ltd. (Australia). The enriched

Pb was initially dissolved in HNO3 and then diluted

with water to give a stock solution of approximately

1800 mg/L.

2.3. Theory

2.3.1. Isotopically exchangeable Pb

When a spike solution enriched with 207Pb is

added to a soil, it is assumed to equilibrate with all

forms of soil Pb that constitute the overall labile

pool. At equilibrium, the Pb isotope ratios of the

solution and solid isotopically exchangeable phases

should be the same (in our case we measured the
207Pb/208Pb ratio). The amount of isotopically

exchangeable metal, at equilibrium time t (Et) in

the soil can be calculated using Eq. (1) (Gäbler et al.,

1999).

E tð Þ ¼
Vspike d Cspike�solutiondMd ðhlightspike � rd hheavyspike Þ

msampled NAd ðrd hheavysample � h
light
sampleÞ

d 106

ð1Þ

Where Vspike is the volume of the added spike solution

(mL), Cspike solution is the concentration of the element

in the spike solution (atom/mL), M is the molar mass

(g/mol) of the element, NA is Avogadro’s constant,

msample is the mass of the sample (g), h is the isotopic

abundance of the lighter (207Pb) or heavier (208Pb)

isotope in the spike solution or the natural isotopic

abundance in the sample, r is the measured
207Pb/208Pb isotope ratio in solution after isotopic

exchange. The natural isotopic abundance of Pb

occurring in each contaminated soil sample, hsample

was determined for each sample by ICP-QMS. Eq. (1)

can also be used to calculate L values from plant

uptake studies. In this case, r is the 207Pb/208Pb ratio

measured in plants grown in spiked soil.

2.3.2. Isotopic exchange kinetics

The principle of IEK employing a radioactive

tracer has been described in a number of recent papers

(Echevarria et al., 1998; Sinaj et al., 1999; Gray et al.,

2004). When radioactive ions are added carrier free to

a soil solution system at a steady state, the quantity of

radioactivity in solution (rt) decreased as a function of

time, t (min) for the duration of the isotopic exchange

according to the following Eq. (2) (Fardeau et al.,

1985).

r tð Þ=R ¼ r 1ð Þ=R
� �

t þ r 1ð Þ=R
� �1=nn o�n

þ r lð Þ=R

ð2Þ
Where R is the total introduced radioactivity (MBq)

and r(1) and r(l) are the radioactivity (MBq) remain-

ing in the solution after 1 min and an infinite

exchange time, respectively. The value n is a

parameter describing the rate of disappearance of the

radioactive tracer from the solution for times longer

than 1 min of exchange.

The present IEK study was carried out using a

stable isotope as a tracer. In this case, the rate of

decrease in 207Pb/208Pb ratio in solution, as a result of
207Pb exchange with Pb on the solid phase, was

Table 1

Properties of the experimental soils

Soil Total Pb (mg/kg) pH Sand (%) Silt (%) Clay (%) Org. C (%) Total Fe (%) Total Al (%)

C1 21.2 5.54 21.3 56.9 21.8 2.23 5.1 1.8

S1 69.9 6.51 20.5 63.6 15.9 2.89 7.6 1.2

S2 99.2 6.17 24.6 61.9 13.5 1.47 4.7 0.8

S3 143.0 5.91 17.1 65.1 17.8 1.81 3.3 1.1

S4 246.6 5.73 20.5 61.4 18.1 2.65 3.4 1.1
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assumed to follow the same behaviour as previously

observed with radioactive tracers (Eq. (2)). Therefore,

with reference to Eq. (2), r(t) is defined as the
207Pb/208Pb ratio in solution at time (t) and R is the
207Pb/208Pb ratio of the spike solution. The r(1) and

r(l) values are the 207Pb/208Pb ratios in the solution

after 1 min and an infinite exchange time, n is a

parameter describing the rate of decrease in
207Pb/208Pb ratio in solution for times longer than 1

min of exchange.

2.4. Procedure for determination of E values and IEK

Generally, for isotope exchange determinations,

tracers (radioactive or stable) are added to soil

suspensions already at chemical equilibrium. How-

ever, the length of time taken for soils to achieve

chemical equilibrium for metals in water, or weak salt

solutions can be quite variable, ranging from a few

hours to several days (e.g. Tiller et al., 1972; Sinaj et

al., 1999; Gray et al., 2004). We selected a 3-day

equilibrium period before adding tracer to the soil

suspension. An important factor of concern when

using stable isotope tracers is the amount of spiking

tracer added. Ideally, the amount of tracer added

should ensure a significant and detectable change in

the isotope ratio in the soil solution (207Pb/208Pb)

from that in unspiked samples, even after isotopic

equilibration has taken place. Gäbler et al. (1999)

successfully determined amounts of isotopically

exchangeable Pb in soils using a spike of 1016

atom/g soil. Since the total soil concentrations of Pb

in our study were in the same range as those reported

by Gäbler et al. (1999), we also added the stable

isotope tracer at a rate of 1016 atom/g soil.

Samples of soil (3.00 g) were equilibrated with 30

mL deionized water on an end-to-end shaker for 3

days. At this time (t=0 min), 60 AL of an enriched
207Pb solution (207Pb; 94.6% and 208Pb; 2.9%) was

spiked into the equilibrated soil suspension (2.148�
1016 atom/g soil). The soils were then re-suspended

and shaken further. At intervals of 1, 10, 40 and

100 min, 1, 2, 3, 7, 11 and 15 days, duplicate

samples were removed from the shaker, centrifuged

(10000 rpm for 10 min) and filtered through a 0.45

Am cellulose acetate membrane. Concentrations of
207Pb and 208Pb were determined in the filtrates by

ICP-QMS.

2.5. Procedure for determination of L values

Five soils were spiked with a 207Pb-enriched

solution for use in a plant growth study. A 40 mL

volume of 207Pb-enriched solution was added to 400 g

of sieved dried soil to give a final mean soil atom of

approximately 1.597�1016 atom/g soil. The soils and
207Pb spiking tracer were then mixed manually

together with an additional 56 mL of a mixed nutrient

solution of KNO3 (6.5 mM), NH4NO3 (7.5 mM),

MgSO4 (2 mM) and KH2PO4 (0.6 mM). After mixing,

the soil was divided into four and placed into acid

washed plastic pots, lined with perforated plastic bags.

Each spiked soil (approximately 125 g moist soil at

80% of the water holding capacity) was covered and

left to incubate for 1 week.

Seeds of wheat (Triticum aestivum L. cv. Monad)

were then placed just below the soil surface, at a

sowing density of 9 seeds per pot, and thinned to 6

plants following seedling development to remove late

germinating and unhealthy seedlings. Four replicates

of each soil were arranged in a randomized block

design and the plants were grown in a controlled

environment growth chamber (15/20 8C, 8 h dark/16 h
light). The moisture content was maintained at 80% of

the water holding capacity by watering to weight with

de-ionized water daily. Every 2 weeks, a further

addition of the mixed nutrient solution was made.

Plant shoots were harvested after 6 weeks, at which

time there was sufficient plant material for analysis.

Plants were rinsed in deionized water and then dried at

80 8C for 48 h, and the dry weights recorded. Then the

dried plants were finely ground and digested in 10 mL

HNO3 over 7 h. Following HNO3 digestion, the lead

isotope ratio of 207Pb/208Pb in the digested solution

was determined by ICP-QMS.

2.6. Single extraction with 0.04 M EDTA

EDTA-extractable Pb was determined by extrac-

tion of 10 g of soil with 25 mL of 0.04 M EDTA at 20

8C for 2 h on an end-over-end shaker. After extraction

the soil suspension was centrifuged at 10000 rpm for

10 min and then filtered through Whatman 42 filter

paper before Pb measurements by ICP-QMS. The

filtered solutions were diluted 50 times with deionized

water and spiked with 115In as an internal standard

prior to ICP-QMS measurements. The extractable
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amounts of 207Pb and 208Pb isotopes provided the

dnaturalT isotopic abundance of 207Pb and 208Pb for

each soil sample prior to addition of the 207Pb

enriched spike. In fact, there was no significant

difference in this value between the five soils.

2.7. Data analysis

For all five soil samples, long-term isotopic

kinetics was carried out. The IEK procedure was

carried out for 1, 10, 40 and 100 min, and then for a

further 1, 2, 3, 7, 11 and 15 days of isotopic exchange.

The 207Pb/208Pb ratio in the soil solution was then

determined by ICP-MS at each interval. At each

sampling interval for these five soils, r(t) values were

used to calculate directly the isotopically exchange-

able Pb, E(t) using Eq. (1) (up to 15 days). We refer to

these data as measured E-values (Emeas).

To calculate long-term kinetic parameters, data for

r(t)/R at any time, t (min) was fitted to Eq. (2) using on

iterative nonlinear regression algorithm (REGRES-

SION WIZARD, SigmaPlot, Version 6.0) to obtain

r(1)/R, n and r(l)/R kinetic parameters. The fitting

procedure constricted the value for r(l)/R to values

equal to or above the value obtained assuming

complete dilution of the spike by the total Pb in the

soil sample (see short-term calculation below). This

was done because, in reality, no values for r(l)/R can

be smaller than the estimates made assuming that all

the soil Pb is ultimately isotopically exchangeable.

Using the fitted parameters, E(t) values were then

calculated from Eqs. (2) and (1). We refer to these

calculated values as long-term predicted E-values

(Elong-pred).

For relatively short periods of exchange (we used

100 min), Eq. (1) simplifies to (Fardeau et al., 1991):

r tð Þ=R ¼ r 1ð Þ=R t½ ��n ð3Þ

So the values of r(1)/R and n can be estimated from a

linear regression plot between log r(t)/R and log t. The

value of r(l)/R can be estimated by assuming

complete dilution of the spike by the total Pb in the

soil sample.

r lð Þ=R ¼ 94:6� 7:4þ Pbt � 22:2ð Þ
2:9� 7:4þ Pbt � 52:3ð Þ � 1=32:62

ð4Þ

Where Pbt=total soil lead concentration (mg/kg), The

values of 94.6 and 2.9 are the percentage abundances

of 207Pb and 208Pb in the added spike. The values of

22.2 and 52.3 are the measured natural abundance of
207Pb and 208Pb in the soils. The value of 32.62 is the
207Pb/208Pb ratio (R) in the spiking solution. The

estimated values of r(1)/R, r(l)/R and n were then

used to calculate E(t) values for periods up to 15 days

(Eqs. (1) and (2)). We refer to these values as short-

term predicted E-values (Eshort-pred).

The results obtained from the IEK technique can be

interpreted using compartment analysis (Fardeau et

al., 1991). A compartment is defined as a homoge-

nous unit pool in which all the ions have the same

kinetic properties and exchange at the same rate of

exchange with the same ions present in other

compartments of the system (Sheppard, 1962; Atkins,

1973). We have chosen to analyze soil isotopically

exchangeable Pb with a three-pool model consisting

of E1 min, E1 min–24 h and EN24 h.

2.8. Quality control

For the isotope ratio measurements of 207Pb and
208Pb, the ICP-QMS measurement parameters were

daily optimized before use according to the manu-

facturers recommendation using a mixed standard

solution containing Ba, Ce, Mg, Pb and Rh, and also

Table 2

ICP-MS operating parameters

Plasma conditions

RF power 1050–1100 W

Nebulizer flow rate 1.0 mL/min

Auxiliary gas flow rate 0.9 mL/min

Plasma gas flow rate 15 L/min

Mass spectrometer setting

Analog stage voltage �2500 V

Pulse stage voltage 1400 V

AC rod offset �5 V

Sampler cone Nickel

Skimmer cone Nickel

Measurement parameters

Mode Peak hopping

Resolution Normal

Dwell time (isotope) 50 ms (Pb-207 and Pb-208)

Number of sweeps per reading 40

Number of replicate 3

Sample introduction

Sample uptake flow rate 1.0–1.2 mL/min
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including mass tuning to obtain separate well-defined

peaks between 207Pb and 208Pb (Reference: Perkin-

Elmer mass spectrometry manual instruction). The

general operating conditions of the ICP-MS are shown

in Table 2. The resolution of mass separation with the

quadruple mass detector used in this work is 1 amu,

with general well-defined peak widths of 0.7 amu

each. The concentrations of 207Pb and 208Pb were

determined together with an internal standard 115In

(Indium). The limit of detection for Pb was 0.05 Ag/L.
For a dnaturalT Pb standard of 10 Ag/L, the measured
207Pb/208Pb was 0.423+0.005 (n=10).

2.9. Statistical analysis

All statistical analyses were performed using the

statistics program in MS-Excel’97. Long-term,

n, r(1)/R and r(l)/R parameters were obtained using

the nonlinear regression algorithm (REGRESSION

WIZARD, Sigma Plot, Version 6.0).

3. Results and discussion

3.1. Change in E-value with time

The quantity of isotopically exchangeable Pb

(Emeas) was calculated for each sampling period

during the 15 day study. For all of the contaminated

soils, the calculated E values increased rapidly during

the first 24 h (1440 min) of exchange, followed by

much slower rates of exchange (Fig. 1). The E values

appeared to plateau at between 3 and 7 days (4000–

10000 min), indicating that isotopic equilibrium had
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Fig. 1. Comparison between measured, long-term predicted, and short-term predicted E(t) values for contaminated soils S1 to S4. Error bars for

measured E(t) values are FS.E. of duplicate determinations.
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largely been achieved by this stage. For soils S2, S3

and S4 in particular, the E(meas) values lay on

relatively smooth curves with increasing time (Fig.

1). In contrast, for the control (C1) soil (Fig. 2), and

for contaminated soil S1, the data points between 3

and 7 days showed considerable fluctuation. The

reasons for this may be related to a combination of

some of the analytical and fixation problems dis-

cussed elsewhere in this paper.

Our results appear similar to previous reports for

Zn and Cd (Sinaj et al., 1999; Gray et al., 2004). Sinaj

et al. (1999) investigated labile Zn in both polluted

and non-polluted soils, their results showing an

increase in the quantity of isotopically exchangeable

Zn during 15 days with a fast exchange in the early

stages. Gray et al. (2004) found that the isotopic

exchange process for Cd is relatively fast during the

first 24 h of exchange. These results are similar to

those found in the current work, which clearly

indicated that the isotopic exchange of Pb is initially

a relative fast process (1 min–1 day), followed by a

period of much slower exchange.

In an attempt to examine the use of the IEK

approach for a stable isotope, Eq. (2) was used to

model the decrease in the 207Pb/208Pb ratio in solution

with time after addition of the spike. For the

contaminated soils (S1, S2, S3 and S4), Eq. (2)

provided a reasonable fit to the experimental data as

shown in Fig. 1 (R2N0.91) and the long-term kinetics

parameters; r(1)/R, n and r(l)/R could be estimated

from the equation fitting procedure (Table 3). Stat-

istical tests demonstrated reasonable good agreement

between values of E(meas) and the corresponding E

values (Elong-pred) calculated from the IEK parameters.

The results indicated that the behavior of isotopically

exchangeable Pb was similarly to that of Zn, Cd and

phosphate ions that have previously been successfully

fitted to Eq. (2). In contrast, for the control soil (C1),
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Fig. 2. Comparison between measured, long-term predicted, and short-term predicted E(t) values for the control soil (C1). Error bars for

measured E(t) values are FS.E. of duplicate determinations.

Table 3

Comparison of kinetic parameters using IEK data between short-

term and long-term exchange

Soil r(1)/R n r(l)R R2

Short-term

Control C1 0.153 0.228 0.032 0.931

Soil S1 0.053 0.115 0.019 0.970

Soil S2 0.026 0.047 0.017 0.987

Soil S3 0.021 0.020 0.016 0.907

Soil S4 0.020 0.039 0.015 0.896

Long-term

Control C1 0.125 0.448 0.040 0.919

Soil S1 0.025 0.289 0.024 0.931

Soil S2 0.0094 0.179 0.017 0.979

Soil S3 0.0054 0.163 0.016 0.914

Soil S4 0.0054 0.226 0.015 0.926

N. Tongtavee et al. / Science of the Total Environment 348 (2005) 244–256 251



although the R2 obtained from long-term kinetics

fitting is relatively high (0.919) (Table 2), agreement

between the E(long-pred) and E(meas) values is generally

poor. It seems most likely that the poor fitting of the

control soil data is related to the analytical errors for

this soil, caused by the very low concentrations of

Pb involved.

Attempts to use short-term data (up to 100 min) to

predict E values (Eshort-pred), for periods up to 15 days

were not successful (Fig. 1). It was found that the

Eshort-pred values were underestimated compared to the

E(meas) values for all soil samples. Our short-term

kinetics approach shows that it is not possible, in the

soil samples studied, using short-term parameters (1–

100 min of isotopic exchange) to predict the amounts

of isotopically exchangeable Pb for longer-term

period (up to 15 days). To a certain extent, these

large errors may be due to a lack of precision in the

values used for time (t). For short equilibrations the

length of time taken to separate solution from soil by

centrifugation and filtration could have introduced

substantial errors into the first two data points (1 and

10 min). However, Gray et al. (2004) also found that

data from short-term kinetics data were only success-

ful in predicting long-term exchangeable Cd for two

out of six soils, even when they filtered soil

suspensions immediately after sampling. For other

soils, short-term IEK could predict exchangeable Cd

only up to 24 h of exchange. After 24 h, Eshort-pred

values were overestimated. In contrast, Sinaj et al.

(1999) demonstrated that the results derived from a

short-term IEK experiment (1–100 min) allowed for a

precise prediction of exchangeable Zn up to 15 days

in some soil samples. However, this was not possible

for soils with high pH and low total Zn contents. From

all of these studies, it would seem that short-term IEK

procedures have some limitations for predicting long-

term E values.

3.2. Validity of the IEK approach

Although as described above, Eq. (2) appeared to

provide good fits to the experimental data (high R2

values, Table 3), a closer examination of some of the

parameters derived from the fitting process raises

doubts about its validity for use in this study. In the

case of three of the soils (S2, S3 and S4), the fitted

values for r(l)/R are the minimum values possible,

implying that ultimately all Pb in the soils is isotopi-

cally exchangeable. This seems extremely unlikely.

More importantly the fitted r(1)/R values are lower

than the r(l)/R values, which is of course an

impossibility. This implies that Eq. (2) is inappropriate

for modelling the isotopic exchange process, or that in

this study the decrease in 207Pb/208Pb ratio in solution

is not due solely to isotopic exchange. Fixation of

some of the 207Pb spike in non-isotopically exchange-

able forms could account for this problem, and

additional evidence of fixation occurring in this study

is described below. In view of this issue, the use of

Eq. (2) in this study should be regarded simply as a

mathematical curve-fitting procedure enabling the

dsmoothingT of the experimental data. On this basis

it is probably unwise to pay much attention to the

fitted values for the various parameters (Table 3) or

make comparisons with values obtained for other

metals such as Zn, Cd and Ni obtained in previous

studies (e.g. Echevarria et al., 1998; Sinaj et al., 1999;

Gérard et al., 2000; Diesing et al., 2002).

3.3. Compartment analysis of isotopically

exchangeable lead

Previous studies have demonstrated that avail-

ability of metals is not a simple matter of labile and

non-labile pools (Sinaj et al., 1999; Gray et al.,

2004). In this present study, a three-compartment

model was used to describe isotopically exchange-

able Pb in our soil samples. The three compartments

are E1 min, E1 min–24 h and EN24 h pool, respectively.

The results of compartment analysis estimated from the

long-term kinetics data are summarized in Table 4.

They indicate that the E1 min pool contained between

10.75% and 34.82% of the total soil Pb. This pool

Table 4

Isotopically exchangeable Pb in designated pools predicted from

long-term IEK data

Soil Pool 1:

E(1 min)

(mg/kg)

Pool 2:

E(1 min–24 h)

(mg/kg)

Pool 3:

E(N24 h)

(mg/kg)

Control C1 2.28 (10.75) 10.04 (47.36) 8.80 (41.89)

Soil S1 10.92 (15.92) 17.29 (24.74) 41.69 (59.64

Soil S2 29.98 (30.22) 31.63 (31.89) 37.59 (37.89)

Soil S3 49.79 (34.82) 43.02 (30.08) 50.19 (35.10)

Soil S4 57.66 (23.38) 96.78 (39.25) 92.16 (37.37)

Figures in parenthesis show % of total Pb in each pool.
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represents Pb that is isotopically exchangeable during

the first minute of exchange and corresponds to the

instantaneously isotopically exchangeable Pb ions. The

Pb present in this pool is composed of Pb2+ in the soil

solution and adsorbed or chelated Pb that is very

rapidly exchangeable. This pool must be considered as

the pool of Pb ions directly available for plants. The

size of the E1 min–24 h pool ranges between 24.74% and

47.36% of the total soil Pb. According to our data, the

amounts of isotopically exchangeable Pb increased

rapidly during the first day of exchange (Figs. 1 and 2),

so that it is highly likely that Pb in the E1 min–24 h pools

is also relatively plant available. Finally, the pool

containing Pb that is either slowly exchangeable (i.e.

between 24 h and 15 days), or not exchangeable with

the spike, for instance Pb occluded in minerals or

strongly adsorbed onto soil particles, is in the EN24 h

pool. Lead in this pool ranges between 35.10% and

59.64% of total soil Pb. For the five soil samples, the

proportions of Pb present in the E1 min, E1 min–24 h and

EN24 h pools were on average 22.96%, 34.66% and

42.38%, respectively.

3.4. L values from plant uptake study

As mentioned in the introduction, there is no

previous report examining the use of the L value for

determination of available lead in soils. In our work, L

values have been determined by spiking of soils with

a stable isotope tracer (207Pb) and measuring the
207Pb/208Pb ratio in plants grown in the soils. The L

values determined are shown in Table 5. The L value

for the control soil (C1) shows a totally unrealistic

value vastly exceeding the total content of soil Pb.

This overestimation may result from the fixation at

strongly binding sites in the soil. Fixation is consid-

ered to be a much more likely problem to occur in the

control soil. In the current study, the fixation problem

may be related to the high Fe content of our soils

(Table 1). In the contaminated soils, fixation also

probably occurred but may have had much less

overall influence on the isotopic exchangeable process

than in the control soil. In the contaminated soils, the

most strongly fixing sites on the soil oxide surfaces

are more likely to be already occupied by anthro-

pogenic Pb prior to spiking. In our procedure for

determination of the L value, Pb fixation could have

occurred during the period of incubation with 207Pb

for 7 days, before seeding.

3.5. Comparison of available Pb determined by

different methods

Estimates of labile pools of Pb are generally

regarded as providing an indication of plant available

Pb in the soil. The mean E values estimated from the

long-term IEK fitting procedure were compared with

the amounts of labile Pb determined using two other

techniques, i.e. L values and single extraction with

EDTA. Table 5 shows the comparison of the estimates

of available Pb determined using the different

methods. The E(available) values consist of Pb present

in the E1 min plus E1 min–24 h pools. For the three most

highly contaminated soils (S2, S3 and S4) there is

relatively good agreement between the E(available) pool

estimated from long-term IEK data and the corre-

sponding L values. However, because of fixation of

Pb as discussed in the previous section, there is no

agreement between the two types of estimate for the

control soil. The L value for the least contaminated

soil (S1) is also much higher than the corresponding

E(available) value, suggesting that Pb fixation may also

have been an issue with this soil.

The amounts of available Pb estimated from a

single EDTA extraction are generally lower than

those estimated by E(available) or L values, again

suggesting that fixation of the Pb spike may have

resulted in an overestimate of labile/available Pb.

However, in the case of the three most highly

contaminated soils, the differences are not large.

Many laboratory studies have shown that EDTA is

effective in removing Pb, Zn, Cu and Cd from

contaminated soils (Elliotte and Brown, 1989; Brown

and Elliott, 1992). EDTA is a very commonly used

Table 5

Comparison of amounts of available Pb determined using different

methods

Soil E(available)
a

(mg/kg)

L value

(mg/kgFS.D.)

EDTA-extractable

Pb (mg/kg)

Control C1 12.32 184.1F57.7 3.78

Soil S1 28.21 55.2F15.5 18.50

Soil S2 61.61 73.1F11.9 53.21

Soil S3 92.81 93.9F26.2 76.83

Soil S4 154.44 133.8F25.3 130.87

a E(available)=E(1 min) + E(1 min–24 h).
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soil extractant because of its strong chelating ability

for different heavy metals. In spite of the potential

fixation issue, labile Pb as predicted from both E and

L values (L value for control (C1) soil excluded) is

highly correlated with EDTA extractable soil Pb

(Fig. 3). On this basis, EDTA would appear to be an

effective extractant for estimating the amounts of

labile Pb in contaminated soils.

Some previous studies have reported the correla-

tion between the IEK-derived estimates of plant

availability and plant uptake of elements. Frossard et

al. (1992) have reported that P exchangeable between

1 min and 24 h correlated with root uptake of P from

soils. Echevarria et al. (1998) have successfully used

the IEK approach to assess Ni phytoavailability in Ni

polluted soils. Gray et al. (2004) reported that the IEK

compartment analysis showed clear differences in the

distribution of Cd between exchange pools between

soils where Cd was derived from phosphate fertilizer

and those where Cd was derived from biosolids,

especially Cd located in the E1 min–24 h pool. The

results suggested that biosolids-derived Cd was more

bioavailable than that derived from phosphate fertil-

izer. It can therefore be concluded that the proposed

IEK approach is a useful method for characterizing

the availability of these metals. However, because of

the potential fixation of the Pb spike by soils, the

characterization of Pb availability using the IEK

approach appears to have some limitations.

4. Conclusions

Initially, our results indicated that the IEK

equation used for radio-isotopic exchange processes

also appeared to be an effective model for kinetics

studies using a stable isotope. The fitted curves

illustrate that isotopic exchange of Pb was a

relatively fast process in the early stages (b24 h),

followed by a much slower rate of exchange. The

results found in our study were similar to those

found in previous studies for Zn and Cd. However, a

close examination of some of the IEK parameters

derived from the fitting process raises doubts about

its validity for use with the stable Pb isotope. Some

limitations of the isotopic exchange approach have

been observed where irreversible fixation of added

Pb has appeared to occur. This fixation significantly

affects the basic assumptions underlying this

approach. Fixation of Pb coupled with errors

associated with low concentrations of Pb in soil

solution lead to unrealistically high E and L values,

in particular for the control soil. It was also not

possible to use short-term kinetics parameters

(derived from 1–100 min) to predict the isotopically

exchangeable Pb in the long-term (up to 15 days).

Clearly, fixation of the added tracer by soil requires

further investigation. It may well have been exacer-

bated in the current study by using soils with such

high Fe oxide contents.
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In spite of problems with using the IEK approach,

other than as a simple mathematical curve-fitting

exercise, the amounts of available Pb (E values),

determined during 24 h of exchange were signifi-

cantly correlated with the plant uptake method (L

values), and with EDTA-extractable Pb for all con-

taminated soils.
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un medèle fonctionel à plusieurs compartiment. Agronomie

1993;13:317–31.

Fardeau JC. Dynamics of phosphate in soils. An isotopic outlook.

Fert Res 1996;45:91–100.
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ORGANIC ACIDS IN THAI FOODS CAN ENHANCE 

CALCIUM BIOAVAILABILITY 
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Sottimai

ABSTRACT 

 Vegetable is an important source of dietary calcium. Unfortunately, they 
contain substances, i.e., dietary fiber, phytate, and oxalate which can inhibit the 
bioavailability of calcium. Two vegetables were selected for study: kale and spinach 
which are representative of vegetables with high and low calcium bioavailability, 
respectively. The effect of adding these vegetables in different dishes on calcium 
bioavailability were investigated using an in vitro dialysis method. Four dishes: fish 
Tom Yam, fish Kaeng Som, fish soup, and fish soup with lime juice were prepared to 
study the effect of ingredients on calcium in vitro dialyzability of vegetables.  
 A novel continuous-flow dialysis method with flame atomic emission 
spectrometric detection (flame AES) was applied to estimate the dialyzability of 
minerals in dishes prepared. The method involves a simulated gastric digestion with 
pepsin, followed by dialysis occurring during a continuous flow of dialyzing solution 
(NaHCO3). Using the proposed system, the enhancement of calcium dialyzability for 
kale was observed for fish Tom Yam (28%), and fish soup with lime juice (15%). For 
fish soup and fish Kaeng Som, no significant enhancement in calcium dialyzability 
for kale was found in these dishes. For spinach, the depression of calcium 
dialyzability was found in all dishes. The enhancement of bioavailability found could 
be attributed to the organic acids, especially citric acid in the dishes containing lime 
juice.

Key words : In vitro method, bioavailability, calcium, Thai dishes. 
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Table 1.  Ingredients for samples of fish Tom Yam, fish Kaeng Som, fish soup, and fish soup 
with lime juice. 

Ingredients Fish Tom 
Yam (B) 

Fish Kaeng 
Som (B) 

Fish soup 
(B)

Fish soup 
with lime 
juice (B) 

Boiled fish (g) 120.60 119.84 120.59 120.59 
Tom Yam Chilli paste (g) 
Kaeng Som Chilli paste (g) 

31.46 
-

-
40.30 

-
-

-
-

Lime juice (g) 
Tamarind juice (g) 

15.00 
-

-
15.50 

-
-

20.00 
-

Fish sauce (g) 
Sugar (g) 
Deionized water (mL) 

5.50
-

250

10.00 
4.00
300

5.48
-

250

5.48
-

250
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�
������	������"�
! 0.5 ��&� �&��9�
�"��	
� ��
�
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HNO3: H2O2 3:2 (v/v) ����
%� 10 mL 9�
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�
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��9����3 $
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�
��
�
��57�5
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�
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���������	����
"$����$
��"�

 NaHCO3 ��
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�
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+
� (titratable acidity) �	����5
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�)$���� pepsin digestate (2.5 g) �&- pancreatin bile 
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���������	����
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Optimum NaHCO3 concentration = (Titratable acidity in Molarity)/36 
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Figure 1.   Diagram of a novel continuous-flow dialysis system. 
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Dialyzability (%)    =    D x 100                                                                                              
                                      W x A 

 

 9�
�	�  D = ����
!��������	
��	����"��$�����&2���������
 150 �
�	 ��7���&��-���5
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�	���� 

         5
��
���
�-���� (μg) 

      W= �2�
��&�%&��
+
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+
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�
����� (μg/g) 
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  Dialyzability Enhancement (or Depression) (%)    =   [DAB - (DA+DB)] � 100 
                                                               (DA+DB)

��7��   DAB =  ����
!�
����"��$���������+:
%( ��7����
)&� (A) ��"���7�����(��7�� E (B) �
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����"��$���������+:
%(��)&� (A) ��7����7�����(��7�� E (B) ��7����
���$(�9��E 
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Figure 2.  The profile of dialyzed calcium and pH change during dialysis for kale and spinach 
by continuous-flow dialysis method. 
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Table 2. The comparison of calcium bioavailability for kale and spinach by the continuous-
flow dialysis and in vivo method. 

% Ca bioavailability 
Method 

Kale Spinach 
In vitro method

Continuous-flow dialysis 
(this study) 

Continuous-flow dialysis  
(Sottimai et al., 2003) 

42.2 � 0.2 

52.9 � 1.1 

2.89 � 0.17 

4.6 � 0.5 

In vivo method
Dual isotope tracer 

(Weaver et al., 1994) 
Dual isotope tracer 

(Weaver et al., 1999) 
Dual isotope tracer 

(Heaney et al., 1990) 

                              
58.8 

49.3 

40.9 

5.1 

5.1 

4.55 
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Table 3. The percent increase of calcium dialyzability in the presence of organic acid for 

amaranth as determined by continuous-flow dialysis method.
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Table 4. Calcium dialyzability of kale alone(A) and in different dishes(AB) and enhancement 
(depression) effect from ingredients. 

Menu % organic 
acid

Total
calcium 

(mg/serving)

Dialyzed Calcium 
(mg/serving), n=3 

%
enhancement 

(or depression) 
1.  Fish Tom Yam with kale
     - Boiled kale alone(A) 
     - Fish Tom Yam alone(B) 
     - Fish Tom Yam with kale(AB) 

(0.1)
0.61a

0.50a+(0.1)

55.1 ± 4 
39.5 ± 3.6 

109 ± 1 

25.4 ± 0.6 (46.0%) 
19.0 ± 2.1 (48.1%) 
56.7 ± 1.9 (52.0%) 

          +28% 

2.  Fish Kaeng Som with kale
     - Boiled kale alone(A) 
     - Fish Kaeng Som alone(B) 
     - Fish Kaeng Som with kale(AB) 

 (0.1) 
0.10b

0.08b+(0.1) 

55.1 ± 4 
71.7 ± 4.9 
132 ± 13 

25.4 ± 0.6 (46.0%) 
35.6 ± 1.1 (49.7%) 
65.1 ± 2.5 (49.4%) 

+7%
  Insignificant  

effect
3.  Fish soup with kale
      - Boiled kale alone(A) 
      - Fish soup alone(B) 

(0.1)
0.00

82.8 ± 0.7 
8.78 ± 0.53 

41.3 ± 0.9 (49.9%) 
3.71 ± 0.20 (42.4%) +6%

% increase of dialyzability in the presence of organic acid Organic acid 

1% 2.5% 5% 

Ascorbic acid 

Citric acid 

Malic acid 

Tartaric acid 

0

32.8 

0

26.6 

15.1 

54.5 

33.2 

41.6 

29.1 

65.7 

46.1 

55.8 



      - Fish soup with kale(AB) 0.00+(0.1) 90.8 ± 3.6 47.5 ± 3.1 (52.3%)    Insignificant 
effect

4.  Fish soup with lime juice with 
     kale
     - Boiled kale alone(A) 
     - Fish soup with lime juice alone(B)  
     - Fish soup with lime juice with   
       kale(AB) 

 (0.1) 
0.40a

0.33a+(0.1)

79.3 ± 0.7 
10.7 ± 1.2 
86.6 ± 1.6 

39.6 ± 0.8 (49.9%) 
4.98 ± 0.25 (46.6%) 
51.2 ± 0.8 (59.1%) 

+15%

* Values in brackets are percent dialyzability. 
a  Citric acid containing in the dish. 
b Tartaric acid containing in the dish. 
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Figure 3. The profile of dialyzed calcium and pH change of fish Tom Yam with kale by 
continuous-flow dialysis method. 
 



Fish Kaeng Som with kale
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Figure 4. The profile of dialyzed calcium and pH change of fish Kaeng Som with kale by 
continuous-flow dialysis method. 
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Table 5. Calcium dialyzability of spinach alone(A) and in different dishes(AB) and 
enhancement (depression) effect from ingredients. 

Menu % organic 
acid

Total
calcium 

(mg/serving) 

Dialyzed Calcium* 
(mg/serving), n=3 

%
enhancement 

(or depression) 
1.   Fish Tom Yam with spinach
      - Boiled spinach alone(A) 
      - Fish Tom Yam alone(B) 
      - Fish Tom Yam with spinach(AB) 

0.00a

0.61a

0.52a

34.1 ± 1.6 
58.5 ± 4.2 

100 ± 4 

0.98 ± 0.06 (2.89%) 
27.1 ± 0.1 (46.3%) 
6.14 ± 0.12 (6.14%) 

          -78% 

2.   Fish Kaeng Som with spinach
- Boiled spinach alone(A) 
- Fish Kaeng Som alone(B) 
- Fish Kaeng Som with spinach(AB) 

0.00b

0.10b

0.08b

29.5 ± 1.4 
96.1 ± 5.0 

128 ± 2 

0.85 ± 0.05 (2.89%) 
39.2 ± 2.0 (40.8%) 
11.1 ± 0.4 (8.70%) 

-72%

* Values in brackets are percent dialyzability. 
a  Citric acid containing in the dish. 
b Tartaric acid containing in the dish. 
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