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Since their introduction in the late 1970s, sequential extraction procedures have
experienced a rapid increase in use. They are now applied for a large number of
potentially toxic elements in a wide range of sample types. This review uses
evidence from the literature to consider the usefulness and limitations of
sequential extraction and thereby to assess its future role in environmental
chemical analysis. It is not the intention to provide a comprehensive survey of all
applications of sequential extractions or to consider the merits and disadvantages
of individual schemes. These aspects have been covered adequately in other,
recent reviews. This review focuses in particular on various key issues surrounding
sequential extractions such as nomenclature, methodologies, presentation of data
and interpretation of data, and discusses typical applications from the recent
literature for which sequential extraction can provide useful and meaningful
information. Also covered are emerging developments such as accelerated
procedures using ultrasound- or microwave energy-assisted extractions, dynamic
extractions, the use of chemometrics, the combination of sequential extraction
with isotope analysis, and the extension of the approach to non-traditional
analytes such as arsenic, mercury, selenium and radionuclides.
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1. Introduction

The environmental behaviour of poten-
tially toxic elements (PTEs) depends
critically on the form in which they
occur.? The manner in which an element
is bound to the solid components of
environmental solids, such as soils or
sediments, influences the mobility and,
ultimately, the bioavailability and toxi-
city of the element to organisms. As
a result there is considerable interest
in improving the understanding of

element-solid phase associations in nat-
ural and polluted systems.

Direct determination of the chemical
forms of trace elements in environmental
samples such as soils can be achieved by
means of various instrumental techni-
ques,® notably synchrotron-based X-ray
radiation fluorescence (SXRF),** parti-
cle-induced X-ray emission (PIXE),’
X-ray absorption near edge structure
(XANES),® and extended X-ray absorp-
tion fine structure (EXAFS)*® spectro-
Although  powerful, these

scopy.

Christine  Davidson is a

researcher at the Macaulay
Institute in Aberdeen with a
particular interest in the use of
mass spectrometry to study
radiogenic isotopes in the
environment. He was involved
in the development of the BCR
sequential extraction proce-
dure and participated in
the BCR reference material
programme.

N

Christine M. Davidson

Jeffrey R. Bacon

senior lecturer in analytical
chemistry at the University
of Strathclyde, specialising
in development of methods
for measurement and frac-
tionation of potentially toxic
elements. Her BSc and PhD
degrees  are  from  the
University of Glasgow, with
post-doctoral experience in
Utrecht, Netherlands, and at
SURRC, UK.

This journal is © The Royal Society of Chemistry 2008

Analyst, 2008, 133, 25-46 | 25


https://doi.org/10.1039/b711896a
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN133001

Published on 26 september 2007. Downloaded on 20.11.2025 14:30:31.

View Article Online

techniques are not widely available and
may offer poor detection limits, meaning
that they can be applied only to heavily
contaminated samples.”'°

Hence, over the past three decades,
interest has increased markedly in the use
of indirect approaches such as sequential
chemical extraction (Fig. 1). In sequen-
tial extraction, a series of reagents is
applied to the same sample to sub-divide
the total metal content. The ‘vigour’
of the treatment generally increases
through the steps of the procedure, from
initial mild conditions (e.g. shaking with
water, a salt solution or dilute acetic
acid) to the use of much harsher reagents
(e.g. hot mineral acid). The PTEs
extracted early in the process are thus
generally those most weakly bound to the
solid phase. Hence, they have greater
potential mobility, and environmental
impact, than those released later.

In 1991, Ure'' defined chemical
speciation as either ‘the active process of
identification and quantification of the
different defined species forms or phases
in which an element occurs in a material’
or ‘the description of the amounts and
kinds of species, forms or phases present
in the material. He proposed that
speciation be divided into three classes:

(a) Classical speciation refers to spe-
cific chemical compounds or oxidation
states of elements, e.g. cerussite (PbCO;)
vs. pyromorphite [Pbs(PO4);Cl]; Cr' vs.
Cr't.

(b) Functional speciation refers to
the observed role or behaviour of the
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element, and is characterized by terms
such as ‘plant available’ or ‘mobile’
species.

(¢) Operational speciation refers to the
situation where the reagent used to
extract the sample defines the species,
e.g. ‘acetic acid soluble’ or ‘moderately
reducible’ species.

Sequential chemical extraction is an
example of operational speciation.

Later, IUPAC'? published a definition
of speciation which distinguished the
process of identifying species (‘speciation
analysis’) from the description of the
species themselves. The TUPAC defini-
tion of speciation corresponds roughly to
the ‘classical’ definition of Ure. Hence,
although the term ‘operational specia-
tion’ is still widely used, it is more correct
to refer to sequential extraction as a
method for ‘fractionation’ of PTEs.

To quote an IUPAC report'® on the
determination of trace elements bound to
soils and sediment fractions, “despite
some drawbacks, the sequential extrac-
tion method can provide a valuable tool
to distinguish among trace element frac-
tions of different solubility related to
mineralogical phases. The understanding
of the speciation of trace elements in
solid samples is still rather unsatisfactory
because the appropriate techniques are
only operationally defined”. This is the
nub of the problem in using sequential
extractions. The ever increasing use of
sequential extractions indicates that this
approach is thought to provide mean-
ingful and useable information and yet in
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Fig. 1 Growth in publications featuring the use of sequential extraction for fractionation
of trace metals (Source: ISI Web of Science; search parameters: ‘sequential extraction’

AND ‘meta*’).

many papers no real attempt is made to
interpret the data other than to say that
so much metal is associated with a
certain phase. There appear to be many
misconceptions in existence, even to the
meaning of ‘operationally defined’,
which can lead to confusion. The aim
of this review is to outline the develop-
ment and current status of chemical
sequential extraction and to highlight
some of the issues that still exist in the
application of the procedure and inter-
pretation of results.

2. History

The growth in interest in sequential
extraction may be traced back to the
classic work of Tessier, Bison and
Campbell in 1979."* They used a five-
stage extraction (Table 1) to fractionate
cadmium, cobalt, copper, iron, lead,
manganese, nickel and zinc in river
sediments containing levels of
PTEs. The reagents used were selected
on the basis of their ability to remove
analytes from specific, major, sediment
phases — either by exchange processes
or by dissolution of the target phase.
Extraction steps also corresponded with,
or at least represented extremes of,
important changes in environmental
conditions that could affect metal bind-
ing in sediments: acidification (e.g. in
response to an input of acidified rain-
water or industrial discharge); reduction
(e.g. as may occur following post-deposi-
tional burial in a sediment column) and
oxidation (e.g. as might occur following
dredging and land-deposition of anoxic
sediments).

Sequential  extraction was  thus
originally developed to provide informa-
tion on potential impacts of sediment-
bound PTEs on water quality. However,
application to soil soon followed'>'®
and, by the early 1990s a number of
researchers were using the approach to
fractionate PTEs (and, in some cases,
radionuclides) in a variety of substrates.
The use of different procedures, with
different numbers of steps, reagents
and extraction conditions, meant that
it quickly became difficult to draw
meaningful comparisons between results
obtained in different laboratories. The
need for standardization became clear.

The Community Bureau of Reference
of the Commission of the European

low
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Soluble and exchangeable cations,
and carbonates

Nominal target phase(s)
Fe-Mn oxyhydroxides
Organic matter and sulfides

Exchangeable, water-
and acid-soluble

Fraction label
Residual

“ Although not officially a step in the sequential extraction, it is recommended that the residue at the end of Step 3 be digested with aqua regia and the sum of the four fractions be compared

with the results of a separate aqua regia digestion of the sample.

Reducible
Oxidisable

CH,COONH,

Aqua regia

at pH 1.5
H,05 (85 °C) then 1.0 mol 1!

0.11 mol I"! CH;COOH
0.5 mol 1”! NH,OH-HCl

Revised BCR (ref. 21)
Reagent

(Step 4)¢

Step 2
Step 3
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Step 1

and sulfides

Fraction label and nominal
Residual

target phase(s)
Bound to organic matter

Bound to carbonates
Bound to Fe-Mn oxides

Exchangeable

to pH 5 with CH;COOH
0.04 mol 1"" NH,OH-HCl in 25%

CH,COONH, in 20% HNO;

CH,COOH (96 °C)
HCIO,/HF

1.0 mol 1"! CH3;COONa adjusted
HNO3/H,05 (85 °C) then 3.2 mol 17!

1.0 mol 17! MgCl, at pH 7.0

Reagent

Table 1 The Tessier and (revised) BCR sequential extraction schemes

Tessier (ref. 14)

Step 1
Step 2
Step 3
Step 4
Step 5

Communities (BCR) commissioned
research which led to the development
of a harmonized, three-stage, sediment
sequential extraction protocol.'”'® The
principal difference in this new scheme,
with respect to that of Tessier, was that
the first two steps of the Tessier scheme
were replaced by a single step. In
addition, larger sample amounts and
extractant volumes were used to allow
more representative sampling and to
avoid some of the analytical difficulties
associated with the use of small extrac-
tant volumes. In light of increasing
concerns over the specificity of reagents
used in sequential extraction procedures
(see Section 3), the fractions were labeled
according to chemical processes rather
than target mineral phases.

Problems were reported with irrepro-
ducibility of, in particular, Step 2 of the
original BCR procedure (see, for exam-
ple, ref. 19) and, after a thorough re-
evaluation in the late 1990s,%° a revised
protocol was recommended®' (shown in
Table 1). Recognizing the need for
improved quality control in sequential
extraction, the BCR also led develop-
ments such as the production of certified
reference materials (CRMs).?> Sediments
certified for amounts of analytes
extractable by both original**** and
revised>>?® BCR sequential extraction
protocols were produced (see Table 2).
It was also recommended that, when
using the revised BCR protocol, an
additional step (aqua regia digestion of
the residue from Step 3) be performed
and the sum of the four steps of the
sequential extraction be compared with
the result of a separate aqua regia
digestion of the whole soil (pseudototal
content). In this way the overall effective-
ness of the sequential extraction process
and element recoveries can be assessed.

Since the early 1990s, sequential
extraction has continued to increase in
popularity. In addition to the sediments
originally envisaged, the approach has
been applied to a wide variety of sub-
strates including agricultural soils,>”*
soils amended with organic wastes,? 33
rhizosphere soils,** 3 urban soils,***
forest soils,**** industrial (contaminated)
soils,**** urban sediments (road parti-
culates),* mine spoil,”*  sewage
sludge,so’52 composts,s’g’56 incinerator
ashes,>” medical waste fly ash,>® airborne
particulate  matter,’>® electric  arc

furnace dust®! and gas pipeline corrosion
products.®® Although a large number of
different protocols have been reported,
the Tessier and BCR schemes remain
amongst the most widely used. A com-
prehensive review of sequential extrac-
tion schemes was provided in 2002 by
Filgueiras, Lavilla and Bendicho.®® The
review of Young ez al.®* is recommended
for providing a clear introduction to the
development of sequential extractions,
some of the limitations such as lack
of specificity and some of the recent
innovations for improving the procedure.
Other reviews have included an
overview of the use of leaching/extraction
tests for risk assessment of trace metals
in contaminated soils and sediments,®
the use of sequential extraction proce-
dures for the characterization and
management of contaminated soils,
the fractionation of metals in atmo-
spheric aerosols®” and recent methodo-
logical advances, in particular for on-line
dynamic fractionation.®®

An ongoing limitation to the use of
sequential extraction has been the avail-
ability of only a few reference materials
for checking the performance of methods
and laboratories. Various authors have
therefore attempted to increase the range
available by applying standard®* or
other®'#2 procedures to generate indica-
tive extractable metal concentrations in
additional reference materials, typically
soils or sediments already certified for
their total PTE contents. This has pro-
vided useful information (see Table 3).
However, such data should be used with
care since they are generally generated in
a single laboratory and, therefore, not
subjected to the same degree of inter-
laboratory assessment as occurs during
certification of a new reference material.
Further work in this area will, however,
refine the reliability of published results’®
and is therefore to be encouraged.

3. Scope and limitations of
sequential extraction

Sequential extraction is thus now widely
accepted and adopted. The approach has
led to improved understanding of the
behaviour of PTEs in environmental
samples, and generated large amounts
of data useful in assessing potential
risks from environmental contaminants.
However, along with the proliferation in
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Table 2 Reference materials specifically certified for sequentially extractable PTEs, together with certified values (mg kg™ ")

BCR CRM 601 (metals extractable by the original BCR procedure)”

Step 1 Step 2 Step 3 Step 4 Pseudototal”
Cd 4.14 + 0.23 3.08 + 0.17 1.83 + 0.20
Cr 0.36 + 0.04
Cu 8.32 + 0.46°
Ni 8.01 + 0.73 6.05 + 1.09 8.55 + 1.04
Pb 2.68 + 0.35 33.1 + 10.0¢ 109 + 13
Zn 264 + 5 182 + 11

BCR CRM 601 (metals extractable by the revised BCR procedure)”

Cd 4.45 £+ 0.67° 3.95 + 0.53¢ 1.91 + 1.43¢ 1.3 +22° 1.5 £ 1.9°
Cr 0.35 + 0.08° 10.6 + 0.9 144 + 2.6° 78.2 + 6.5¢ 112 + 9.5¢
Cu 10.5 + 0.8° 72.8 + 4.9 78.6 + 8.9 60.4 + 4.9 230 + 15¢
Ni 7.82 + 0.84¢ 10.6 + 1.2¢ 6.04 + 1.27¢ 50.5 + 4.3¢ 78.8 + 6.7¢
Pb 2.28 + 0.44° 205 + 11¢ 19.7 + 5.8° 38.0 + 8.7¢ 288 + 52¢
Zn 261 + 13¢ 266 + 17¢ 106 + 11¢ 161 + 14¢ 833 + 17¢
BCR CRM 701 (metals extractable by the revised BCR procedure)®

Cd 7.34 + 0.35 3.77 + 0.28 0.27 + 0.06 0.13 + 0.08° 11.7 + 1.0
Cr 226 + 0.16 457 + 2.0 143 + 7 62.5 + 7.4° 272 + 20°
Cu 493 + 1.7 124 + 3 55.2 + 4.0 38.5 + 11.2¢ 275 + 13¢
Ni 154 + 0.9 26.6 + 1.3 153 +£ 0.9 41.4 + 4.0° 103 + 4¢
Pb 3.18 + 0.21 126 + 3 93 + 20 11.0 + 5.2¢ 143 + 6¢
Zn 205 + 6 114 +°5 457 + 4.0 95 + 13¢ 454 4+ 19°

“ Uncertainties quoted are half widths of the 95% confidence intervals of the mean values. © Aqua regia-soluble PTE content. ¢ Indicative
value. ¥ Uncertainties quoted are standard deviations (n = 7 for Steps 1-3, n = 6 for Step 4 and pseudototal). ¢ Uncertainties quoted are half
widths of the 95% confidence intervals of the mean values for Steps 1-3, but standard deviations for Step 4 and pseudototal values.

Table 3 Some additional certified reference materials to which Tessier or BCR sequential extraction procedures have been applied

CRM Type of material Procedure PTEs measured Reference
NIST SRM 2709 Relatively uncontaminated Tessier Al, Ca, Cd, Co, Cu, Fe, K, Mn, Ni, 69
agricultural soil (P), Pb, Sr, Ti, V, Zn
NIST SRM 2710 Highly contaminated Tessier Al, Ca, Cd, Co, Cu, Fe, K, Mn, Ni, 69
pasture soil (P), Pb, Sr, Ti, V, Zn
Original BCR Cd, Cu, Pb, Zn 70
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 72
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 75
Revised BCR Al 77
NIST SRM 2711 Moderately contaminated Tessier Al, Ca, Cd, Co, Cu, Fe, K, Mn, Ni, 69
agricultural soil (P), Pb, Sr, Ti, V, Zn
Original BCR Cd, Cu, Pb, Zn 70
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 72
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 75
Revised BCR Al, As, Cd, Co, Cr, Cu, Fe, Mn, 78
Ni, Pb, Sb, Zn
Revised BCR Cd, Cu, Fe, Mn, Pb, Zn 79
NIST SRM 1648 Urban air particulate matter Original BCR Cd, Cu, Fe, Mn, Zn 73
BCR CRM 483 Sewage sludge-amended soil Revised BCR Cd, Cr, Cu, Ni, Pb, Zn 71
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 72
Revised BCR Cu, Fe, Mn, Pb, Zn 74
Revised BCR Al, Cu, Fe, Mn, Pb, Zn 75
Revised BCR Cd, Cr, Cu, Ni, Pb, Zn 76
CW 7 Dust from ventilation shaft of Revised BCR Al, Cu, Fe, Mn, Pb, Zn 72
a road tunnel Revised BCR Al 77
CANMET RSS SO-2 Ferro-humic podzol soil Revised BCR Al 77
CANMET RSS SO-4 Black soil Revised BCR Al 77
HPS CRM SA-B Sandy soil Revised BCR Al 77
WEPAL SRM RTH 912 Loess soil Revised BCR Al 77
RTC NMCRM 025-050 Moderately contaminated soil Revised BCR Al 77
GBW 07401 Chinese soil Original BCR Tl 80
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applications have grown misconceptions
about the significance of the results
obtained.®® Procedures are often applied
uncritically® and, in particular, the
operational nature of the extraction
procedure is frequently ignored (or —
worse — noted but then disregarded) by
authors. This issue is discussed in more
detail in Section 4.

It is extremely important to appreciate
that sequential extraction only divides
the PTE content of a test sample into
portions soluble in particular reagents
under particular conditions. Whilst these
reagents are often selected with the
intention that they should target well-
defined mineral phases — and may indeed
do so in many cases — such specificity
cannot be guaranteed. Hence, interpreta-
tion of the results of sequential extraction
in terms of binding of trace metals
to specific minerals is unjustifiable,
unless additional, X-ray-based, analyti-
cal techniques are applied to the residues
at each stage in the extraction to
identify precisely the solid components
remaining.®* %3

Schemes continue to be described
which are claimed to target specific,
well-defined, phases successfully.
Poulton and Canfield®® developed a
scheme to target seven ‘operationally
derived’ iron pools in sediment samples
and validated the specificity on grain-
size-separated sediments. An improved
procedure using hydroxylamine hydro-
chloride and acidified hydrogen perox-
ide, also used in both the BCR and
Tessier schemes, was developed in order
to dissolve specifically manganese oxide
phases without any significant dissolu-
tion of iron oxide phases.”®

Such papers are, however, heavily
outnumbered by papers which report
clear evidence for the non-specificity of
sequential extraction procedures. The
comparison by Parat er al’® of three
different procedures provided evidence
for lack of specificity and the operational
nature of the extractions. Sodium
acetate, generally defined as extracting
exchangeable metals or carbonate-bound
metals, could remove considerable
amounts of metals in forms other than
exchangeable ones. Copper distribution
was affected by the position of the
oxidation step in the sequence of extrac-
tion steps. In a similar comparison,
Tokalioglu es al.’” also concluded that

the amount of metal released at each step
of the leaching procedure depended both
on the type of reagents used and the
sequence in which they were applied. As
the measured amount of metal associated
with a particular phase is strongly
dependent on the extractant and proce-
dure used, it has been suggested that at
least two independent procedures should
be used.”® In most cases this would
be considered impractical. Hanahan®
found that sodium acetate could also
release metals associated with hydroxide
minerals. Independent studies of mining
wastes'” and anoxic sediments'®'-'%?
demonstrated that hydroxylamine hydro-
chloride can dissolve sulfide minerals so
sulfide-bound metals could mistakenly be
interpreted as being bound to iron oxide
species. Dermatas et al.'® concluded that
lead in the soils of firing ranges could be
extracted in any step of the procedure
depending on the soil buffering capacity
even though scanning electron micro-
scopy revealed 95% of the lead to be
in carbonate or oxide forms. Perhaps
the most extreme demonstration of the
dependency of interpretation on the
procedure used was the finding by
Doelsch er al.'® that the amendment of
a tropical soil with sewage sludge led to
an increase of metals associated with
the reducible fraction according to one
sequential extraction scheme but to a
decrease according to another scheme.
A number of other problems have been
identified that cannot be explained by
specific causes. Mostly unreliable results
were obtained for chromium using 11
different schemes,'®” serious discrepan-
cies were found for manganese using an
‘optimized” BCR procedure,’® no reliable
data for nickel in unpolluted soils could
be obtained using the BCR procedure!*®
and systematic under-recovery was
observed for a seven-step procedure.'®’
In comparison to single extractant pro-
cedures, sequential extraction was con-
sidered more aggressive and gave higher
extractable concentrations.'**!%
Although not specifically a problem of
sequential extraction but more of specia-
tion studies in general, thought should be
given to the effects of sample preparation
on metal distribution, in particular in
the study of sediments. Sample drying
and grinding of sediments has consis-
tently been shown to lead to re-distribu-
tion of the metals to more extractable

forms.!'*'? Unfortunately, the repro-
ducibility of analysis on wet samples was
considerably poorer than that for dried
samples.''? Freeze-drying did not pre-
serve metal partitioning in anoxic sedi-
ment cores.'! It has been suggested that
sediment and soil samples should be
sampled and analysed under an inert
atmosphere in order to reduce the risk of
oxidation.'*

There are several reasons why sequen-
tial extraction does not determine quan-
titatively the trace metals associated with
specific mineral phases in environmental
solids. These include:

(a) re-distribution of analytes among
phases during extraction;

(b) non-selectivity of reagents for tar-
get phases;

(c) incomplete extraction;

(d) precipitation of ‘new’ mineral
phases during extraction.

A considerable body of evidence has
accumulated confirming the importance
of these effects. This evidence is based on
a large number of studies which fall into
two groups — those that have utilized
pure and synthetic substrates and those
that utilized ‘real’ samples.

3.1 Pure and synthetic substrates

Even before publication of the Tessier
sequential extraction, Guy er al.''® had
demonstrated that low analyte recoveries
were obtained when attempting to
sequentially extract simple binary mix-
tures of bentonite, MnO, and humic
acid that had been spiked with Cu
and Pb. This poor performance was
attributed to either post-extraction re-
adsorption of analytes on residual solids
or incomplete dissolution of the target
phase. Many studies conducted on
model sediments''®!"7 and soils''®'%°
have since confirmed that significant re-
distribution of analytes occurs during
both Tessier''®!"%12° and BCR'!'"-!'®
protocols.

Work on sequential extraction of
seawater-spiked mineral phases'?' illu-
strated the non-specificity of the BCR
procedure with, for example, the majority
of iron oxyhydroxide-bound metals being
released in Step 1, rather than in Step 2
(the reduction step) as expected. Non-
selectivity was also observed during
application of the Tessier extraction to
spiked soil components.'?*!22  Whilst
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good recoveries of Cu, Pb and Zn
(generally >90%) could be obtained
when individual components were sub-
jected to a single extraction with their
corresponding reagent (indicated in
Table 1), significant amounts were also
released when reagents were applied
to non-target phases. For example,
although intended to release ‘metals
bound to carbonates’, it was found that
acidified sodium acetate could also
remove around 50% of analytes asso-
ciated with Fe/Mn oxides.'*°
Premature extraction of organically-
bound metals has been noted in both the
Tessier'?? and the BCR procedures,“7’121
and presumably occurs because analytes
can be liberated by exchange processes as
well as following destruction of the
organic matter. It is thus clear that
neither Step 4 of the Tessier procedure,
nor Step 3 of BCR, can be considered
accurately to represent the entire pool of
‘metals bound to organic matter’.

3.2 Environmental substrates

The wvalidity of extrapolating results
obtained for synthetic substrates — or
based on the use of high spike concentra-
tions — has been questioned.123 However,
many authors have now reported similar
findings for ‘real’ samples. Re-distribu-
tion of lead from manganese oxide to
iron oxide phases was shown to occur
when samples of a naturally precipitated
mixed oxide from a former lead mine
were treated with hydroxylamine hydro-
chloride.®® Sequential extraction com-
bined with EXAFS analysis of mine
tailings demonstrated significant re-
adsorption of lead liberated by Tessier
Step 1.'° This inability of 1.0 mol 17!
MgCl, to retain added analytes in soluble
forms was also noted by Gomez-Ariza
et al.'®* when using a ‘standard addi-
tions’ approach. They also showed that
the degree of (re-)adsorption depended
critically on the geochemical charac-
teristics of the sediment studied.
Radiotracers have provided further
insight into the behaviour of PTEs
undergoing sequential extraction.
Radionuclides have the advantage that
they can be added in very small quan-
tities that do not alter significantly the
total analyte concentrations in the
sample. When aliquots of '%Cd, ®Zn
and *'?Pb were added at the start of

Step 1 of the BCR extraction of a CRM,
it was found that only 20-30% of copper
and zinc,'? but 60-90% of lead,'*® were
scavenged from the acetic acid solution
by the (solid) reducible fraction. When
212Pp was instead added to the reagent at
the start of BCR Step 2, 35-85% of the
activity partitioned into the solid phase
but, when added at the start of BCR Step
3, the tracer remained in solution.'?®

Incomplete dissolution of carbonates
during Step 1 of the BCR protocol has
been demonstrated by X-ray analysis of
the residue at the end of the extraction
step, for both urban canal sediment®®
and soil.** The latter study focused on a
calcareous soil, where the amount of
acetic acid added was insufficient to
dissolve the ca. 27% dolomite present.
Carbonate-bound metals were not
recovered until Step 2 or even Step 3 of
the procedure, and the increased pH of
the extract — resulting from neutraliza-
tion of the acid — interfered with the
partitioning of elements in subsequent
steps (an effect also observed in carbo-
nate-rich urban soils).*! The ability of a
sample to alter (raise) markedly the
initial pH of an added extractant, with
subsequent decrease in solubility of
extracted analytes, was also noted by
Bermond in a detailed investigation of
the role of H" in sequential extraction,'?’
and was one of the factors that led to
revision of the original BCR extraction.”

Enhanced dissolution efficiency can
sometimes be achieved by repeating an
extraction step before progressing to the
next,*12%12% and it has been suggested
that use of such replicate extractions,
together with careful monitoring of the
pH.*1?° major element content,'” or
redox potential129 of the extracts, can be
a useful strategy.

Extraction yields are also low if the
ratio of volume of extractant to mass
of sample (v : m) is too low."*® The
recommendation that large extractant
volumes should be used has implications,
however, for analytical detection of
the extracted metals. It is important to
define clearly a constant v : m ratio as
extractability of metals varies with the
ratio, highlighting the operational nature
of the procedure.'®!

The re-distribution of PTEs can also
result from the formation, during the
extraction process, of new mineral phases
not originally present in the sample. This

can make results extremely difficult to
interpret. For example, Zhu et al.'*?
interpreted fractionation data, obtained
following the addition of a variety of
phosphate amendments to soil, as
indicating that such treatments could
transform lead from non-residual to
residual forms, thus successfully reducing
the potential for plant uptake of this
PTE. However, Scheckel er al®*'¥
demonstrated that, in heavily phos-
phate-amended soil, insoluble lead
phosphate (pyromorphite) was formed
only during the sequential extraction
process itself.

Artifacts can also originate from
reagents applied. Significant amounts of
aluminium, iron and lead were extrac-
table from forest soils under reducing
conditions but this fraction would be
underestimated if sodium pyrophosphate
were used in a previous step.'** Lead
mobility in forest soils could therefore
also be underestimated. Another example
is the precipitation of insoluble oxalates
following use of acidified ammonium
oxalate (Tamm’s reagent).5%!3

It is well known that soils and sedi-
ments do not contain discrete particles of
different minerals, but consist of complex
mixtures of components.''>!®  This
means that, even where a reagent is
completely specific, the intended target
mineral phase could be inaccessible due,
for example, to occlusion within a
dissimilar mineral coating.'*® Whilst this
problem may be overcome by grinding
the sample finely, grinding will expose
new faces of solid components and
increase the surface area for leaching,
meaning that the data subsequently
generated by sequential extraction may
no longer reflect accurately the like-
lihood of PTE mobilization under the
original environmental conditions.

4. Issues
4.1 Nomenclature

It is perhaps surprising that there is no
commonly accepted abbreviation for
sequential extractions. This, together
with the fact that SE should not be used
as it is already used for supercritical
extraction, has resulted in a number of
different abbreviations being used
for essentially the same thing. These
abbreviations include SCE (sequential
chemical extraction), SEP (sequential
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extraction procedure), SES (sequen-
tial extraction scheme), SET (sequential
extraction test), SSD (selective sequen-
tial dissolution), SSE (both selective
sequential extraction and sequential
selective extraction) and SSEP (short
sequential extraction procedure).

No official distinction is made between
the two BCR procedures which exist.
Papers frequently refer to ‘the BCR’
method or protocol but rarely to the
specific procedure being employed. Only
by looking at the detail in the method
description can the reader determine
which method was used. Confusion is
greatest when authors refer to one of the
two methods but then present details for
the other method. It is not unknown for
authors to state that they have used ‘the
BCR method’ and to give references to
both methods. It remains a mystery as to
which one they actually used. Some
authors do distinguish between the two
methods by referring to them as the
‘original’ and ‘revised’ or ‘modified’
methods. Even this can lead to confu-
sion. Does a reference to a revised BCR
procedure mean that the authors have
used the officially revised scheme or that
they have themselves altered one of the
two BCR procedures to meet their own
requirements? One can in fact have a
modified ‘revised BCR procedure’.
Confusion could be reduced greatly if
there were some generally accepted way
of distinguishing between the two proce-
dures. Simple ways would be to redefine
the BCR procedures as the ‘BCR (1993)
and ‘BCR (1999)" schemes or as the
‘BCR1” and ‘BCR2’ schemes.

Why is this important? There is
increasing evidence that the two BCR
procedures can produce very different
results, in particular for lead. Mossop
and Davidson,” Sutherland and Tack!'?’
and Bacon et al.'*® have all compared the
two BCR procedures and found signifi-
cant differences between the two
methods. It could be concluded that the
modifications incorporated into the
second procedure had been successful
in attacking more completely the oxide
phases but for lead the order of magni-
tude shift from the ‘oxidisable’ fraction
to the ‘reducible’ fraction leads to severe
problems of interpretation. This is best
illustrated by the study of Jensen ez al.'®®
in which the ‘original’ BCR procedure
was used to study the speciation of lead

in industrially polluted soils. Most lead
was extracted in the ‘oxidisable’ fraction
and it was concluded that lead adsorbed
preferentially to organic matter. The
conclusions would probably have been
quite different had the ‘revised” BCR
procedure been used.

These findings emphasize the opera-
tional nature of the procedure. There
appears to be growing awareness that
sequential extraction procedures are
operationally defined and that the results
cannot be interpreted as metals being
bound to specific phases. Reference to
specific phases continues to happen,
however, and, more confusingly, mixed
terminology is frequently used. It is not
unusual to read sentences like “The
association of heavy metals with
operationally defined solid phase frac-
tions (carbonates, iron and manganese
oxides, sulfides/organics and residual)
was assessed”. What is the message that
this gives? That the procedure, as defined
by the operations carried out, targets
the specific phases listed successfully?
Or that the procedure is defined by
the operations carried out and that the
names given to each fraction are the
nominally targeted phases and used for
convenience rather than accuracy?

Most authors probably use the names
of specific phases as a matter of con-
venience. The discussion of data is,
however, frequently based on association
of metals with specific phases. It is
difficult to find a terminology which is
accurate and yet simple to use. Relatively
few papers have followed the examples
set by Kersten e al.'*® who referred to
‘exchangeable’, ‘reducible’, ‘oxidisable’
and ‘residual’ fractions, or Gobeil
et al.'* who referred to ‘acetate buffer
extractable Pb’ and ‘hydroxylamine/
acetic acid extractable Pb’. The BCR
method has never been presented as
targeting specific phases and terms such
as ‘reducible’ and ‘oxidisable’ fractions
are preferred. This, however, is still
rather vague even though probably the
best manageable option. The differences
between the two BCR procedures high-
light the fact that the ‘reducible’ fraction,
as defined by the original BCR proce-
dure, is different from the ‘reducible’
fraction as defined by the revised BCR
procedure. To be accurate one would
have to refer to the ‘fraction reducible in
0.1 M hydroxylamine hydrochloride at

pH 2’ or the ‘fraction reducible in 0.5 M
hydroxylamine hydrochloride at pH 1.5’
This is clearly very clumsy and imprac-
tical. Perhaps the only solution is to
define the fractions in the Methods
section by the operations used and to
refer to them simply as fraction 1, 2, 3,
etc. Phrases such as ‘operationally
defined Fe and Mn oxides (reducible
fraction)’” are best avoided.

4.2 Methodology

Although authors frequently cite, for
example, the BCR method as the proce-
dure they used, close inspection can
reveal that there are differences between
the conditions as specified by the BCR
procedure and those described by the
authors. This applies in particular to the
shaking conditions. Researchers can only
use equipment they have available so,
combined with a common lack of under-
standing of the term ‘end-over-end
shaker’, extractions can be performed
under a range of conditions. Jensen
et al.,"* for example, followed the BCR
procedure yet used a shaking speed of
100 rpm (type of shaker unspecified).
Not all laboratories have air condition-
ing so extractions carried out in southern
Europe will probably be outside the
temperature range specified by the BCR
procedure. These divergencies from the
specified procedures are rarely recorded.

Do these divergences matter? Probably
not, but the true answer is that we don’t
know because these aspects have not
been thoroughly investigated. The energy
being placed into the shaking process
could well influence the extraction effi-
ciency but most shaking is carried out
overnight so the extraction should be
complete in that timescale. If too much
energy is placed into shaking, however,
samples could effectively be centrifuged
rather than shaken. There are good
reasons for choosing a shaking speed
that keeps the solid phase in suspension
and for maintaining conditions such as
temperature constant throughout a
study. In this way one can have con-
fidence that the data have been obtained
under the same conditions and therefore
are comparable. If data from one study
are to be compared with those from
another study then consistency of
methodologies and extraction conditions
becomes important.
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4.3 Presentation of data

Sequential extraction can generate a
vast quantity of data. For each sample
analysed using the four-step BCR proce-
dure, five results are obtained for each
element determined. Some procedures
can have seven or eight steps. It is not
always easy to present large datasets in a
manner that is clear and easy to inter-
pret. The use of bar charts is space-
efficient and visually acceptable and so is
widely adopted. Bar charts work parti-
cularly well if colour is used, but they are
often less effective in black and white.
Also, the large numbers needed in some
studies can result in a reduction in size
and a reduction in clarity of presentation
(see, for example, Davidson et al“”).
Unfortunately, the data in bar charts
are in most cases presented as a percen-
tage (with respect to either pseudototal
values or the sum of the steps of the
sequential extraction). This can be mis-
leading unless the absolute levels of
metals are also provided. For example,
Fig. 2(a) suggests that element A has the
greatest potential for mobilization and
hence presents the greatest risk (assum-
ing the three analytes have equal toxi-
cities). However, when the same data are
presented in terms of concentration
[Fig. 2(b)], it becomes clear that all three
elements have exactly the same concen-
trations in each of Steps 1, 2 and 3.
Potential confusion can easily be
avoided by displaying the absolute
amounts of metal in each fraction (see,
for example, Ettler er al'*?) or by
presenting bar charts for both analyte
concentrations and analyte fractionation
patterns in the same figure, exemplified
by Gonneea and Paytan'®® in a recent
study of barium in sediments using a
five-step sequential extraction procedure.
Authors frequently base their discus-
sion solely on the relative amounts of

(a)
2 100
§ 80
§ 80
§ 40
5 20
g o
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elements in each fraction and this can be
misleading. Statements such as ‘percen-
tage Pb bioaccessibilty was the lowest in
the most contaminated soils’ could be
misinterpreted because the most con-
taminated soils by definition have the
highest concentrations so they could
easily have the highest absolute amount
of ‘bioaccessible lead’ even though the
percentage is the lowest. Reimer et al.'**
considered the high arsenic levels in
crushed rocks to be unavailable because
only 10% was easily extracted, yet low
concentrations of arsenic in organic soils
were ‘more available’ because 10-50%
was extracted. It is the absolute amount,
however, that is important. This was
recognized by Abollino et al'*® when
they justified presentation of relatively
small extractable amounts of aluminium
because ‘0.004% Al extracted into the
exchangeable fraction corresponds to
3.1 mg kg ' of the element’.

Some studies'*®*® have used a ‘Risk
Assessment Code’ to assess the environ-
mental impact of contaminated river
sediments. In this code the degree of
risk is related to the relative amount of
metals associated with the ‘carbonate’
and ‘exchangeable’ fractions. A value of
<1% 1is considered to present no risk to
the aquatic environment even though 1%
of a large concentration could still be
harmful. It is questionable whether a
risk assessment should be based on the
percentage of metal extracted in a
particular fraction.

A similar caveat applies to the pre-
sentation of PTE mobility series based
on the proportion (percentage) of each
element released by the initial step
or step(s) of a sequential extraction.
Considering again the hypothetical
sequential extraction presented in Fig. 2,
a mobility series for elements A, B and C
could be proposed based on Step 1

[A(36%) > B(20%) > C(4%)] or on the
fractions associated with non-residual
components [X(Steps 1-3): A(91%) >
B(50%) > C(9%)]. Both are potentially
misleading and fail to properly empha-
size the fact that a very small proportion
of a large amount of PTE could be much
more significant than a high proportion
of a small amount.

4.4 Interpretation of data

Once data have been acquired then they
must be interpreted. The interpretation
depends strongly on the context and aim
of the study so that one metal pool could
be considered as ‘bioavailable’ in studies
of plant uptake yet ‘mobile’ or ‘labile’
in leaching studies. Surprisingly, many
studies still make no attempt to interpret
the data obtained within a clearly-
defined context.

Interpretation is not aided by the
dependence on the operations used to
obtain individual fractions. Not only is it
necessary to understand the context of
the sample but also the implications of
adopting a particular procedure. It is
important to understand the differences
between the two BCR procedures so that
appropriate conclusions can be drawn. It
is important to understand that the
Tessier and BCR procedures will not
necessarily give the same results. For
example, Mn is extracted from agricul-
tural soils predominantly in the reducible
fraction of the BCR procedure, but
predominantly in the residual fraction
of the Tessier scheme.?® It is therefore
important to realize that comparison
with data from outside a study should
only be done with caution.

Consistent interpretation of the out-
puts of sequential extraction is further
hampered by the large variations
that exist in authors’ definitions of
‘bioavailable’, ‘mobile’ and ‘labile’ pools.
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Fig. 2 Hypothetical results of a BCR-type extraction, presented as (a) percentage fractionation patterns and (b) absolute concentrations.
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Bioavailability is a complex and evolving
concept,'*® but has recently been defined
as the ‘degree to which chemicals present
in the soil may be absorbed or metabo-
lized by a human or ecological receptor
or are available for interaction with
biological systems’.!>® Whilst it is entirely
legitimate to use sequential extraction as
a tool to deduce information on the
potential bioavailability of PTEs, due
emphasis must be placed on ‘potential’.
A large number of factors (physical,
chemical and physiological) affect
whether an element will be incorporated
into an organism: even those elements
extracted early in a sequential extraction
are not necessarily currently bioavailable
and may never become so.

Similar comments apply to the desig-
nation of PTEs in particular fractions as
‘mobile’ or ‘labile’. Whether mobilization
will actually occur depends on a large
number of additional environmental
factors, including the prevailing pH,
redox conditions, and availability of
solid and colloidal particulate phases
for re-adsorption. Sequential extraction
can thus only indicate the potential,
rather than the actual, mobility of soil-
and sediment-bound species.

Despite the fact that sequential extrac-
tion schemes are designed with increasing
reagent activities as one proceeds
through the steps, few authors interpret
the data as reduced availability or
mobility passing through the stages of
the extraction.'*”'*! This is probably
because knowing that one fraction is
more available than another is not
necessarily  helpful and researchers
prefer to try to put absolute qualities to
their data.

The majority of papers define the
‘bioavailable/mobile pool’ as the most
easily extracted fractions (corresponding
to the first step of the BCR procedures
and the first two steps of the Tessier
procedure).lsz’185 However, a substantial
number of papers define the ‘bioavail-
able/mobile pool’ as all fractions except
the residual fraction (corresponding to
all three steps of the BCR procedure
or all four steps of the Tessier
method).”7%:186-202 [t o4es without say-
ing that these two definitions can result
in quite different interpretations of data.
There are also a number of intermediate
definitions in which the reducible frac-
tion?* 1% or oxidisable fraction?'! 2!

was considered to represent the ‘bioavail-
able/mobile’ pool, either together with
the easily extractable pool or on their
own. Distinction is also made in some
studies between the easily reducible pool
(more mobile) and less easily reducible
pool (less mobile).>'®'" In contrast the
reducible®®*?! or oxidisable****** frac-
tions have been specifically described as
immobile or unavailable.

There are, however, some subtle (and
some less subtle) nuances to the meaning
of ‘bioavailable’ or ‘mobile’ fractions.
Whereas the ‘water soluble’ and ‘carbo-

nate’ fractions have been defined simply
2155 2 157

as ‘mobile or ‘bioavailable’,””’ other
descriptions of the ‘exchangeable’ frac-
tion range from ‘mobilizable’,'®? the

fraction with ‘greatest potential for
chemical remobilization”,'8! the ‘form
of high mobility and potential bio-
availability’,'”® ‘readily available’'*® to
‘highly mobile and bioavailable’.!>®

Interpretation is clearly not straight-
forward and, to quote De Vries
et al.”** “despite numerous sequential
extraction schemes, specific information
on the availability of those pools in view
of its relation with dissolved concentra-
tions, readily available for plant uptake
or leaching to groundwater is lacking’.

Improved understanding of the rela-
tionships between results of sequential
extraction and measured biological
uptake can be obtained by analyzing
samples of biota in parallel with sequen-
tial extraction of the soils or sediments
on which they live. Many studies of this
type have appeared in recent years,
focusing on a variety of organisms:
microbes;**?*>22¢ plants (lettuce,?*” >
alfalfa,?! wheat,?*%23223 maize,?* bras-
sicas, 32182237 trees, 238 rice,?*® peanut,240
basil,”*!  Swiss chard,>*! sea rush,>*
tall fescue,’*® tea,”** corn,>*® parsley,230
dil’®*  and onion**’) and animals
(mussels, 4624 rag worms,>*  fish,>>°
spiders, ! earthworms**!74#52253  4pd
rats>>*). However, considerable further
research is needed.?>>2%¢

There is contradictory evidence as to
whether a correlation exists between
extractable concentrations of metals and
some observable biological effect such as
plant uptake. Whereas no correlation
was found between uptake by wheat,**
sorghum®’ or plantain®® and extracta-
ble metal contents, good correlation has
been found between plant uptake and the

metal concentrations extracted in the
first fraction of sequential extraction
schemes.***?*2¢2 Up to 19% of the
1500 mg kg ' lead found in polluted
paddy fields was extracted in the first
step of a sequential extraction procedure
and corresponded to a high uptake of
lead by rice plants.”®' Removal of copper
from contaminated soil by poly(amido-
amine) dendrimers correlated well with
the ‘exchangeable and carbonate-bound’
copper fractions.?®® Uptake of metals by
vegetables,”* corn®®* and sugarcane®®
all correlated with either the ‘exchange-
able’ or ‘carbonate-bound’ fractions
together with the ‘organic’ fraction which
were therefore considered to be ‘bioavail-
able’. In contrast the uptake of copper
and zinc from sludge-amended soils
correlated with the metals extracted in
the ‘reducible’ fraction.?®® In pot trials,
zinc uptake seemed to correlate with all
extractable fractions.®’

The contradiction in evidence is
exemplified by two studies on the uptake
of metals by plants following amendment
of soil with sewage sludge. Mendoza
et al® found that uptake by sorghum
of metals did not correspond to the
availability predicted by sequential
extraction. The authors concluded that
neither single nor sequential extractions
provided a good prediction of metal
bioavailability. Pedra er al?®® on the
other hand concluded that both total and
extractable metal concentrations gave
adequate predictions of plant uptake.

Evidence from the use of direct bio-
accessibility assays has also proved
somewhat contradictory. Use of a micro-
biological biosensor for lead indicated
that the first stage of the BCR procedure
overestimated the ‘bioavailable’ fraction
of lead and that a single extraction
with CaCl, gave a better correlation.”®
Similarly, a bioluminescence assay gave a
lower ‘bioavailable’ fraction of lead than
the first stage (1 M sodium acetate) of a
sequential extraction test.”’° The bio-
luminescence assay gave a higher value
for ‘bioavailable’ copper, however, than
the oxidation step of the sequential
extraction procedure. Use of a stable-
isotope-dilution procedure revealed that
there was no correspondence between the
isotopically labile cadmium pool in soils,
often taken as representing the bioavail-
able pool, and the first fraction of a
sequential extraction procedure.?’! This
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led the authors to state that ‘results
suggest that conventional SEPs may be
of limited utility for predicting bioavail-
ability, for example, during ecological
risk assessment’.

In contrast to these findings, a good
correlation was found between ‘bioacces-
sible’ cadmium, as measured using a
physiologically-based in vitro test, and
water-soluble and ‘exchangeable’ cad-
mium.”’”> A reduction in the ‘bioavail-
ability’ of lead, measured with an in vivo
test using rats, when biosolids were
incorporated into contaminated soils
was reflected by a change in partitioning
towards ‘less available’ phases as mea-
sured by sequential extraction.®* In a
study on the toxicity to microorganisms
of copper in soils, a correlation existed
between ICsy (a measure of toxicity)
and the exchangeable copper fraction
but not with any of the other fractions.?”*
The bioavailability of mercury in
sediments, measured using the assimila-
tion efficiency in the clam, correlated
well with mercury identified as bound
to Fe/Mn oxide, amorphous organo-
sulfur or the mineral lattice but not
with mercury identified as bound to
organocomplexes.?’*

In addition, or as an alternative, to
bioassay, some authors have compared
sequential extraction with the use of well-
established, single extraction procedures,
generally assumed to provide a reason-
able estimate of plant-available PTEs
in soil, e.g diethylenetriamine penta-
acetic acid (DTPA)>>!182254275277 4nq
ethylenediamine tetraacetic acid
(EDTA).?76:278-281 Relationships
between sequential extraction data and
results of physiologically-based extrac-
tion tests designed to estimate PTE
bioaccessibility in humans — following
(usually) accidental intake of contami-
nated soil or sediment — are also begin-
ning to be explored, 133:226-228.269.272

5. Recent applications

Given the problems and uncertainties
associated with sequential extraction
analyses, one would be forgiven for
wondering why anybody bothers using
them. The fact that sequential extraction
continues to see increased use suggests
that researchers see the procedure as
providing useful information. Examples
of applications already cited in previous

sections indicate that under certain con-
ditions the information provided by
sequential extractions correlates well
with observable effects. An additional
example is the fascinating find that high
levels of ‘bioavailable’ copper in con-
taminated beach sediments, as measured
by sequential extraction, correlated with
low biodiversity.?®? Is this direct evidence
of a link between ‘bioavailable’ copper
measured by sequential extraction and a
toxic effect?

Sequential extractions are relatively
complicated, time-consuming and expen-
sive and so should be only used when
appropriate. They are not a very cost-
effective method, for example, for pre-
dicting plant uptake of metals from
contaminated soils. There is generally
no advantage over the traditional use of
single extractants such as EDTA® or
CaCl,.2 Similarly, single extractants
have been found better than sequential
extractions for the study of sediments.*®*
Even the use of multiple single extrac-
tants, essentially those wused in the
Tessier sequential scheme, has been
proposed as a preferred option.”®*
This last proposal raised a number
of issues such as double-accounting,
however, which lie outside the scope of
this review.

The lack of specificity is in itself not
a major disadvantage in environmental
studies. The chosen operations match
conditions found within the environ-
ment, in particular the redox conditions,
so it can be argued that it is more
important to know the levels of metals
susceptible to release under reducing or
under oxidising conditions rather than to
know the specific phases that are being
attacked.

Taken together with other informa-
tion, sequential extraction can provide
information on natural processes within
soils and sediments. Whereas soil organic
matter was considered to play an impor-
tant role in immobilizing lead in forest
soils,” the Fe-Mn oxides controlled
metal mobilization in sediments contami-
nated by mining activity.?®> The finding
from isotope analysis that anthropogenic
lead had penetrated no deeper than 10 cm
in forest soils was consistent with the
observation that lead below this depth
was in a residual form.”®® In environ-
ments dominated by limestone, carbo-
nate species played a major role in the

‘self-purification’ of waters®®” which was
seasonal.”®8

Sequential extraction is widely used to
assess the impact of human activity such
as mining on the environment, 347289290
Such studies are enhanced if a link can be
demonstrated between metal fractiona-
tion and a biological affect such as intake
by fish.?*® These studies are most effec-
tive when comparing two different
states. Changes can be observed in metal
fractionation in the sediments of an
estuary and those of its upper catchment
in a mining area®! or between contami-
nated river sediments and mud.'%
Seasonal changes in metal partitioning
have been observed for sediments.?> The
activity of indigenous sulfur-oxidising
bacteria in contaminated sediments
changed metal distributions with con-
sequent remobilization of metals.??
Human activity can have an impact in a
wide range of cases including the addi-
tion of copper to reservoirs as an
algicide,”®* the use in road construction
of ashes from the incineration of
municipal waste®” and the generation of
urban air particulates.®®  Sequential
extraction has been used with other
tests to investigate the effectiveness of
leach tests which are widely used to
assess release of metals from mineral
processing waste.*

Classic examples of ‘before and after’
application of sequential extraction are
the numerous studies on the clean-up of
wastes and the remediation of contami-
nated sediments and soils. In all these
studies, sequential extraction is used to
determine metal partitioning both before
and after the treatment thereby allowing
an assessment of the effectiveness of the
treatment to be made. Here is a strength
of sequential extractions. Although it
might not be possible to assign metals
to specific soil phases, a general change
in their reactivity can be identified and
the consequences for their ‘bioavailabi-
lity” or ‘mobility” assessed. There are two
major approaches to the remediation of
contaminated soils and sediments. One is
the removal of metals through techniques
such as acid washing,295 the use of
chelating agents?**?*® or other extrac-
tants,”®® microbially-produced surfac-
tants®°%3°! or flotation techniques.>*?
Sequential extraction can be used to
evaluate the potential of electrodialytic
remediation of harbour sediments, a
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technique which requires the metals to be
in a mobile form.*** Similarly, the use of
biodegradable chelating agents is only
effective if the metals are present in
mobile forms.?*® The effectiveness of
electrokinetic remediation methods was
highly dependent on soil type and con-
ditions.***3% The observation®®* that up
to 76% copper could be removed from
one soil but that copper was only re-
distributed between fractions in another
soil led to a caution against generaliza-
tion of the remediation process.

The second approach to the remedia-
tion of soils is through the use of
inorganic amendments to immobilize
metals.*®*3%  Sequential extraction is
used to confirm that metals are bound
in less extractable forms after amend-
ment of the soils. Relatively large
amounts of a mixture of lime and fly
ash reduced the leachability of metals,
but if insufficient amendment was added
the leachability of some metals could
actually increase.’”® Some procedures
were only partially successful. Addition
of 1% iron grit to soil, for example,
successfully decreased the availability of
arsenic and chromium and resultant
uptake by plants but had no effect on
copper uptake.*'® In contrast, amend-
ment of contaminated soil with a mixture
of coal fly ash and peat reduced the
leachability of copper and lead substan-
tially.*!! The most widely used inorganic
amendment is the addition of phosphate
to soils to immobilize metals.'3*3127317
These studies consistently found that
lead was converted into pyromorphite,
a stable lead mineral, but the effective-
ness has been reported to be greater for a
soluble form than for the widely used
rock phosphate®'? and to be dependent
on grain size.!® Sequential extraction
was used to assess the effect on plant
uptake of mine tailings with sewage
sludge.>'® Organic amendments such as
humic acids®'® also immobilized metals
in contaminated soils. Heat treatment
alone was sufficient to fix radionuclides
in soils.**°

Amendment of soils with organic
wastes is widely seen as a beneficial
means of utilizing these wastes, but there
are clear implications in the possible
introduction of harmful compounds
including metals into soils and the wider
ecosystem. Analysis of sewage sludges
revealed that metal partitioning within

the sludge was strongly influenced by the
stabilization treatment used in produc-
tion of the sludge.’***' Most studies
have, however, addressed the question
of what happens to the metal distribution
once the sludge is introduced into the
soil. Although significantly increased
amounts of extractable metals have been

reported for sludge-amended soils**> or

for soils irrigated with waste water*?* and
no change in zinc distribution has been
observed,*® the general observation is
that metal availability reduces and the
metals become associated with residual
phases in the soil.?****32° Whereas
cadmium introduced into soil with
chicken or pig manure was found pre-
dominantly in the unavailable residual
fraction,’”” cadmium spike added to
municipal waste composts was associated
in the soil mainly with the relatively
bioavailable fractions.*® In calcareous
soils, most of the metals in sewage sludge
became associated with the ‘carbonate’
and other relatively available frac-
tions.>® Soils amended with paper
mill sludges,>! tannery sludges®® and
municipal solid waste compost®? have
also been investigated. The thermal
treatment given by forest fires reduced
metal availability in sludge-amended
forest soils.>*

Composting of organic wastes is seen
as a means of reducing metal availability
prior to introducing the waste into soil.
Composting of municipal solid waste
changed metal partitioning with a shift
to residual forms.>* Although some
studies confirmed that composting of
sewage sludge reduces the ‘availability’
of metals,>>>3%331 this was not found
consistently and increases in cadmium®!
and lead®® ‘availability’ have been
reported. Analysis of a range of different
composts confirmed that composting
altered the metal distribution within the
waste but also that the changes in
distribution depended on the source of
the compost.>® The removal of heavy
metals from sewage sludge prior to use as
a fertilizer has been investigated using
chelating agents,**? bacterial leaching**
or electrokinetic treatment.*** 3% Liming
of sewage sludge to make the sludge
stable for storage had the effect of re-
distributing copper in the oxidisable
fraction to both the exchangeable
and the residual fractions.®’ Metals
in incinerator fly ash could be made

less reactive by amending the ash
with clays.**® Cement-stabilized sewage
sludge, intended for use as an artificial
soil in earth works, had reduced levels of
‘available’ zinc but increased levels of
‘available’ copper.**’

Studies on natural processes in soils
help us to understand the action of
plant exudates within the rhizosphere in
increasing the bioavailability of trace

elements 3+38:3942:340.331 - queh  studies
can also provide a better understanding
of how hyperaccumulator  plants

mobilize and take up heavy metals
and so can be used for phytoremedia-
tion,3>36:48.342.343  The  effectiveness of
phytoremediation can be improved by
adding a chelating agent such as EDTA
to the soil in order to increase the
‘bioavailability’ of the metals.?*33
The effectiveness of microbial recolo-
nization of mine tailings has also been
demonstrated.’”® Other soil processes
studied include the role of mycorrhiza
in immobilizing metals and thereby
protecting the host plants,®’ the effect
of earthworms on metal availability
in contaminated soils* and changes
in metal partitioning resulting from
increased humic acid levels in soils.***

Recent studies provide good examples
of the wide range of environmental
issues to which sequential extractions
have been applied. Over time, zinc
introduced into soil became less ‘avail-
able’, a so-called ‘aging’ process.>*
Snowmelt runoff resulted in episodic
releases of oxidation products from
mine waste deposits**’ whereas metals
washed from roads into retention ponds
were firmly bound in the sediments.>*
A comparison of road de-icing com-
pounds found that whereas the use of
NaCl had no significant effect on
cadmium ‘bioavailability’, the use of
potassium formate reduced cadmium
‘bioavailabilty’ in soils significantly and
was therefore the preferred option.>*
Industrial  discharges of chelating
agents directly into the River Nile were
considered to result in great remobiliza-
tion of metals in the river sediments.>*°
A modern problem is the primitive
processing of e-waste in China which
has led to serious contamination of
waters and sediments and could be
impacting on both the health of local
residents and the quality of the down-
stream environment.>>!
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6. Emerging developments
and trends

6.1 Ultrasound- and microwave-
assisted extraction

A major disadvantage of sequential
extraction is that it is time-consuming.
For example, the BCR procedure
involves three periods of overnight shak-
ing. Together with aqua regia digestion
of the residue, and analysis of extracts
and digests, this means that an entire
week may be required to obtain results
from a batch of samples — a fact hardly
likely to encourage widespread use of
the approach in busy, environmental
monitoring laboratories. Also, whilst
shaking can be carried out unattended,
procedures such as oxidation and acid
digestion are labour-intensive. There is
thus considerable interest in developing
new approaches that generate informa-
tion similar to conventional sequential
extraction but are faster to implement.

Ultrasound is increasingly finding
applications in analytical chemistry as a
tool for rapid and efficient leaching of
analytes from samples®” and various
authors have attempted to develop ultra-
sound-assisted  sequential  extraction
procedures. Perez-Cid et al.*** used the
reagents recommended in the original
BCR protocol and a sample of urban
sewage sludge to develop the first such
extraction, reported in 1998. Sonication
conditions were optimized so that the
amounts of metals extracted in the
various steps matched, as far as possible,
those obtained by conventional shaking.
Ultrasound-assisted versions of the
Tessier protocol, developed for both
sewage sludge®™* and river sediment,®’
soon followed.

Various workers have since developed
and applied ultrasound-assisted
variants of both Tessier’>**>’ and
BCR7376:307:358-363 oy tractions. However,
uncertainties remain about whether
these truly access the same phases as
standard procedures, as demonstrated,
for example, by difficulties experienced in
obtaining similar fractionation patterns
for matrix elements such as iron”>**® by
conventional and ultrasonic extraction —
even though results for trace elements
were similar. Many extraction proce-
dures have been developed on the basis
of reference materials but have yet to be
proved on real samples.’>360-362:364 §ome

have been optimized specifically with a
view to application only to a particular
sample type, e.g. sewage sludge.’®3>%3%
Whether such methods are transferable
to other substrates remains somewhat
questionable.?%®

Microwave-assisted sequential extrac-
tion procedures also exist. Again, most
research has focused on well-established
extraction schemes. Microwave-assisted
protocols simulating the Tessier extrac-
tion have been developed based on
lagoon sediment,*® sewage sludge,*®®
river sediment,®®’ and fly ash.3¢%3¢
Protocols based on the BCR extraction
are reported for estuarine,*®® marine®”’
and freshwater’®® sediment, and also

for fly ash.>® Work has also been
371

conducted on pond sediment,””" vehicle
exhaust peurticulates,371 calcareous
372

soils*’? and, uniquely, coal.>”® Use of a
set of microwave-assisted single extrac-
tions as a time-saving alternative to
conventional sequential extraction has
also been proposed.>’+#37

There is considerable merit in the
development of these rapid approaches.
However, the physical processes involved
in ultrasound or microwave treatment
are not the same as mechanical agitation.
Also, considerable heating can occur
in steps normally performed at room
temperature. Owing to the operational
nature of sequential extraction, the
development of ultrasound- or micro-
wave-assisted protocols that give similar
performance to conventional shaking for
all types of substrates seems unrealistic.
More probable is the acceptance of
standard protocols, perhaps using the
same reagents as the Tessier or BCR
procedures but not necessarily generating
the same PTE fractionation patterns
as conventional shaking, which can

be wused by laboratories to obtain
harmonized data.

6.2 Dynamic extraction

An alternative means to achieve

rapid results is to load the soil or
sediment sample into a suitable con-
tainer and perform the sequential
extraction in continuous flow mode.
Fritted centrifuge tubes,>*>376378 micro-
columns®” 3% and rotating coiled
columns®** %" have been used for this
purpose. Dedicated extraction cells*®®
have been developed including one

combining continuous-flow operation
and microwave irradiation.’

Performing sequential extraction in
dynamic mode overcomes potential pro-
blems associated with analyte re-adsorp-
tion during prolonged contact between
extract and residual solids.*° The extra-
ctograms obtained provide information
on element associations®' =% and, with
use of suitable reagent flow rates, some
systems can be coupled directly to
FAAS,™' ICP-OES*** or ICP-MS?7*3%
instruments. Also, the change from
thermodynamic (ie. equilibrium) to
kinetic control of the leaching process
has been claimed to represent more
accurately environmental processes such
as the percolation of rainwater through a
soil profile. The reagents applied are
usually similar to those used in conven-
tional sequential extraction, although
some authors have selected non-specific
reagents, such as increasing concentra-
tions of nitric acid.?”

Workers at the British Geological
Survey have developed and successfully
applied a rapid extraction in which a
series of non-specific extractants is drawn
through the sample by centrifugation,
and the resulting extractograms inter-
preted by chemometrics to obtain infor-
mation on geochemical associations of
PTEs.**77%3"  Dynamic  sequential
extraction has been recently reviewed by
Miro and co-workers.®53%*

6.3 Use of chemometrics

As in many other areas of analytical
science, the past decade has seen a
marked increase in the application of
multivariate data analysis procedures as
tools in the interpretation of results
obtained by sequential extraction. Not
only is it possible to assess relationships
between (sometimes large numbers of)
sampling sites and analytes, it is also
feasible to include additional parameters,
such as general soil or sediment
characteristics, to gain a better overall
insight into factors governing the
environmental behaviour of PTEs.??>3%
Most authors employ principal compo-
nents analysis (PCA), but there are recent
studies involving use of the Tucker

N-way method®’ and fuzzy clustering
algorithms.>*®
Chemometric processing of data

obtained from sediment fractionation
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studies has helped inform decisions about
land management,® provided insight
into the geochemical effects of urbaniza-
tion,* revealed associations between
various groups of metals'**4°1=4%9 and
provided information about anthropo-
genic sources of contaminants in lakes***
and river systems.'*>?23495-408 po[lution
source apportionment has also been
achieved in street dusts.””?*> Sewage
sludge has been studied to evaluate its
suitability for use as an agricultural
amendment.**’

An early application of PCA to results
obtained in the Tessier extraction of soil
reference material SRM 2710 provided
clear evidence of non-specificity.*'® Later
studies explored correlations between
results of different extraction proce-
dures.?®' The combination of correlation
analysis, PCA and hierarchical cluster
analysis has been used to investigate
relationships between metals recovered
in the various steps of the BCR sequen-
tial extraction and plant uptake in an
urban garden.*'! Chemometric treatment
has also been used to study the effects of
land-use*'? on soil metals and to identify
soils requiring remediation on the basis
of high concentrations of PTEs in easily
extractable forms.'*

6.4 Sequential extractions combined
with stable isotope analysis

Although sequential extractions alone
can provide useful information on the
association of metals with different reac-
tive phases in soils and sediments,
combined with isotope analysis they
become a powerful technique which can
provide information on the origin of the
metal and on soil processes. Whereas
total concentration and bulk isotope
analysis revealed no penetration of
anthropogenic lead into soil profiles,
the combination of sequential extraction
and isotope analysis demonstrated this
clearly.*'* When combined with precise
isotope analysis, use of this approach
was able to distinguish between the
lead in residual components from three
nominally identical soils.*'*

Because of concern arising from the
widespread dispersion of lead through-
out the environment, this approach has
been applied principally to the study of
lead which, fortuitously, has a variable
isotopic composition in nature. Typical

studies include those on estuarine sedi-

ments,*'>  freshwater sediments,*!®*!”
agricultural soil,*'® organic-rich soils,*"°
421

forest soils*** and contaminated soils.
In forest soils**®> and contaminated
marine sediments,” most anthropogenic
lead was associated with ‘organic matter’
whereas, in lake sediments,** anthropo-
genic lead was associated predominantly
with the ‘oxide-hydroxide’ fraction.

A striking common finding in the
studies using lead isotopic composition
is that lead in the different extracted
fractions, no matter the operations used,
is isotopically distinct. Even though
sequential extractions should not be
considered as targeting specific phases,
the results of these studies indicate that
the operations are extracting distinct
fractions. The unequal isotopic distribu-
tion of lead between different fractions
was true even at depths in St Lawrence
sediments where no industrial lead was to
be expected.'*!

Although most studies exploiting the
variable isotopic composition of stron-
tium to investigate the provenance of
strontium in soils and sediments have
used single extractant tests, some use of
sequential extraction combined with
highly precise strontium isotope analysis
has been made. Yokoo er al.*** demon-
strated that an extraction scheme,
designed to attack specific mineral
phases, could be used to identify the
provenance of both wet and dry deposi-
tion in loess and sand from China. A
combination of strontium and neody-
mium  isotopic  compositions  and
rare-earth element concentrations in
acid-insoluble phases proved most suita-
ble for characterizing dry deposition.
Xu and Marcantonio** used sequential
extraction combined with strontium
isotope analysis to investigate the dis-
tribution of elements in suspended parti-
culates in the Mississippi River.

The development in recent years of
highly precise mass spectrometers for
isotope analysis has revealed that other
elements can have variable isotopic
composition and so could be suitable
for this type of study. Emmanuel ez al.**
investigated the use of iron isotopes as a
tool for quantifying iron cycling in soils
and demonstrated that extracted fractions
have distinct 6°’Fe signatures which could
be used to calculate the isotopic composi-
tion of mixing end members.

140

Although all the studies previously
cited exploited natural variations in
isotopic composition, it is also possible
to spike samples with enriched stable
isotopes in order to investigate the
incorporation of the spikes into different
soil fractions and to study the long-
term trace element dynamics in soils.
Ahnstrom and Parker®”' monitored the
incorporation of cadmium spike into soil
fractions defined by a five-step procedure
to measure the total labile pool
(‘E-value’) and the labile cadmium in
each extracted fraction. The fact that no
correspondence was found between the
isotopically labile pool, often taken to
represent the bioavailable pool, and the
first step of the extraction procedure led
the authors to conclude that ‘conven-
tional sequential extraction procedures
may be of limited utility for predicting
bioavailability, for example, during
ecological risk assessments’.

6.5 Application to ‘non-traditional’
analytes

The vast majority of sequential extrac-
tion literature focused on a small suite
of PTEs: cadmium, chromium, copper,
iron, lead, manganese, nickel and zinc.
However, the approach is now being
used more widely, with standard extrac-
tion procedures being applied to ‘non-
traditional’ elements such as arsenic,
mercury, selenium and radionuclides.
Success has been limited, however,
because of the markedly different che-
mistries of these elements from the metals
and it is common practice for dedicated
schemes to be developed for these other
elements.

6.5.1 Arsenic. Of these other elements,
arsenic has received the most attention.
Although Sahuquillo et al.**” applied the
BCR procedure to the study of arsenic,
the procedure has not generally been
used because it is not considered to
supply the information needed, in parti-
cular with respect to binding to oxides.**
The Tessier scheme has seen slightly
more application but extraction of
arsenic from synthetic mineral mixtures
showed the scheme to be unsuitable.**
The study of arsenic is in fact marked by
the large number of individual dedicated
schemes which can be highly complex.
Even though a few of these schemes have
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become fairly widely accepted and
applied, they tend to be revised to meet
the specific needs of studies. These
schemes, presented in detail in the review
of Hudson-Edwards er al,**° can have
several steps designed to target specific
phases. It is not unknown for eight-step
procedures to be applied,**!**? and the
procedure used by Kim er al*? was
considered to consist of ‘only’ seven
steps. The discussion in such studies is
almost without exception in terms of
specific soil or sediment phases.

Applications of arsenic speciation very
much mirror those of heavy metal specia-
tion. Studies of the natural distribution
of arsenic, in particular in areas of high
natural concentrations, included those
on sediments,¥*+43 peat436 and coal. ¥’
The majority of studies has, however,
been targeted at assessing the mobility
and availability of arsenic in mine
wastes,2*38 45 contaminated  sedi-
ments*31:446-450 and contaminated
soils. 13 A particular application is
to the behaviour of arsenic in paddy
fields** and other soils**® irrigated with
waters with high natural concentrations
of arsenic and to sequestration of
arsenic in rice plants.**® The mobility
of organo-arsenic pesticides in soils is of
concern®*” 4 a5 demonstrated by the
study of Sarkar ef al*®! in which it was
shown that arsenic was less bioavailable
in soils with high concentrations of
amorphous oxides, in particular of
aluminium and iron. The concentrations
in the soluble fractions correlated well
with results from a physiologically-based
extraction test. Phytoremediation of
contaminated soils**>*** and the use
of iron to stabilize contaminated soils***
or to purify waters*®® have also received
attention. An extraction procedure
designed for the study of soils was
applied to the analysis of lichens because
most arsenic was present in trapped soil
particles.*®® The study of Han ez al.*®” on
the speciation of arsenic in poultry waste
was notable for defining the fractions
operationally and not as specific phases.
Over 47% of arsenic in the wastes was
water-soluble, but when applied to soils,
72% of arsenic was extracted in the
residual phase.

6.5.2 Mercury. As with the extraction
schemes for arsenic, those for mercury
tend to be quite complex and numerous

schemes have been developed. Although
the BCR scheme has been applied to the
speciation of mercury in sediments,**®
almost without further exception the
schemes used have been developed
to address the particular chemistry of
mercury. The five-step scheme of
Bloom et al.**® has been the most widely
adopted by researchers and is curious in
that the second stage is defined as the
‘human stomach acid’-soluble fraction.
Whereas the relevance of this to studies
of soil ingestion by humans is clear, the
relevance to the mobility of mercury in
soils and sediments is less obvious. Other
fractions were defined as ‘water soluble’,
‘organo-chelated’, ‘elemental mercury’
and ‘mercuric sulfide’. The sum of the
concentrations in the ‘water soluble’ and
‘human stomach acid’-soluble fractions
correlated well with results from in vitro
bioaccessibility tests. The six-step scheme
of Hall and Pelchat*’® gave specific
extraction when applied to single
minerals but, when the minerals were
mixed with granite, problems of re-
adsorption and inappropriate assignment
to specific phases occurred. Not all
extraction schemes are complex. A two-
step scheme was designed specifically
to target sulfide-bound mercury in
soils.*”! The simple three-step scheme of
Han ef al.*’* was based on extractability
and not on targeted phases to quantify
‘mobile’, ‘semi-mobile’ and ‘non-mobile’
fractions. Although the procedure was
proposed for routine analysis in the
assessment of environmental mobility of
mercury, it appears to have seen little use.

The limitations of sequential extrac-
tions for mercury speciation have been
highlighted. Kim et al*”® found that
specific phases were dissolving in the
‘wrong’ fractions of their procedure
(Bloom e al**®) and reported ‘incon-
sistencies in speciation results between
different extraction protocols’ which
‘might not yield accurate information’.
In a comparison of different extraction
schemes, Sladek and Gustin*’* found
that identification of specific mercury
phases could only be made with caution
and that the schemes overestimated the
release of mercury from mine wastes.
They concluded that ‘these methods
require more extensive evaluation before
they can be considered as a predictive
measure of in situ volatilization and
removal via water’. On the other hand,

Fernandez-Martinez er al,*’>  whilst
acknowledging that it was not possible
to identify individual species, found
differences in availability between soils
and considered that the method ‘provides
detailed information about mobility
in soils’.

Mercury speciation has been applied
predominantly to mine wastes,’>474476
contaminated soils*”>*"7*% and con-
taminated sediments.*®**%7 An investiga-
tion into the use of willow trees to
stabilize mercury in contaminated land
found that the root systems were effective
in trapping ‘bioavailable’ mercury.**®

6.5.3 Selenium. A critical evaluation
of two sequential extraction schemes for
the speciation of selenium in soils and
sediments demonstrated that most of the
steps were not specific and that extrac-
tion could remove substantial propor-
tions of non-targeted components.*®
Nevertheless the authors considered that
the schemes could provide useful infor-
mation and optimized one of the schemes
to provide accurate quantification of
selenium fractions (soluble/exchangeable,
adsorbed, elemental and ‘organically
associated’).  Warning was  given,
however, that the results should be
interpreted with caution. After compar-
ing various extraction schemes for sele-
nium, Kulp and Pratt*° designed a
seven-step scheme to provide a compre-
hensive and environmentally relevant
budget of both bioavailable and insolu-
ble species in geological materials.
Although most fractions were operation-
ally defined (for example, water-soluble
and acetic acid-soluble), some were
specific (for example, organic). All the
fractions were associated with specific
targeted phases. The six-step scheme of
Lim and Goh®"! was developed following
the testing of the specificity of a wide
range of extractants and was intended to
be used for identification of the size
fractions in contaminated soils which
presented the greatest environmental
hazard. De Leon et al.*? discussed the
mechanisms of extraction and recom-
mended a relatively simple procedure.
They applied a further layer of speciation
analysis in that each of the fractions was
further analysed by HPLC-ICP-MS to
determine the species (selenite, selenate,
elemental selenium and organic sele-
nium) extracted at each stage.
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Schemes for selenium speciation can
be either relatively simple or relatively
complex and range from a three-step
procedure to assess selenium in agricul-
tural soils*”* to the seven-step procedure
of Kulp and Pratt.*° Sequential extrac-
tions have been applied to the study of
selenium in soils,**** contaminated
sediments,**® mine tailings497 and coal-
bearing rocks.**®

6.5.4 Radionuclides. Natural and
synthetic  radionuclides have also
received attention.*”® Sequential extrac-
tion procedures have been developed
specifically for actinides, for example by
NIST.>%% A successful method to
prevent post-extraction re-adsorption of
plutonium by the addition of citrate
to sequential extracts was recently
reported.’*?

Sequential extraction procedures have
been applied to investigate uranium
geochemistry in  rivers,® fertilizer-
amended soils’® and Moroccan black
shale 0il.°°° Environmental contamina-
tion arising from uranium mining>*’ =%
and the technological enhancement of
natural radionuclides by phosphates
mining®'® and production,”'"*  coal
burning and pyrite roasting®'* and other
industrial processes”'> have been investi-
gated. Studies have indicated that
relatively small proportions of the trans-
uranic elements plutonium and ameri-
cium occur in easily extractable forms in
contaminated soil*'®>'® and sediment.>"’
Hence, the potential for migration of
these, highly chemically- and radio-toxic
elements, once released to the environ-
ment, is generally rather limited.

Fractionation data have clarified the
role of microbes in the geochemical
cycling of ?Tc®® and of fungi in
the cycling of '*7Cs;**!22 the importance
of sediments as a sink for 2°Tc¢™?
and ¥7Cs***  (released from  the
Sellafield nuclear reprocessing facility,
Cumbria, UK); and the factors
affecting the migration and fate of
6000525 1370, 526,527 2391240p 527 44
in soil. The approach has been
used in assessing the efficiency of a
heating method for immobilization of
radionuclides in contaminated soil*** and
as part of laboratory-based studies of
radionuclide migration in rock frac-
tures®2® relevant to the design of nuclear
waste repositories.

90Sr526

Sequential extraction has also pro-
vided considerable insight into the
physico-chemical behaviour of radio-
nuclides released by the Chernobyl
accident (April 1986).°% It is now
widely accepted that the majority of
radiocaesium is strongly bound to soil
components,”**33? whereas *°Sr is found
predominantly in easily extractable
forms, except close to the reactor
where there is a strong influence of
deposited fuel particles.’>*>*1>33 Similar
findings have been reported for river
sediments in the Chernobyl area® and
confirmed by column and batch leaching
experiments.>*

6.5.5 Other elements. There is a
tendency in the study of other elements
to apply a standard procedure. The BCR
procedure has been applied to study the
release of strontium and barium from
mine tailings>*® and the bioavailability of
tungsten in abandoned mine spoil.**’ In
addition, the BCR procedure has been
used to study aluminium in mine
wastes™ 8% and data have been pre-
sented for aluminium in six geological
reference materials.”” The Tessier proce-
dure, on the other hand, has been applied
to the speciation of boron,**° thallium>*!
and vanadium>? in soils and of anti-
mony in sediments.>*®  Dedicated
schemes have been developed for the
study of antimony®** in soils and of
barium in sediments.'* A five-step
scheme was used to study the solubiliza-
tion of gold by microbes in soils from a
gold mine.>* Although a seven-step
procedure was devised to study the
uptake of thallium by hyperaccumulator
plants, the fractions were effectively
grouped into two fractions — ‘easily
accessible’ and  ‘less  accessible’.>*®
Platinum in road tunnel dusts and in
gully sediments was found to be
extracted only in either ‘mobile’ or ‘easily
mobilised’ fractions and could therefore
present a risk to the environment.>*’

7. Concluding remarks

Sequential extraction is an important and
widely applied tool for gaining informa-
tion on potential mobility (hence, poten-
tial bioavailability and toxicity) of PTEs
in the environment. Despite the limita-
tions highlighted in this review, the
usefulness of sequential extraction 1is

evident from considerable insights it has
provided over almost three decades into
the environmental behaviour of PTEs.
Applications of the approach continue
to expand, and now encompass more
elements and substrates than were prob-
ably ever envisaged by early workers in
the field.

In response to the title of this review,
we consider sequential extraction to have
a healthy future in the 21st century
but that its continued usefulness, in
particular for environmental monitoring,
requires researchers to be aware of the
limitations. Studies based on sequential
extractions are more likely to be success-
ful if certain conditions are met:

(a) A ‘standard’ sequential extraction
scheme (e.g. the revised BCR procedure)
should be wused whenever possible
because of the availability of reference
materials and the possibility of direct
comparison between studies. The experi-
mental work should be adequately vali-
dated through use of mass balance and/
or certified reference materials.

(b) When using such a ‘standard’
scheme it is critical that the specified
procedure is adhered to strictly or, at the
very least, any variations should be
reported.

(c) There should if possible be some
degree of comparison within a study —
that is, comparing the difference in
‘before and after’ situations, spatial or
temporal variability, the effect of some
form of treatment or other changes
within a system. Because of their opera-
tional nature and the difficulty in
interpretation, sequential extraction pro-
cedures are not particularly suited for
absolute studies — that is, identifying the
distribution of metals between specific
soil phases without reference to any
other analyses.

(d) Data should be presented in terms
of absolute concentrations instead of or
in addition to percentage values

(e) Data should be interpreted accord-
ing to the ‘operational speciation’ defini-
tion of Ure.!'! For example, PTEs
recovered in Step 2 of the BCR proce-
dure should be described as associated
with the ‘reducible fraction’, rather
than as being ‘bound to iron/manganese
oxyhydroxides’.

(f) It is important that sequential
extractions are not applied uncritically
and users should take cognizance of the
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scope and limitations of the approach.
Phenomena such as non-specificity and
re-adsorption can occur to widely vari-
able extents, depending on the substrate
and PTE studied.

(g) Care should be taken when draw-
ing inferences concerning bioavailability
based on sequential extraction results.
Although, in general, it is reasonable
to expect that PTEs liberated early in a
sequential extraction have the potential
for more immediate environmental
impact than those found in residual
fractions, relationships between the
results of sequential extraction and
observed bioavailability depend on the
element, the substrate, the organism
studied and the exposure route.

Studies into the fundamental mechan-
isms of sequential extraction procedures
are to be encouraged as these provide us
with an improved understanding of the
metal speciation within the matrix and
the solid phases attacked by the extrac-
tants. Our understanding of the relation-
ship between extractability on the one
hand and mobility and bioavailability on
the other needs to be improved. The
availability of a wider range of reference
materials would help ensure the produc-
tion of reliable data and ease the com-
parison of data produced by different
studies.
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