
REVIEW

Patricia Smichowski Æ Griselda Polla Æ Darı́o Gómez
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Abstract This review surveys schemes used to sequen-
tially chemically fractionate metals and metalloids
present in airborne particulate matter. It focuses mainly
on sequential chemical fractionation schemes published
over the last 15 years. These schemes have been classi-
fied into five main categories: (1) based on Tessier’s
procedure, (2) based on Chester’s procedure, (3) based
on Zatka’s procedure, (4) based on BCR procedure, and
(5) other procedures. The operational characteristics as
well as the state of the art in metal fractionation of
airborne particulate matter, fly ashes and workroom
aerosols, in terms of applications, optimizations and
innovations, are also described. Many references to
other works in this area are provided.

Keywords Chemical fractionation Æ Fractionation
schemes Æ Metals and metalloids Æ Airborne particulate
matter Æ Fly ashes Æ Workroom aerosols

Abbreviations AFS: Atomic fluorescence
spectroscopy Æ APM: Airborne particulate matter Æ
ASV: Anodic stripping voltammetry Æ CE: Capillary
electrophoresis Æ CPEV: Carbon paste electrode
voltammetry Æ DCP: Direct current plasma Æ DPCSV:
Differential pulse cathodic stripping voltammetry Æ
ETAAS: Electrothermal atomic absorption
spectrometry Æ FAAS: Flame atomic absorption
spectrometry Æ HG: Hydride generation Æ HPLC: High
performance liquid chromatography Æ IC: Ion
chromatography Æ ICP MS: Inductively coupled plasma
mass spectrometry Æ ICP OES: Inductively coupled
plasma optical emission spectrometry Æ INAA:

Instrumental Neutron Activation Analysis Æ XRD:
X-ray diffraction analysis Æ XRF: X-ray fluorescence

Introduction

Most studies dealing with determinations of metals and
metalloids in airborne particulate matter (APM) focus
on the determination of total metal concentration
without distinguishing the various species that are
present [1, 2, 3, 4, 5]. It has become clear that this
information, although needed to evaluate overall pol-
lution levels, is insufficient, because the effect of a trace
element in the environment strongly depends upon the
associated form in the solid phase to which the element
is bound [6].

Airborne particulate matter is introduced into the
atmosphere through a variety of processes, including
natural (crustal weathering, sea-salt aerosol generation,
volcanism) and anthropogenic (fossil fuel combustion,
industrial activity, incineration) sources [7]. Fly ashes
generated in combustion processes are important carri-
ers of hazardous substances (such as toxic metals) into
the environment.

The environmental effects of aerosol particles depend
upon their sizes and chemical compositions. Aerosol
particles influence solar radiation transfer and cloud-
aerosol interactions, and control the optical, electrical
and radiative properties of the atmosphere. It is there-
fore crucially important to measure these two parame-
ters [8]. Deposition, residence time, particle dispersion,
transport and inhalation processes are predominantly
influenced by the size of the particles. From this point of
view, the first quantity sought in studies related to APM
is the size distribution. Particles larger than 1.0 lm oc-
cur in the coarse mode; these are generally produced
during mechanical processes and are rapidly removed (in
timescales of hours to a few days) near the source by
gravitational sedimentation. Small particles have a
considerably longer residence time in the atmosphere
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Unidad de Actividad Quı́mica, Av. Gral Paz 1499,
San Martı́n, Pcia de Buenos Aires B1650KNA, Argentina
E-mail: smichows@cnea.gov.ar

G. Polla
Comisión Nacional de Energı́a Atómica,
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and are much more efficiently transported [7]. To illus-
trate the importance of size distribution in APM, it is
worth mentioning that the degree of respiratory pene-
tration and retention is directly related to the aerody-
namic particle size. Particles with aerodynamic
diameters smaller than 1.0 lm are deposited in the
alveolar regions of the lungs, where the adsorption effi-
ciency for trace elements is 60–80% [9], and so this can
affect lung physiology, especially if the particles contain
biologically-available toxic metals [10].

Secondly, to evaluate the potential toxicities of trace
elements, it is also necessary to know the distributions of
their chemical forms, because the bioavailabilities of
elements depend on their characteristic surfaces, on the
strength of their bonds, and on the properties of solu-
tions in contact with APM.

The growing interest in obtaining information about
the mobilities, bioavailabilities, solubilities, metal cycles,
fates, and toxicities of trace elements in environmental
samples has prompted many research groups to design
and investigate extraction schemes aimed at the
sequential solubilization of metals bound to substrates
such as soils, sediments and aerosols. Sequential chem-
ical fractionation is therefore a way to determine the
actual metal activity in the environment and provides a
new perspective on analytical control [11]. As the usage
of the terms ‘‘fractionation’’ became more widespread, a
general definition was necessary. The International
Union for Pure and Applied Chemistry (IUPAC) de-
fined fractionation as the ‘‘process of classifying an
analyte or group of analytes from a certain sample
according to physical (e.g. size, solubility) or chemical
(e.g. bonding, reactivity) properties’’ [12]. It should be
noted that this definition does not strictly correspond to
determining the chemical forms of elements, but rather
to measuring broad forms of elements. Indeed, the re-
sults obtained by sequential extraction procedures are
operationally defined (in other words the forms of the
trace elements are defined by the scheme used for their
determination).

The main objective of aerosol fractionation studies is
the classification of metals in the solid matrix according
to particle size and chemical bonding, in order to char-
acterize metal mobility. Sequential extractions, although
time-consuming, provide useful information about the
origins, modes of occurrence, biological and physico-
chemical availabilities, mobilization and geological
transport of trace metals [13]. In general terms, the
fractions considered are exchangeable, weakly adsorbed,
hydrous-oxide-bound, organically-linked, and the lattice
material component. This classification provides useful
information about how each element is partitioned
among various compounds. A high content of an ele-
ment in the first few fractions is indicative of elements of
high mobility, and the environmental availability de-
creases with increasing fraction number. The exchange-
able fraction corresponds to the form of the metal that is
most available and can be released by merely changing
the ionic strength of the medium. Metals bound to

carbonates are sensitive to pH changes and can become
mobilizable when the pH is lowered. The metal fraction
bound to Fe–Mn oxides and organic matter can be
mobilized with increasing reducing or oxidizing condi-
tions in the environment. Finally, the metal associated
with the residual fraction (like silicate) can only be
mobilized as a result of weathering, and only long-term
effects will be observed [13].

Bioavailability—the degree and rate that a substance
is absorbed into a living system or is made available at
the site of physiological activity—is the prime consid-
eration in environmental risk assessment of toxicity. It
depends on the intrinsic properties of the substances, the
type of medium in which they occur, natural or man-
made variations on the properties of that medium, and
the biochemistries of the organisms at risk. The amount
of potentially bioavailable trace elements in soils and
sediments has been estimated from the water-soluble
fraction and the fraction obtained with a dilute salt as
extractant. Although both fractions were often satis-
factorily correlated with the uptake of heavy metals by
plants, similar studies that allow us to relate the content
of an element in the soluble fraction to its bioavailabity
are still lacking for APM. Environmental factors such as
pH, temperature, redox potential, sailinity and the nat-
ure of the organic fraction of APM may influence the
bioavailabilities of metals contained in aerosols.

Instrumental approaches based on the use of ana-
lytical techniques that directly measure the compositions
of APM deposited on filters, fly ashes or dusts have also
been used. These techniques have the limitation that
they can only examine very small areas of the sample
where the particles are generally not uniformly distrib-
uted, and phenomena of heterogeneity and encapsula-
tion will produce erroneous evaluations. On the other
hand, sequential chemical extraction methods can be
applied to a larger area or to the entire filter, so non-
uniform deposition or intraparticle phase variability
issues are avoided.

Several sequential chemical extraction schemes have
been reported in the literature. These procedures are
usually based on the same principle of successive
extractions of conceptually distinct lithological or au-
thigenic fractions representing a range of elemental
forms, from the most mobile to those strongly bound to
the support mineral [14]. The extractant converts the
metal bound in the solid phase into a soluble form. The
fraction of the individual element in each phase depends
on the chemical reagents used as the extractant and the
chemical and physical operating parameters involved,
such as pH, reagent type and concentration, time of
contact, particle size, stirring system temperature, and so
on.

Even though sequential chemical extraction proce-
dures provide useful information in environmental
studies and an increasing number of publications have
appeared over the last few years, they also have some
limitations and drawbacks. The selectivities of the
chemical reagents toward specific forms of binding were
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not taken into account for most of the schemes reported.
Also, the influence of the operational conditions should
be critically evaluated when an extractant is selected,
mainly because each extraction step could change the
original distribution of species in the sample.

All of the fractionation schemes reported in the lit-
erature have been used to characterize pollution sources,
to evaluate metal mobility and bioavailability, and to
identify binding sites of metals in order to assess metal
accumulation, pollution and transport mechanisms. In
this review, the authors have classified the sequential
chemical extraction methods for metal fractionation into
five categories: (1) based on Tessier’s scheme, (2) based
on Chester’s scheme, (3) based on Zatka’s scheme, (4)
based on the BCR scheme, and (5) other schemes.

General considerations and sequential chemical
extraction schemes

There are some factors that may influence the overall
analytical procedure, and so it is important to consider
the following points before selecting a fractionation
scheme:

1. Avoid a proliferation of unnecessary steps to mini-
mize losses through chemical instability of the species
or adsorption to laboratory ware.

2. Control the risk of contamination from reagents for
some ubiquitous species.

3. The scheme adopted must allow the separation of the
constituents attached to the APM on the surface
from those incorporated in the matrix.

4. Select suitable reagents with maximum extraction
efficiency for each step.

5. The choice of the extractant should be strictly cor-
related with the nature of the metal, its chemical
form, and the characteristics of the matrix from
which the compounds will be extracted.

6. The selectivity of an extractant is influenced by its
concentration, operational pH, liquid/solid ratio,
shaking or stirring conditions and duration of the
extraction process. Thermodynamic laws can be used
to predict the efficiency of an extractant to dissolve or
desorb elements from APM.

7. Take into account the chemical properties of the ex-
tractant to avoid lack of selectivity.

8. Study the effects of different parameters that can af-
fect the extraction process.

9. Sensitive and selective analytical techniques are nec-
essary for quantification because elements are col-
lected on filters in extremely low levels in most cases.

10. Quantify the total concentration of each element in
order to verify the mass balance.

In order to arrive at reliable results and correct
evaluations, several analytical methods of separation
and detection have been proposed for identifying and
measuring different chemical forms of elements. The
most popular methods of Tessier et al [15] and BCR [16]

have been developed for metal fractionation in soils and
sediments. In this regard, it is important to highlight the
similarities and differences between these matrices and
APM. Sediments contain high amounts of organic
matter, Fe and Mn oxides and silicates, while atmo-
spheric particles generally have significant levels of ele-
mental carbon, sulfates, nitrates, chlorides, ammonium
and organic compounds. It is evident that it is necessary
to design specific fractionation schemes for APM.

Chemical fractionation procedures reported in the
literature include a number of steps, between three and
nine, and optimized reagents, reagent concentrations,
pH values, temperatures, and extraction times. The
number of fractionation steps required depends on the
purpose of the study. In all of the schemes, different
extractant reagents are applied in order of increasing
reactivity. The sequential extraction procedure reported
by Tessier et al [15] in 1979 and the BCR procedure [16]
elaborated in 1993 by the European Community’s Bu-
reau of References (now The Standards, Measurements
and Testing Programme, SM&T) are the most re-
presentative procedures. Tessier’s scheme comprises four
steps and was designed and widely applied to soil frac-
tionation studies and (to a much more minor extent) to
APM analysis. The fractions and the reagents used in
this scheme are: exchangeable (1.0 mol l�1 magnesium
chloride), bound to carbonates (1.0 mol l�1 sodium
acetate), bound to Fe and Mn oxides (0.04 mol l�1

hydroxylamine chloride in 25% acetic acid), bound to
organic matter (0.02 mol l�1 nitric acid + 30% hydro-
gen peroxide + 3.2 mol l�1 ammonium acetate in 20%
nitric acid), and residual (hydrofluoric and perchloric
acids). Without any doubt it is one of the most thor-
oughly investigated and analytically well-documented
schemes. The BCR scheme allows the separation of
extractable metals into three fractions: acid soluble
(using 0.1 mol l�1 acetic acid), reducible (using
0.1 mol l�1 hydroxylamine hydrochloride), and oxidiz-
able (using 8.8 mol l�1 hydrogen peroxide). It was pro-
posed in an attempt to harmonize the different schemes
and was first applied to the fractionation of Cd, Cr, Cu,
Ni, Pb and Zn in sediments [16]. The Tessier and BCR
schemes use (in general terms) the same extractants for
the acid soluble and reducible fractions, but different
concentrations and experimental conditions are applied,
and consequently, the metal contents found are differ-
ent. Tessier’s scheme has been subjected to different
modifications, optimizations and improvements over the
years in order to adapt it so that it can be used to extract
metals from APM. These modifications have contrib-
uted to speeding up the conventional method and
therefore improving sample throughput.

The schemes by Chester et al [17] and Zatka et al [18]
were specifically designed for particulate matter. Ches-
ter’s procedure comprises three-stage sequential leaching
in order to fractionate trace metals in filter-collected
samples of urban and marine aerosols. Due to the car-
cinogenic effects of some Ni chemical forms, many
specific extraction schemes for evaluating Ni occupa-
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tional exposure have been proposed. Zatka et al [18]
designed a method for Ni species separation in work-
room air, and four fractions—soluble, sulfidic, metallic
and oxidic—were considered.

Fractions obtained after sequential chemical
fractionation of aerosols

Relatively labile elements with major potential bioavai-
labilities are first extracted with water. This first fraction
contains the water-soluble species constituted by free
ions and those ions that are complexed with soluble
organic matter (chlorides, sulfates, nitrates, acetates,
and so on). The percentage of each metal that is ex-
tracted in this fraction strongly depends on the proper-
ties of the metal. Fernández Espinosa et al [10] showed
that trace metals in fine urban particles were extracted
with water in the order: V > Ni > Co > Mn > -
Ca @ Cu > Cd > Mg > Ti > Fe. As a drawback,
extractant water has a low buffering capacity. Other
reagents have been used for this stage, such as magne-
sium chloride [15], ammonium acetate [17], and sodium
chloride [19].

The exchangeable fraction contains metals that are
weakly adsorbed onto the surface of the APM by rela-
tively weak electrostatic interactions, and metals that
can be removed by ion-exchange processes. The extrac-
tion efficiency depends on the properties of the cation,
increasing in the order: H+ < Ca2+ < Mg2+ < Na+,
NH4

+ [20]. Acetate and chlorine salts are the reagents
most used for leaching the exchangeable fraction. The
metal complexing power of acetate prevents re-adsorp-
tion or precipitation of the metal ions released [13]. The
pH is critical in this step; a sufficiently high pH is rec-
ommended in order to avoid protons competing or
reacting with the other phases in the aerosols, but the
pH should not be so high that hydroxides precipitate.
Some specific reagents used in this stage are: magnesium
chloride [15], sodium chloride [17], sodium acetate [21],
ammonium citrate [18, 22, 23, 24] and EDTA [25]. Al-
though ammonium acetate has been used [8, 26, 27, 28]
in different fractionation schemes for APM, it has been
criticized in soil fractionation studies because of diffi-
culties in arriving at reliable analytical determinations
when it is used [29].

Metals that are precipitated or coprecipitated with
carbonate are collected in the acid soluble fraction [30]
and are potentially bioavailable. A slightly more acidic
solution is required in this step in order to decompose
carbonates, liberate trace elements, and dissolve any
free heavy metal carbonates. The carbonate form is a
loosely-bound phase and liable to change with envi-
ronmental conditions [31, 32]. Sodium acetate–acetic
acid buffer (8 ml of NaOAc) used at a concentration
of 1 mol l�1 and at a pH of 5 was used as extractant
to release metals associated with carbonates in the
Tessier et al [15] and Hansen et al [21] schemes. About
5 h are required to extract over 99.9% of the metals.

At this stage, the BCR scheme uses a 0.11 mol l�1

acetic acid solution as extractant. Reducible oxides of
Mn and Fe are extracted together in the reducible
fraction using hydroxylamine hydrochloride in acetic
acid medium (pH 2 is frequently used). At this stage,
procedures differ only in minor operational details
such as solid/liquid ratio, treatment time, and washing
procedure. Mn(III) and Mn(IV) are reduced to soluble
Mn(II) species. In a similar way, Fe(III) is reduced to
the soluble Fe(II) species, and metal ions bound to
oxy-compounds are also liberated into solution. A
drawback commonly found is the release of substantial
amounts of elements bound to organic matter, so the
recovery of trace elements in the oxide fraction may be
overestimated at the expense of the oxidizable fraction
[33]. This mixture of reagents has also been used in
other procedures to extract the acid-soluble and the
reducible fractions simultaneously [10, 11, 17, 34].
Sodium pyrophosphate [33] or sodium dithionate-cit-
rate [36] are other extractants that have been reported
in the literature.

Some difficulties have been reported in accurately
separating trace metals bound to organic matter. The
organic fraction released in the oxidizable step is not
considered to be very mobile or available and contains
trace metals associated through complexation or bioac-
cumulation processes with organic matter. An oxidation
step (hydrogen peroxide in acid medium) is usually ap-
plied to release metals bound to organic compounds and
sulfides [15, 37].

More aggressive conditions are necessary to dissolve
the residual/crustal trace metals held within the crystal
structure of primary and secondary minerals. Silicate
minerals, resistant sulfides, and small quantities of
refractory organic material are the principal components
found at this last stage. Some of the reagents proposed
for this step are: HNO3, HClO4, HCl, HF [21, 27, 37].
The environmentally-mobile fractions bound to silicates
can be interpreted as particle surface/particle matrix
associations formed as a result of high temperature
anthropogenic processes and low temperature crustal
weathering processes.

An overall picture of the literature on this subject
shows that the most popular techniques used to deter-
mine metal concentrations in the extracts have been:
flame atomic absorption spectrometry (FAAS), electro-
thermal atomic absorption spectrometry (ETAAS), and
inductively coupled plasma optical emission spectrome-
try (ICP OES). Inductively coupled plasma mass spec-
trometry (ICP-MS) has also been used by some
researchers.

Table 1 summarizes the main characteristics, reagents
and operating conditions of the more commonly used
methods—Tessier, Chester, Zatka and BCR—that occur
in the literature on the sequential chemical extraction of
metals and metalloids in airborne particulate matter.

It would be obviously impracticable to cite, even
briefly, all contributions on fractionation that have en-
riched the relevant literature to date. Nonetheless, the
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authors considered it important to mention some rep-
resentative papers that have significantly contributed to
the chemical fractionation of elements in aerosols and fly
ash samples in this review. These papers, classified
according to the different fractionation schemes used,
are discussed briefly below.

Methods based on Tessier’s scheme

In a pioneering paper by Tessier et al [15], the authors
developed and examined the merits of a method of

sequential chemical extraction for partitioning trace
metals into chemical forms likely to be released in
solution under various environmental conditions. Cd,
Co, Cu, Fe, Mn, Ni, Pb, and Zn were the elements
considered, and the scheme was applied to bottom sed-
iments because that matrix was more easily obtained in
workable quantities than suspended matter. The method
allows the separation of extractable metals into five
fractions: exchangeable, bound to carbonates, bound to
Fe and Mn oxides, and bound to organic matter and
residual. The extractants used in this scheme are: (1)
1.0 mol l�1 magnesium chloride, (2) 1.0 mol l�1 sodium

Table 1 Main sequential chemical extraction methods for metal fractionation. Fractions are designated as reported by their authors

Fractions Reagents Operating conditions

Tessier: sedimentsa [15]
Exchangeable 8 ml of 1 mol l�1 MgCl2 (pH=7.0) solution Room temperature, 1 h

constant agitation
Bound to carbonates 8 ml of 1 mol l�1 NaOAc (pH=5.0

with HOAc) solution
Room temperature, 5 h
constant agitation

Bound to Fe and Mn
oxides

20 ml of 0.04 mol l�1 NH2OH.HCl in 25% v/v
HOAc (pH�2) solution

96±3 �C, 6 h, occasional
agitation

Bound to organic matter 3 ml 0.02 mol l�1 HNO3 + 5 ml 30% H2O2

(pH=2 with HNO3)
85±2 �C, 2 h, occasional
agitation

3 ml of 30% H2O2 (pH=2 with HNO3) solution 85±2 �C, 3 h, intermittent
agitation

5 ml of 3.2 mol l�1 NH4OAc in 20% v/v HNO3

solution
Room temperature, 30 min
constant agitation

Residual HF + HClO4 mixture Selective extraction in
centrifuge tubes

Chester: filter collected samples of urbanb and marinec aerosols [17]
Loosely-held
(environmentally mobile)

25 ml of 1 mol l�1 NH4OAc
(pH=7) solution

Room temperature, 15 min,
constant agitation

Bound to carbonates,
and oxides

25 ml of (1 mol l�1 NH2OH.HCl
+ 25% v/v HOAc) mixture

Room temperature, 6 h,
constant agitation

Organic and
refractory-associated

10 ml of HNO3 and 2 ml of HF Hot plate, >100 �C

Zatka: Ni in airborne dustd [18]
Soluble 15 ml of 0.1 mol l�1 (NH4)2-citrate

(pH=4.4)
solution

Room temperature, 90 min,
occasional agitation

Sulfidic 15 ml of (0.1 mol l�1 (NH4)2-citrate + 30%
H2O2, 2:1 v/v)

Room temperature, 60 min

Metallic 10 ml of anhydrous methanol containing 0.2 ml
of bromine

�5 se

Oxidic (insoluble) dust sample: 5 ml of HNO3 (digest) and then 4 ml
of HClO4

Digestion on hot plate

sample on quartz filter: 5 ml of HF + 5 ml
HNO3/5 ml HClO4

Heat to dissolve filter=>
evaporation

BCR: sedimentsa [16]
Acid soluble 40 ml of 0.11 mol l�1 HOAc solution Room temperature, 16 h,

constant agitation
Reducible 40 ml of 0.1 mol l�1 NH2OH.HCl

(pH=2 with HNO3) solution
Room temperature, 16 h,
constant agitation

Oxidizable 10 ml of 30% w/v H2O2 Room temperature, 1 h,
occasional agitation + 85 �C, 1 h

10 ml of 30% w/v H2O2 85 �C, 1 h. Then reduce the
volume to a few ml

50 ml of 1 mol l�1 NH4OAc solution Room temperature, 16 h,
constant agitation

aFor 1 g of sediment sample
bUrban aerosols were collected on 5 cm diameter Whatman 41
filters
cMarine aerosols were collected on 18.5 cm diameter Whatman 41
filters

dFor 10 mg dust samples, or when high-volume samples collected
on quarts filters were analyzed, a strip (50·203 mm) of the filter
was treated
eDuration should be kept at a minimum, particularly if the presence
of basic Ni salts is suspected
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acetate, (3) 0.04 mol l�1 hydroxylamine + 25% acetic
acid, (4) 0.02 mol l�1 nitric acid + 30% hydrogen per-
oxide and (5) hydrofluoric and perchloric acids.
Hydroxylamine in acid medium is the most widely-used
reagent for the easily reducible fraction. However, it
releases significant amounts of elements bound to or-
ganic matter. For this reason, the recovery of trace ele-
ments in the oxide fraction may be overestimated [13].
Hydrogen peroxide applied to a heated medium is the
reagent used in most schemes because it dissolves or-
ganic matter as a compromise between complete attack
of organic matter and minimum alteration of silicates
[15]. A drawback related to the use of this reagent is the
possibility of metal re-adsorption into the residual
fraction, which requires an additional stage with
ammonium acetate at pH 2. The lack of selectivity of
most reagents makes the efficient separation of trace
metals bound to organic matter, sulfides and oxides
using most sequential chemical extraction procedures
tricky. For this reason, in the Tessier et al [15] scheme
special attention was paid to the potential selectivity of
each leaching solution. They evaluated the degree to
which a desired sediment phase was solubilized and also
the degree to which the remaining phases resisted attack.

Applications of Tessier’s scheme to atmospheric
aerosols are described briefly below. The original
sequential chemical extraction procedure was employed
to determine the chemical forms and potential avail-
abilities of Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, P, Pb and Zn
in incinerated sludge ash from an industrial urban area
[14]. Metals in the extracts were determined by direct
current Ar plasma (DCP). The study showed that all of
the elements analyzed were relatively immobile, with
residual chemical forms comprising between 70% (P)
and 97.7% (Pb) of the total element concentrations.
About 90% of the potentially toxic metals—Cd, Cr, Cu,
Ni, Pb and Zn—was present in unavailable forms.

The importance of fractionation studies of fly ash is
based on the fact that its potential toxicity is strongly
related to the leachable fraction of contaminants, since
the total toxic amount of fly ash is not extractable under
natural environmental conditions. In this context,
numerous sequential extraction procedures have been
developed and applied with research or regulatory pur-
poses and represent a valuable tool for disposal man-
agement. An extraction method that employed a kind of
biosurfactant (saponins) was used for removing heavy
metals from two different fly ashes [38]. Samples were
treated with three triterpene-glycoside-type saponins in
the pH range 4–9. Heavy metals were determined by ICP
spectrometry, and ion chromatography (IC) was used
for Cl� and SO4

2� quantification. Results were com-
pared with those from the HCl and EDTA treatment.
Sequential extraction was performed on the fly ashes
before and after the saponin treatment.

Procedures specifically designed for soils and sedi-
ments were adapted to the chemical fractionation of
particulate matter. Nevertheless, the composition of
APM and fly ash is different to that of soils and sedi-

ments, which contain high contents of organic matter,
Fe and Mn oxides and silicates. For this reason, some
steps of Tessier’s method have undergone various
modifications over the years. Some of the modifications
to the original procedure are described below.

Two fly ashes from biomass combustionwere analyzed
for Cd fractionation and mobility [21]. The sequential
extraction procedure developed by Tessier was modified
and six fractions were selected to define the distribution
and partitioning of Cd: water soluble, exchangeable,
precipitated as carbonate, bound in Fe and Mn oxides,
organic-bound, and residual cadmium. The study dem-
onstrated that Cd in fly ashes from straw combustion was
most likely presented as soluble CdCl2, which was
attributed to the high chloride content and to the neutral
pH in the fly ashes. It was also found that Cd was easily to
dissolve and so Cd would be mobile in the environment.

Obiols et al [19] modified Tessier’s scheme for sedi-
ments for use with particles suspended in air. This new
four-step fractionation procedure was applied to samples
of suspended particulate matter from an urban area of
Barcelona, and it allowed the partitioning of extractable
metals into four fractions: (1) soluble and exchangeable,
(2) bound to carbonates and Fe–Mn oxides, (3) bound to
organic matter, and (4) residual. In this scheme magne-
sium chloride was replaced by sodium chloride, while
metal bound to carbonates and oxides were extracted in
the same step. In the samples analyzed by FAAS, only Cd
was predominant in the first fraction whereas the other
metals were largely associated with carbonates and Fe–
Mnoxides. Themodification proposed byObiols et al [19]
was adopted by other researchers to investigate if metal
fractionation was capable of determining and character-
izing the principal pollution sources in an area using sta-
tistical analysis (principal components and cluster
analysis) of pattern recognition [11]. The study showed
that soil aerosols made the largest contribution to pollu-
tion, withAl andFe as themost abundantmetals acting as
markers for this source. In addition, the close correlation
between Cu and Pb (mainly appearing as oxides and
carbonates) suggested that these metals were mainly pol-
lutants generated by traffic.

Fernández Espinosa and his group carried out a series
of comprehensive research studies based on a Tessier’s
derived scheme (with several modifications) aimed spe-
cifically at the determination of trace metals in urban
particles [10, 34, 37]. The objective of the optimization
carried out was to find the most suitable experimental
conditions for the fractionation scheme for urban parti-
cles, since the majority of the procedures used previously
had been applied to sediments. The second objective was
to extract the chemical forms from particles that could be
biologically available to the human body. Therefore, the
experimental conditions similar to those of deposition and
solubilization into the lung were determined. The scheme
consisted of selecting four fractions to define the distri-
bution and partitioning of key metals: (1) soluble and
exchangeablemetals, (2) carbonates, oxides and reducible
metals, (3) bound to organic matter, oxidizable and sul-
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fidic metals, and (4) residual metals. Fernández Espinosa
et al [34] optimized each stage of the leaching procedure
for fine urban particles. The parameters investigatedwere:
type of reagent, its concentration, pH, temperature and
extraction time. A new fractionation scheme was pro-
posed and the changes introduced were: (1) water was
used instead of sodium chloride, (2) the concentration of
hydroxylamine chloride was increased significantly from
0.04 to 0.25 mol l�1 and ambient temperature was se-
lected instead of 85 �C, (3) the concentration of ammo-
nium acetate was decreased from 3.2 to 2.5 mol l�1. The
new experimental conditions of the two first stages were
less aggressive than those used previously. This scheme
was applied to another investigation where the chemical
fractionation of 11 metals in aerosols was studied in 12
areas of the city of Seville (Spain) [10]. Urban aerosols
were collected with a high-volume sampling system
equipped with a cascade impactor, which effectively sep-
arated the particulate matter into six size ranges. Chemi-
cal fractionation was applied to particles of <0.61 lm
and sample extractions were analyzed by ICP OES. The
study showed that the metals with highest percentages in
the different fractions were V (50.4%) in the soluble and
exchangeable fraction, Ca (39.7%) in the carbonates,
oxides and reducible fraction,Mg (59.2%) in the bound to
organic matter, oxidizable and sulfidic fraction, and Fe
(54.6%) in the residual fraction. Correlations between all
of the variables and the results showed common sources
for the metal fractions correlated with industrial activities
and mainly vehicular traffic. In another study, a series of
41 samples of atmospheric particles below 0.61 lm were
collected and 11 relevant metals were analyzed by ICP
OES after separating the chemical forms through the
scheme used for fine particles described above [39]. The
data obtained were analyzed by multivariate statistical
techniques and allowed the identification of the main
contributing APM sources. In this context, it was ob-
served that levels of the organic-sulfidic forms of Cd, Mn,
Pb andTiwere highest onweekends and that sources from
the sampling sites were influenced by local emission more
than by transferred pollutions.

Methods based on Chester’s scheme

The atmosphere is recognized as being an important
pathway for the transport of trace metals to the oceans
[40]. Principal sources are low temperature crustal
weathering, sea-salt generation and a variety of mainly
high temperature anthropogenic processes, and eventu-
ally volcanic activity, rock volatilization, release from
plant surfaces and forest fires. Chester et al [17] de-
scribed a method for the fractionation of trace metals in
filter-collected samples of marine and urban aerosols
using a three-stage sequential leaching procedure. The
method was specifically designed to provide information
on how trace metals are distributed between loosely-held
(environmentally mobile) and refractory (environmen-
tally immobile) associations, with an additional stage for

carbonate and oxide associations. The data obtained
provided useful information on the source of the metals
and on their potential mobility following the deposition
of the aerosols to the sea surface. Concentrations of Al,
Cu, Fe, Mn, Pb and Zn were determined by AAS in the
three leaching solutions. In general terms, Cu, Pb and
Zn were mostly found in loosely-held associations in the
high-temperature-generated urban aerosols than in the
low-temperature-generated crustal samples, whereas Al
and Fe were generally refractory in aerosols from both
populations. The importance of this method is based on
the fact that it has demonstrated that aerosol fraction-
ation data can be related to the solubility of an element
in an aqueous medium, with metals in the loosely-held
forms being most soluble, and that it can also provide a
framework for assessing the reactivities of the elements
once they have been deposited on the surface. The ex-
tractants used in this scheme are: (1) 1.0 mol l�1

ammonium acetate, (2) 1.0 mol l�1 hydroxylamine +
25% acetic acid, and (3) nitric and hydrofluoric acids.
The use of acetate salts for leaching the soluble and
exchangeable fractions presents a drawback to enhanc-
ing the extraction of transition metals because of the
complexing power of acetate. Nevertheless, solutions of
ammonium salts have the advantage of avoiding possi-
ble interference effects when FAAS and ETAAS are
used for detection over alkaline and alkaline-earth salts.
No information on either the reproducibility or accuracy
of the three-step sequential leaching technique was
reported.

Hlavay and his group performed several compre-
hensive studies on the chemical fractionation of elements
in aerosol samples from Hungary [8, 27, 28]. Twelve
environmentally-significant trace elements collected in
Teflon filters were separated in three fractions (mobile,
carbonate and oxide-associated and bound to silicate) to
determine the elemental distribution patterns in a mod-
erately polluted city and a regional background sam-
pling site [27]. By using AAS for element quantification,
it was found that Pb was the most abundant in the
environmentally mobile fractions while Cd was the
most abundant in environmentally immobile fractions.
In another approach, the fractionation of aerosols
according to particle size and chemical bonding was
reported for the first time [28]. Eight particles size ranges
were considered. The study revealed that several species
of Cd, Cr and Pb were concentrated over the particle
size range 0.18–0.71 lm. Metals followed different pat-
tern distributions depending on the particle size, which is
important from the point of view of the atmospheric
transport of metals. It is important to highlight that Cd,
Cr and Pb were adsorbed on sub-micrometer diameter
particles and so they could be deposited in the pulmo-
nary area. On the other hand, Cd compounds have
mainly been found in environmentally mobile fractions,
whereas As compounds accumulated in the environ-
mentally immobile portions. Other investigations re-
ported the distributions of elements in atmospheric
aerosols collected on membrane filters over different size

308



ranges [8]. Environmentally mobile fractions, fractions
bound to carbonates and oxides, and fractions bound to
silicates and organic matter (environmentally immobile)
were obtained. The concentrations of ten elements were
determined by ETAAS. Dry deposition rates and
enrichment factors were calculated for the fine and
coarse fractions as well as the mobile portion of the
chemical bonding of the elements. The study demon-
strated that the pollution load effectively characterizes
the background area that the aerosols are transported
from over long ranges from both anthropogenic and
natural sources.

A capillary electrophoresis (CE) method with direct
UV detection has been developed and validated to
determine the distributions of metals in particulate
matter following a sequential extraction procedure
based on Chester’s method [26]. The work was
performed in two experimental stages. In the first stage,
CE conditions were established for the determination
of Cd(II), Cu(II), Fe(II), Mn(II) and Zn(II) ions in
high-strength matrices. Ions were separated using a
background electrolyte consisting of 200 mmol l�1

ammonium acetate (pH 5.5), 0.5 mmol l�1 1,10-phe-
nanthroline, 10 mmol l�1 hydroxylamine hydrochloric
and 20% acetone. In the second stage, the reliability and
applicability of the CE method was checked using NIST
1648 (urban air particulate matter) certified reference
material.

Methods based on Zatka’s scheme

Many studies have been conducted to determine the Ni
species in the workplace, in order to characterize
employees’ exposure to Ni-containing aerosols. In work-
room air, Ni was found at lg m�3 and mg m�3 levels.
The identification and measurement of Ni species is of
prime importance, because some compounds are car-
cinogenic whereas others are not [41]. Zatka et al [18]
developed an approach to Ni fractionation that exploits
the differences in chemical properties of the various Ni
phases found in dusts from Ni-producing factories and
workplaces. The scheme of fractionation differentiates
among four groups of similarly reacting Ni compounds
rather than individual species. This four-fold categori-
zation of the wide variety of Ni compounds is quite
satisfactory because a workplace dust sample from the
Ni-producing or -using industry contains only a limited
number of different Ni-bearing species. The authors
recommend the use of quartz fiber filters for particle
collection, and to avoid the use of glass fiber filters due
to their natural surface alkalinity, which can cause sol-
uble Ni compounds to form basic salts that are only
partly soluble. Three selective leaches utilizing, in order,
ammonium citrate (soluble Ni), hydrogen peroxide-
ammonium citrate (sulfidic Ni), and bromine–methanol
(metallic Ni) solutions as well as a final step with nitric
and perchloric acids (oxidic Ni) were proposed. To leach
soluble Ni compounds with ammonium citrate is pref-

erable to procedures that use water in this step due to the
buffering and chelating properties of this reagent.
Undesirable hydrolysis of higher valent ions, such as
Fe3+, and changes of pH during leaching are also
minimized [18].

It is important to note that the leach selectivity and
extraction efficiencies of the reagent solutions used were
examined using pure commercial Ni compounds. The
authors recommended paying special attention to the
possibility of incomplete leaching of the species in any
group because this would affect results in the following
groups. The advantage of this approach is the specificity
and that it was developed to overcome the intraparticle
heterogeneity and encapsulation phenomena common in
industrial dust, and the non-homogeneous distribution
of individual species on aerosol filters.

A study was undertaken by Andersen et al [22] to
investigate if workers from a Ni refinery were exposed to
soluble Ni species. Since the method proposed by Zatka
et al [18] was tedious and time-consuming, it was only
applied by them to two phases: soluble and insoluble Ni.
For residue digestion, a mixture of 4:2.1 of HNO3,
HClO4 and H2SO4 was used. Compared with the
method of Zatka et al [18], the latter was the sum of the
sulfidic, metallic and oxidic Ni. Other metals, namely
Co, Cu, Fe were determined by FAAS, and X-ray flu-
orescence (XRF) was used to analyze the sulfate in the
ammonium citrate solution. Water soluble Ni was found
in all samples ranging from 5–35%, and the sulfate in
the solution correlated almost stoichiometrically to the
total metal content. Dust composition based on X-ray
diffraction analysis (XRD) was also reported. Some
other investigations into the presence of Ni in industrial
aerosols are also worth mentioning. Stationary dust and
production samples were subject to the first two steps of
Zatka’s method. Andersen and Svenes [24] reported the
XRD spectrometric analysis of Ni extracts derived from
the lungs of two refinery workers and from three sta-
tionary air samples collected in the workplace. Station-
ary dust samples and production samples were subjected
to the first two steps of Zatka’s leaching scheme [18].
Nickel and other metals such as Co, Cr, Cu and Fe were
determined in the extracts by ICP OES with a high
resolution axial spectrometer [24]. The residue was
analyzed by XRD. The study may indicate that the Ni
remaining in the lungs some years after exposure was
trevorite, and that this may be biologically inert.

Since there was no commercially-available sampler
that could provide samples of sufficient quantity to en-
able chemical speciation for the species fractions of
interest as well as particle size distribution information,
a new instrumentation based on a modified version of
the Andersen cascade impactor was developed by Vin-
cent et al [23]. A porous foam media top stage was
incorporated to give particle classification over the up-
per end of the inhalable range. The results obtained after
chemical fractionation of the respirable, thoracic and
inhalable fractions showed that the four Ni species
groups were consistently uniform across the full range of
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particle-size distribution. ICP OES was used to analyze
each of the four extracted fractions for Ni content.

Füchtjohann et al [42] designed a method based on
Zatka’s scheme to distinguish between the four Ni spe-
cies mentioned above in APM collected on cellulose
nitrate filters. EDTA solution (instead of ammonium
citrate), a mixture of diammonium citrate and hydrogen
peroxide, and a KCuCl3 solution (instead of the mixture
of anhydrous methanol and bromine) were used as
leaching agents. For reduction of blanks, a new micro-
scale filter holder placed in a closed FIA system was
employed. Concentrations of the various Ni species in
the low ng m�3 range down to the detection limits (0.1–
0.3 ng ml�1) were determined by ETAAS and ICP-MS.
The mean fraction of total Ni (sampling period of
one month) was found to contain 36±20% of soluble,
6±4% of sulfidic, 11±15% of metallic, and 48±18%
of oxidic Ni. These authors examined the selectivity of
the method proposed. The degree of separation was
evaluated by measuring the solubility of the sulfidic,
metallic and oxidic species in each extraction phase.
Even in the worse case, a co-extraction of lower than 3%
was observed, which demonstrates the very good selec-
tivity of each leaching step. No information on the
compositions of the individual particles that were lea-
ched was reported.

Methods based on the BCR scheme

The BCR procedure has been proposed to harmonize
and improve the extractants and procedures for chemi-
cal speciation analysis of heavy metals in soils and sed-
iments. The BCR protocol was then applied to different
kind of matrices such as sewage sludge [43, 44, 45, 46],
soils [47, 48, 49, 50, 51] and river sediments [52, 53, 54].
The BCR scheme was used to certify the extractable
trace metal contents of a sediment reference material
(CRM 601). Although the procedure offered a means to
ensure compatibility between data in these fields, some
difficulties concerning reproducibility remained, and a
new project was conducted to determine the cause of
poor reproducibility in the extraction scheme prior to
the certification of a new sediment and soil reference
material [55]. The BCR scheme has shown lower matrix
effects for a number of elements in comparison with the
Tessier scheme regarding the analytical techniques used
for element quantification (FAAS, ETAAS, ICP OES).
Less attention has been paid to fractionation studies on
APM using the BCR scheme, and some of these studies
are restricted to only one metal.

A study was undertaken by Hlavay et al to monitor
the natural environment by performing chemical frac-
tionation on aerosols and sediments [56]. The reason for
collecting precipitate and aerosol samples at the same
time was to determine the distribution of elements in dry
and wet depositions. The elemental concentrations of
the solutions were determined by ETAAS and the
method was successfully applied to describe environ-

mentally mobile and stable fractions of toxic metals.
Cadmium compounds were relatively common in the
environmentally mobile fractions and arsenic com-
pounds had accumulated almost evenly among portions.

The original BCR extraction protocol was modified
and applied in order to study the partitioning of metals
in two fly ash certified reference materials [57]. A first
step, using water as extractant, was used to evaluate the
risk of environmental pollution by emission of water-
soluble species from coal fly ashes. The metal concen-
trations in the extracts were measured by ICP OES. Of
the trace elements analyzed, B, Cr and Sr compounds
were relatively easily extracted by water. The authors
recommended incorporating more aggressive steps into
the BCR scheme, since coal fly ashes are generated in a
very aggressive combustion process.

Dabek-Zlotorzynska et al [58] determined the distri-
bution of Cd, Cu, Fe, Mn and Zn species in APM after
sequential small-scale extraction using BCR reagents.
The work focused on (1) optimizing the experimental
conditions for sensitive measuring of trace metals in the
BCR extractants and (2) speeding up the BCR extrac-
tion by finding suitable sonication conditions. With the
exception of Fe, the results achieved from ultrasonic
extraction for all metals were reasonably comparable
with those obtained using the conventional BCR pro-
cedure. It is important to remark that the overall
extraction time was reduced considerably, from 48 to
2 h.

Table 2 illustrates the similarities and differences be-
tween the four main extraction schemes and their
modified forms in regard to fractions and reagents used.

Other schemes

In an attempt to investigate the binding of heavy metals
in thermally treated (sintering, vitrification) residues
from waste incineration, a six-step sequential extraction
procedure was developed [59]. Fly ashes separated from
flue gas by electrostatic precipitation were treated in an
assay furnace for 2 h and then the samples were cooled
at ambient temperature. Subsequently, the thermally-
treated fly ashes were leached following a procedure that
enabled identification of the following fractions: (1)
exchangeable cations (ammonium acetate solution), (2)
carbonate fraction (sodium acetate solution), (3) easily
reducible phase (hydroxylamine chloride solution), (4)
reduction resistant phase (ammonium oxalate/oxalic
acid solution), (5) sulfidic fraction (hydrogen peroxide
and then ammonium acetate solution), (6) residual
fraction (nitric acid). The sequential leaching study
showed that, with the exception of Cr and Ni, the
thermal treatment of fly ashes largely inertizes metals
(Cd, Cu, Pb and Zn). The content of each metal in the
different fractions was discussed.

Other authors have reported investigations aimed at
studying the fractionation of airborne Ni in occupa-
tional exposure [60, 61, 62]. Samples of a standard fly
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ash (NIST-SRM 1633 coal fly ash) were subject to a
highly specific nine-step procedure, and the Ni was
quantified by voltammetry and characterized by cumu-
lative extraction plots and dissolution kinetics [60]. The
study was applied to two field samples of oil fly ash and
it showed different Ni bioavailabilities.

A mild sequential extraction procedure utilized for
size-fractionated aerosol samples collected on-filter,
based on the solubility of As in water and phosphate
solutions has been reported [63]. Aerosols were collected
by sequential filtration into a coarse (about 10–2 lm)
and a fine (<2 lm) fraction through membrane filters.
The total amount of As was determined in a quarter of
each filter by instrumental neutron activation analysis
(INAA). Another part of each filter was treated with a
specific sequential extraction procedure aimed to differ-
entiate between water-extractable, phosphate-extract-
able and refractory chemical forms. Water-extractable
forms were further differentiated into anionic As species
by high performance liquid chromatography (HPLC)-
hydride generation (HG)- atomic fluorescence spectros-
copy (AFS). The As content in water depended on the
aerosol size fraction (12% in the coarse fraction and
50% in the fine fraction) while their did not seem to be
any significant dependency of the phosphate-extractable
As on the aerosol size fraction (only 10–15%) in either
size fraction. The remaining amount (about 78% of the
coarse As and about 40% of the fine As) was considered
to be refractory or environmentally immobile.

Thomassen et al [64] reported a specific four-step
chemical fractionation procedure for characterizing
workroom aerosols collected in plants producing Mn
alloy. The following Mn compounds were quantified by
ICP OES after extraction: (1) water soluble Mn using
0.01 M ammonium acetate, (2) Mn0 and Mn2+ using
25% acetic acid, (3) Mn3+ and Mn4+ using 0.5%
hydroxylamine hydrochloride in 25% acetic acid, and
(4) insoluble Mn digested in aqua regia and hydrofluoric
acid. The authors reported that essentially complete
dissolution of pure Mn compounds with well-defined
stoichiometries occurred in the respective leaching steps,
with detectable amounts <1% in others. Recoveries for
the mixed quality control sample were in the range 92–
97%. It was found that the predominant oxidation state
in the inhalable aerosol fraction was Mn0 and Mn2+,
independent of where the samples were collected.

Profumo et al [65] developed a series of sequential
extraction procedures for separating inorganic metallic
compounds of one element in emissions and working
area particulate matter. The reagents selected depended
on the metal partitioned. The sequential extraction of
inorganic Cd species in particulate matter comprised
the following compounds: Cd(II) salts, CdO, Cd(O),
CdS, CsSe and Cd-aluminosilicates. The reagents used
in each step when a synthetic mixture was evaluated
were as follows: (1) water, (2) citrate buffer solution,
(3) ammonium nitrate solution and, (4) nitric acid.
Selective sequential solubilization procedures were
developed depending on the presence of otherT
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concomitant metals. FAAS and GFAAS were used for
Cd determination in the fractions. The fractionation of
Se using a selective sequential scheme focused on the
following species: Se(�II), Se(0) and Se(IV) [66]. These
compounds are expected to be present in atmospheric
particulates from the industrial production of metallic
Se from the anodic sludges that arise from electrolyti-
cally refining Cu (which are particularly rich in Ag and
Cu(I) selenide). A three-step sequential extraction
procedure was used: (1) 0.1 mol l�1 sodium hydroxide
and 0.5 mol l�1 sodium carbonate (for Se(IV) and/or
Se(VI)); (2) 0.1 mol l�1 sodium sulfide (for Se0), and (3)
70% nitric acid (for Se(�II)). AAS and differential
pulse cathodic stripping voltammetry (DPCSV) were
used for the quantitative determination of selenium.
Be(0), soluble Be(II) inorganic compounds, BeO and
insoluble Be silicates were determined after a specific
sequential extraction procedure [25] by ICP OES and
ETAAS. The reagents used and the species extracted in
the four steps were: (1) 0.01 mol l�1 hydrochloric acid
(for Be(II) from soluble salts), (2) 0.1 mol l�1 copper
sulfate (for Be(0) from metal), (3) concentrated nitric
and sulfuric acids (for Be(II) from BeO), and (4) con-
centrated nitric and hydrofluoric acids (Be(II) from
silicates). In a 2003 study, Profumo et al [67] developed
a fractionation scheme to separate and determine Ni(0),
Ni(II) soluble salts (such as sulfate and chloride), and
Ni insoluble compounds (such as Ni oxide and sulfide)
in APM from emissions and workplace air. The re-
agents used and the species extracted in each step are
as follows: (1) water (for Ni (II) from soluble salts), (2)
0.01 mol l�1 ferric chloride and 0.1 mol l�1 hydro-
chloric acid (for Ni(0)), (3) 70% nitric acid and 37%
hydrochloric acid (for Ni(II) from insoluble com-
pounds) and (4) 48% hydrofluoric acid (for Ni(II) from
highly insoluble compounds). Nickel was determined in
each fraction by FAAS. The fractionation method was
applied to the determination of Ni in fly ash derived
from a solid waste incinerator and three reference
materials from NIST: coal fly ash SRM 1633b, urban
particulate matter 1648, and Washington dust 1649,
followed by an evaluation of matrix spiking and
recovery analysis. Recoveries from the different frac-
tions ranged from 83 to 125%.

Table 3 shows sequential chemical extraction meth-
ods for metal partitioning that are used specifically for
aerosols and fly ashes. Only relevant papers published
over the period 1986–2004 are included. The table also
includes sample characteristics, sample collection, ele-
ments analyzed and analytical techniques used. Finally,
Fig. 1 shows the number of sequential chemical frac-
tionation studies published for each element for the
period 1986–2004.

Conclusions

This review has surveyed the various published schemes
used for the sequential chemical fractionation of air-T
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borne particulate matter. Despite the limitations men-
tioned, sequential chemical extraction procedures pro-
vide a valuable tool for distinguishing between trace
element fractions of different particle sizes and solubili-
ties.

The lack of uniformity of the schemes rules out any
comparison between results or procedure validations.
For this reason, programs should be initiated by
official organizations to harmonize and optimize the
different sequential procedures in order to facilitate
data comparisons as well as to optimize the operating
conditions, and to introduce on-line procedures aimed
at reducing reagent consumption and the time in-
volved in the different steps. More studies on prob-
lems associated with re-adsorption/redistribution of
elements among phases, robustness, and reproducibil-
ities of sequential extraction procedures are also
needed.

Development and validation of more specific meth-
ods of chemically fractionating the metals and metal-
loids in APM is urgently required in order to design
better models for assessing and predicting the transport
and fate of metals and metalloids in the atmospheric
environment. There is room for improvement in the
quality assurance associated with these studies; in par-
ticular there is a need for interlaboratory testing in re-
gard to proficiency testing schemes and method
performance studies. Furthermore, it goes without say-
ing that there is both a need and a demand for size-
fractionated APM reference materials whose extractable
contents have been certified by this type of extraction
procedure. The availability of data on the distribution of
potentially toxic elements in APM will be a useful tool
for developing environmental protection regulations and
improved air quality monitoring strategies for health
protection.
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