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I. Introduction

The physicochemical mobility, bioavailability and toxicity of

elements in natural sample largely depend on the forms of their

existence and the type of binding to the samplematrix. Data on

the total contents of elements in soils, sediments and sludges

are too scarce to allow considering their possible migration

upon changes in the environmental conditions and the proba-

bility for released elements to be incorporated in plants and

other living organisms. Elements in various forms are analysed

using sequential extraction in which the sample is subjected to

successive treatment with selective leaching reagents. Aqueous

solutions of reagents should mimic, to one or another extent,

the natural conditions under which the elements bound to the

soil, sludge or sediment matrix are released. For example, a

change in the ionic composition of the solution affecting

sorption ± desorption processes or a decrease in the pH may

cause release of elements that are bound to the matrix by weak

electrostatic forces or co-precipitated with carbonates

(`exchangeable' and `acid-soluble' forms). A decrease in the

redox potential results in dissolution of oxides unstable in

reducing media (`reducible' form). The organic matter of soil

may be destroyed in an oxidative medium, resulting in dis-

solution of metal complex compounds with organic ligands

(`oxidisable' form). Finally, decomposition of the mineral

matrix is accompanied by dissolution of the constituent

elements as a result of isomorphous substitution (`residual'

form). Sequential extractionmay provide knowledge about the

origin, physicochemical mobility and bioavailability of ele-

ments and also on their possible migration upon the change in

the chemical properties of the soil.

According to IUPAC recommendations, sequential extrac-

tion of element forms from soils, sludges and sediments is a

method of fractionation of elements.1 The main principle of

this fractionation is that each subsequent leachant should

either be stronger in chemical action than the previous one or

have a different nature.2 At least eight different fractions of

heavy metals can be separated (Table 1). For fractionation of

elements (such as arsenic, phosphorus, selenium) existing as

anions, specific sequences of reagents are used.3 Note that

fractionation implies isolation of not pure chemical com-

pounds of elements, but their combinations. Each fraction

obtained on treatment with a particular leachant represents,

most often, a group of compounds with similar properties (in

particular, physicochemical mobility and bioavailability). In

some cases, individual species of elements are determined in the

isolated fractions; however, this aspect is beyond the scope of

this review.

Two approaches to classification of fractions of elements

are known. According to one approach based on the action of

reagents used, the fractions are called `acid-soluble', `easily

reducible', `easily oxidisable' and so on. These names reflect the

conditions for the release of trace elements bound to a

particular soil, sludge or sediment component. According to

the second approach, it is assumed that mineral phases of the

sample are dissolved by selective reagents; hence, fractions can

be referred to as `carbonate co-precipitated elements,' `man-

ganese oxide-bound elements', `iron oxide-bound elements'

and so on. These terms are certainly useful for interpretation of

the fractionation of elements, but in some cases they can lead to

wrong conclusions, because the reagents are by no means

always selective and the isolated fractions overlap (elements

bound to particular soil components are partly extracted to

another fraction when the subsequent reagent is used).
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Generally, the results of speciation analysis of elements

depend on the leachant use, contact time of the liquid and solid

phases, the intensity of shaking of the mixture, the ratio of the

sample weight to the reagent volume and specific features of

the soils or sediments studied. The sequential extraction

schemes have been repeatedly criticised for the lack of versa-

tility, low selectivity of the leachant with respect to the isolated

forms of elements (soluble mineral phases of the sample) and

poor reproducibility of the results.3, 4 Note also that for

performing sequential extraction, several days of routine

work are required, because batch extraction of elements from

solid samples (without renewing of reagent solutions) is slow.

In addition, estimation of the mobility and bioavailability of

element forms is not always correct, as leaching under natural

conditions always occurs in the dynamic mode, i.e., the

reaction soil solution is continuously renewed. Despite the

above-listed drawbacks, batch sequential extraction is widely

used for speciation analysis of soils, sludges and sediments.

Meanwhile, development of an alternative procedure based on

flow-through (dynamic) fractionation of elements is a topical

task. In this review, special attention is given to dynamic

fractionation methods that are being actively developed in the

last decade.

II. Batch sequential extraction

1. Fractionation of forms of heavy metals
The total content of the potentially mobile forms of elements in

soils, sludges and sediments can be estimated by single extrac-

tion 5 using 1 M solutions of nitric acid, ammonium acetate or

ammonium acetate buffer with pH 4.8. The first sequential

extraction schemes that provided information on the distribu-

tion of elements between various forms appeared in the

1960s.6, 7 Over the last 30 years, dozens of schemes have been

proposed and tested;2 ± 32 the most popular protocols are

presented in Table 2. However, none of them can be preferred.

McLaren and Crawford were the first to develop a proce-

dure for the isolation of four extractable fractions.8 According

to this procedure, elements bound to the organic matter of soil

are isolated before dissolution of iron and manganese oxides.

In 1979, Tessier et al.9 proposed one of the most popular

schemes in which also four fractions were isolated, but other

reagents were used; metals bound to iron and manganese

oxides were leached prior to the extraction of the `organic/

sulfide' form. The Kersten ±FoÈ rstner 10 scheme is generally

based on the Tessier scheme, but allows one to separate heavy

metals bound to both manganese and iron oxides. These

species have different mobilities and bioavailabilities; there-

fore, their sequential recovery is important for the evaluation

of the potential environmental hazard. Zeien and BruÈ mmer 11

proposed a six-step fractionation of the extractable forms,

which made it possible to separate elements bound to man-

ganese oxides and amorphous or crystalline iron oxides.

Manganese oxides are dissolved before extraction of the

organic compound. Note that according to the scheme pro-

posed by Krishnamurti et al.,12 seven extractable forms of

heavy metals can be isolated. The recovery of easily oxidisable

(humic and fulvic acids) or poorly oxidisable (refractory

organic compounds and sulfides) fractions is carried out in

two stages before three-step dissolution of oxides.

When selecting a sequential extraction scheme, one should

take into account the multicomponent and multiphase struc-

ture of solid natural samples. It is important to distinguish, if

possible, the most typical mechanism of binding of elements to

the soil (sediment) matrix.7 For example, in the studies of

calcareous soils where the formation of poorly soluble com-

pounds is a key mechanism of heavy metal binding, of

particular importance is recovery of acid-soluble (carbonate)

fraction, while in the case of humus-rich soil horizons, it is

determination of elements bound to organic matter.

Water-soluble, exchangeable and acid-soluble heavy metal

forms are most mobile and bioavailable; therefore, their

determination is exceptionally important for evaluation of

Table 1. Fractionation of heavy metals. Operationally defined fractions and applied leaching reagents.2 ± 4

Fraction Extracted components Physicochemical Bioavailability Common leachants
(possible forms of binding) mobility

Water-soluble free ions mobile easily available deionised water

Exchangeable (A) exchangeable ions (metals retained " the same Ca(NO3)2, Mg(NO3)2,

by weak electrostatic interactions) CaCl2, MgCl2,

CH3CO2NH4

Acid soluble (B) carbonates (for non-calcareous soils, easily mobilisable " CH3CO2H, CH3CO2Na

other specifically adsorbed forms of metals) (pH4 6)

Easily reducible (C) manganese oxides moderately mobilisable moderately available NH2OH .HCl

Easily oxidisable (D) humic and fulvic acid salts the same the same K4P2O7, Na4P2O7,

and other organic complexes NaClO, NaOH

Moderately amorphous iron and aluminium oxides poorly mobilisable poorly available NH2OH .HCl,

reducible (E) oxalate buffer

(pH 3.2)

Moderately and stable organic compounds and sulfides the same the same H2O2+CH3CO2NH4

poorly oxidisable (F)

Poorly reducible (G) crystalline iron and aluminium oxides " " (NH4)2C2O4+ascorbic

acid

Residual mineral lattice (metals retained immobile unavailable HF, HNO3, HClO4

within the crystal structure)
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contamination hazard for soils, sludges and sediments. Easily

reducible and easily oxidisable fractions are also environ-

mentally significant, because heavy metals they contain may

be dissolved (mobilised) upon changes in environmental con-

ditions. Nowwe considermethods for isolation of each of these

fractions

Water-soluble fraction. Although this fraction contains

most mobile and bioavailable forms of elements, its recovery

is usually neglected.4 Water-soluble species are represented by

free ions or metal complexes, in particular, those with a soluble

organic compound. However, the use of distilled water as the

leachant faces procedural difficulties, because, first, the con-

tent of organic compounds in a sample affects considerably the

interaction of the sample with water, and, second, water has no

buffer capacity and its extraction properties change as soluble

components of the sample pass to the liquid phase. Thus, in

most cases, water-soluble and exchangeable fractions are

recovered simultaneously using dilute salt solutions.13

Exchangeable fraction. Exchangeable (weakly adsorbed)

cations are retained in the sample due to weak electrostatic

interactions; their behaviour is dictated by ion-exchange proc-

esses. A change in the ionic composition of the medium and a

decrease in the solution pH result in mobilisation (release) of

exchangeable ions.14, 15 For adequate estimation of the content

Table 2. Some sequential extraction schemes for heavy metals.

Authors Leachants Leaching conditions Recovered form (without the residual fraction)

McLaren and 0.05 M CaCl2 exchangeable ions (A)

Crawford 8 2.5% CH3CO2H specifically sorbed ions (B)

0.1 M K4P2O7, pH 10 metals bound to organic matter (D)

0.1 M H2C2O4+0.175 M (NH4)2C2O4 pH 3.2 metals bound to oxides (C+E)

Tessier, Campbell, 1 M MgCl2 exchangeable ions (A)

Bisson 9 1 M CH3CO2Na, pH 5 metals bound to carbonates (B)

0.04 M NH2OH .HCl+25% CH3CO2H pH 2, T=968 metals bound to manganese and

iron oxides (C+E)

30% H2O2; then 3 M CH3CO2NH4 pH 2, T=85 8C metals bound to organic matter (D+F)

Kersten, FoÈ rstner 10 1 M CH3CO2NH4 pH 7 exchangeable ions (A)

1 M CH3CO2H pH 5 metals bound to carbonates (B)

0.01 M NH2OH .HCl+0.01 M HNO3 pH 2 metals bound to manganese oxides (C)

0.1 M oxalate buffer pH 3 metals bound to iron oxides (E)

30% H2O2; pH 2, T=85 8C `sulfide/organic' fraction (D+F)

then 1 M CH3CO2NH4 in 6% HNO3

Zeien, BruÈ mmer 11 1 M NH4NO3 pH 7 exchangeable ions (A)

1 M CH3CO2NH4 pH 6 specifically sorbed ions (B)

0.1 M NH2OH .HCl+1 M CH3CO2NH4 pH 6 metals bound to manganese oxides (C)

0.025 M NH4 (EDTA) pH 4.6 metals bound to organic matter (D)

0.2 M (NH4)2C2O4 pH 3.2 metals bound to amorphous iron oxides (E)

0.2 M (NH4)2C2O4+0.1 M ascorbic acid boiling metals bound to crystalline iron oxides (G)

Krishnamurti, 1 M Mg(NO3)2 pH 7 exchangeable ions (A)

Huang, Van Rees, 1 M CH3CO2NH4 pH 5 carbonates (B)

Kozak, Rostad 12 0.1 M Na4P2O7 pH 10 metal-organic complexes (D)

0.1 M NH2OH .HCl+0.01 M HNO3 easily reducible fraction (C)

30% H2O2; pH 2, T=85 8C oxidisable organic matter, sulfides (F)

then 1 M Mg(NO3)2+20% HNO3

0.2 M (NH4)2C2O4 pH 3 amorphous iron and aluminium

oxyhydroxides (E)

0.2 M (NH4)2C2O4+0.1 M ascorbic acid pH 3, T=95 8C crystalline iron and aluminium

oxyhydroxides (G)

Ure, Quevauviller, 0.11 M CH3CO2H t=16 h acid-soluble (A+B)

Muntsu, 0.1 M NH2OH .HCl+HNO3 (to pH 2) t=16 h reducible (C+E)

Griepink,31 8.8 M H2O2; t=261 h, T=85 8C oxidisable (D+F)

original BCR then 1.0 M CH3CO2NH4+HNO3 t=16 h

scheme a (to pH 2)

Rauret, 0.11 M CH3CO2H t=16 h acid-soluble (A+B)

LoÂ pez-SaÂ nchez, 0.5 M NH2OH .HCl+HNO3 (to pH 1.5) t=16 h reducible (C+E+partially G)

Sahuquillo, 8.8 M H2O2; t=261 h, T=85 8C oxidisable (D+F)

Rubio, Davidson, then 1.0 M CH3CO2NH4+HNO3 t=16 h

Ure, Quevauviller,32 (to pH 2)

optimised BCR

scheme a

a BCR is the Community Bureau of Reference.
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of exchangeable metals in soils and sediments, selection of an

appropriate reagent is important. The electrolyte cation should

have a high displacing ability and have an ionic radius roughly

equal to the radius of the extracted metal. In addition, neither

cation nor anion of the salt used should react with components

of the sample to form precipitates or complexes.7

In practice, metals held by electrostatic forces are leached

with 0.05 ± 1 M solutions of the following salts: NaNO3 ,

KNO3 , NH4NO3 , Mg(NO3)2 , Ca(NO3)2 , Pb(NO3)2 ,

CH3CO2NH4 .2, 16, 17 Most widely used are 1 M solutions of

MgCl2 and CH3CO2NH4 . However, chlorides and acetates

can form fairly stable complexes with some metals. As a result,

the equilibrium in the solid phase ± liquid system is shifted,

resulting in overestimated contents of exchangeable ions.

Nitrate anions are more preferable, because they participate

only in ion exchange and do not affect complexation.4, 12 The

Ca2+ ion is the electrolyte cation of choice. The Sr2+ andBa2+

ions are characterised by high displacing abilities, which

ensures the extraction of the exchangeable fraction of metals.7

The selectivity of Ba2+ with respect to exchangeable metals is

lower than that of Ca2+, which may be caused by the possible

parallel complexation and/or precipitation reactions involving

Ba2+ and components of the sample matrix. Thus, calcium

nitrate complies with the above requirements and can be used

as a reagent ensuring rather selective extraction of exchange-

able metals.

It is noteworthy that recovery of the exchangeable fraction

with NH4NO3 , Ca(NO3)2 , CaCl2 or NaNO3 can be used as a

one-step extraction procedure to estimate the plant-available

metals.17, 18

Acid-soluble fraction. This fraction contains metals

extracted from a soil or sediment sample at a pH value of

about 5. Most often, 1 M acetate buffer (pH 5) is used as the

extractant for the recovery of the acid-soluble form of ele-

ments.3, 9, 16 This particulate fraction contains metals co-pre-

cipitated with carbonates as well as metals adsorbed

specifically on the surface of clay minerals, organic matter

and iron and manganese hydroxides. In addition, as pH

decreases from 7 (at this pH the exchangeable fraction is

operationally defined) to 5, weakly adsorbed cations that

have not been extracted in the previous stage also pass to the

liquid phase.

In the studies of soils and sediments with high carbonate

contents, incomplete dissolution of carbonates in the acetate

buffer is observed in some cases. The metals co-precipitated

with carbonates can be recovered at the subsequent stages of

extraction, which results in the overlap of the isolated frac-

tions.19

The acid-soluble fraction is obtained using not only acetate

buffer solutions, but also 0.1 ± 1M solutions of acetic acid. As

the acetic acid concentration increases, the degree of metal

extraction increases and the difference between the metal

contents in the acid-soluble fractions extracted by 0.11 M and

1 M acetic acid solutions can reach an order of magnitude.20

Easily reducible fraction. The manganese and iron oxy-

hydroxides are key binding sites for heavy metals in soils,

sludges and sediments. These oxides are unstable under reduct-

ing conditions: reduction of Fe(III) andMn(IV) by the reaction

with, for example, hydroxylamine hydrochloride is accompa-

nied by their dissolution.4 The reducible fraction can be

isolated in three steps, namely, the isolation of easily reducible

(manganese oxides), moderately reducible (amorphous iron

and aluminium oxides) and poorly reducible (crystalline iron

and aluminium oxides) fractions.11, 12, 21

The easily reducible fraction is most readily available and,

hence, environmentally significant. The use of a 0.01 ± 0.1 M

solution of hydroxylamine hydrochloride acidified to pH 2 is

believed to ensure selective dissolution of manganese oxides

withminor leaching of iron oxides.10, 22, 23 However, at low pH,

partial extraction of metals bound to organic matter can take

place and their content in the easily reducible fraction would be

overestimated. It is more expedient to use a non-acidified

(pH 3.6) 0.1 M solution of hydroxylamine hydrochloride.

This leaching agent was shown to have no noticeable influence

on the organic matter or iron and aluminium oxides.24

Easily oxidisable fraction. The organic matter in soils,

sludges and sediments is mainly represented by macromolecu-

lar compounds (humic substances and resins), carbohydrates,

proteins, peptides, amino acids, fats and so on. Under oxidis-

ing conditions, organic matter is destroyed and the metals

bound to it are released. Since heavy metals can form stable

complexes with the soil organic matter, this way of binding

may predominate in some cases.

A `mild' leachant, potassium/sodium pyrophosphate

(0.1 mol litre71, pH 10.0), has long been used to recover

organic complexes of iron and aluminium.25, 26 This reagent is

included in many sequential extraction protocols 8, 12, 21 and is

considered to be selective with respect to easily oxidisable

fraction containing metals, most of all, as humates and

fulvates. However, the efficiency of potassium/sodium pyro-

phosphate at pH 10 is rather low.27 A mixture of 0.1 M

solutions of K4P2O7 andKOH (pH 11 ± 12) has been proposed

to increase the solubility of metal ± organic complexes.7 Note

that at this high pH, manganese oxides can also be partially

dissolved; hence, the easily reducible fraction should be iso-

lated prior to pyrophosphate extraction.

Some researchers believe that the easily oxidisable fraction

should be called more correctly `the pyrophosphate-extract-

able fraction' or `the fraction containing metal ± organic com-

plexes'.28 This cannot be argued because this fraction is

isolated most often by reagents having no oxidising properties.

The dissolution of humate- and fulvate-bound metals can also

be carried out using a potent complexing agent, ethylenedi-

aminetetraacetic acid (EDTA).7, 11 However, EDTA solutions

can also dissolve metals bound to iron oxides due to formation

of Fe ±EDTA chelates with high stability constants.

If the organic matter of soil is destroyed on heating in the

presence of such oxidants as sodium hypochlorite in alkaline

medium 29, 30 or hydrogen peroxide,9, 14, 31, 32 not only metal ±

organic complexes are dissolved, but also stable organic

compounds and sulfides. In this case, it is impossible to

estimate the content of environmentally significant (moder-

ately mobilisable) fraction of metals represented by humates

and fulvates.

The diversity of the reagents used, inadequate standardisa-

tion of sequential extraction schemes and low reproducibility

of fractionation have prevented for a long time correct com-

parison of the results obtained in different laboratories. In

1993, fifteen European institutes have started a joint project

within the BCR Programme.{ The following tasks were set:

(i) development of a simplified three-step scheme for sequen-

tial extraction of elements; (ii) interlaboratory testing of the

scheme; (iii) certification of the contents of three extractable

forms of heavy metals in a standard sediment sample.31 The

{Later `Standards, Measurements and Testing Programme of the Euro-

pean Commission'.
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work on the project was outlined in a number of publications

(see, for example, Refs 20, 31 ± 43).

First, the procedures for the preparation of leachant

solutions and extraction conditions for each of the three steps

were described in detail.31, 33 Thus, the main factors that could

have adverse effect on the reproducibility were seemingly

eliminated. However, in testing the original BCR scheme for

speciation analysis of Cd, Cr, Cu, Ni, Pb and Zn present in the

reference lake sediment sample CRM 601, copper and chro-

mium extracted in the second stage (reducible fraction) and

copper, chromium and zinc extracted in the third stage

(oxidisable fraction) were not certified due to the poor repro-

ducibility of the results.34 The effects of several parameters

(pH, reagent concentration, time and temperature of extrac-

tion) on the recovery of elements were studied in order to

elucidate the reasons for deviations between the results.35, 36 It

was found that poor reproducibility is mainly typical of the

second step (isolation of the reducible forms of elements on

treatment with hydroxylamine hydrochloride). In a modified

(optimised) BCR scheme,32 reducible species are leached using

higher concentration of hydroxylamine hydrochloride

(0.5 mol litre71 instead of 0.1 mol litre71) and more acidic

medium (pH 1.5 instead of 2.0). Using the optimised scheme,

all extractable forms of Cd, Cr, Cu, Ni, Pb and Zn in the

reference lake sediment sample BCR 701 were certified.37 This

scheme was also tested in relation to reference samples of soils

[CRM 483,38, 39 SRM 2710, SRM 2711 (Ref. 40)], sludges 41

and road dust sediments.42

It is noteworthy that modification of the BCR scheme was

accompanied by a decrease in its selectivity. Indeed, an increase

in the hydroxylamine hydrochloride concentration and espe-

cially a decrease in the pH to 1.5 result in not only leaching of

reducible forms of elements, but also partial dissolution of the

organic matter of soil and release of metals bound.3, 4, 7 Thus,

data on the contents of metals in reducible species may be

overestimated and, correspondingly, the metal contents in

oxidisable species would be underestimated. Nevertheless, the

optimised BCR scheme is currently the only one that is used for

certification of samples and permits rather correct comparison

of data on element fractionation obtained in different labo-

ratories.20, 43

Special place among heavymetals belongs to mercury. Due

to the large number and diversity of mercury forms with

specific physical and chemical properties, the sequential extrac-

tion procedures used to study metals such as copper, lead,

cadmium and zinc are hardly applicable to mercury. In terms

of the degree of binding to soil particles, forms of mercury are

classified into water-soluble (ion-exchangeable), complexed,

adsorbed and chemically bound to mineral components.

Water-soluble forms include chlorides, sulfates, nitrates and

soluble organic complex compounds. In coordination com-

pounds, mercury shows high affinity to organic compounds

and S-containing ligands. Mercury complexes with humus

substances influence the bioavailability of mercury for living

organisms including methylating bacteria. Mercury can inter-

act with humus substances through thiol (strong binding),

carboxy and phenolic groups (weak binding).44

Thus, sequential extraction of mercury should comprise

steps that ensure the separation of the following metal forms:

soluble mercury(II) compounds; mercury(II) complexes with

fulvic and humic acids; mercury(II) sulfide and, finally, the

residual (mercury ions bound to humus and retained in the

mineral lattice).45 There are several procedures of sequential

extraction of mercury forms, which comprise 2 to 6 steps

depending on the purpose of investigation. The most accurate

data on the contents of various biogeochemical mercury

fractions in soils and sediments are provided by the scheme

developed by Bloom et al.46 According to this scheme, the

following fractions are operationally defined: water-soluble

(HgCl2 ,HgSO4), acid-soluble (HgO), organic-bound (mercury

humates, Hg2Cl2), strongly bound (Hg0, elements retained in

the mineral lattice) and sulfide fractions (HgS, HgSe, HgAu).

Note that leaching of the `organic' fraction is performed with a

solution of potassium hydroxide, whereas strongly bound and

`sulfide' forms are solubilised by acids.

2. Fractionation of arsenic, selenium and phosphorus
Special sequences of reagents are used for fractionation of

anionic As, P and Se.3, 47, 48 It should be borne in mind that

these elements may exist in soils, sludges and sediments in

different oxidation states, which influences their properties

including toxicity. The results of fractionation allow one to

estimate the potential mobility and bioavailability of elements,

but in some cases, they are debatable because sequential

extraction requires both oxidative and reductive conditions

where the initial oxidation state of the element can be

changed.3, 49

For the fractionation of arsenic forms, numerous leachant

sequences have been proposed.3, 47 ± 53 Since the chemical

properties of arsenic and phosphorus are similar, some sequen-

tial extraction schemes proposed for phosphorus were also

used for speciation analysis of arsenic.50, 51 According to these

schemes, NH4Cl, NH4F, NaOH and H2SO4 are used to isolate

first the exchangeable fraction of arsenic and then its alumi-

nium-, iron- and calcium-bound forms. A distinctive feature of

these schemes is that the forms bound to iron and aluminium

are isolated in alkaline medium next after extraction of the

exchangeable fraction.3

Recently, a new optimised scheme for arsenic form fractio-

nation has been proposed.52, 53 Leachants used for extraction

of various forms of metals, selenium and phosphorus, in

particular NH4NO3 , CH3COONa, NH2OH .HCl, EDTA,

NH4OH and NH4F, have been tested. Some reagents proved

to be either inefficient for the extraction of arsenic or insuffi-

ciently selective for dissolution of the requiredmineral phase of

the sample. The final version of the sequential extraction

scheme for arsenic (Table 3) includes four steps, in particular,

isolation of non-specifically sorbed and specifically sorbed

fractions and fractions bound to amorphous iron oxide and

crystalline iron oxide using (NH4)2SO4 , NH4H2PO4 ,

(NH4)2C2O4 and an (NH4)2C2O47ascorbic acid mixture at

96 8C, respectively.53 Despite the general limitations of ele-

ment form fractionation, in this particular case, the selectivity

of the leachant with respect to the fractions obtained was

confirmed by chemical analysis data for soil extracts andmodel

mineral phases and by X-ray diffraction microanalysis of soils.

The scheme was recommended for the evaluation of the

potential mobility of arsenic during land remediation and

upon changes in the environmental conditions.53

A number of leachants are used for selenium fractiona-

tion.3 A variety of reagents [water, phosphate buffer (pH 7),

HNO3 , HCl, CH3CO2NH4 , NaOH, (CH3)4NCl] were tested

for analysis of contaminated sediment samples.54 The devel-

oped optimised scheme for the sequential extraction of sele-

nium includes four steps (see Table 3). Particular selenium

compounds (selenates, selenites, elemental selenium, organic-

bound selenium) were determined in the fractions by chroma-

tographic methods. It was noted that pyrophosphate extrac-

tion, which is used to isolate humic and fulvic acids, can also be
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employed for speciation analysis of selenium to isolate the

easily oxidisable fraction.

Phosphorus is not a trace element but rather a major

nutrient element. Nevertheless, determination of phosphorus

forms is an important task in the studies of soils, sludges and

sediments. Within the framework of the Standards, Measure-

ments and Testing Programme of the European Commission,

four procedures of sequential extraction of phosphorus were

compared. As a result, a new procedure based on the protocol

of Williams et al.56 was proposed.55 This procedure included

three parallel experiments: sequential extraction of the iron-

and aluminium-bound forms and calcium-bound forms with

sodium hydroxide and hydrochloric acid, respectively; sequen-

tial extraction of so-called organic and inorganic phosphorus

fractions; determination of total phosphorus (see Table 3).

Apart from the sequential extraction of arsenic, selenium

and phosphorus forms, determination of individual com-

pounds of these elements in various oxidation states is often

carried out;57, 58 however, as has already been noted, this aspect

of speciation analysis of soils, sludges and sediments is beyond

the scope of the present review.

III.Methods for dynamic fractionation of elements

It has been noted above that all sequential extraction proce-

dures are labour-consuming (usually, they require several days

of routine work). For example, determination of four forms of

elements according to the McLaren scheme requires 65 h

(without the time of recovery of the residual fraction).8 The

isolation of element forms by BCR schemes requires 50 h (the

whole procedure including isolation of the residual fraction

and determination of the contents of elements in the fractions

lasts for two weeks).31, 32 The batch extraction of element

forms from solid samples (without renewing of extractant

solutions) occurs slowly. Recently, attempts have been made

to accelerate extraction by microwave treatment 59, 60 or soni-

cation.61, 62 However, in any case, estimates of themobility and

bioavailability of forms of elements made under batch con-

ditions are not always correct because leaching processes in

nature take place under dynamic conditions. Usually, batch

extraction faceds two major problems related to the selectivity

and completeness of fraction isolation: phase overlap 63, 64 and

re-adsorption (elements transferred to the solution can be

adsorbed on undissolved soil components).63, 65

These problems can be solved by an alternative strategy

based on flow-through (dynamic) fractionation of elements

accompanied by renewing of leachant solutions. Dynamic

extractionmakes use of big columns, stirred flow cells, rotating

coiled columns and microcolumns.

Big columns. For estimating the mobilities of elements

under dynamic conditions as close as possible to the natural

conditions, cumbrous non-metal columns filled with several

kilogrammes (most often, 1 to 10) of soil,66, 67 sediment or

compost 68 are used. Leachant solutions are passed through the

columns at a flow rate of 0.1 ± 10 litres per 24 h. The large

weight of the sample ensures sample representativeness.

Despite the fact that with dense packing of a big column, by

no means the whole surface of the sample is accessible for the

reagents, laboratory experimental data obtained with big

columns are comparable with the results obtained by field

lysimeters.69, 70

Big columns proved useful for the study of the behaviour of

metals that get into soil with contaminated water;71, 72 the key

factors affecting immobilisation of heavy metals in soils and

sediments;73, 74 and applicability of various adsorbents for

remediation of metal-contaminated soils;75, 76 and also for

increasing the efficiency of single or sequential extraction for

soil cleanup.77

Leaching in big columns is a tiring time-consuming proce-

dure, which, however, allows detailed investigation of hydro-

geological processes 78 and correct estimation of the

probability of release of heavy metals, for example, during

acid rains.

Stirred flow cells. Of considerable interest are studies

describing a10-ml stirred cell covered with membrane fil-

ters.79, 80 This device is quite simple. A sample (0.25 to 5 g) is

magnetically stirred in the cell. Solutions of leachants are

supplied by a peristaltic pump mounted either upstream

(positive pressure) or downstream (negative pressure) of the

cell.

Table 3. Sequential extraction schemes for arsenic, selenium and phosphorus.

Authors Leachants Leaching Recovered form (without the residual fraction)
conditions

Fractionation of arsenic

Wenzel, Kirchbaumer, 0.05 M (NH4)2SO4 non-specifically sorbed

Prohaska, Stingeder, 0.05 M (NH4)H2PO4 specifically sorbed

Lombi, Adriano 53 0.2 M (NH4)2C2O4 pH 3.25 amorphous iron and aluminium oxides

0.2 M (NH4)2C2O4+0.1 M ascorbic acid pH 3.25, T=96 8C crystalline iron and aluminium oxides

Fractionation of selenium

Ponce de LeoÂ n, de Nicola, H2O soluble (selenites, selenates)

Montes BayoÂ n, Caruso 54 0.5 M KH2PO4+K2HPO4 pH 7 adsorbed (selenates, organic compounds)

5% (CH3)4N .HCl water-insoluble selenites, organic compounds

1 M Na2SO3 pH 7 elemental selenium, residual extracted fraction

Fractionation of phosphorus

Ruban, LoÂ pez-SaÂ nchez, 1 M NaOH, 1 M HCl phosphorus bound to iron and aluminium,

Pardo, Rauret, Muntau, `apatite' phosphorus

Quevauviller 55 1 M HCl, calcination at 450 8C, `inorganic' phosphorus,

then 1 M HCl `organic' phosphorus

calcination at 450 8C, then 3.5 M HCl total phosphorus (extracted with

concentrated HCl)
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A number of three- and four-step sequential extraction

schemes have been used for flow-through fractionation of

heavy metals,79, 81 arsenic 82 and phosphorus 83 in soils and

sediments. Unlike batch extraction, dynamic fractionation in a

cell can be automated, which shortens the time required to

isolate each fraction. Using a stirred flow cell, it is also possible

to study the effect of the eluent flow rate, specific features of the

sample and other parameters on metal re-adsorption in each

extraction stage.84

The main drawback of the cell is partial refreshment of the

pumped-through reagent solutions. The great `dead volume' of

the device results in overlap of the isolated fractions. In

addition, the flow rate of the mobile phase is unstable, which

may have an adverse effect on the reliability and reproduci-

bility of the results. Using the modified cell with variable flow

direction, one can avoid accumulation of particles on the

membrane filter and attain a constant eluent flow rate.85 This

cell was used for fractionation of elements according to the

BCR scheme (the sample weight was 0.25 g, the elements in the

eluate were determined on-line by inductively coupled plasma

mass spectrometry).

Rotating coiled columns. Traditionally, rotating coiled

columns are used for separation and purification of organic 86

and inorganic 87 compounds by counter-current chromatogra-

phy. The method is based on the distribution of substances to

be separated between the non-miscible phases of a two-phase

liquid system. The stationary liquid phase is held in the column

by the centrifugal forces arising as the column rotates around

its own axis with simultaneous revolution of a planetary

centrifuge around the central axis; the mobile liquid phase is

continuously fed into the column. The absence of a sorbent or a

solid support for the stationary phase is a specific feature of

rotating coiled columns.

It was shown 88 that these columns can be used to separate

both solutes and solid particles not only in liquid ± liquid, but

also in liquid ± solid systems. Rotating coiled columns have

been used for dynamic fractionation of heavy metals 89, 90 and

arsenic 91 in contaminated soils, sludges and sediments. A

ground solid sample (usually weighing 0.5 g) was held by

centrifugal force as the stationary phase in a 20-ml column

(with an inner diameter of 1.5 mm), while aqueous solutions of

salts, acids and complexing agents were continuously pumped

through the column. The eluents were selected in conformity

with original 31 and optimised 32 BCR schemes, the McLaren

and Crawford scheme,8 the Kersten ±FoÈ rstner scheme 10 (frac-

tionation of heavy metals) and an optimised scheme proposed

by Wenzel et al.53 (fractionation of arsenic). Leaching of

elements from solid samples is a long-lasting process; however,

the use of dynamic multistage extraction in rotating coiled

columns allowed the time it takes to recover each fraction to be

reduced to 1 ± 2 h.

A comparative analysis of the results obtained by dynamic

fractionation and batch sequential extraction of elements was

carried out. It was found that continuous renewing of the

eluent in a rotating column eliminates the re-adsorption

problems and provides the possibility to estimate correctly

the contents of heavy metals and arsenic in the most mobile,

environmentally significant fractions (in the case of batch

extraction, these values were underestimated severalfold in

some cases).89 ± 91

A hyphenated method of fractionation and determination

of element forms based on on-line detection of elements in the

eluate from a rotating column by inductively coupled plasma

atomic emission spectroscopy was proposed.92, 93 Using this

method, one can monitor dynamic leaching of both trace

elements (As, Cd, Pb, Cu, Zn, Ni, Cr) and matrix components

of the sample (Fe, Mn, Al, Ca, S) on a real-time basis (Fig. 1).

This possibility was used in testing of a new fractionation

procedure and investigation of the leachant selectivity with

respect to sample mineral phases being dissolved.93 Character-

istic features of binding of heavy metals to matrix components

of some soils were studied.94 It was shown that it is possible to

consider the presence or absence of an operating source of soil

pollution by a particular metal from the positions and shapes

of peaks in the elution curve corresponding to the exchange-

able fraction of the element. The knowledge about the com-

petitive binding of metals to the organic matter and mineral

structures of soil can be gained by comparing the elution

profiles of acid-soluble and pyrophosphate-extractable frac-

tions. The time-resolved elution peaks of iron and aluminium

oxides and metals bound to them attest to different mecha-

nisms of their dissolution. As an example, Fig. 2 shows the

extraction curves for heavy metals and major elements of a

contaminated municipal soil sample.

It is noteworthy that by varying the design parameters of

the rotating column, one can increase the representativeness of

the sample. Thus with an increase in the inner diameter of the

rotating coiled column from 1.5 to 3.4 mm, the weight of the

held sample can be increased from 0.5 to 5 g.95

Rotating columns can also be used to separate soil particles

according to the grain size composition. By obtaining the clay,

silt and sand fractions and determining various forms of heavy

metals in each fraction, one can gain detailed information on

the distribution of elements in the sample and their possible

migration in the environment.96

Microcolumns. The continuous refreshment and a steady

flow rate of the eluent are attained by using either rotating

columns or cylindrical microcolumns (the latter are usually

filled with 5 ± 25 mg of the sample) 97, 98 or microcartridges

with quartz filters.99, 100 The use of flow injection analysis

(FIA) is suitable for leaching in three different modes of flow-

1

2

3

4

5

67

Figure 1. Diagram of a hyphenatedmethod of the dynamic fractionation

and determination of elements using a rotating coiled column.93, 94

(1) Leachant solution, (2) multiway valve, (3) sample suspension, (4)

peristaltic pump, (5) rotating coiled column, (6) multielement detector, (7)

computer.
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through (dynamic) extraction, batch extraction and extraction

with eluent recycling. In the first case mentioned, a leachant

solution is continuously pumped through the microcol-

umn.97, 98 In the second case, pumping is stopped after the

column has been filled with the eluent (stopped-flow mode) in

order to increase the contact time of the sample and the

leachant.100 The use of eluent recycling along a closed loop

also increases the contact time between the liquid and solid

phases. During recycling, eluate microsamples are taken to

monitor the concentrations of the extracted elements in the

liquid phase.99 It should be emphasised that the optimal

conditions for recovery of the forms of elements from a

particular sample are determined by the extractant efficiency,

the kinetic lability of the leached form of the element and re-

adsorption processes.

Owing to the possibility of determination of elements in the

eluate by mass spectrometry or other instrumental methods,

microcolumns have become a potent tool for investigation of

leaching processes on a real time basis.97 ± 99 However, note

that sequential extraction of elements using microcolumns is

better suitable for fast screening of thoroughly homogenised

samples.101 The relatively low capacity of the columns (the

sample weight usually does not exceed 50 mg) still prevents

their extensive use in the analysis of soils, sludges and sedi-

ments. {

Despite the considerable difference between the dynamic

extraction protocols in microcolumns and rotating coiled

columns, the use of the two methods for the fractionation of

heavy metals in a homogenised reference soil sample SRM

2710 gave quite comparable results (Fig. 3).90, 103
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Figure 2. Elution curves of heavy metals and major elements obtained

for a sample of contaminated municipal soil using a rotating coiled

column.94

Sample weight 0.5 g; eluent flow rate 1 ml min71; on-line ICP AES

determination of elements in the eluate every 24 s (this corresponds

to 0.4 ml of the eluate). Eluent: (I) 0.05 M Ca(NO3)2 (exchangeable

fraction); (II ) 0.4 M CH3CO2H (specifically sorbed fraction);

(III ) 0.1 M NH2OH .HCl, pH 3.6 (manganese oxide-bound elements);

(IV ) 0.1 M K4P2O7 , pH 11 (elements bound to organic complexes);

(V ) 0.1 M (NH4)2C2O4 , pH 3.2 (amorphous iron and aluminium oxide-

bound elements). After recovery of each fraction, 5 ml of water was

pumped through.

a: (1 ) Cu, (2) Zn, (3) Pb, (4) Ni; b: (1 ) Al, (2) S, (3) Mn, (4) Fe.

{ Recently it was shown 102 that in a microcolumn of an improved design,

the sample weight can be increased to 0.3 g.
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Figure 3. Extraction curves of metals obtained for the soil sample SRM

2710 using the sequence of eluents corresponding to the original BCR

scheme.

(a) Flow-through fractionation in a microcolumn.103 Sample weight

25 mg; internal volume of the column 0.36 ml; eluent flow rate

3 ml min71; volume of recovered eluate fractions 5 ml; (1) Pb, (2) Cu,

(3) Zn, (4) Mn.

(b) Flow-through fractionation in a rotating coiled column.90 Sample

weight 500 mg; internal volume of the column 20 ml; eluent flow rate

1 ml min71; volume of recovered eluate fractions 10 ml; (1) Cd, (2) Cu, (3)

Pb, (4) Zn.

The roman numerals designate the extraction stages.
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Fractionation in the dynamic mode has some advantages

over the batch fractionation. This can be seen when comparing

characteristics of these modes given below.

Batch extraction Dynamic extraction

Sequential extraction in the Continuous extraction in

batch mode with intermediate the dynamic mode

sample centrifugation steps

Long-lasting labour-consu- Fractionation requires several

ming procedures requiring hours, in some cases, complete

several days automation is possible

The problem of re-adsorption Continuous renewal of the eluent

of extracted elements arises minimises re-adsorption problem

Lower degree of recovery Higher degree of recovery of

of the most mobile (easily the most mobile (easily available

available and environmentally and environmentally hazardous)

hazardous) forms of heavy forms of heavy metals and

metals and arsenic arsenic

Poor possibility of studying Using elution curves, one can eva-

mobilisation processes of luate the efficiency of the leaching

elements in the solid reagents and the capacity of bin-

phase ± soil solution systems ding sites and gain important

additional information on the

kinetics of element extraction

and predict the dynamics of their

possible mobilisation under

natural conditions

Does not require special Requires special equipment

equipment and trained personnel

Several parallel samples Only one sample can be analysed

can be analysed

IV. Kinetic aspects of selective leaching processes

Any leaching (dissolution) process comprises three main

stages.104 The first stage is approach of the leachant to the

solid surface through either molecular diffusion or convection.

At the second stage, chemical reactions at the solid ± liquid

interface take place, and at the third stage, the ions or

molecules of the sample being dissolved are withdrawn to the

solution bulk. If the whole process rate is limited by the rate of

the first or third stage, the course of the process is governed by

the laws of diffusion kinetics. If the second stage is the rate-

limiting stage, the process follows the laws of chemical kinetics.

Some processes obey mixed kinetics.

External and internal diffusion (external and internal mass

transfer) are distinguished.105 In the former case, the mass

transfer is limited by the rate of diffusion through a liquid

layer: amobile solution layer with a concentration nearly equal

to the saturation concentration is formed near the surface of

the sample, and the reagent and the solutes diffuse through this

solution, the diffusion determining the rate of the whole

process. The internal diffusion controls the process rate if

either leaching from cracks (pores) or transport of the dis-

solved substance and the reagent through the formed shell of

the solid reaction product is the slowest stage. When the

process is governed by internal diffusion, the rate of leaching

does not depend on the flow rate of the liquid with respect to

the dissolved sample but depends appreciably on the sample

porosity; the process rate is directly proportional to the reagent

concentration. The rate of dissolution and leaching of minerals

and other solids is determined, in most cases, by the rate of

diffusion.105, 106 The extraction processes of the forms of

elements are, most often, also diffusion-controlled, the key

role being played by external diffusion processes. The dissolu-

tion (and leaching) rate decreases according to a logarithmic

law following an increase in the solute concentration (c) in the

liquid phase 106 and, taking into account the heterogeneous

mass transfer, it is expressed by the kinetic equation 107

dc

dt
� k0DS�ceq ÿ c�

Vd
,

where dc/dt is the rate of variation of the solute concentration

in the solution bulk, k0 is the rate constant for leaching,D is the

diffusion coefficient of the compound being dissolved, S is the

surface area being dissolved, ceq is the saturation concentra-

tion,V is the solution volume, d is the diffusion layer thickness.

In the general case, k0 depends on the physical and chemical

properties of reacting species, the design of the leaching device

and the reaction mass flow rates. Under stationary experimen-

tal conditions

dc

dt
� k�ceq ÿ c�,

the kinetic constant k is directly proportional to the diffusion

coefficient and inversely proportional to the thickness of the

diffusion layer.

Note that in the dissolution of powders (ground solid

samples), the observed reaction rate differs from the true rate

at the interface.104 In this case, the rate of dissolution is affected

by a change in the reaction surface, which is either decreased or

increased during leaching. The results will be correct only

provided that the surface is equally accessible, which is possible

only in rare cases, for example, in the dissolution of rotating

discs. Thus, the results of studies of leaching kinetics of

elements from soils and sediments under usual batch extraction

conditions are somewhat arbitrary. Nevertheless, the obtained

data are important for the understanding of processes of

possible mobilisation of elements upon changes in the environ-

mental conditions.

The kinetics of batch leaching of elements is studied by two

methods. According to the first one, aliquots of the liquid

phase are withdrawn at certain intervals during stirring of the

sample and the reagent solution; according to second one,

experiments with a series of weighed portions are carried out,

the contact time of the liquid and solid phases being varied

from several minutes to 24 h. In the opinion of some research-

ers (see, for example Ref. 108), the latter method is preferred.

In some cases, kinetic curves provide additional knowledge

about the mobilities of the recovered element forms. For

example, depending on the sample type, the acid-soluble

forms of metals extracted with acetic acid can be `labile'

(rapidly extractable), `moderately labile' (slowly extractable)

and `inert'.109, 110 The labile (rapidly leached) forms are con-

sidered to be the most environmentally hazardous. In terms of

their mobility, forms of elements are classified on the basis of

calculated kinetic constants for the diffusion-controlled extrac-

tion 107, 111

c = ceq (17ek
0t ),
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where c is the concentration of the element in the leaching

solution at time instant t, ceq is the equilibrium concentration

of the element, k0 is the rate constant for leaching.
The kinetics of leaching of elements was studied using

different leachants (including EDTA) and their sequen-

ces.68, 107 ± 111 Primary attention was devoted to the modified

BCR scheme. Using model soil compounds (goethite and

humic acids) as examples, some fundamental differences

between the behaviour of the reducible and oxidisable forms

extracted with hydroxylamine hydrochloride and hydrogen

peroxide, respectively, were found.112 It was shown that

elements bound to iron hydroxides (goethite) are, as a rule,

more labile than the elements bound to the organic matter of

soil.

The results of sequential extraction of arsenic combined

with the data on the kinetics of its single extraction with EDTA

proved useful for evaluation of the behaviour and possible

migration of this element in slightly contaminated soils.113

Examination of the kinetic curves led to the conclusion that

arsenic exists mainly as labile forms that are easily extracted

with chelating reagents. It was also shown that the fraction

rapidly extracted with EDTA corresponds to the sum of the

exchangeable and specifically sorbed fractions operationally

defined in the sequential extraction scheme, whereas the

fraction slowly extracted with EDTA corresponds to arsenic

bound to amorphous iron hydroxides and organic matter.

Flow-through fractionation is a powerful tool for inves-

tigation of the dynamics of leaching of elements from soils,

sludges and sediments.80, 90, 99 It was mentioned in the previous

Section that the elution profiles (extraction patterns) can be

used to elucidate the capacity of binding sites; the extractant

volume needed for quantitative recovery of a particular frac-

tion of the sample; and the kinetic lability of the elements in

various forms. A comparison of the elution curves of trace and

major elements provides information about the leachant

selectivity with respect to the sample phases being dissolved

and specific features of element binding to the structures of

soils and sediments.94 If leaching occurs rather slowly, it is

sufficient to determine the elements in the recovered eluate

fractions with a volume of 5 ± 15 ml. In the case of fast

dissolution, it is preferred to carry out on-line determination,

i.e., to use hyphenated methods of element fractionation and

determination.93, 102

The possibility of determination of quantitative character-

istics of mass transfer during dynamic leaching of elements was

demonstrated. The effective coefficients of external-diffusion

mass transfer of heavymetals and arsenic during their dynamic

extraction from soils, sludges and sediments in a rotating

column were calculated using deterministic model of sorp-

tion ± desorption dynamics describing the behaviour of trace

components in the stationary solid sorbent ±mobile liquid

phase system.114 According to the results, in the reference

samples of soil (SRM 2710) and sediments (BCR 601, CRM

701), the mass transfer coefficients of Cd, Cu, Ni, Pb and Zn

determined for flow-through extraction with a 0.11 M acetic

acid vary over a broad range, from 2.461073 to

1.261071 s71. Undoubtedly, high contents of heavy metals

in acid-soluble forms are hazardous for the environment.

However, from quantitative parameters of the mass transfer

of elements determined for leaching in rotating coiled columns,

one can consider the dynamics of possible mobilisation of

heavy metals upon the change in the pH of the soil solution.

For example, if the mass-transfer coefficient does not exceed

1072 s71, the release of a `moderately labile' element is

extended in time, while in the case of high mass transfer

coefficients (from 461072 s71), the whole `store' of a heavy

metal in the acid-soluble form passes almost immediately into

the liquid phase and becomes available for living organisms.

Thus, flow-through fractionation of elements not only pro-

vides more correct (compared to batch sequential extraction)

determination of the contents of elements in most mobile and

bioavailable fractions but also allows one to predict the

dynamics of element release upon a change in the environ-

mental conditions.

V. Conclusion

Currently, sequential extraction is the key method of fractio-

nation of forms of elements present in soils, sludges and

sediments and having different physicochemical mobilities,

bioavailabilities and ecotoxicological relevance. In a study of

the particular sample, it seems expedient, first, to determine the

overall contents of elements; second, to estimate tentatively the

contents of the mobile forms by single extraction (for example,

with an ammonium acetate buffer); third, if the content of the

mobile forms is rather high, fractionation of elements should

be carried out. The particular extraction protocol depends on

the range of elements to be determined, the type and degree of

sample contamination and the probable changes in the envi-

ronmental conditions (acidity, redox potential) that can influ-

ence the sample.

The three-step BCR scheme 32 developed within the frame-

work of the Standards,Measurements and Testing Programme

of the European Commission and the relevant reference

samples with certified contents of extractable forms of heavy

metals form a sound basis for comparison of the results

obtained in different laboratories. However, each of the

isolated fractions (acid-soluble, reducible and oxidisable

ones) can contain forms of elements differing in mobility and

bioavailability, thus preventing correct evaluation of the con-

tamination of the soil or sediment. Thus, in the studies of

contaminated samples with high contents of elements in one or

several of the listed fractions, it is necessary to carry out

sequential extraction of exchangeable, acid-soluble (specifi-

cally sorbed), easily reducible (bound to manganese oxides)

and easily oxidisable (bound to organic ligands) forms of

elements. Thus, development and testing of a unified scheme

for selective isolation of these ecotoxicologically relevant

fractions is a topical task. Studies of the dissolution mecha-

nisms of various mineral phases and their reactions with the

leachant are very important for this purpose.115

In the routine analysis of soils and sediments, batch

sequential extraction still remains the preferred method.

Dynamic fractionation, which has a number of obvious

advantages, is quite promising for solution of a number of

fundamental and practical problems of analytical chemistry,

soil science and environmental monitoring; it is indispensable

for the analysis of highly contaminated samples, estimation of

the efficiency and selectivity of the reagents used, investigation

of the leaching kinetics of elements, prediction of the dynamics

of their possible mobilisation under natural conditions. Com-

parative analysis and harmonisation of methods of dynamic

fractionation of elements in soils, sludges and sediments is an

important problem the solution of which requires a large body

of experimental work.
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