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Lidia DABROWSKA'

FRACTIONATION OF HEAVY METALS
IN BOTTOM SEDIMENTS AND SEWAGE SLUDGES
USING SEQUENTIAL EXTRACTION

FRAKCJONOWANIE METALI CIEZKICH W OSADACH DENNYCH
I SCIEKOWYCH Z UZYCIEM EKSTRAKCJI SEKWENCYJNEJ

Abstract: In order to determine the forms of heavy metals in bottom sediment or sewage sludge the
speciation analysis is performed. The analysis is based on the sequential extraction of metals with increasingly
aggressive solvents. The five steps extraction proposed by Tessier et al gained wide recognition. It extracts
metals in following groups: exchangeable, associated with carbonates, with hydrated iron oxides and
manganese oxides, with organic matter and metals that can be found in the residual fraction. Metals that can
be found in the two first fractions (exchangeable and carbonate) are believed to be mobile. As a result of
research carried out by the Standards, Measurements and Testing Programme of the European Commission,
formerly the Community Bureau of Reference, a shorter, three-stage extraction procedure known as the BCR
procedure was accepted.

Comparison of heavy metal (Zn, Cu, Ni, Pb, Cd, Cr) fractionation methods was done. Two different
sequential extraction methods were investigated: Tessier, and BCR method. For the experiment following
materials were used: certified reference material LGC6181, sewage sludge were collected from mechanical-
biological municipal wastewater treatment plant located in Czestochowa, and bottom sediment from the Poraj
Reservoir. After results comparison, it was stated that content of particular chemical forms of heavy metals in
total amount in certified material, sewage sludge and bottom sediment vary depending on used extraction
method. In case of certified material differences referred to cadmium concentrations in exchangeable-
carbonate, iron and manganese oxides, and zinc in residual (insoluble compounds) fractions. Also in sewage
sludge and bottom sediment cadmium concentrations measured in exchangeable-carbonate, in organic-sulfide,
and in residual (insoluble compounds) fractions after extraction according to Tessier method, did not equal to
values obtained after use of BCR extraction method. This also applied to zinc and lead concentrations in iron
and manganese oxides fraction. The discrepancy between the results could be explained with both: used
extractants, and extraction conditions (different reagents, temperature, and time). The results point out how
important is the choice of a proper extraction method depending on the aim of speciation analysis but also
depending on the analyzed chemical forms of heavy metals.
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Introduction

In order to determine heavy metal forms in soils, bottom sediments or sewage sludge,
which affect mobility and bioavailability of metals, speciation analysis is performed,
based on sequential extraction. It is based on gradual release of metals from soil or
sludge by solutions with increasing aggressiveness [1, 2]. For each step reagents are
chosen, which are able to extract a group of metal connections with known properties.
Specific chemical elements in a particular fraction are not identified, only the fraction as
a whole. Most often this fractions are distinguished: exchangeable, carbonate, iron and
manganese oxides, organic and sulfide, residue (metals embedded in the crystalline
network of primary and secondary minerals, particularly silicates). Metals found in the
first two fractions are considered to be mobile, those in the two following — temporarily
immobilized. The iron and manganese oxides fraction is sensitive to changes in redox
potential, whereas metals bound to organic matter are released during the mineralization
process of this substrate.

First complex and still utilized procedure of sequential extraction of heavy metals
from bottom sediment samples taken from natural water environment (river) was
developed by Tessier, Campbell and Bisson [3]. This procedure was repeatedly
discussed and underwent numerous modifications. The modifications were mainly
related to the used reagents and the extraction conditions. Modification of the Tessier
procedure proposed by Zerbe et al [4] consisted in the introduction of different reagent
for extracting metals from exchangeable fraction. It was 1 M CH3COONH,. The
modification proposed by Perez Cid et al [5] involved the usage of microwaves to
support the extraction. In this way the time of the process was reduced, with the use of
the same reagents, from 17 hours and 56 minutes down to 30 minutes. Different
modification was presented by Gomez Ariza et al [6] introducing higher concentration
of the reducing agent — 0.4 M NH,OH-HCl. A method with an entirely different
procedure was proposed by Stover et al [7], a six-step extraction designed for metal
fractionation in anaerobically stabilised sewage sludge, which enabled the determina-
tion of metals separately in organic and sulfide fraction. After the extraction of metals
from exchangeable fraction (1 M KNO;, pH = 7) and adsorbed (0.5 M KF, pH = 6.5)
the Authors proposed extraction from organic fraction (0.1 M Na,P,05), carbonate
(0.1 M EDTA, pH = 6.5), and then from sulfide (1 M HNO;) and residue (HNO; +
HCI). The Authors did not include the stage of oxides fraction metal separation. For a
complete dissolution of resistant sulfides Rudd et al [7] performed a modification of
Stover method by increasing the concentration of HNO; acid from 1 M to 6 M.

As a result of the work of the Standards, Measurements and Testing Programme of
the European Union Commission, a shortened, three-stage extraction was adopted,
known as the BCR procedure (from previous name of this Commission — Community
Bureau of Reference) [8—10]. The modification of this procedure was to increase the
concentration of the NH,OH-HCI reagent solution from 0.1 to 0.5 M for the metal
extraction from reducible fraction — iron and manganese oxides. For a more complete
extraction of metals from this fraction not only an increase in reagent concentration was
proposed, but also lowering the pH from 2 down to 1.5 with the usage of HNO5 [11, 12].
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In the literature there are also BCR procedure modifications, which include the
application of microwave energy or ultrasonic waves for intensification of the extraction
process [13, 14].

The course of extraction is influenced by many factors: type of examined sample, its
pH, degree of fragmentation, extraction period, solid mass to solution ratio, tempera-
ture, chemical properties and selectivity of chosen extractants, order of particular
extraction steps.

Table 1

Application of sequential extraction procedures to sediment and sewage sludge (selected examples)

Procedure Matrix Elements determined Reference
Tessier Sediments of the Nile River (Egypt) Cd, Cu, Cr, Fe, Pb, Mn, Ni, Zn [18]
BCR Sediments of Jinjiang River (China) Cr, Ni, Cu, Zn, Cd, Pb [19]
BCR Sediments of the Deule River (France) Cd, Co, Cu, Fe, Ni, Pb, Sr, Zn [20]
Tessier Sediments of Bharali River (India) Zn, Cu, Ni, Pb, Cd, Fe, Mn [21]
BCR Sediments of Jarama River (Spain) Zn, Cu, Ni, Pb, Cd, Fe, Mn [22]
BCR Sediments of Titicaca Lake (Bolivia) Cu, Fe, Ni, Co, Mn, Cd, Pb, Zn [23]
BCR Sediments of Nashina Lake (China) Cd, Cr, Cu, Mn, Ni, Pb, Zn [24]
Tessier Sediments of Qarun Lake (Egypt) Fe, Mn, Zn, and Cu [25]
BCR Sediments of Quamzhou Bay (China) Cu, Zn, Cr, Co, Fe, Mn, V, Pb [26]
BCR Sediments of Xiamen Bay (China) Cu, Pb, Zn, Cd, Cr [27]
BCR Sediments of Gowatr Bay (Iran) Cu, Pb, Zn, Mn, Ni, Co, Cr, V [28]
BCR Sediments of Akyatan Lagoon (Turkey) Cd, Cr, Cu, Mn, Ni, Pb, Zn [29]
BCR Six different sewage sludges (Spain) Cu, Cr, Ni, Fe, Zn, Pb, Cd [30]
BCR Five different sewage sludges (Spain) Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb [31]
BCR Five different sewage sludges (China) Cu, Zn, Pb, Cd [32]
BCR Anaerobic sewage sludge (Turkey) Cd, Cr, Cu, Mn, Pb, Ni, Zn, Fe [33]
Tessier Five different sewage sludges (Egypt) Cd, Cu, Cr, Fe, Mn, Ni, Zn [34]
BCR Liquefaction residues of sludge (China) Cu, Zn, Pb, Cd, Cr, Ni [35]
BCR Sewage sludge treatment wetlands (Italy) Cr, Cu, Ni, Cd, Pb, Zn [36]
Tessier Composting of sewage sludge (Greece) Cu, Ni, Pb, Zn, Mn, Fe [37]

Since the development of the sequential extraction procedures, they were and still are
subject to criticism, mostly for the lack of certainty as to the selectivity of the applied
reagents, the possibility of metal readsorption, the utilization of different sample
preparation methods, ia the way and time of drying, grinding, homogenising the
material, as well as conditions under which the extraction is conducted [9]. Presented in
the literature criticism of the procedures proves that there is no extraction scheme which
could be applied to every speciation study of heavy metals. It is common to obtain
different results after applying different extraction schemes [15, 16]. Studies on the
extraction procedures are being continued, aiming to improve the selectivity of the
eluents, and the quality and repeatability of the results. Despite numerous dis-
advantages, the sequential extraction method is an important source of information
about activity or stability of heavy metals in fractions of examined material, which
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reflects on the assessment of metal behaviour mechanisms in the environment, ia their
mobility, moving, bioavailability [2, 17]. Examples of application of the Tessier and the
BCR sequential extraction in research on heavy metal fractionation in bottom sediment
and sewage sludge are shown in Table 1.

Materials and methods

As a research material, bottom sediment and sewage sludge were used. The bottom
sediment was collected from the Poraj Dam Reservoir fed by the Warta River. The
sewage sludge originated from municipal wastewater treatment plant, and it was
dewatered mechanically on a belt press, after being biochemically stabilized during
mesophilic digestion process. The sludge and the sediment were dried in the laboratory
in a dried (105°C), grinded and sieved through a 0.4 mm mesh. In the research certified
reference material LGC6181 (sewage sludge) was also used.

In order to determine total heavy metal content, the sludge, the sediment and the
reference material mineralization was conducted, using a mixture of concentrated acids:
nitric and hydrochloric (1 + 3). The mineralization was conducted for 2 hours in the
temperature of 120°C (Vario compact thermostat produced by Machery Nagel). For
quantitative determination of heavy metals occurring in particular chemical forms in
sludge, sediment, and certified material, sequential extraction according to the Tessier
and the BCR procedures were applied — Table 2.

Table 2

Sequential extraction procedures

Chemical reagents and conditions (Tessier
procedure)

Chemical reagents and conditions (BCR
procedure)

Forms of metals

8 cm® 1 M MgCl,, pH =7, temp. 22°C,

CH;COOH, temp. 96°C, shaking 6 h

shaking 16 h

. Exchangeable
shaking 1 h 40 cm® 0.11 M CH;COOH, temp. 22°C, 8
8 cm’ 1 M CH3;COONa, pH = 5 with shaking 16 h Bounded with
CH;COOH, temp. 22°C, shaking 5 h carbonates
20 cm® 0.04 M NH,OH - HCl in 25% (v/v) |40 cm® 0.5 M NH,OH-HCI, temp. 22°C, | Bounded with Fe

and Mn oxides

3 em® 0.02 M HNO; i 5 em® 30% H,0,,

10 cm® 8.8 M H,0,, temp. 22°C, 1 h;

temp. 120°C, 2 h

temp. 120°C, 2 h

pH =2, temp. 85°C, shaking 2 h, temp. 85°C, 1 h Bounded with
3 cm’® 30% H,0,, temp. 85°C, shaking 3 h |10 cm® 8.8 M H,0,, temp. 85°C, 1 h organic matter —
5 ecm® 3.2 M CH;COONH, in 20% (v/v) 50 cm® 1 M CH;COONHy, temp. 22°C, sulfides
HNO:s, temp. 22°C, shaking 0.5 h shaking 16 h
2 cm’® 65% HNO; + 6 cm® 36% HC, 2 cm® 65% HNO; + 6 cm® 36% HCI, .
Residual

The preparation of the necessary reagents and the extraction procedure was carried
out according to [8]. In case of the Tessier procedure, unlike described in [3], for metal
extraction from residue fraction concentrated acids HNO5 and HCI1 were used, instead of
HF and HCIlO,.
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Concentration of heavy metals: zinc, copper, nickel, cadmium, lead, and chromium,
in obtained eluents, were determined by means of atomic absorption spectrometry
(novAA 400 spectrometer produced by Analytic Jena). The analyses were carried out in
triplicate.

The method for result quality control is to compare the analyses results for particular
elements content to the total metal content, determined independently [38]. The overall
concentration of metals in the sludge (Total) determined after mineralization with aqua
regia was compared with the sum of metal concentrations in the extracted fractions
(F1 + F2 + F3 + F4). Recovery in the sequential extraction procedure was calculated as
follows:

Recovery = F1+F2+ F3+F4 100%

Total

Results and discussion

It was stated that depending on the applied extraction method, the portion of
analyzed chemical forms of particular heavy metal in the total content alike in the
bottom sediment, in the sewage sludge, and in the certified material differed consider-
ably — Table 3.

The biggest disparity in results was obtained with respect to cadmium content. In
case of the bottom sediment, differences were regarding the amount of this metal in
exchangeable-carbonate and organic-sulfide fraction, in the certified material — in
exchangeable-carbonate and iron and manganese oxides fraction, while in the sewage
sludge they included content in all fractions. Applying the extraction according to
Tessier, the highest cadmium content in the bottom sediment was determined in
exchangeable-carbonate fraction (52% of total content), whereas using the BCR method
in residue fraction (33%). In case of the sewage sludge, the highest cadmium content
was observed in iron and manganese oxides fraction (39%) and organic-sulfide (49%),
using the Tessier and the BCR procedure respectively.

Zinc content in exchangeable-carbonate and organic-sulfide fraction of the bottom
sediment had similar values obtained using both procedures, equal respectively to 27
and 30%, and 11 and 13% of total amount, while in the sewage sludge both in those
fractions and in iron and manganese oxides fraction different results were obtained. In
the sewage sludge, the highest zinc content was obtained in iron and manganese oxides
fraction (45% of total content) using the procedure according to Tessier, while in
organic-sulfide fraction (50%) using the BCR procedure. Only in residue fraction of the
sewage sludge, similar content of this metal was obtained using both procedures (17 and
18%). In the certified material, the highest correspondence occurred in exchangeable-
carbonate fraction, while the largest differences in residue fraction.

In case of copper and chromium content determination, in all fractions of the bottom
sediment and the sewage sludge, while nickel and chromium in fractions of the certified
material, consistence of the results were obtained using both procedures. However
different nickel and lead content in exchangeable-carbonate fraction of the bottom
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sediment were obtained, as well as in iron and manganese oxides and organic-sulfide
fraction of the sewage sludge.

Obtainment of different results depending on the applied method is also confirmed
by other research [10, 15, 39]. The reason for discrepancies in the obtained results can
be both used different extractants, and conditions of conducting the extraction
(temperature and time period). The characteristics of reagents used in the procedures of
sequential extraction with critical justification for their utilization were presented by
Gleyzes et al [9]. The Authors stated among others that due to different solubility of
each metal carbonates, their release may be incomplete and continued in next step. In
the procedure according to Tessier, this inconvenience can be corrected with the usage
of sodium acetate solution with pH = 4.74, and ensuring the material-solution ratio 1:25,
moreover by increasing the time of the extraction. In case of iron and manganese oxides
fraction, with high iron content, there may occur incomplete dissolution of oxides
(lowering the metal content in this fraction), or organic metal complexes may be
extracted, which cover iron oxides (raising the content). Some of the sequential
extraction procedures enable dividing this fraction into: easily reducible (Mn(II1)/(IV)
oxides), medium-reducible (amorphous Fe(IlI) oxides), and hardly reducible (crystalline
Fe(II) oxides) [2]. The efficiency of the extractant depends on its reducing capabilities
expressed by the value of redox potential (E;,). Hydroxylamine is a preferred extractant,
with E; = —1.87 V as a solution in 25% acetic acid.

Oxidizing reagents used for heavy metal extraction from organic fraction may also
lead to sulfide oxidation, which is why this fraction is also often called organic-sulfide
(introduction of ammonium acetate prevents readsorption of released metal ions).
However oxidation of organic matter resistant to high temperatures may not occur. As
the oxidant, 30% H,O, is the most often used, acidified to pH = 2.0 with nitric acid.
This reagent additionally causes the oxidation of metal sulfides. Elevated temperature
favours the decomposition of organic matter. Solution of sodium chlorate (I) NaClO
(pH = 8.5-9.5) or potassium pyrophosphate K4P,O; (pH = 10) is less commonly used.

The fraction of residue metals includes mainly metals embedded into the crystal
lattice of primary and secondary minerals included in sludge. There are mainly metals
of silicate and aluminosilicate minerals, as well as metals which have not been extracted
in earlier stages of the sequential extraction. Under natural conditions, this metals can
be considered as permanently immobilized.

In order to extract the metals, the crystal lattice of stable minerals must be destroyed
by means of concentrated solutions of inorganic acids (HClIO4, HNO3, HCI) or their
mixtures at elevated temperature, however the decomposition of silicate minerals takes
place in the presence of HF acid.

Total heavy metal content determined after mineralization of the analysed bottom
sediment and sewage sludge using a mixture of concentrated acids: nitric and
hydrochloric, and the total calculated based on determined quantities in each chemical
fractions are presented in Table 4.

The heavy metal content obtained by adding their amount in each chemical fractions
of the bottom sediment, the sewage sludge and the certified material, determined both
after the extraction with the procedure according to the Tessier, and the BCR procedure,
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Table 4

Total content of heavy metals in sewage sludge, bottom sediment and certified reference material

Y Fl+F2+F3+F4 S F1+F2+F3+F4
Material Metal Total content (extraction “Tessier”) (extraction “BCR”)
[mg/kg] Content Recovery Content Recovery
[mg/kg] [%] [mg/kg] [%]
Zn 55.9+2.1 60.2 107.7 57.4 102.7
Cu 46+0.5 42 91.3 4.4 95.6
Bottom Ni 214403 229 107.0 232 108.4
sediment Pb 222404 20.8 93.7 21.3 95.9
Cd 21402 25 119.0 2.4 114.3
Cr 22403 2.1 95.5 2.5 113.6
Zn 2863 + 22 2640 922 2704 94.4
Cu 309.0 + 8.1 298.6 96.6 304.4 98.5
Sewage Ni 204.0+7.4 192.0 94.1 186.9 91.6
sludge Pb 109.1 £5.2 100.9 92.5 102.5 94.0
Cd 77405 8.2 106.5 7.6 98.7
Cr 431.0+112 389.5 90.4 406.3 943
Zn 1100 + 50 1077 97.9 1056 96.0
Certified Cu 354.0 +18.0 319.4 90.2 323.0 91.2
reference Ni 45.0+3.0 48.0 106.7 427 94.9
material Pb 105.0 £ 8.0 108.1 102.9 107.3 102.2
LGCOI8L [ (g 58403 6.1 1052 5.9 101.7
Cr 78.0+ 8.0 70.2 90.0 70.5 90.4

did not differ significantly from content determined after direct mineralization with
a mixture of concentrated acids HNO3 and HCI. Total content of zinc, copper, nickel
and lead in four analyzed fractions amounted to 91-108%, whereas cadmium and
chromium 90-119% of their total quantity. This proves the correctness of applied
research methodology and the credibility of the obtained results [32, 40]. The best
compatibility of total metal content and the sum in individual fractions was obtained for
lead in the bottom sediment, copper in the sewage sludge, and zinc and lead in the
certified material.

Conclusions

Analysis of heavy metal chemical forms in an examined material depends on the
amount of stages of used method, type and concentration of reagents, extraction
conditions (temperature, time period, pH). Used sequential extraction procedures refer
to group metal discharge and not always are selective with regard to particular heavy
metals. The choice of suitable extraction method is important, depending on the purpose
of conducted speciation analysis and analyzed chemical forms of heavy metals. It is also
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crucial to strictly follow the extraction conditions and to compare the results obtained
with the same extraction procedure for heavy metal fractionation.

During the conducted research, different proportion of certain chemical forms of
heavy metals in their total content in the bottom sediment, the sewage sludge and the
certified material, was obtained, depending on the applied extraction procedure (Tessier,
BCR). The discrepancy of the obtained results referred mainly to zinc and cadmium, to
a lesser extent to copper and chromium. While a high correspondence of the total metal
content in particular fractions with total content determined after direct mineralization
was observed.

Acknowledgement

This work was supported by the Czestochowa University of Technology project BS-PB-402-301/11.

References

[1] Rao CRM, Sahuquillo A, Lopez Sanchez JF. A review of the different methods applied in environmental
geochemistry for single and sequential extraction of trace elements in soils and related materials. Water
Air Soil Pollut. 2008;189:291-333. DOI: 10.1007/s11270-007-9564-0.

[2] Swietlik R, Trojanowska M. Efektywnos¢ i selektywno$¢ odczynnikéw wykorzystywanych do chemicz-
nego frakcjonowania metali cigzkich w statych probkach srodowiskowych (Efficiency and selectivity of
reagents used to chemical fractionation of heavy metals in environmental solid sample). Monit Srod
Przyrod. 2009;10:35-44. www.monitoringsrodowiskaprzyrodniczego.pl/numery/numer-10-2009/.

[3] Tessier A, Campbell PG, Bisson M. Sequential extraction procedure for the speciation of particulate
trace metals. Anal Chem. 1979;51:844-851. DOI: 10.1021/ac50043a017.

[4] Zerbe J, Sobczynski T, Elbanowska H, Siepak J. Speciation of heavy metals in bottom sediments of
lakes. Pol J Environ Stud. 1999;8:331-339. www.pjoes.com/articlepublished.html.

[5] Perez Cid B, Fernandez Albores A, Fernandez Gomez E, Falque Lopez E. Use of microwave single
extractions for metal fractionation in sewage sludge samples. Anal Chim Acta. 2001;431:209-218.
DOI: 10.1016/S0003-2670(00)01335-0.

[6] Gomez Ariza JL, Giraldez I, Sanchez—Rodas D, Morales E. Comparison of the feasibility of three
extraction procedures for trace metal partitioning in sediments from south — west Spain. Sci Total
Environ. 2000;246:271-283. DOI: 10.1016/S0048-9697(99)00468-4.

[7] Rudd T, Lake DL, Mehrotra I, Sterritt RM, Kirk PWW, Campbell JA, Lester JN. Characterisation of
metal forms in sewage sludge by chemical extraction and progressive acidification. Sci Total Environ.
1988;74:149-175. DOI: 10.1016/0048-9697(88)90135-0.

[8] Rauret G, Lopez-Sanchez JF, Sahuquillo A, Barahona E, Lachica M, Ure AM, Davidson CM, Gomez A,

et al. Application of a modified BCR sequential extracion (three-step) procedure for the determination of

extractable trace metal contents in a sewage sludge amended soil reference material (CRM 483),

complemented by a three-year stability study of acetic acid and EDTA extractable metal content.

J Environ Monit. 2000;2:228-233. DOI:10.1039/b0011496f.

Gleyzes Ch, Tellier S, Astruc M. Fractionation studies of trace elements in contaminated soils and

sediments: a review of sequential extraction procedures. TrAC-Trend Anal Chem. 2002;21:451-467.

DOI: 10.1016/s0165-9936(02)00603-9.

[10] Sutherland RA, Tack FMG. Fractionation of Cu, Pb and Zn in certified reference soil SRM 2710 and
SRM 2711 using the optimized BCR sequential extraction procedure. Adv Environ Res. 2003;8:37-50.
DOI: 10.1016/S1093-0191(02)00144-2.

[11] Mossop KF, Davidson CM. Comparison of original and modified BCR sequential extraction procedures
for the fractionation of copper, iron, lead, manganese and zinc in solids and sediments. Anal Chim Acta.
2003;478:111-118. DOI:10.1016/S0003-2670(02)01485-X.

—
\O
[}



Fractionation of Heavy Metals in Bottom Sediments and Sewage Sludges... 73

[12] Ciceri E, Giussani B, Pozzi A, Dossi C, Recchia S. Problems in the application of three-step BCR
sequential extraction to low amounts of sediments: An alternative validated route. Talanta.
2008;76:621-626. DOI: 10.1016/j.talanta.2008.04.006.

[13] Arain MB, Kazi TG, Jamali KK, Jalbani N, Afridi HI, Baig JA. Speciation of heavy metals in sediment
by conventional, ultrasound and microwave assisted extraction methods: A comparison with modified
sequential extraction procedure. J Hazard Mater. 2008;154:998-1006.

DOI: 10.1016/j.jhazmat.2007.11.004.

[14] Jamali MK, Kazi TG, Arain MB, Afridi HI, Jalbani N, Kandhro GA, Shah AQ, Baig JA. Speciation of
heavy metals in untreated sewage sludge by using microwave assisted sequential extraction procedure.
J Hazard Mater. 2009;63:1157-1164. DOI: 0.1016/j.jhazmat.2008.07.071.

[15] van Hullebusch ED, Utomo S, Zandvoort MH, Lens PNL. Comparison of three sequential extraction
procedures to describe metal fractionation in anaerobic granular sludges. Talanta. 2005;65:549-558.
DOI: 10.1016/jtalanta.2004.07.024.

[16] Babel S, del Mundo Dacera D. Heavy metal removal from contaminated sludge for land application:
A review. Waste Manage. 2006;26:988-1004. DOI: 10.1016/j.wasman.2005.09.017.

[17] Szumska M, Gworek B. Metody oznaczania frakcji metali cigzkich w osadach $ciekowych (Methods of
searching heavy metals in sewage sludge components). Ochr Srod Zasob Natur. 2009:41:42-63.
www.ios.edu.pl/pol/pliki/nr41/nr41_4.pdf.

[18] Lasheen MR, Ammar NS. Speciation of some heavy metals in River Nile sediments, Cairo, Egipt.
Environmentalist. 2009;29:8-16. DOI: 10.1007/s10669-008-9175-3.

[19] Wang L, Yu R, Hu G, Tu X. Speciation and assessment of heavy metals in surface sediments of Jinjiang
River tidal reach, southeast of China. Environ Monit Assess. 2010;165:491-499.

DOI: 10.1007/s10661-009-0961-2.

[20] Lesven L, Lourino-Cabana B, Billon G, Recourt P, Ouddane B, Mikkelsen O, Boughriet A. On metal
diagenesis in contaminated sediments of the Deiile river (northern France). Appl Geochem.
2010;25:1361-1373. DOI: 10.1016/j.apgeochem.2010.06.007.

[21] Hoque RR, Goswami KG, Kusre BC, Sarma KP. Distribution and solid-phase speciation of toxic heavy
metals of bed sediments of Bharali tributary of Brahmaputra River. Environ Monit Assess.
2011;177:457-466. DOI: 10.1007/s10661-010-1647-5.

[22] Garcia-Pereira FJ, Garcia Giménez R, Vigil de la Villa R, Procopio JR. Heavy metal fractionation in
sediments from the Jarama River (central Spain). Environ Earth Sci. 2015;73:2385-2396.

DOI: 10.1007/s12665-014-3587-9.

[23] Caceres Choque LF, Ramos Ramos OE, Valdez Castro SN, Choque Aspiazu RR, Choque Mamani RG,
Fernandez Alkazar SG, Gracek O, Bhattacharya P. Fractionation of heavy metals and assessment of
contamination of the sediments of Lake Titicaca. Environ Monit Assess. 2013;185:9979-9994.
DOI: 10.1007/s10661-013-3306-0.

[24] Li M, Zang S, Xiao H, Wu Ch. Speciation and distribution characteristics of heavy metals and pollution
assessments in the sediments of Nashina Lake, Heilongjiang, China. Ecotoxicology. 2014;23:681-688.
DOI: 10.1007/s10646-014-1180-3.

[25] Abdel-Satar AM, Moher ME. Heavy metals fractionation and risk assessment in surface sediments of
Qarun and Wadi El-Rayan Lakes, Egypt. Environ Monit Assess. 2015;187:346.

DOI: 10.1007/s10661-015-4592-5.

[26] Yu R, Hu G, Wang, L. Speciation and ecological risk of heavy metals in intertidal sediments of
Quanzhou Bay, China. Environ Monit Assess. 2010;163:241-252. DOI: 10.1007/s10661-009-0830-z.

[27] Cai L, Yang L, Wenquan L, Xiuwu S, Weidong JI. Speciation, distribution, and potential ecological risk
assessment of heavy metals in Xiamen Bay surface sediment. Acta Oceanol Sin. 2014;33:13-21.
DOI: 10.1007/s13131-014-0453-2.

[28] Moore F, Nematollahi MJ, Keshavarzi B. Heavy metals fractionation in surface sediments of Gowatr bay
— Iran. Environ Monit Assess. 2015;187:4117. DOI: 10.1007/s10661-014-4117-7.

[29] Davutluoglu OI, Seckyn G, Kalat DG, Yylmaz T, Ersu CB, Speciation and ymplications of heavy metal
content in surface sediments of Akyatan Lagoon — Turkey. Desalination. 2010;260:199-210.

DOI: 10.1016/j.desal.2010.04.031.

[30] Fuentes A, Lloréns M, Saez J, Aguilar MI, Ortuno JF, Meseguer VF. Comparative study of six different
sludges by sequential speciation of heavy metals. Biores Technol. 2008;99:517-525.
DOI: 10.1016/j.biotech.2007.01.025.



74 Lidia Dabrowska

[31] Alonso E, Aparicio I, Santos JL, Villar P, Santos A. Sequential extraction of metals from mixed and
digested sludge from aerobic WWTPs sited in the south of Spain. Waste Manage. 2009;29: 418-424.
DOI: 10.1016/j.wasman.2008.01.009.

[32] Chen M, Li X, Yang Q, Zeng G, Zhang Y, Liao D, Liu J, Hu J, Guo L. Total concentrations and
speciation of heavy metals in municipal sludge from Changsha, Zhuzhou and Xiangtan in middle-south
region of China. J Hazard Mater. 2008;160:324-329. DOI: 10.1016/j.jhazmat.2008.03.036.

[33] Hanay O, Hasar H, Kocer NN, Aslan S. Evaluation for agricultural usage with speciation of heavy
metals in a municipal sewage sludge. Bull Environ Contam Toxicol. 2008;81:42-46.

DOI: 10.1007/s00128-008-9451-4.

[34] Lasheen MR, Ammar NS. Assessment of metals speciation in sewage sludge and stabilized sludge from
different Wastewater Treatment Plants, Greater Cairo, Egypt. J Hazard Mater. 2009;164:740-749.
DOI: 10.1016/j.hazmat.2008.08.068.

[35] Yuan X, Huang H, Zeng G, Li H, Wang J, Zhou C, Zhu H, Pei X, Liu Z, Liu Z. Total concentrations and
chemical speciation of heavy metals in liquefaction residues of sewage sludge. Biores Technol.
2011;102:4104—4110. DOI: 10.1016/j.biortech.2010.12.055.

[36] Peruzzi E, Masciandaro G, Macci C, Doni S, Ravelo SGM, Peruzzi P, Ceccanti B. Heavy metal
fractionation and organic matter stabilization in sewage sludge treatment wetlands. Ecol Eng.
2011;37:771-778. DOL: 10.1016/j.ecoleng.2010.05.009.

[37] Zorpas AA, Inglezakis VJ, Loizidou M. Heavy metals fractionation before, during and after composting
of sewage sludge with natural zeolite. Waste Manage. 2008;28:2054-2060.

DOI: 10.1016/j.wasman.2007.09.006.

[38] Hulanicki A. Wspodltczesna chemia analityczna. Wybrane zagadnienia (Contemporary analytical chemistry.
Selected problems). Warszawa: Wyd Nauk PWN; 2001.

[39] Nemati K, Abu Bakar NK, Abas MR, Sobhanzadeh E, Low KH. Comparison of unmodified BCR
sequential extraction schemes for the fractionation of heavy metals in shrimp aquaculture sludge from
Selangor, Malaysia. Environ Monit Assess. 2011;176:313-320. DOI: 10.1007/s10661-010-1584-3.

[40] Walter I, Martinez F, Cala V. Heavy metal speciation and phytotoxic effects of three representative
sewage sludges for agricultural uses. Environ Pollut. 2006;139:507-514.

DOI: 10.1016/j.envpol.2005.05.020.

FRAKCJONOWANIE METALI CIEZKICH W OSADACH DENNYCH I SCIEKOWYCH
Z UZYCIEM EKSTRAKCJI SEKWENCYJNEJ

Katedra Chemii, Technologii Wody i Sciekéw, Wydzial Inzynierii Srodowiska i Biotechnologii,
Politechnika Czg¢stochowska, Czgstochowa

Abstrakt: W celu okreslenia form chemicznych metali cigzkich w osadach dennych, czy tez w osadach
$ciekowych wykonuje si¢ analiz¢ specjacyjna oparta na ekstrakeji sekwencyjnej, ktora polega na stopniowym
wydzielaniu metali z osadéw roztworami o wzrastajacej agresywnosci. Szerokie uznanie zdobyla pigcio-
stopniowa ekstrakcja zaproponowana przez Tessiera i wspoipracownikow, ktorej zastosowanie umozliwia
wydzielenie metali wymienialnych, zwiazanych z weglanami, z uwodnionymi tlenkami Zelaza i manganu,
z materia organiczng oraz pozostatych. Za mobilne uwaza si¢ metale wystgpujace w dwodch pierwszych
frakcjach (wymiennej i weglanowej). W wyniku prowadzonych prac w ramach Programu Pomiardw
i Testowania w Komisji Unii Europejskiej przyjeto skrocona, trzy etapowa ekstrakcje, znang jako procedura
BCR.

Przeprowadzono poréwnawcze badania frakcjonowania metali cigzkich (Zn, Cu, Ni, Pb, Cd, Cr), wyko-
rzystujac ekstrakcje sekwencyjna stosowang przez Tessiera oraz procedur¢ BCR. Materialem badawczym
byly: materiat certytikowany LGC 6181, osad Sciekowy pochodzacy z mechaniczno-biologicznej oczysz-
czalni $ciekéw komunalnych w Czgstochowie oraz osad denny pobrany ze zbiornika zaporowego Poraj.
Poréwnujac wyniki, stwierdzono rozny udzial okreslonych form chemicznych metali cigzkich w catkowitej
ich zawartosci w badanych probkach w zalezno$ci od zastosowanej procedury ekstrakcji. Dla materiatu
certyfikowanego rozbieznosci dotyczyly glownie zawartosci kadmu we frakcji wymienno-weglanowej oraz
tlenkow zelaza i manganu, cynku we frakcji pozostato$ciowe]j (zwiazkow praktycznie nierozpuszczalnych).
Rowniez w osadzie $ciekowym i osadzie dennym zawarto$¢ kadmu oznaczona we frakcjach wymienno-
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-weglanowej, organiczno-siarczkowej oraz zwiazkow praktycznie nierozpuszezalnych po ekstrakcji metoda
Tessiera nie pokryta si¢ z wartosciami uzyskanymi po ekstrakcji metoda BCR. Dotyczyto to takze zawartosci
cynku i otowiu we frakcji tlenkow zelaza i manganu. Przyczynami rozbieznosci uzyskanych wynikéw mogty
by¢ zarowno uzyte ekstrahenty, jak i warunki prowadzenia ekstrakcji (rézne reagenty, temperatura i czas).
Potwierdza to, jak wazny jest dobor odpowiedniej metody ekstrakcji w zaleznosci od celu prowadzonej
analizy specjacyjnej i analizowanych form chemicznych metali cigzkich.

Slowa kluczowe: metale cig¢zkie, procedury ekstrakcji sekwencyjnej, osad denny, osad Scickowy






