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Risto PÖYKIÖ1,2*, Gary WATKINS3 and Olli DAHL3

CHARACTERISATION OF MUNICIPAL SEWAGE SLUDGE
AS A SOIL IMPROVER AND A FERTILIZER PRODUCT
CHARAKTERYSTYKA OSADÓW ŚCIEKOWYCH
JAKO POLEPSZACZY GLEBY I PRODUKTÓW NAWOZOWYCH
Abstract: In this study, we have determined the main important physical and chemical properties of municipal
sewage sludge and compared them to the requirements of the Finnish Fertilizer Product Act and Fertilizer Product
Decree in order to assess the potential utilization of this by-product as a fertilizer. Except for Hg (1.4 mg/kg d.m.),
the total concentrations of Cd, Cu, Ni, Pb, Zn, Cr and As in our sewage sludge were lower that the Finnish
maximum permissible heavy metal concentrations for sewage sludge used as a fertilizer products. However, the
sewage sludge may be utilized as a soil improver, a growing media or as a fertilizer product in landfill sites
(e.g. surface structures) or in other closed industrial areas, because the above mentioned Finnish limit values are
not applied at these sites. If the sewage sludge is to be utilized in these kinds of areas, an environmental permit
may be needed. According to BCR-extraction, the lowest release potential (solubility) from the sample matrix was
observed for sulphur (58.4 %) and the highest for Cd (100 %).
Keywords: BCR extraction, fertilizer, sewage sludge, wastewater treatment, waste

Introduction

Municipal sewage sludge is created for a good reason - it is the by-product of
processes that clean our raw sewage before the cleaned effluent is discharged into receiving
water bodies, e.g. seas, streams and estuaries. Municipal sewage contains not only human
faeces waste but also products and contaminants from homes, industries, businesses, storm
water, landfill leachate (in some locales) and contaminants leached from pipes [1]. Sewage
sludge as an end-product of wastewater treatment processes reflects the composition of the
raw wastewater and therefore anthropogenic activities in the treatment plants sewerage
system catchment. Depending of the type of municipal wastewater treatment plant
(WWTP) and process installation, sludge may be generated during the primary (physical
and/or chemical), the secondary (biological) and tertiary (additional to secondary, often
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nutrient removal) treatment stages [2]. Due to the physical and chemical processes involved
in the treatment, the sludge tends to concentrate trace metals, many of which are heavy
metals, and poorly biodegradable trace organic compounds as well as partially pathogenic
organisms (viruses, bacteria) present in the wastewater. Sludge is, however rich in nutrients
such as nitrogen (N) and phosphorous (P) and contains valuable organic matter that is
potentially useful for amelioration of soils that are depleted or subject to erosion.
The organic matter and nutrients are two main elements that make the spreading of this
kind of waste on land suitable as a fertilizer or as an organic soil improver, usually after
hygienic treatment and or composting [3]. Furthermore, utilization of sewage sludge as
a fertilizer may replace or at least reduce the use of mineral fertilizer in agronomic plant
production [4].
According to the waste hierarchy of the European Union (EU), minimization and
re-use of municipal sewage sludge are the most desirable options in order to recycle
nutrients rather than incinerating it or sending it to landfill. Therefore, in the EU there is an
increasing emphasis on the reuse of sewage sludge as a product for example as a fertilizer
[5]. However, the re-use of municipal sewage sludge as a fertilizer has been debated in EU
countries in recent decades, mainly due to concern over the bioaccumulation of heavy metal
in the food chain [6]. Therefore, the regular analysis of sewage sludge composition is a key
factor for quality assessment to insure the safe utilization of this residue. Prior to any such
application, the determination of both the total heavy metal concentrations in sludge and
their leaching (extraction) profiles is important to know [7]. The knowledge of total heavy
metal concentrations in sludge is needed to insure, that national limit values are not
exceeded if the sludge is used to agriculture. Although total metal concentrations in sludge
usually obtained after microwave digestion in strong mineral acid solution is useful as an
overall pollution indicator, they do not provide information on the metal-binding
characteristics of heavy metals in sludge for estimating their ecological and biological
effects [8]. If a sewage sludge is utilized it is possible that heavy metals contained in this
residue could be released. The mobility of trace metals, their bioavailability and related
eco-toxicity to plants depend strongly on their specific chemical forms or ways of binding.
Extraction methods provide useful information about the bioavailability and potential
mobility as well the eco-toxicity and environmental impacts of heavy metals in sewage
sludge [9].
One of the most utilised extraction methods in assessing the metal-binding
characteristics of heavy metals in waste materials is the three-step extraction procedure of
the Standards, Measuring and Testing Programme of the Commission of the European
Communities, which is a successor of Community Bureau of Reference (BCR) programme
of the European Union [10]. In this procedure, the extraction is based upon acetic acid
extraction (step 1: exchangeable and acid-soluble fraction), hydroxylamine hydrochloride
extraction (step 2: reducible fraction) and hydrogen peroxide digestion following
ammonium acetate extraction (step 3: oxidizable fraction). In the literature, this extraction
is commonly known as the BCR sequential extraction [11].
The aim of this study was: (1) to determine the main important chemical and physical
properties of a sewage sludge originating from a municipal wastewater treatment plant
located in Finland, (2) to evaluate whether the municipal sewage sludge fulfils the
requirement of the Finnish Fertilizer Product Act and Fertilizer Product Decree for fertilizer
products, (3) to evaluate the release potential of heavy metals from the sludge using the
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three-step BCR-sequential extraction procedure, which are needed if the environmental
permit is required for the utilization of this by-product.

Materials and methods
Sampling

The sewage sludge investigated in this study was obtained from a municipal
wastewater treatment plant (WWTP) located in Finland. The WWTP began operation at the
beginning of 1980 and its technical performance has improved continuously over the years.
It is designed to treat the wastewaters from 34,000 inhabitants, treating about
3.1 million cubic metre (m3) wastewaters annually, which correspondingly results to the
production of about 2500 Mg of sewage sludge. The treatment process of the WWTP is
a combination of biological-chemical and simultaneous precipitation. Briefly, the main
process units in the WWTP are: (1) a mechanical treatment unit, (2) a biological and
chemical treatment unit and (iii) a sludge treatment unit. In the mechanical treatment unit,
big items (e.g. stones, sticks, branches, plastics, nappies, rags, sanitary items, etc.) and
smaller items (e.g. floating objects, sand, etc.) as well as the oil and grease that would clog
and hinder subsequent treatment steps are taken out. In this unit undertakes the primary
removal of the most coarse settleable organic and inorganic solids by sedimentation. In the
chemical and biological treatment unit, the dissolved phosphorous (P) in sewage is
precipitated with the use of ferric sulphate [Fe2(SO4)3] and the reduction of other nutrients
(N, P) occurs in the activated sludge process using micro-organisms (to degrade the
biodegradable organics) and aeration (oxygen for respiration). In the sludge treatment unit,
the sewage (slurry) is thicken and dried using a centrifuge before the sludge is removed
from the plant. The effluent loads from the WWTP in 2017 were as follows: effluent
volume 8520 m3/d, a seven-day biological oxygen demand using allylthiourea as oxidizing
agent (BOD7(ATU)) 40 kg/d, chemical oxygen demand using potassium dichromate as
oxidizing agent (CODcr) 259 kg/d, TP (total phosphorus) 2.7 kg/d, TN (total nitrogen)
284 kg/d, NH4-N 243 kg/d and total suspended solids (TSS) 56 kg/d. The absorbable
organic halogens (AOX) load from the WWTP is not known, because AOX monitoring is
not required by the environmental permit.
The sludge sampling period represented normal process operating conditions for the
wastewater treatment plant. The sewage sludge investigated in this study was sampled from
the centrifuge, which is used for the dewatering of sludge. After sampling, the sludge
sample was stored in a polyethylene bag in a refrigerator (+4 °C). Samples should be
analysed as soon as possible after sampling. However, if this is not done, according to EPA
[12], they should be chemically/physically preserved as soon as possible after sampling to
avoid or minimise biological, chemical or physical changes that can occur between the time
of collection and analysis. For the above-mentioned reasons we decided to follow the
procedure of Stylianou et al. [13] and to store the sample in a refrigerator (+4 °C) until
analysis.
Determination of the mineralogical composition, physical
and chemical properties of the sludge

The mineralogical composition of the sewage sludge was determined with a Siemens D
5000 diffractometer (Siemens AG, Karlsruhe, Germany) using CuKα radiation. The scan
was run from 2 to 80° (2-Theta scale), with increments of 0.02° and a counting time of
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1.0 second per step. The operating conditions were 40 kV and 40 mA. Peak identification
was carried out with the DIFFRACplus BASIC Evaluation Package PDFMaint 12 (Bruker
axs, Germany) and the software package ICDD PDF-2 Release 2006 (Pennsylvania, USA).
Determination of pH in the sewage sludge was carried out according to European
standard SFS-EN 13037 at a solid-to-liquid (ultrapure H2O) ratio of 1:5. Determination of
the dry matter content (DMC) of the sludge was carried out according to European standard
SFS-EN 12880, in which a sample is dried overnight to a constant mass in an oven at
105 °C. The total organic matter content (TOC) of the sludge, which also indicates the total
organic carbon (C) content [14], was carried out according to European standard SFS-EN
13137. The loss-on-ignition (LOI) of the sludge was carried out according to European
standard SFS-EN 12879. Details of the analytical methods of these standards can be found
in our previous publication [15].
Determination of the total nutrient and heavy metal concentrations in the sludge

To determine the total nutrient (P, Ca, Na, K, Mg and Zn) and total heavy metal
concentrations in the sewage sludge, the dried sample was digested with a mixture of HCl
(3 cm3) and HNO3 (9 cm3) in a CEM Mars 5 microprocessor-controlled microwave oven
with a CEM HP 500 Teflon vessels (CEM Corp., Matthews, USA) using USEPA method
3051A [16]. This digestion method is accepted in Finnish legislation for the total element
digestion [17]. Determination of the total nitrogen concentration in the sludge was carried
out according to the European standard SFS-EN 13654-1 by the Kjeldahl method using
a Foss-Tecator Kjeltee 2300 Analyzer (Hoganas, Sweden) equipped with a Foss-Tecator
2020 Digestor (Hoganas, Sweden) [15].
The cooled solution was transferred to a 100 cm3 volumetric flask and the solution
diluted to volume with ultrapure water. The ultrapure water was generated by an Elgastat
Prima reverse osmosis and Elgastat Maxima ion exchange water purification system (Elga
Ltd; Bucks, England). All reagents and acids were super pure or pro analysis quality. Apart
from Hg, the total nutrient (P, Ca, Na, K, Mg and Zn) and heavy metal concentrations in
sludge were determined with ICP-OES (Thermo Fisher Scientific iCAP6500 Duo, UK).
The concentration of Hg in the sludge was determined with a Perkin Elmer Aanalyst 700
cold-vapour AAS equipped with a Perkin Elmer FIAS 400 and AS 90 plus
auto-sampler [15].
Three-step BCR sequential extraction procedure for heavy metals in the sludge

The three-step sequential extraction scheme for the fractionation of heavy metals in
sewage sludge as well as the quality control results of the BCR extraction can be found in
our previous paper [15]. Briefly, the sequential extraction was carried out as follows:
(1) acetic acid (CH3COOH; 0.1 mol/dm3; pH = 3.0) extraction to recover the heavy metals
in the sludge into the exchangeable fraction, (2) hydroxylamine hydrochloride
(NH2OH-HCl in nitric acid medium, 0.1 mol/dm3; pH = 2.0) extraction to recover the heavy
metals in the sludge into the easily reduced fraction, and (3) hydrogen peroxide digestion
(H2O2; 30 %) followed by ammonium acetate (CH3COONH4; 1.0 mol/dm3; pH = 2.0)
extraction to recover the heavy metals in the sludge into the oxidizable fraction. In the
literature, the widely used abbreviation for the exchangeable fraction is BCR1,
correspondingly BCR2 for the easily reduced fraction and BCR3 for the oxidizable fraction
[18]. Therefore we have used the above mentioned abbreviations in this paper, too.
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In order to avoid possible chemical and/or microbiological changes in the sludge, the
extraction was carried out using the sample as such, instead of a dried sample, since
Karczmarek and Studzinski [19] have observed that drying of sludge before sequential
extraction change the form in which the elements occur in the sludge and cause
immobilization of the elements. After each extraction step, the extracts were separated from
the solid residue by filtration through a 0.45 µm membrane filter (47 mm diameter;
Schleicher & Schuell, Dassel, Germany). In order to avoid losses between the extraction
stages, the filters and adhering residue particles from the previous extraction stage were
also included in the next stage. After the addition of 200 mm of 65 % HNO3 to the
supernatant phase, it was stored in a refrigerator (+4 °C) until the extraction test was
performed and trace element concentrations were determined. The element concentrations
in the extracts (extraction stages 1-3) were determined with a Thermo Fisher Scientific
iCAP6500 Duo (United Kingdom) inductively coupled plasma optical emission
spectrometer (ICP-OES).

Results and discussion

Mineralogical composition, physical and chemical properties of the sludge

According to the XRD spectra, only quartz (SiO2; 38.4 %), albite (NaAlSi3O8; 36.9 %)
and magnesium phosphate hydrate ((Mg3(PO4)2(H2O)8); 24.7 %) could be identified in the
sewage sludge investigated in this study. Our XRD spectra are consistent with the findings
of Dabrowska [20], who observed also quartz in the municipal sewage sludge. Our
XRD-spectra agree also with the findings of Wang and Xue [21], who detected quartz and
albite in municipal sewage sludge. In this context it is worth noting that an XRD
spectrometer is unable to identify the amorphous (glass) phase (non-crystallised matter),
and its detection limit is normally 1-2 % (w/w). This is why crystalline compounds
containing all the heavy metals in Table 2 were not identified by XRD, despite the fact that
the concentrations of these elements could be quantitatively measured by ICP-OES.
The main important physical and chemical properties of the investigated sewage
sludge are presented in Table 1, which also presents the properties of sewage sludges
collected from selected wastewater treatments plants in 15 European countries (including
Finland) and in Finnish humus [22-24].
Table 1
The main important physical and chemical properties of the sewage sludge investigated in this study as well as in
other European (EU) sludges [22-24] and in Finnish humus
Property/nutrient
pH [-]
DMC [%]
LOI [%]
TOC [g/kg d.m.]
N [mg/kg d.m.]
P [mg/kg d.m.]
Ca [mg/kg d.m.]
Na [mg/kg d.m.]
K [mg/kg d.m.]
Mg [mg/kg d.m.]
Zn [mg/kg d.m.]

This study
6.1
23.6
74.3
303
39800
20600
17500
320
1810
2510
350

EU sludge

Finnish humus

15-31

10000-56000
1000-26000
100-22400
200-1200

742
2610
50
927
531
40.5
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Our sewage sludge was slightly acidic (pH = 6.1). The importance of the pH value of
sludge emerges from the fact that the solubility of heavy metals in a sludge sample is
pH-dependent, since the pH controls the bioavailability of metals and particularly those
metals that exist largely in the labile form [25]. The dry matter content (DMC) of the sludge
was relatively low (23.6 %), which means that its water content was high (76.4 %) and this
agrees with the dry matter content between 15 and 31% observed in other Finnish sewage
sludges [24].
The high water content (76.4 %) is our sewage sludge is reasonable in the light of the
fact that the sludge in the waste water treatment plant from where it was sampled is
dewatered mechanically using a centrifuge. Water in sludge can be in the following forms,
namely: (1) free water (bulk water) - water not associated with solid particles including
void water not associated with capillary forces, (2) intestinal water - water trapped in
crevices and interstitial spaces of flocs and microbes, (3) vicinal water - water held to
particle surfaces by adsorption and adhesion, for instance by hydrogen bonding and (4)
water of hydration - water chemically bound within the particle structure [26]. Although
conventional mechanical sludge dewatering methods (centrifuge, filter press, vacuum filter)
can only remove free water and an insignificant amount of intestinal water resulting in
a high water content sludge [9], they are commonly used in medium and large scale
wastewater treatment plants [27] as too in the case of our plant. High water content in
sludge is a treatment disadvantage, as the incineration of such residues is consequently
uneconomical.
The very high TOC value of 30.3 % (303 g/kg d.m.) and LOI value of 74.3 %
(743 g/kg d.m.), which both measure the organic matter content of the sludge, are
reasonable, since sewage sludge is rich in organic matter originating mainly from the
treatment of household wastewaters (e.g. lavatories). From the utilization point of view, the
high percentage of organic matter in the sludge measured as TOC is an important feature in
deciding its destiny [28]. The high TOC value may also indicate that short-term
improvement in soil properties from the application of sludge can be attributed to organic
amendment and to the microbial production of humic substances. The C/N ration in our
sludge was 7.6. This is favourable, if the sludge is utilized as a fertilizer, since according
Sogn et al. [4], a C/N ratio lower than about 25 usually means that the organic matter has
a surplus of N relative to the N demand of the soil microbial community, which then can be
mineralized to NH4+, a plant-available mineral form of N.
If we disregard N, the concentration of which was not available in the Finnish humus,
the total concentrations of other nutrients (P, Ca, Na, K, Mg and Zn) in our sewage sludge
were clearly higher than those in the Finnish humus. This supports the utilization of sludge,
for instance as an earth construction agent or a fertilizer (after hygienic treatment) instead
of disposal in landfill sites, since the utilization of industrial residue always saves valuable
natural raw materials. One measure of the suitability of organic residue as a nutrient source
for plant growth is the ratio of the content of Ca to Mg. It is generally accepted that this
ratio should be a minimum of 6:1 [29]. The sewage sludge investigated in this study had
a Ca/Mg ratio of 7:1, indicating that no adjustment by liming would be needed.
Total and BCR extractable heavy metal concentrations in the sewage sludge

The total and BCR extractable concentrations of heavy metals in the sewage sludge
investigated in this study are presented in Table 2, which also presents the properties of
sewage sludges collected from wastewater treatments plants in 15 European countries,
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including Finland [22-24]. Although many heavy metals in our sewage sludge were clearly
lower than the maximum concentrations reported in the literature for other sewage sludges
collected from different European countries, the concentration of Hg (1.4 mg/kg d.m.) in
our sludge was slightly higher.
In Finland, the Fertilizer Product Act [30] and the Fertilizer Product Decree [31]
regulates the utilization of sewage sludge as a fertilizer product. The Fertilizer Product Act
[30] and Decree [31] imposes maximum limit values on eight heavy metals (As, Cd, Cr,
Cu, Ni, Zn, Pb and Hg) in sewage sludge used as a fertilizer product, which are given in
Table 2. In Finland, the maximum limit values for the heavy metals listed above are more
stringent than the maximum limit values allowed in the European Union [32]. Except for
Hg (1.4 mg/kg d.m.), the total concentrations of As, Cd, Cr, Cu, Ni, Zn and Pb in our
sewage sludge were lower that the Finnish maximum permissible trace element
concentrations for sewage sludge used as a fertilizer product. Although the total
concentration of Hg in our sludge was slightly higher than the maximum limit value for Hg
permitted in sludge used as a fertilizer product in Finland, it was lower than the present
maximum criteria value between 16 and 25 mg/kg d.m. for sludge according to EU
Directive 86/278/EEC [32].
Table 2
The total heavy metal concentrations in sewage sludge investigated in this sludge, the corresponding maximum
concentrations in other EU sludges [22-24], and the limit values for sludge used as a fertilizer product in Finland
[30, 31] as well as the extractable concentrations of heavy metals in our sewage sludge and the recovery values
Metal
Al
As
Ba
Cd
Co
Cr
Cu
Be
Fe
Mn
Sb
Mo
Ni
Zn
Pb
S
V
Se
Ti
Hg

This
study
2150
< 3.0
330
0.5
3.2
29.0
370
< 1.0
69000
310
< 3.0
2.3
14.0
350
10.0
7640
11.0
< 3.0
260
1.4

Total concentration
[mg/kg d.m.]
EU sludge
Limit value
(max)
60000
56.1
25
580
5.1
1.5
16.7
1542
300
578
600
149000
960
53.6
12.5
310
1200
430

100
1500
100

135
1071
1.1

1.0

Extractable concentration
[mg/kg d.m.]

BCR1
12.0
< 0.6
13.0
0.1
0.8
< 0.4
12.0
< 0.2
3220
153
< 0.6
< 0.2
4.3
149
< 0.6
908
< 0.4
< 0.6
< 0.6
< 0.1

BCR2
657
1.3
218
0.2
0.6
3.4
164
< 0.2
37100
103
< 0.6
< 0.2
3.2
142
3.4
335
4.7
< 0.6
2.3
< 0.1

BCR3
629
1.6
54
0.2
1.1
9.7
138
< 0.3
17200
28
< 0.8
1.6
2.5
30
4.9
3220
2.8
1.6
19.0
< 0.1

Recovery
[%]
60.4
86.4
100
75.0
84.9
83.4
91.2
71.4
91.7
58.4

Although the Hg concentration of 1.4 mg/kg d.m. in our sewage sludge exceeded the
Hg limit value of 1.0 mg/kg d.m. for fertilizer products, the sewage sludge may be utilized
as a soil improver, a growing media or as a fertilizer product in landfill sites (e.g. surface
structures) or in other closed industrial areas, because the above mentioned Finnish limit
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values are not applied at these sites. However, if the sewage sludge is to be utilized in these
kinds of areas, an environmental permit may be needed.
The first extractable fraction of the BCR method is the exchangeable and acid-soluble
fraction in which heavy metals are extracted with CH3COOH (abbreviation BCR1 in Table
2). This fraction gives an indication of the quantity of elements (metals) bound on surface
of particles, as well as those that are released as acid-soluble salts such as carbonates.
This fraction is very unstable and sensitive to environmental conditions [13] and is
susceptible to acid rain [32]. Since the elements in this fraction are liable to change with
environmental conditions, this phase is susceptible to change in pH and metals have the
potential to be released by merely changing the ionic strength of the medium [11].
According to Golia et al. [33], acetic acid is found among the natural organic acids secreted
by plants roots, so the metals extracted by acetic acid may be similar to the fraction of
metals available to plants. The highest extractable concentration in this fraction was
observed for Fe (3220 mg/kg d.m.) followed by S (908 mg/kg d.m.), Mn (153 mg/kg d.m.)
and Zn (149 mg/kg d.m.).
The second extractable fraction of the BCR method is the reducible fraction, in which
heavy metals are extractable with a strong reducing agent of hydroxylamine hydrochloride
(NH2OH-HCl) in nitric acid medium (abbreviation BCR2 in Table 2). In the BCR
extraction, this fraction is characterised as the fraction showing the content of heavy metals
bound to manganese and iron oxides which could be released into the environment under
reducing conditions [34]. The highest extractable concentration in this fraction was
observed for Fe (37100 mg/kg d.m.) followed by Al (657 mg/kg d.m.), S (335 mg/kg d.m.),
Ba (218 mg/kg d.m.), Cu (164 mg/kg d.m.), Zn (142 mg/kg d.m.) and Mn
(103 mg/kg d.m.).
The third extractable fraction of the BCR method is the oxidizable fraction, in which
the combination of H2O2 digestion and CH3COONH4 extraction is used (abbreviation BCR3
in Table 2). This fraction corresponds to metals that are organically bound or occur as
oxidizable minerals, e.g. sulphides [18]. As metals bound to this fraction can be released
under oxidising conditions, an oxidation process is usually applied to extract metals
associated with the above-mentioned phase. Although, the heavy metals associated with the
organic fraction are not considered to be very mobile or available [7], they may be released
from the sludge matrix during decomposition processes [35]. The highest extractable
concentration in this fraction was observed for Fe (17200 mg/kg d.m.) followed by S
(3220 mg/kg d.m.), Al (629 mg/kg d.m.), Cu (138 mg/kg d.m.), Ba (54 mg/kg d.m.),
Zn (30 mg/kg d.m.), Mn (28 mg/kg d.m.) and Ti (19.0 mg/kg d.m.).
When the results of the total heavy metal concentrations and the sum of
BCR-sequential extraction are compared (Table 2), it can be seen that the recovery values
(solubility) of elements varied between 58.4 and 100 %. If we disregard elements whose
concentrations are lower than the detection limits, the lowest recovery value of 58.4 % was
observed for S and the highest value of 100 % for Cd. From the environmental point of
view, the relatively low recovery value of sulphur indicates that this element is poorly
released from the sludge matrix, whereas the cadmium is easily released. Although the
recovery values were high for many elements. According to Lorentzen and Kingston [36],
the BCR sequential extraction procedure illustrates the worst-case environmental scenarios,
in which the components of the sample become soluble and mobile.
If we compare the BCR extraction results of this study to our previous publication
[15], in which the wastewater treatment sludge was originated from the semi-chemical pulp
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mill (NSSC), the leaching behaviour and the release potential of sulphur (S) was
significantly lower in this study, because in the NSSC pulp mill sludge it was ca. 96.1 %.
Furthermore, the highest release potential from the NSSC pulp mill sludge was observed Al
with the recovery value of 94 %. This indicates that the heavy metals in different kinds of
sludges may be bound to sample matrix with different strengths.
Accuracy and quality control of the BCR extraction procedure

The accuracy and quality control of the three-step BCR extraction procedure used in
this study is assessed in our previous publication [37]. The accuracy and quality control
were carried out using a certified reference material BCR-701 (lake sediment). Our results
for the reference material suggested that the extraction procedure and instrumental analysis
of the extraction used in this study were accurate.

Conclusions

The total concentrations of nutrients (P, Ca, Na, K, Mg and Zn) in our sewage sludge
were clearly higher than those in the Finnish humus. This supports the utilization of sludge
as a fertilizer. However, due to the elevated total concentration of Hg (1.4 mg/kg d.m.),
which was slightly higher than the maximum limit value of 1.0 mg/kg d.m. for Hg
permitted in fertilizer products in Finland, this sludge fraction is not permitted to be used as
a fertilizer in agriculture. Therefore, other option for this sludge fraction has to be found.
Although the Hg concentration of 1.4 mg/kg d.m. in the sewage sludge exceeded the
Hg limit value of 1.0 mg/kg d.m. for fertilizer products, the sewage sludge may be utilized
as a soil improver, a growing media or as a fertilizer product in landfill sites (e.g. surface
structures) or in other closed industrial areas, because the above mentioned Finnish limit
values are not applied at these sites. However, if the sewage sludge is to be utilized in these
kinds of areas, an environmental permit may be needed. Then the knowledge of the
extractability of heavy metals in sludge is needed.
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