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Abstract

The use of organic waste and compost as a source of organic matter and nutrients is a common practice to improve soil physico-chemical
properties, meanwhile reducing the need for inorganic fertilisers. Official guidelines to assess sewage sludge and compost quality are mostly based
on total metal content of these residues. Measurement of the total concentration of metals may be useful as a general index of contamination, but
provides inadequate or little information about their bioavailability, mobility or toxicity when the organic residue is applied to the soil. However,
ecotoxicity tests provide an integrated measure of bioavailability and detrimental effects of contaminants in the ecosystem. In the present study,
three different types of biodegradable organic residues (BORs) have been considered: sewage sludge from municipal wastewater treatment (SS),
compost from the organic fraction of unsorted municipal solid waste (MSWC), and garden waste compost (GWC). The BORs were subjected to
chemical characterisation and total metal quantification (Cd, Cr, Cu, Ni, Pb and Zn), in order to verify their suitability for land application. Water
leachability was determined through the DIN 38414-S4 method, while the modified BCR sequential extraction procedure was used for metal
speciation. Ecotoxicity of the BORs was studied by direct and indirect bioassays. Direct toxicity bioassays were: plant growth tests with cress
(Lepidium sativum L.) and barley (Hordeum vulgare L.), and earthworm (Eisenia fetida) mortality. On the other hand, indirect exposure bioassays,
with leachate from the residues, took into account: luminescent bacteria (Vibrio fischeri), seed germination (L. sativum and H. vulgare) and
Daphnia magna immobilization. As far as total metal concentration is concerned, with particular reference to Zn, SS resulted neither suitable
for the use in agriculture nor compatible to be disposed of as an inert material into landfill, according to the Directive 1999/31/EC. Zinc in SS was
mainly present in exchangeable form (28.5%), appearing as highly bioavailable. As a consequence, SS exhibited either high ecotoxicity effects with
the indirect exposure bioassays or significant mortality with the earthworm bioassay. Total content of metals in MSWC allowed its classification as
“stabilised biowaste”, according to 2nd draft [DG Env.A.2. Working document of Biological treatment of biowaste — 2nd draft. Directorate-
General Environment, Brussels, 12th February; 2001. accessed in:http://europa.eu.int/comm/environment/waste/facts_en.htm, at 10/09/2002] while
leachate, on the basis of the concentration of these contaminants, could be classified as “inert waste”. This residue showed significant ecotoxicity
effects with direct exposure bioassays as well as with the luminescent bacteria bioassay. However, it resulted less toxic than SS. Finally, GWC could
be classified as a Class 2 compost, with no detectable toxic effects on the organisms used in the bioassays, except for the luminescent bacteria. In
this case, an EC50 of 73.0% was observed. Considering the results, the use of a battery of toxicity test in conjunction with chemical analysis should
be suggested, in order to correctly assess possible environmental risks deriving from disposal or land application of biodegradable organic residues.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Generation of biodegradable organic residues (BORs) is
increasing worldwide and strategies for its environmentally
sound use must be developed and optimised. Due to the high
content of organic matter and nutrients of these residues, they
cological characteristics of biodegradable organic residues for application to
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could be used in soil conditioning and nutrient supply. How-
ever, a wide variety of undesired elements, such as metals, can
be found in sludge and compost which could have adverse effects
on the environment (Düring and Gäth, 2002). This problem could
be aggravated if toxicmetals aremobilised favouring plant uptake
or transport with drainage waters (Fuentes et al., 2004; Fjällborg
et al., 2005). Guidelines and legislation often refer to total metal
content in the soil, while they do not consider what proportion of
this total amount may be biologically available (bioavailable) to
organisms. Actually, environmental risks are related to the bio-
availability of metals in soils (Conder et al., 2001).

Since the 80's, single and sequential extraction schemes were
designed in order to predict either the retention/release of metals
in soil, sediments and sludges or their bioavailability (Tessier
et al., 1979; Pérez-Cid et al., 1996; Kennedy et al., 1997; Pichtel
andAnderson, 1997; Rauret et al., 2000; Sahuquillo et al., 2003).
However, these methods are empirical and can only estimate the
potential nutrient availability for plant uptake (Kennedy et al.,
1997) or the form/fraction of a specific metal in the matrix of
interest. Furthermore, the results obtainable are highly depen-
dent on the extraction protocol used (Rauret et al., 2000).

For these reasons, chemical analysis could be insufficient to
provide insight into the potential ecological risk, since they do
not allow an evaluation of possible combined effects of the
different contaminants mixed together, as well as their bio-
availabilty. Bioassays, which can mitigate these constraints are,
therefore, recommended for the assessment of ecological risks in
soils or other matrices to be used as organic amendments (Con-
der et al., 2001; van Gestel et al., 2001; Fjällborg et al., 2005).

The aim of this study was to find out the potential use of
different BORs in land application by relying on integrated
results obtained with chemical characterisation, estimation of
leachability potential, analysis of metal speciation, and toxico-
logical assessment.

2. Material and methods

2.1. Biodegradable organic residues (BOR)

Anaerobically digested municipal sewage sludge (SS) was collected from an
urban wastewater treatment plant located in the region of Abrantes (Portugal).
Samples were drawn from the drying bed. Because of their high content in
moisture (60.8%) and a very heterogeneous aspect, sludge samples were air-dried
for one month, until a moisture content of 7.3% was reached. Samples were then
grounded and mixed before analysis and use. Determination of pH, electrical
conductivity, moisture content, total nitrogen, and NH4

+–nitrogen were done on
fresh samples. Compost from the organic fraction of unsorted municipal solid
waste (MSWC) was obtained in a composting plant near Setúbal (Portugal),
which serves about 113000 inhabitants. Garden waste compost (GWC) came
from a composting plant in Tavira (Algarve), which receives source-separated
garden residues (namely grass clippings, leaves and brush) from the green areas.

2.2. Chemical characterization of BOR

Three replicates of each sample were analysed: pH and electrical conduc-
tivity (EC) were measured in a suspension characterized by a residue/water ratio
of 1:5 (w/v), after 1 h stirring. Moisture content was measured through the
gravimetric method. Organic matter content (OM) was determined by loss on
ignition at 550 °C for 8 h. Total organic carbon (Corg) was quantified by dividing
the OM content by a factor of 2 (Zucconi and Bertoldi, 1987). Total nitrogen was
Please cite this article as: Alvarenga P et al. Evaluation of chemical and ecotoxi
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analysed using the Kjeldahl method. NH4
+–N was extracted with 2 M KCl and

determined by distillation, in alkaline medium. All these parameters were deter-
mined on fresh sludge and compost samples.

Total phosphorous was measured colorimetrically as molybdo-vanadate
phosphoric acid (Kitson and Mellon, 1944). Calcium and Mg were analysed
spectrometrically by atomic absorption, using a VARIAN apparatus (SpectrAA
220FS) after digestion of the samples with HCl 3N. This same digested solution
was analysed even for Na and K by flame photometry (CORNING Flame
Photometer 410).

2.3. Metal analyses

2.3.1. Total metal concentrations
Concentrations of Cd, Cr, Cu, Ni, Pb and Zn were determined by atomic

absorption spectrometry (AAS) after digestion of the samples with aqua regia
according to ISO 11466 (1995), as described by Pueyo et al. (2003). Samples were
digested with a mixture of HCl (37%) and HNO3 (70%), in a ratio of 3:1 (v/v), at
room temperature for 16 h and, after, at 130 °C for 2 h, under reflux conditions.
Each suspension was then filtered, diluted to 100 ml with 0.5 mol L−1 HNO3, and
stored at 4 °C until analysis. Flame atomic absorption spectrometry (FAAS) or
electrothermal atomic absorption spectrometry (ETAAS) were used in the metal
analysis, using a VARIAN apparatus (SpectrAA 220FS, 220Z, and 110Z). Three
independent replicates were performed for each sample and blanks were measured
in parallel. Two geological certified reference materials were analysed to validate
the aqua regia extraction procedure: Buffalo Lake Sediment (SRM 2704), from
NIST (National Institute of Standard Technology) and Soil-7 from IAEA (Inter-
national Atomic Energy Agency). Results showed a good agreement between the
obtained and the certified values for themetals analysed (Cd,Cr, Cu,Ni, Pb andZn)
(accuracy b10%).

2.3.2. Metal speciation
Themodified BCR procedure described by Rauret et al. (2000) was followed.

This method is based on the sequential extraction of samples with acetic acid
0.11 mol L−1 to liberate exchangeable/acid-extractable metals (Step 1). Metals
associated with the reducible phases were then solubilized using hydroxylamine
hydrochloride (Step 2) and, finally, the contaminants released by oxidation with
hydrogen peroxide were extracted in 0.1 mol L−1 ammonium acetate (Step 3).
Afterward, the residual metal content was determined by digestion with aqua
regia as described before. Extracts were analysed in order to assess metal (Cd, Cr,
Cu, Ni, Pb and Zn) concentration. Analyses were performed on independent
triplicates samples of the BORs and blanks were measured in parallel for each set
of determinations.

2.3.3. Leachability by water
BORs were submitted to a leachability test with water, according to DIN 38

414-S4 (1984). The leaching was carried out at room temperature, during 24 h,
under constant agitation, using distilledwater in a solid-to-liquid ratio of 1:10 (v/v).
The leachatewas separated by centrifugation and filtered through amembrane filter
of pore size 0.45 μm. The leachate was analysed to obtain the pH, electrical
conductivity and metal content.

2.4. Bioassays

BORs were tested with direct and indirect exposure bioassays. Direct toxicity
bioassays (plant growth tests and earthworm mortality) were performed using the
matrix of interest (100%), or dilutions of it with artificial soil (1/3 turf:1/3 sand:1/3
perlite) at concentrations of 25, 50, 75% (v/v), referring to the artificial soil alone as
the control.

Indirect exposure bioassays (luminescent bacteria test, seed germination and
Daphnia magna test) were performed using leachates, obtained as described,
and dilutions of each leachate with distilled water in concentrations of 25, 50 and
75% (v/v), referring to distilled water as the control.

Whenever possible, the EC50 values of a specific residue or leachate were
calculated.

For a better interpretation of toxicity data, all measurements were converted
into Toxicity Units (TU), i.e. the inverse of EC50 values, expressed in percent
TU=[1/EC50]×100.
cological characteristics of biodegradable organic residues for application to
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Table 1
Chemical characterization of different biodegradable organic residues
considered in this study (mean±S.D., n=3)

SS MSWC GWC

pH⁎ 7.5±0.2 8.2±0.2 7.9±0.1
EC (mS cm−1) ⁎ 0.93±0.05 5.69±0.09 2.47±0.08
Moisture (%)⁎ 60±5 25.9±0.5 8.2±0.6
Organic matter (%)⁎ 38±1 37.2±0.4 39±2
Total N (%)⁎ 2.8 1.8 1.0
NH4

+–N (%)⁎ 0.12 0.02 0.01
Total P (%) 1.36±0.06 0.61±0.09 0.094±0.004
Na (g kg−1) 4.6±0.9 7.0±0.7 15.1±0.7
K (g kg−1) 1.3±0.3 8.1±0.9 7.6±0.3
Ca (g kg−1) 21.7±0.8 78±2 55±3
Mg (g kg−1) 3.4 ±0.2 18.1±0.9 8.4±0.8

Marked values (⁎ ) were determined in fresh sludge and compost samples.
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2.4.1. Plant growth bioassays
Phytotoxicity tests were carried out according to a standardised protocol (ISO/

DIS 15 799, 1999), using either a monocotyledonous or a dicotyledonous plant,
namely barley (Hordeum vulgareL.) and cress (Lepidium sativumL.), respectively.
Thismethod allows to assess the effects of substances contained in residues applied
to soil on plant emergence and growth. Plastic pots with 500±5 g of different
concentrations of the matrix of interest were used. These mixtures were moistened in
order to achieve 70%water holding capacity (WHC). Sixteen seeds of eachplantwere
sown at amaximumdepth of 1 cm from the surface (four replicates of each treatment).
Bioassays were carried in environmental chambers maintained at 20±2 °C, with a
photoperiod of 16 h light and 8 h darkness. The 70%WHC were daily reestablished
by the addition of the necessary quantity of distilled water. Fourteen days after
emergence of 50% seedlings in the control, plantswere harvested andweighed. In this
studywe have determined growth, expressed in terms of plant dry biomass, after 48 h
drying at 60–70 °C, and the results were expressed as relative growth (%).

2.4.2. Earthworm mortality bioassays
Toxicity tests using earthworm E. fetida were conducted according to the

standard protocol ASTM E 1676–97 (1997), with some modifications (Conder
et al., 2001). For each BOR and relative dilutions, three 100 g replicates were
moistened to approximately 70% WHC 24 h prior to the addition of five
earthworms per replicate. Mature earthworms (clitellate worms) weighing
approximately 0.2 to 0.4 g were obtained from in-house cultures. The test was
conducted in environmental chambers maintained at 20±2 °C, with a photo-
period of 16 h light and 8 h darkness. Earthworm mortality and biomass were
monitored daily. Mean percent cumulative mortality (%) was outputted.

2.4.3. Seed germination bioassays
Germination tests were performed following Fuentes et al. (2004). Barley

(H. vulgare L.) and cress (L. sativum L.) seeds were used. A 5 ml of each
leachate, or a dilution of it with distilled water (25, 50 and 75% v/v), was added
to a Petri dish (∅=8.5 cm) with a Whatman no. 1 ashless filter paper. Distilled
water was used as control. Eight seeds were placed in each dish (five replicates
for each sample). Plates were incubated at 20±2 °C in the dark. Seed germi-
nation and root length in each plate were measured after 72 h (cress seeds) or
6 days (barley seeds). In both germination tests, the percentages of relative seed
germination (RSG) and relative root growth (RRG), after exposure to BORs
extracts, were calculated, referring to distilled water as the negative control.
Germination index (GI), expressed in percentage GI= [RSG×RRG] /100
(Zucconi et al., 1985), was also determined.

2.4.4. D. magna immobilization bioassay
D. magna acute immobilization tests were performed according to the standar-

dised method ISO 6341 (1996). Water-extracted leachates and relative dilutions at
concentrations of 12.5, 25, 50 and 75% (v/v)were considered. Holding and dilution
water was prepared according to ISO 6341 (1996) and was used as negative
control. Five young daphnids, aged less than 24 h old at the start of the test, were
exposed to 50ml of the test solution at different concentrations for a period of 48 h.
Tests were conducted in environmental chambers at 20±2 °C. A 16 h light and 8 h
dark cycle was used. Immobilisation was recorded after 24 and 48 h exposure and
compared with the control.

2.4.5. Luminescent bacteria bioassay
Inhibitory effects of BORs water-leachates on the light emission of Vibrio

fischeri (NRRL B-11177) were determined according to ISO 11348-2 (1998).
This is an acute toxicity test where the inhibition of the natural light emission of
bacteria is measured against a non-toxic control (2% NaCl solution). The
decrease of luminescence is measured after 15 and 30 min contact of a given
volume of the sample to be tested with a suspension of luminescent bacteria.
Tests were carried out with a LUMIStox 300 equipment.

2.5. Statistical analysis

The experimental data were subjected to One-Way ANOVA. In all Figures
and Tables, mean values labeled with different letters are significantly different
(pb0.05) according to Tukey's range test.

Statistical testswere performed using STATISTICA6.0, StatSoft, Inc. (2001).
The EC50 values were calculated using the Trimmed Spearman-Karber method

(Hamilton et al., 1977). If less than two partial mortalities occurred the binomial
Please cite this article as: Alvarenga P et al. Evaluation of chemical and ecotoxi
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method was used. In this situation, no confidence intervals could be calculated
(Stephan, 2001; Lock and Janssen, 2003).

3. Results and discussion

3.1. Characterization of biodegradable organic residues (BORs)

Table 1 shows different physico-chemical parameters of the different types of
BORs considered in this study. All matrices present high percentages of organic
matter and nitrogen, which can result beneficial for land application. As far as
macroelements are concerned, calcium appears the most abundant, followed by
magnesium, sodium and potassium. MSWC has a high value of EC, followed by
the GWC. All parameters closely reflect those found by other authors for similar
substrates (Pichtel et al., 1994; Pichtel and Anderson, 1997; Illera et al., 2000;
Fuentes et al., 2004; Walker et al., 2004).

3.2. Metal concentrations

3.2.1. Total metal concentrations
Metal concentrations in each BOR studied are given in Table 2. Whether sewage

sludge from treatment plants should be used as fertilizer or not depends on its total
metal concentration. Limits have been fixed byEU rules (Directive 86/278/EEC) and/
or national legislations (Decreto-Lei n° 446/91 (1991) and Portaria n° 176/96 (1996)).
They representmaximumpermitted concentrations ofmetals in sludge for agricultural
use (Table 2). Sewage sludge used in this study presented a total Zn concentration
quite above the established limits. This is not a normal content in this type of sludge,
which can indicate a contamination of industrial wastewater. Consequently, this
contamination compromises the quality of the sludge and its agricultural use.

On the other hand, European Directives are still not fully adequate for the
assessment of compost quality. However, the Directorate-General Environment of
the European Commission has prepared a Working Document on “Biological
Treatment of Biowaste— 2nd draft” (DG Env.A.2., 2001), which currently can be
considered as a reference. In this document, organic material from mechanical/
biological treatment ofmixedMSWshould be termed “stabilised biowaste” instead
of “compost”, in order to avoid any confusion with compost produced from
separately collected waste. Moreover, the application of “stabilised biowaste”
should be restricted only to land where food and feed crops are not cultivated (i.e.
for landscaping purposes). MSWC considered in the present study falls in this
category, with metal concentrations below the maximum limits allowed.

GWC was the BOR which showed the lowest heavy meal content. It is worth
noting that this is a compost obtained from separately collected gardenwaste, so, we
could expect a good quality compost (Vallini et al., 1992). Nevertheless, the metal
content in this GWC exceeded the Cd limit proposed in the 2nd draft (DGEnv.A.2.,
2001). Therefore it should be classified as a Class 2 compost.

3.2.2. Metal speciation
The contents of trace metals in composts are known to be much higher than

in most agricultural soils (Pichtel and Anderson, 1997). As a result, repeated
application of sludges or composts to soil over time will tend to promote trace
metal accumulation into various solid organic and inorganic phases. To evaluate
cological characteristics of biodegradable organic residues for application to
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Table 2
Contents of total metals (mg kg−1 dry weight) in different biodegradable organic residues considered in this study (mean ±S.D., n=3), and threshold values of some
regulatory documents

Metal concentrations (mg kg−1 dry weight) Threshold values (mg kg−1 dry weight)

BORs Sewage sludge limit
concentrations

Compost limit concentrationsc

SS MSWC GWC EC Directivea Portugueseb Class 1 Class 2 Stabilized biowaste

Cd 2.3±0.1 4.3±1.1 1.4±0.1 20–40 20 0.7 1.5 5
Cr 339±4 56±13 13±1 none 1000 100 150 600
Cu 239±3 357±12 14±2 1000–1750 1000 100 150 600
Ni 37±5 56±6 16±3 300–400 300 50 75 150
Pb 71±2 269±24 34±3 750–1200 750 100 150 500
Zn 7620±177 583±26 35±10 2500–4000 2500 200 400 1500

a Limit concentrations for metals in the European Community Directive 86/278/EEC (EC, 1986). b Limit concentrations for metals in the Portuguese Legislation for
sewage sludge (Dec. Lei no 446/91 and Portaria n° 176/96). c Environmental quality classes for compost and stabilised biowaste suggested in theWorking Document—
Biological Treatment of Biowaste (2nd draft), European Commission Directorate-General Environment (DG Env.A.2., 2001).

Fig. 1. Metals as a percent of the total content after fractionation through the
BCR procedure: (a) SS, (b) MSWC, and (c) GWC.
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the environmental impact of these metals it's not sufficient to determine their
total content, since their behaviour in a given medium and their capacity for
mobilisation are equally important. These factors will depend on their chemical
form in the sludge (Fuentes et al., 2004). As a consequence, it's important to
identify and quantify different species, forms or phases present in a material.
These, so called sequential extraction schemes, can also be used to differentiate
between short and long term metal bioavailability (Kennedy et al., 1997).

Metal fractionation of Cu, Zn, Pb, Ni, Cr and Cd was conducted by using the
modified BCR sequential extraction (three-step) procedure described by Rauret
et al. (2000). This particular procedure was developed to harmonize the
methodology for leaching-extraction procedures for soils, sediments and residues.
The sequential steps for extraction procedure assume that the following chemical
forms of metals are recovered by each of the steps: (i) water-soluble, exchangeable,
and weakly bound to organic matter (OM), (ii) occluded in Fe andMn oxides, (iii)
organically bound and sulfides, and (iv) structurally bound (residual fraction
recovered with aqua regia (Zheljazkov and Warman, 2004).

The first step, in BCR sequential extraction scheme, removes metals that are
water-soluble, exchangeable, andweakly bound toOM.Therefore, it can be used to
make a relative empirical estimate of their bioavailability (Kennedy et al., 1997).

Relative distribution of metals as a percentage of the total metal (sum of all
four fractions), are shown in Fig. 1: (a) SS, (b) MSWC, and (c) GWC.

Cadmium was extracted in large quantities during the first extraction step for
both compost samples. This suggests that Cd, in these samples, is mostly bio-
available, since metals present in the exchangeable fraction are usually weakly
adsorbed and can be easily solubilized and become readily available to plants. This
may be especially harmful for ecosystem and for the transference of Cd to the food
chain (Narwal and Singh, 1998). It's important to notice that this is a lesser problem
to the sludge sample, where Cd content is low, considering the limit value of the
regulatory documents, but can be an effective concern to both compost samples,
where Cd concentrations are close to the maximum admissible values.

For all the studied BORs, Cu is mainly extracted through the third step. This
seems to be a Cu characteristic, already identified by Sahuquillo et al. (2003), that
recognized Cu and Cr as being elements mainly released by oxidation of organic
matter or sulphur. It's known that Cu forms specific complexes with organic matter,
a fact that was also observed by other workers (Narwal and Singh, 1998). In SS
sample, Cr is not only associated to organic matter (33%), but also to Fe–Mn oxide
fraction (58.6%). SS shows the highest amount of Cu associated to organic matter
(about 95%) and, as a consequence, with very low effective bioavailabity Cu values.

In the three different tested residues, Zn is mainly in the exchangeable and
reducible fractions. This means that Zn has a considerable degree of mobility, has
already pointed out by other authors (Fuentes et al., 2004). In SS, Zn is mainly
present in the exchangeable fraction (28.5%) or associated to the Fe–Mn oxides
(58.1%). This fact is of great concern because of its high total Zn concentration in
this sludge. We can conclude that Zn has very high effective bioavailable values in
the SS studied (1849mg kg−1 of drymatter, extracted in the first step), being easily
remobilised, but being also highly affected by reduction processes (3770 mg kg−1

of dry matter, extracted in the second step).
For all the studied BORs, Pb is mainly associated to the Fe–Mn oxide

fraction and, to a lesser extent, bound to organic matter, showing lower values in
Please cite this article as: Alvarenga P et al. Evaluation of chemical and ecotoxi
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the exchangeable fraction. This induces low bioavailability values, but a con-
siderable tendency to become available.

In SS and MSWC samples, Ni is widely distributed among the different
metal fractions, with about 20% of the metal extracted during the first extraction
cological characteristics of biodegradable organic residues for application to
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Table 3
pH, EC (mS cm−1) and metal concentrations (mg L−1) in the BORs water-leachates obtained through the application of DIN 38414-S4 (1984) (mean±S.D., n=3), and
threshold values of some regulatory documents

BORs Threshold values a

Component SS b MSWC GWC Inert waste Non-hazardous waste Hazardous waste

pH 7.3±0.1 7.9±0.2 7.9±0.2 5.5bxb12 4bxb13 4bxb13
EC (mS cm−1) 2.44±0.05 4.22±0.09 2.04 ±0.08 6byb50 ____ 100
Cd (mg L−1) bDLc bQLd bDLc 0.1 0.2 0.5
Cr total (mg L−1) 0.151±0.005 0.041±0.002 0.129±0.005 0.5 2 5
Cu (mg L−1) 0.030±0.002 1.19±0.07 0.032±0.003 2 5 10
Ni (mg L−1) 0.046 ±0.003 0.147±0.009 0.012 ±0.001 0.5 1 2
Pb (mg L−1) 0.24 ±0.01 0.20 ±0.02 0.17±0.03 0.5 1 2
Zn (mg L−1) 2.6 ±0.3 0.66±0.01 0.231±0.003 2 5 10

a Limit concentrations of the Council Directive 1999/31/EC, on the landfill waste disposal (EC, 1999) and of the Portuguese Legislation (Dec. Lei n° 152/2002 de 23
de Maio, 2002).
b The analysis were performed using the air-dried and ground sample.
c bDL: below detection limit; DL (Cd)=0.002 mg L−1.
d bQL: below quantification limit; QL (Cd)=0.007 mg L−1.
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step. However, in the GWC sample, Ni was mainly in the residual fraction,
making impossible its quantification in the three first extraction steps due to the
lack of sensibility of the analytical method. These results are in accordance with
those found by other authors (Narwal and Singh, 1998; Fuentes et al., 2004).

3.2.3. Metal concentrations in water leachate
Leachability methods are needed to determine the mobile portions of pollutants

(that could affect groundwater and surfacewaters) and to determine the bioavailable
portions of a contamination and their potential hazard (that could affect the living
organisms) (Lewin, 1996; Quevauviller et al., 1996; van der Sloot et al., 1996).

pH, EC and metal concentrations in BORs water-leachates are given in Table 3.
These leachateswere used in the indirect toxicity bioassays. In order to have a critical
approach to the obtained results, we can compare themwith the limit values given in
Landfill Directive 1999/31/EC, which have acceptance criterions for residues in the
different classes of landfills (inert, non-hazardous and hazardous wastes) (Table 3).

The most irregular value is again the Zn content in SS water-leachate, which is
above the limit value for this residue to be accepted in a landfill for inert residues,
allowing only its classification as a non-hazardous residue.

3.3. Bioassays

3.3.1. Plant growth bioassays
In plant growth bioassays, MSWC was the BOR which promoted a higher

growth inhibition in both plant species used, with an EC50 value of 70.0% (v/v) for
Fig. 2. Relative growth of barley exposed to different BOR concentrations (% v/v)
(mean±S.D., n=4). Artificial soil was used as control. Columns, within each type
of BOR, marked with the same letter are not significantly different (Tukey test,
pN0.05).
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barley (Fig. 2), and an EC50 value of 39.9% (v/v) for cress (Fig. 3). Comparing
these results, the more sensitive plant to MSWC was cress. According to Kapanen
and Itävaara (2001), this is most probably due to the high compost salinity, the
major factor limiting the use of certain composted wastes, because it generates
phytotoxicity in some plants. These authors have also referred that cress is a very
sensitive indicator of compost toxicity.

The 25% (v/v) concentration of SS showed a significantly beneficial effect
on barley growth (pb0.05). For all SS concentrations tested, cress growth
shows no statistically significant differences, when compared to the control
(pb0.05), although it seems that this BOR promoted a beneficial effect on cress
growth.

GWC promoted a significantly beneficial effect on the final yields for barley
and cress, for 25, 50 and 75% concentrations (v/v) (pb0.05).

3.3.2. Earthworm mortality bioassays
In earthworm mortality bioassay, comparing the results of cumulative

mortality after 14 days exposure to different BOR concentrations (Fig. 4), we can
conclude that the MSWC was the BOR that exhibited the highest toxicity effect,
with an EC50 of 21.4% (v/v), followed by the SS, with an EC50 of 59.1% (v/v).

From the chemical characterization, we can attribute to the overall metal
concentrations of this residue and to its high electrical conductivity (twofold the
SS conductivity value), as the major constraints of this BOR. In fact, as we have
already pointed out, this BOR can only be classified as a “stabilized biowaste”,
Fig. 3. Relative growth of cress exposed to different BORs concentrations (% v/v)
(mean±S.D., n=4). Artificial soil was used as control. Columns, within each type
of BOR, marked with the same letter are not significantly different (Tukey test,
pN0.05).

cological characteristics of biodegradable organic residues for application to
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Fig. 4. Cumulative mortality (mean±S.D., n=3) of the earthworm E. fetida
exposed to different BOR concentrations (% v/v) (n=3). Artificial soil was used
as control. Columns, within each type of BOR, marked with the same letter are
not significantly different (Tukey test, pN0.05).

Fig. 6. Germination Index (%) relative to cress exposed to different BOR
concentrations (% v/v) (mean±S.D., n=5). Distilled water was used as control.
Columns, within each type of BOR, marked with the same letter, are not
significantly different (Tukey test, pN0.05).

6 P. Alvarenga et al. / Environment International xx (2006) xxx–xxx

ARTICLE IN PRESS
because there was no source separation of the municipal solid wastes that were
composted, compromising its quality.

There was no toxicity effect on E. fetida when exposed to GWC. This result
is in accordance with the fact that this compost is obtained from separately
collected garden wastes.

3.3.3. Seed germination bioassays
An ANOVA followed by a Tukey test evidenced that there are no significant

differences (pb0.05) between BORs studied when they are evaluated with the
barley seed germination bioassay (Fig. 5). Only GWC leachate evidenced some
beneficial effect on barley GI, but with no statistical significance (pb0.05).

Cress seems to be a more sensitive plant to be used in seed germination
bioassays, allowing us to distinguish between the toxicity effect of SS leachate
and the beneficial effect of GWC leachate on the cress GI (Fig. 6). But even SS
leachate, the most toxic of the three, allows the EC50 calculation, with a GI of
51%, for the 100% (v/v) leachate concentration. Fuentes et al. (2004) also found
cress more sensitive to toxic effects than barley, especially when tested with
water extract of anaerobically digested sludges, which they attributed to the
release of ammonia. In the SS used in this study we have to highlight the high Zn
content, both total and bioavailable, which could be the pollutant responsible for
the observed effect.

According to Kapustka and Reporter (1993), the seed germination assay,
often pointed out as representing a sensitive critical stage in life cycle, is rather
insensitive to many toxic substances. This results from two factors: first, many
Fig. 5. Germination Index (%) relative to barley exposed to different BOR
concentrations (% v/v) (mean±S.D., n=5). Distilled water was used as control.
Columns, within each type of BOR, marked with the same letter, are not
significantly different (Tukey test, pN0.05).
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chemicals may not be taken into the seed; and second, the embryonic plant
derives its nutritional requirements internally from the seed storage materials,
making it, some how, isolated from the environment. Several other authors agree
with this evidence (Dorn et al., 1998).

3.3.4. D. magna immobilization bioassay
In the immobilization bioassays with cladoceran D. magna, it was observed

that only SS water-leachate exhibited toxicity values. SS water-leachate expo-
sure yielded an EC50 (24 h) of 21.0% (v/v) (95% CI ranging form 12.9% to
34.3%), and an EC50 (48 h) of 6.7% (v/v) (95% CI not calculated). As reported
by other authors, D. magna has already proved to be a suitable test organism for
toxicity tests of sludge leachates (Fjällborg and Dave, 2003; Fjällborg et al.,
2005; Renoux et al., 2001), due to its high sensitivity to metals.

Despite of the difficulty/impossibility of linking the concentration of a single
contaminant in a complex matrix sample to a toxicity result, SS showed eco-
toxicity values that, at a previous insight, could be explained by its Zn content.
Fjällborg et al. (2005) have exposed D. magna to sludge leachate and have
concluded that toxicity effects were probably caused by metals, identifying Zn
as the main contributor to this toxic effect, with EC50 (48 h) at 1.5–7.5 mg L−1

of Zn. They have also reported a specific EC50 for Zn of 1.0 mg/l, which is
higher than the Zn content present in the SS-leachate dilution that caused the
EC50 values found in this study (0.2 mg L−1). Regarding this fact, it's possible
that the observed toxic effects were related not only to the high Zn content, but
also to some other metals or contaminants present in the SS-leachate. Renoux
et al. (2001) have reached similar conclusions, reporting that the presence of
both Zn and Cu in the sludge leachates promoted an observed toxic effect on D.
magna. They have found EC50 (48 h) at 0.005 and 0.010 mg L−1 for Cu, and at
0.7 and 1.6 mg L−1 for Zn for different sludge leachates.

3.3.5. Luminescent bacteria bioassay
In the luminescent bacteria bioassay, comparing the results obtained with

different BORs (Table 4), we can conclude that SS leachate exhibited the highest
toxicity values, followed by MSWC leachate. This was the only bioassay with a
Table 4
EC50 values (% v/v) calculated with luminiscent bacteria bioassay (n=2) after
15 and 30 min exposure to different BORs water-leachates. A 2% NaCl solution
was used as control

EC50 (% v/v)

BORs 15 min 30 min

SS 6.9 5.0
MSWC 26.3 31.2
GWC 61.4 73.0
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Table 5
Toxic unit values (TU) (95% CI) obtained for the different bioassays [plant growth, earthworm mortality, seed germination, D. magna immobilization (48 h) and
luminiscent bacteria test]

TU (%)

Direct exposure Indirect exposure

Plant growth Earthworm mortality Seed germination Immobilization Luminiscent bacteria

Hordeum vulgare Lepidium sativum Eisenia fetida Hordeum vulgare Lepidium sativum Daphnia magna Vibrio fisheri

SS n.t n.t. 1.7 n.t. n.t. 14.9 20.0
(95% CI) – – (1.6–1.8) – – – (10.3–45.4)
MSWC 1.4 2.5 4.7 n.t. n.t. n.t. 3.2
(95% CI) – – (4.1–5.4) – – – (2.1–6.6)
GWC n.t. n.t. n.t. n.t. n.t. n.t. 1.4
(95% CI) – – – – – – (1.1–1.9)

TU values were obtained by EC50 values, and are presented in percentage (TU=[1 /EC50]×100).
n.t.: with no toxicity response.
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toxicity effect caused by the GWC that allowed the calculation of the EC50

values, but even here with high values of EC50, evidencing that this is the less
toxic of the experimented residues.

Like for D. magna immobilization bioassay, we think that the observed toxic
effect on V. Fischeri could be associated to the leachate's metal content. Once
again, regarding SS leachate, themost toxic, we could probably explain the toxicity
effects by its high Zn content but, once again, regarding the EC50 values found in
the literature, the Zn content was to low to explain the observed inhibition. Tsiridis
et al. (2006), using pure compound solutions, have obtained higher EC50 values
than those evidenced here (at 1.49 mg L−1 for Zn, 0.50 mg L−1 for Pb and at
0.20 mg L−1 for Cu). They have also concluded that, regarding V. fischeri, the
interactive effects between Cu and Zn and between Pb and Zn are synergistic.
Renoux et al. (2001) reported higher EC50 values than those found in this study: at
1.7 and 0.45 mg L−1 for Cu, and at 1.9 and 2.7 mg L−1 for Zn for V. fischeri in SS-
elutriates.

These data evidence that SS-leachate toxicity couldn't be only explained by
it's abnormal Zn content. It might also be possible that there are other
interactions, not necessarily additive, between the metals, or other contaminants,
present not only in the BOR but also in its leachates.

3.3.6. Toxicity units
In order to have an integrated view over the bioassays results we have

calculated the Toxicity Units (TU) (Table 5), i.e. the inverse of the EC50 values
expressed in %: TU=[1 /EC50]×100. According to the toxicity classification
system (TCS) reported by Mantis et al. (2005), we can consider four classes of
ecotoxicity: class 1 (TUb1) exhibiting no significant ecotoxicity, class 2
(1bTUb10) exhibiting significant ecotoxicity, class 3 (10bTUb100) exhibiting
high acute ecotoxicity, and class 4 (TUN100) exhibiting very high ecotoxicity.

Following this classification, the SS, when evaluated by the indirect
exposure bioassays, would be characterized as highly ecotoxic (class 3),
exhibiting significant ecotoxicity (class 2) in the earthworm mortality bioassay
(direct exposure). These results are in agreement with the fact that the SS was
considered unsuitable to be used as fertilizer and improper to be accepted in a
landfill for inert residues.

Regarding MSWC, this residue would be characterized as exhibiting
significant ecotoxicity values (class 2), when considering the direct exposure
bioassays, as well as the luminescent bacteria bioassay results. This residue
evidenced less ecotoxicity constraints than the SS analysed and, therefore, we
can take into consideration its application for landscaping purposes, considering
EC50 results as threshold concentrations to be considered.

GWC had no detectable toxic effect on the organisms used in the bioassays,
except forV. fischeri but, even then, it exhibited no significant ecotoxicity (class 1).

Finally, as already pointed out, the seed germination assays seemunsatisfactory
in the ecotoxicity assessment of this type of residues, showing no significant
toxicity response to the tested residues.

According to Kapustka and Reporter (1993) the direct exposure assays
provide a more defensible evaluation of toxicity, as it relates to potential
exposure conditions. The major disadvantage is that the analysis of contaminant
concentrations is more difficult. Phillips et al. (2000) also defend that bioassays,
Please cite this article as: Alvarenga P et al. Evaluation of chemical and ecotoxi
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which utilize the material, may be more relevant than those which use extracts,
since they are more indicative of in situ interactions between the material and the
exposed organisms. Although, aquatic bioassays are more suitable in the toxicity
assessment of bioavailable fraction of the pollutants in a residue, making these
bioassays very important in a complete ecotoxicity assessment of a residue
(Loureiro et al., 2005). In fact, when a residue is to be land applied we have to
consider not only the interactions between the material and soil organisms, but
also the pollutants that may be leached, and affect water tables or aquatic
systems. That is why we, as other authors (Knoke et al., 1999; Phillips et al.,
2000; Kapanen and Itävaara, 2001; Mantis et al., 2005), suggest the use of a
battery of toxicity tests in conjunction with chemical analysis, in order to
correctly assess possible environmental risks deriving from disposal or land
application of biodegradable organic residues.

4. Conclusions

From the chemical characterization of BORs used in this
work, we can conclude that SS is unsuitable to be used as
fertilizer, since the total Zn concentration exceeds the limits
established by Directive 86/278/EEC and Portuguese legisla-
tion (Decreto-Lei n° 446/91 (1991) and Portaria n° 176/96
(1996)). Using BCR sequential extraction methodology, the
results show that Zn in the SS is mainly present in the
exchangeable fraction. This supports the assumption that Zn
has very high effective bioavailable values in the SS studied.
Moreover, the high Zn content also compromises its classifi-
cation as an “inert waste”, according to the Directive 1999/31/
EC on the landfill waste disposal. These chemical results are in
agreement with the SS's ecotoxicity results: highly ecotoxic
(class 3), when evaluated using indirect exposure bioassays,
and exhibiting significant ecotoxicity (class 2) in the earth-
worm mortality bioassay.

As stated, the MSWC analysed should be called “stabilised
biowaste” instead of “compost”, and its application should be
restricted only to land where food and feed crops are not
cultivated, e.g. for landscaping purposes, according to the 2nd
draft (DG Env.A.2., 2001), because it's not produced from
separately collected biodegradable waste. The total metals
concentration of this residue allows its classification in this
category and, in addition, the metal concentration in the leachate
allows its classification as an “inert waste” according to the
Directive 1999/31/EC on the landfill waste disposal. Despite this
fact, we have to evidence its high salinity and the considerable
cological characteristics of biodegradable organic residues for application to
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metal concentrations, total or bioavailable, sometimes 10 to
20 times greater than in GWC. These characteristics could
probably be the cause to the significant ecotoxicity values (class
2), when we take into account the direct exposure bioassays, as
well as the luminescent bacteria bioassay results.

From the results we can conclude that GWC exceeds the
limits proposed by the 2nd draft (DG Env.A.2., 2001), regarding
Class 1 compost, only for Cd. So, it can be classified as Class 2
compost. Regarding the bioassays results, the GWC had no
detectable toxic effect on the organisms used in the bioassays,
except for the V. fischeri — Luminiscent bacteria test. In the
context of new rational approaches to the management of
wastes from the urban circuits, based on source-separated waste
programmes, composting appears an interesting alternative for
treating garden waste (primarily grass clippings, leaves and
brush). If separately collected and composted, this type of
residue can produce an excellent quality organic fertilizer
(Vallini et al., 1992).
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