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ABSTRACT 

Sivula, Leena 
Characterisation and treatment of waste incineration bottom ash and leachate 
Jyväskylä: University of Jyväskylä, 2012, 75 p. 
(Jyväskylä Studies in Biological and Environmental Science 
ISSN 1456-9701; 235) 
ISBN 978-951-39-4656-2 (nid.) 
ISBN 978-951-39-4657-9 (PDF) 
Yhteenveto: Jätteenpolton pohjatuhkien ja niistä muodostuvien suotovesien 
ominaisuudet ja käsittely 
Diss. 

Waste incineration produces residues including bottom ash that contain metals, 
sulphate and residual organic material. The major environmental burden of 
bottom ash is the leachate formed during its disposal. This thesis focuses on the 
chemical and toxicological characteristics of the bottom ash leachates, anaerobic 
weathering of bottom ash as well as on the utilisation of microbiological 
sulphate reduction in the leachate treatment and ash stabilisation. Weathering 
and leachate characteristics of gasification and grate firing bottom ash were 
studied with laboratory and landfill lysimeters. In addition, for the grate firing 
bottom ash, leachate treatment with sulphate reduction and ash stabilisation 
with sulphide-rich water were studied using laboratory reactors and columns. 
Three year continuous monitoring of the landfill lysimeters showed that final 
liquid-solid ratio was 0.4 l/kg (pH 10.8) for the non-quenched gasification ash 
and 1.0 l/kg (pH 8.4) for the quenched grate ash. Arsenic leaching was higher 
from the gasification ash than from the grate ash, irrespective of similar 
concentrations in the fresh ash. Both grate and gasification ash leachates 
showed a pH dependent toxicity for a period of two and three years after 
disposal, respectively. Biodegradation of residual organic carbon under 
anaerobic conditions carbonated the grate ash and decreased the leachate pH 
from 9 to 7.7, while the pH of gasification ash leachate remained high (> 12). 
Treatment of grate ash leachate through sulphate reduction removed 65 % of 
the sulphate and decreased concentrations of Ba, Ca, Cu, Mn, Mo, Ni, Pb, Tl, Sb, 
Se, Sr, and Zn. In the stabilisation experiment, use of sulphide-rich water 
improved the retention of Ca, Cu, Pb, S, and Zn in the grate ash. In conclusion, 
the initial moisture content and the amount of residual carbon in the fresh ash 
are the key parameters, which could be adjusted to decrease the pH and 
therefore the toxicity of ash and leachates during the initial phase of landfilling. 
In addition, anaerobic sulphate reduction can be utilised to treat the leachate 
and to mitigate the metal release from the grate bottom ash. 
 
Keywords: Gasification; landfilling; leachate; monitoring; stabilisation; toxicity. 
 
Leena Sivula, University of Jyväskylä, Department of Biological and Environmental 
Science, P.O. Box 35, FI-40014 University of Jyväskylä, Finland 
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2 OBJECTIVES 

The main objective was to study the environmental effects of bottom ash 
disposal and to develop ash and leachate treatment techniques to mitigate the 
adverse environmental impacts. The specific objectives were: 

• To characterise the chemical composition of bottom ash leachates 
under landfill conditions (I). 

• To characterise the toxic properties of leachates for the aquatic 
organisms (II). 

• To study the effect of anaerobic conditions prevailing in the ash fills on 
bottom ash weathering (III). 

• To evaluate applicability of the sulphate reducing process on treatment 
of the grate firing bottom ash leachate (IV). 

• To evaluate the possibility to use the sulphide containing by-product of 
sulphate reduction in the stabilisation of the grate firing bottom ash 
(V). 



  
 

3 MATERIALS AND METHODS 

3.1 Bottom ash (I, II, III, IV, V) 

The type of bottom ash used, the experimental setup and the analyses used in 
each part of this study, are summarised in Table 1. Gasification bottom ash was 
obtained from a circulating fluidised bed facility (established in 1998, operating 
temperature 850–900 °C, Lahti, Finland). The facility gasified recycled wood, 
industrial plastics (glued wood 33 %-w, 16 %-w wood and 8 %-w plastic) and 
43 % refuse-derived fuel (RDF) produced from municipal solid waste. The grate 
bottom ash was obtained from a facility (Turku, Finland) established in 1975 
(modernised in 1995) and operating at 1000–1100 °C. It incinerated municipal 
solid waste (MSW), from which most of the glass, paper, and metal were source 
separated through the regional waste collection system. The grate ash was 
quenched, while the gasification ash was not and both were disposed of in a 
landfill at the time of the study. The total solids (TS) content of the grate ash 
was 88 % and that of volatile solids (VS) was 5.5 % of TS. The corresponding 
values for the gasification ash were 99 % and 0.1 %, respectively. The bottom 
ash from both facilities was transported by lorries to the Mustankorkea landfill 
(Jyväskylä, Finland), where it was heaped up on an asphalt surface for two 
weeks before placing into lysimeters. 

TABLE 1 Materials, methods and experimental setups used in each study. 

Name and number Material Setup Analyses 
Characterisation of leachate (I) GAa/GRb Landfill lysim. LCc, elements 
Toxicity of leachate (II) GA/GR Landfill lysim. LC, tox. assays, elements 
Anaerobic weathering (III) GA/GR Lab. lysim. LC, elements,  
Leachate treatment (IV) GR Landfill lysim., 

Lab. UASB 
LC, elements, sulphide, 
SEd 

BA stabilisation (V) GR Lab. UASB, 
stab. column 

elements, sulphide, SE, 
COD, pH 

aGasification bottom ash, bGrate bottom ash, cLeachate composition (COD, pH, Ntot, 
conductivity), d Sequential extraction. 
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TABLE 10 Toxicity of bottom ash from grate firing (GR), fluidised bed combustion (FBC) and gasification (GA) of waste. 

Process Solvent LS-ratio (l/kg) pH Organism Dilution (%) End point Reference 
GA water 0.02–0.31 9–12.4 Algae (DSa or PSb) 75–NT EC50 This study 
    water flea (DMc) 0.09–0.52   
    Luminescent bacteria (VFd) 4.7–8   
GR water 0.56–1 6–8.5 Algae (DS or PS) NTe EC50 This study 
    water flea (DM) 0.54–NT   
    Luminescent bacteria (VF) NT   
 GR  water 10 12 Algae (DS or PS) 12.5–25  LIDf Römbke et al. (2009) 
    water flea (DM) 6.25–50   
    Luminescent bacteria (VF) 33–100   
GR  water 10 10–12 Algae(DS or PS) 12.5–100 LID Römbke et al. (2009) 
    water flea (DM) 512–100   
    Luminescent bacteria (VF) 16.7–100  
GR  water 10 8.7–10 Algae(DS or PS) 50–100 LID Römbke et al. (2009) 
    water flea (DM) 25–100   
    Luminescent bacteria (VF) 100   
FBC acetic acid 20 8.3 Luminescent bacteria (VF) 29–60 Inhibition% Chou et al. (2009) 
   11.7 Luminescent bacteria (VF) >3   
GR water 10 8.9–12.5 Algae (PS) 0.4–8.7 EC50 Lapa et al. (2007) 
    water flea (DM) <0.5–95   
    Luminescent bacteria (VF) 1–(>99)   
GR water 0.5–1.5 8±0.5 Algae(PS) < 1.6–34.6 IC50 Triffault- Bouchet et al. (2005) 
    water flea (DM) NT EC50  
    Luminescent bacteria (VF) 14–20 IC50  
GR water 10 >11 Algae(PS) 1 EC50 Ferrari et al. (1999) 
   8 Luminescent bacteria (VF) 25–45  Ferrari et al. (1999) 

aDesmodesmus Subspicatus, bPseudokirchneriella subcapitata, cDaphnia Magna, dVibrio Fischeri, enot toxic, fLowest ineffective dilution 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Jätteenpolton ja -kaasutuksen pohjatuhkien ja niistä muodostuvien suoto-
vesien ominaisuudet ja käsittely 

Laitospoltto jätteenkäsittelymenetelmänä on lisääntynyt sekä Euroopassa että 
globaalisti tarkasteltuna viimeisten vuosikymmenien aikana. Tämä johtuu toi-
saalta kasvavista jätemääristä ja toisaalta tarpeesta hyödyntää jätteen sisältämä 
energia. Jätemäärien kasvaessa on etsitty uusia tehokkaita, hygieenisiä ja vähän 
ympäristöä kuormittavia jätteenkäsittelymenetelmiä. Jätteenpoltto vastaa aina-
kin osittain näihin haasteisiin. Jätteen energiasisällön hyödyntämisellä tavoitel-
laan kasvihuonekaasupäästöjen vähentämistä verrattuna kaatopaikkasijoittami-
seen. Jätteenpoltto kuitenkin tuottaa kiinteitä sivujakeita sekä kaasumaisia 
päästöjä, joista on huolehdittava tavalla, joka minimoi mahdolliset haittavaiku-
tukset ympäristölle ja ihmisille. Tämän työn tavoite oli tutkia yhdyskuntajätteen 
polton pohjatuhkien ja niistä kaatopaikalla muodostuvien suotovesien ominai-
suuksia, suotovesien ympäristövaikutuksia sekä tuhkien ja suotovesien käsitte-
lymenetelmiä, joilla ympäristöhaittoja voitaisiin pienentää.  

Yhdyskuntajätteen polton pohjatuhkan laatu ja määrä riippuvat poltto-
prosessista. Tässä työssä tutkittiin yleisesti käytössä olevan arinapolton sekä 
kiertoleijupetikaasutuksen pohjatuhkaa. Jätteen arinapoltossa pohjatuhkaa 
muodostuu 24 – 45 % poltetun jätteen massasta, joka puolestaan on 85 – 90 % 
kiinteiden jäännösjakeiden massasta. Vastaavasti kaasutuksessa pohjatuhkaa 
muodostuu 2 – 9 % poltettavan jätteen massasta ja se on 20 – 36 % kaasutukses-
sa muodostuvien kiinteiden jäännösjakeiden massasta. Pohjatuhkat täyttävät 
useimmiten tavanomaiselle kaatopaikkajätteelle EU:n kaatopaikkadirektiivissä 
annetut kriteerit ja ne eivät siten ole ongelmajätteitä. Pohjatuhkaa voidaan hyö-
tykäyttää, mutta useimmiten tarvitaan esikäsittelyä, joka vähentää haitta-
ainepitoisuuksia tai parantaa tuhkan geoteknisiä ominaisuuksia. Tavallisimmat 
käsittelymenetelmät ovat tuhkan vanhentaminen varastoimalla ja seulominen 
haluttuun raekokoon. Hyötykäyttö ei kuitenkaan käytännössä ole aina mahdol-
lista esimerkiksi korkeiden kustannusten, riittävän lähellä sijaitsevien kohteiden 
puutteen tai tuhkan ominaisuuksien vuoksi. Kun hyötykäyttö ei ole mahdollis-
ta, pohjatuhka sijoitetaan kaatopaikalle. Tällöin on varmistuttava, että tietylle 
alueelle kerätyt suuret tuhkamassat eivät vuosikymmenien tai -satojen saatossa 
aiheuta sellaisia päästöjä, joista voisi olla haittaa ihmiselle tai ympäristölle. 

Suotovettä muodostuu sadeveden kulkeutuessa tuhkan lävitse. Tässä tut-
kimuksessa havaittiin, että kaatopaikalla muodostuvien suotovesien laatuun 
vaikuttivat etenkin tuhkassa olevan jäännöshiilen määrä sekä tuhkan kosteuspi-
toisuus kaatopaikalle sijoitettaessa. Jäännöshiili ja kosteuspitoisuus vaikuttavat 
tuhkassa tapahtuviin mineraalikoostumuksen muutoksiin, joita kutsutaan van-
henemiseksi (eng. weathering). Tuhkan vanhenemisen etenemistä voidaan seu-
rata suotoveden pH:n muutosten avulla. Tuoreen tuhkan ja sen suotoveden 
korkea pH (  12) laskee tuhkan vanhetessa kohti kalsiittimineraalille tyypillistä 
tasapaino-pH:ta 8,3. Tuhkan pH-muutos on toisaalta seurausta mineraalikoos-
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tumuksen muutoksesta ja toisaalta sillä on merkittävä vaikutus haitta-aineiden, 
kuten raskasmetallien, liukenemiseen. Kaatopaikkaolosuhteissa pH:n laskun 
havaittiin olevan nopeampaa enemmän jäännöshiiltä sisältävän arinatuhkan 
suotovedessä kuin kaasutustuhkan suotovedessä.  

Suotovesi sisältää raskasmetalleja, sulfaattia ja pieniä määriä orgaanista 
hiiltä. Kaasutustuhkasta muodostuva suotovesi poikkesi ominaisuuksiltaan 
arinatuhkan suotovedestä. Erityisesti arseenin liukoisuuden todettiin olevan 
suurempi kaasutustuhkasta sekä kenttä- että laboratorio-olosuhteissa. Kaasu-
tuspohjatuhkan korkeampi pH luultavasti lisäsi arseenin liukoisuutta. Kum-
mastakin tuhkasta kaatopaikkaolosuhteissa muodostuvalla suotovedellä todet-
tiin oleva toksista vaikutuksia vesikirpulle, valoa tuottavalle bakteerille ja viher-
levälle. Kaasutusarinatuhkan suotovesi oli haitallisempaa ja sen haitalliset omi-
naisuudet jatkuivat pidempään kuin arinatuhkan suotoveden. Kaasutuspohja-
tuhkan suotovesi olivat toksista vielä 3 vuotta tuhkan kaatopaikkasijoittamisen 
jälkeen seurantajakson päättyessä, kun taas arinatuhkan suotoveden toksisuus 
kesti noin kaksi vuotta kaatopaikalle sijoittamisesta. 

Tuhkien vanhenemisen tutkiminen hapettomissa olosuhteissa oli yksi tä-
män työn tavoitteista. Kaatopaikkaolosuhteissa ilmakehän kaasujen tunkeutu-
minen tuhkaan on hidasta ja rajoittuu pinta-osiin, jonka vuoksi tuhkatäytössä 
vallitsevat hapettomat olosuhteet. Laboratorio-mittakaavan lysimetrikokeissa 
todettiin, että palamatonta orgaanista hiiltä sisältävä arinatuhka vanheni hapet-
tomissa olosuhteissa samoin kuin aiemmissa tutkimuksissa on havaittu kaato-
paikkaolosuhteissa. Tämä johtui ilmeisesti arinatuhkan sisältämän orgaanisen 
hiilen biohajoamisessa muodostuvasta hiilidioksidista. Sen sijaan vähän hiiltä 
sisältävän kaasutustuhkan vanheneminen oli hidasta hapettomissa olosuhteis-
sa. 

Tässä työssä tutkittiin myös sulfaattia pelkistävän mikrobiologisen proses-
sin hyödyntämistä arinapolton pohjatuhkan päästöjen hallitsemisessa. Proses-
sissa mikrobit pelkistävät sulfaattia sulfidiksi käyttäen energianlähteenä or-
gaanista hiiltä. Sulfaattia pelkistävien bakteerien avulla pystyttiin poistamaan 
haitallisia alkuaineita kuten kuparia, molybdeenia, nikkeliä ja lyijyä arinatuh-
kan suotovedestä. Lisäksi suotovedestä pystyttiin poistamaan 65 % sulfaatista. 
Prosessin toimiminen edellyttää orgaanisen hiilen lisäämistä energian lähteeksi, 
sillä suotoveden orgaanisen hiilen pitoisuus oli vähäinen verrattuna sulfaattipi-
toisuuteen. Sulfaattia pelkistävästä suotoveden-käsittelyprosessista muodostu-
vassa vedessä on korkeita pitoisuuksia sulfidia, joka on haitallinen yhdiste. Tä-
män vuoksi prosessissa muodostuva vesi tulee käsitellä edelleen. Yleisesti käy-
tetään esimerkiksi sulfidin hapetusta alkuainerikiksi vähähappisissa olosuhteis-
sa. Tässä työssä tukittiin mahdollisuutta käyttää sulfidia sisältävää vettä edel-
leen tuhkien stabilointiin. 

Sulfidipitoinen vesi stabiloi arinapolton pohjatuhkaa muodostamalla tuh-
ka sisältämien metallien kanssa niukkaliukoisia metallisulfideja. Laboratorio-
mittakaavan stabilointikokeissa todettiin, että kalsiumin, kuparin, lyijyn, rikin 
ja sinkin liukeneminen arinapohjatuhkasta väheni sulfidipitoisella vedellä käsi-
teltäessä verrattuna kontrollikäsittelyyn tislatulla vedellä. Lisäksi kaikki haital-
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linen sulfidi pystyttiin poistamaan. Tulokset osoittavat, että sulfaatinpelkistys-
prosessia on mahdollista hyödyntää sekä suotovesien käsittelyssä että tuhkan 
stabiloinnissa ja siten vähentää haitallisten alkuaineiden päästöjä. Saatujen tu-
losten soveltaminen käytännössä vaatii kuitenkin lisää tutkimusta ja suurem-
man mittakaavan koejärjestelyjä. 
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a b s t r a c t

Characteristics and formation of leachates from waste gasification and grate firing bottom ash were stud-
ied using continuous field measurements from 112 m3 lysimeters embedded into landfill body for three
years. In addition, the total element concentrations of the fresh ash were analysed and laboratory batch
tests were performed to study leachate composition. The three-year continuous flow measurement
showed that about one fifth of the leachates were formed, when the flow rate was >200 l/d, covering
<3.5% of the study time. After three years, the liquid/solid-ratio for the quenched grate ash was 1 (l/kg
(d.m.)) and for the initially dry gasification ash 0.4 (l/kg (d.m.)). The low initial water and residual carbon
content of the gasification ash kept the leachate pH at a high level (>13) major part of the study. In the
grate ash leachate pH was lower (<8) due to the presence of organic carbon and biodegradation indicated
by biological oxygen demand and redox potential measurements. In the gasification ash the high pH
probably delayed leaching of major elements such as Ca, therefore, raising the need for a longer after-care
period. The high pH also explains the higher leaching of As from the gasification ash compared to the
grate ash both in the batch test and under landfill conditions.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Waste incineration produces residues that need proper utilisa-
tion or disposal in order to prevent potentially harmful effects to
the environment and human health. The chemical composition
and amount of the residues depends on type, quality and pre-treat-
ment of the waste material as well as on incineration technology.
Moving grate incineration is a commonly used technology, but
technologies like fluidised bed combustion are emerging. Applica-
tion of the fluidised bed for gasification is among the new technol-
ogies. Advances in fluidised bed gasification compared to other
incineration technologies include improved energy efficiency and
the ability to integrate it with industrial processes (Belgiorno
et al., 2003). Irrespective of the technology used waste incineration
produces residues such as bottom ash which are usually not con-
sidered hazardous waste, but cannot always be utilised. For in-
stance, when the quality of bottom ash is inappropriate or the
cost of pre-treatment or transport are too high, landfill remains
the only feasible option for disposal.

Fresh bottom ash is an inorganic material, consisting mainly of
oxides, hydroxides and salts of Al, Ca, K and Na (Kosson et al., 1996;
Meima and Comans, 1999). Immediately after incineration, bottom

ash is chemically unstable and when it reacts with atmospheric
gases and water the mineralogical changes begin. These geochem-
ical processes cause changes in mineral composition of ash and
consequently in leachate composition. The absorption of carbon
dioxide is one of the most important processes decreasing the ini-
tially high pH of ash towards the equilibrium pH of calcite 8.3
(Meima and Comans, 1997a). This in turn stabilises the inorganic
contaminants in ash. It is known that in a large ash heap the diffu-
sion of atmospheric gases is limited to the surface layers (Freyssi-
net et al., 2002). Therefore, it has been speculated that the role of
biodegradation is significant (Belevi et al., 1992; Meima and Co-
mans, 1997b; Rendek et al., 2007; Zevenbergen and Comans,
1994). Characterisation of leachates by such analyses as biological
oxygen demand (BOD), chemical oxygen demand, total organic
carbon (TOC), and dissolved organic carbon (DOC) can be used to
acquire indirect information on the rate and degree of biodegrada-
tion within ash fill. In addition, these analyses give valuable infor-
mation, when possibilities of leachate treatment are studied.

The main environmental burden from landfill disposal is the
leachate formed as rainwater seeps through bottom ash. Leachate
contains potentially harmful contaminants like sulphate, chloride
and toxic elements (Meima and Comans, 1999). The factors affect-
ing leachate composition include volume of seeping water, flow
rate, pH, redox potential and mineral composition of the ash
(Kosson et al., 1996). It is usually assumed that the leaching of
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contaminants from ash is predominantly dependent on the share
of seeping water compared to the amount of ash, which is called
the liquid-to-solid (LS) ratio. Therefore, it has been suggested that
future leachate composition can be predicted based on the LS-ratio,
when the amount of leached contaminants (per dry mass) are pre-
sented as a function of LS-ratio instead of as a time-scale (Grat-
hwohl and Susset, 2009; Hjelmar, 1996). However, presenting
data on LS-scale can give misleading impression of those processes
depending on time e.g. biodegradation or slow reaction kinetics
(Dijkstra et al., 2006; Hyks et al., 2009). In addition, determination
of LS-ratio under landfill condition poses a challenge.

The leaching properties of an ash can be studied with laboratory
batch or column tests according to standardized methods, in order
to control testing condition and produce comparable data (van der
Sloot, 1996). The purpose of the batch tests is usually to obtain
equilibrium or near-equilibrium conditions by agitating the sam-
ple and liquid. The column tests usually simulate field conditions
including flow rate and contact time. The laboratory column tests
usually differ from real disposal conditions as they do not take into
account changes in flow rate, temperature, or prevailing reducing
conditions (van der Sloot, 1996). In previous landfill-scale studies
concentrations of different elements in the leachates have been
determined (Freyssinet et al., 2002; Hjelmar, 1996) as well as the
effects of variation in the flow rate on leachate concentrations
(Johnson et al., 1999). However, there is a dearth of studies com-
bining the leachate composition and quantity in order to deter-
mine the cumulative leaching of elements under landfill
conditions. This requires the ability to monitor leachate flow and
composition as well as knowledge about the initial ash composi-
tion. The objective of this study was to assess formation rate and
the chemical composition of leachates from waste gasification
and grate incineration bottom ash under landfill conditions for
three years. In addition, the composition of the leachates and both
type of ash were studied using the laboratory batch tests and with
elemental analyses of the fresh ash. The obtained result can be
used to verify information obtained from laboratory test as well
as to design leachate treatment.

2. Materials and methods

2.1. Bottom ash

Bottom ash from waste gasification and moving grate incinera-
tion (hereafter referred to as grate incineration) was studied. The
gasification bottom ash was obtained from a circulating fluidised
bed facility (established 1998, operating temperature 850–900 �C,
Lahti, Finland). Recycled wood, industrial plastics (glued wood
33%, 16% wood and 8% plastic) and 43% by weight of refuse-derived
fuel (RDF) manufactured from municipal solid waste were gasified
at the time of ash sampling. The grate incineration facility (Turku,
Finland) was established 1975 (modernised 1995), and was operat-
ing at 1000–1100 �C. It incinerated municipal solid waste (MSW),
from which most of the glass, paper, and metal have been sepa-
rated through the regional waste collection system. The grate ash
was quenched, while the gasification ash was not, and both were
disposed of in a landfill. The total solid (TS) matter content of the
grate ash was 88% and that of volatile solids (VS) 5.5%/TS. The cor-
responding values for the gasification ash were 99% and 0.1%/TS,
respectively. The bottom ash from both facilities was transported
by lorries to Mustankorkea landfill (Jyväskylä, Finland), where they
were heaped up on an asphalt surface for two weeks before being
placed into lysimeters. Fifteen random ash samples (10 l) were ta-
ken from the both ash heaps at day of arrival. For the batch tests
and analyses a composite sample was mixed manually. In order
to retain comparability with landfill lysimeter, the only pre-treat-

ment of the grate ash composite sample was the manual removal
of pieces over 30 mm in diameter. As the gasification ash had no
such particles it was not pre-treated.

2.2. Landfill lysimeters

The ash was placed in landfill lysimeters (height 3.9 m, width
2.4 m, length 12 m, volume 112 m3), which were monitored
throughout the study period of 1236 days. The lysimeters were
made of steel frames (rectangular hollow section (RHS)
60 � 80 mm) and walls (2 mm) and coated with acrylic paint
(Hempatex Hi-build 46410) (Fig. 1). The lysimeters were embed-
ded in a 30 year old landfill body in November 2003. They were
filled in with 0.5 m thick layers and compacted using a sheepfoot
roller (Bomag 105, 1.6 t). The grate ash was filled to a height of
2.4 m and the gasification ash to a height of 2.9 m. The resulting
bulk densities were 1.7 and 1:5 t=m3, respectively. The top of the
lysimeters were open, except when they were covered with ply-
wood sheets for the first 104 days in order to extend the beginning
of the experiment until spring (1.4.2004). In June 2004 (days 165–
194) tap water (2 � 500 l) was added to the lysimeters in order to
promote leachate formation. The addition of water equalled 70% of
one months rainfall calculated on the basis of the local yearly aver-
age for 2004 (1423.2 l/lysimeter/month).

Leachate ran gravimetrically (angle 5%) through a drainage
layer (thickness 30 cm, gravel particle size <25 mm) and a collec-
tion drain (110 mm) to a sampling well. The leachate flow was de-
tected as water level changes in the well with a pressure meter
(Keller PR-36W) and a data logger (Campbell Scientific CR10X).
The leachate level as well as other continuously measured param-
eters were recorded every half hour. The temperature and mois-
ture content within the ash was monitored using a soil
temperature and moisture station (Davis 6343), temperature
probes (Davis 6470), moisture probes (Watermark 200SS) and
wireless Vantage Pro console (Davis 6310). The setup is described
in detail by Sormunen et al. (2008). Ambient air temperature was
monitored by a weather station (Davis Vantage Pro 6150) equipped
with a datalogger (PC-link 6510) at landfill site. The mean daily
rainfall was obtained from the Finnish Meteorological Institute
(2004–2007).

2.3. Analysis and calculations

To obtain more information on leachate composition and to val-
idate the continuously measured parameters additional laboratory
analyses were performed during the first 600 days of the study. The
concentrations of the elements were determined from the leach-
ates of the landfill lysimeters, which were sampled 35 times (study
days: 105, 111, 116, 119, 126, 158, 206, 213, 222, 228, 237, 249,
264, 280, 293, 318, 343, 355, 392, 467, 528, 560, 592, 620, 650,
679, 804, 867, 938 and 1029) from the flow-meter wells. From
these cumulative leached amount (mg/kg (dry matter (d.m.))) of
each element was calculated. The leachate samples for elemental

Fig. 1. Scheme of a landfill lysimeters and a sampling well. Samples were taken and
volume detected as water level in the first (a) section of the well.
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analyses were preserved with HNO3 (pH < 2), stored at 4 �C and
centrifuged before analyses to remove particles. Concentrations
of Al, As, B, Ba, Ca, Cd, Co, Cr, Cs, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P,
Pb, S, Si, U, V and Zn were determined with ICP-OES (Perkin–Elmer
Optima 4300 DV). The default parameters of the instrument (neb-
uliser flow 0.8 l/min, plasma power 1300W, auxiliary gas flow
15 l/min) were used (Ilander and Väisänen, 2009). Total amount
of the elements in fresh ash were determined and reference mate-
rial (SRM 1633b) was used to determine the recovery percentages.
In addition, the laboratory batch leaching test was performed
according to EN 12457-2, in two-litre scale with a LS-ratio of 1:10.

Cl and SO4 were analysed according to SFS-EN ISO 10304-1
(2007) and APHA (1998). During the first 500 days of the study
the TOC, COD, BOD, DOC, chloride, alkalinity, sulphate, total nitro-
gen and ammonium–nitrogen concentrations were analysed from
lysimeter leachate samples at laboratory. In addition, oxidation
reduction (redox) potential was studied for the first 1100 days.
Ntot and NH4-N were analysed by Kjeldal-method, where in the
presence of H2SO4 and catalyst nitrogen is converted to ammo-
nium. After the addition of NaOH, the ammonia is distilled from
an alkaline medium and absorbed in boric acid (Perstorp Analyti-
cal/Tecator AB, 1995). Redox, pH and conductivity were measured
with a WPA (CD70) meter (Sensorex ORP 450, Sensorex pH 450 CD
electrodes) and with a conductivity meter (Hanna Instruments,
Hi9635). The pH measurements of leachate samples in the labora-
tory closely followed those obtained from the continuous measure-
ment. Laboratory measurements were used when continuous
results were not available due to sensor failure (from day 546 on-
ward). The pH and temperature correction for the redox potential
was made (pH 7, 25 �C) (Zhang and Pang, 1999). TOC was deter-
mined using a Total Organic Carbon Analyser (Shimadzu, TOC-
5000A, Shimadsu Europe), (SFS-EN:1484, 1997). DOC, COD, BOD7,
TS, and VS were determined according to the Finnish standard
methods (SFS 5504, 1988; SFS-EN 1899-2, 1998; SFS 3008, 1990).
For the DOC analyses samples were filtered (0.45 lm).

The cumulative released amount of elements from the landfill
lysimeters during study period was calculated by multiplying the
concentration of each element with the volume of leachate be-
tween two samples. The equilibrium speciation modelling was per-
formed with Minteqa2 4.03 (US EPA). Ettringite with solubility
constant of log Ksp ¼ �56:7 was added to Minteqa2 mineral data-
base. Modelling was performed with the batch test results assum-
ing they present equilibrium conditions. All precipitation was
suppressed and resulting saturation indexes (SI) compared.

3. Results and discussion

3.1. Leachate flow and LS-ratio

Continuous flow measurement of leachate from landfill lysime-
ters was used to detect the dynamics of flow rate and to determine
LS-ratios. The cold climate appeared to be the cause of the high
variation in flow rate. In winter time the freezing of top layer
and in spring time the snow layer melting probably effected leach-
ate formation (Figs. 2 and 3). The mean precipitation during the
study period (days 139–1236) was 50 l/lysimeter/d, the mean flow
rate of the grate ash leachate was 40.6 l/d, and that of gasification
ash leachate was 33.7 l/d (Fig. 2). During high flow rate periods
(flow rate >200 l/d) 24% of the grate ash leachate volume and
17% of the gasification ash leachate volume was formed. In the case
of grate ash lysimeter this corresponded 3.4% (37 d) of the study
period and in the gasification ash 2% (22 d) of the study period.
Therefore, a significant share of the leachate was formed during
short periods of time. Most of the peaks in the flow rate seems to
coincide with the beginning of April (Fig. 2), indicating that the

melting snow layer caused the high variation in leachate flow.
Other climatic conditions such as seasonal heavy rain can cause
similar variation in leachate formation (Ishii et al., 2009).

The development of LS-ratio and moisture content of the both
ash types were monitored (Figs. 2 and 3). LS-ratio of ash was calcu-
lated based on flowmeasurements and the initial moisture content
of the ash. At the end of the study the LS-ratio of the grate ash
leachate was twice that of the gasification ash. The gasification
ash was initially dry having 99% dry matter content. The moisture
measurements from different depths in the gasification ash lysim-
eter show that it took 217 days before any moisture reached the
lowest measurement depth of 2.1 m from surface (Fig. 3). The LS-
ratio of the gasification ash reached 0.3 l/kg (d.m.) by the end of
the study (day 1236). Based on previous gasification ash studies
by the authors (unpublished) the water holding capacity was esti-
mated to be 0.12 kg/kg (d.m.) resulting in a final LS-ratio of 0.42 l/
kg (see Section 2.4). The LS-ratio of the quenched grate ash in-
creased from an initial 0.54 l/kg (d.m. 82%) to 1.0 l/kg (Fig. 2).
The LS-ratio of the grate ash was high as it was on same level as
those values (from 0.6 to >1 l/kg) obtained in 20-year full-scale
studies (Hjelmar, 1996; Kosson et al., 1996). From the studies just
mentioned it was not clear if the initial water content of the ash
had been included in the sum of total liquid amount as has been
done in this study. The initial water content was significant and
if not taken into account the LS-ratio of grate ash at the end of
the study would be 0.46 l/kg (Fig. 2). Regarding the LS-ratio, the
present landfill lysimeter setup can be considered a worst case sce-
nario of the initial phase of ash landfilling, as there was no covering
and the ash fill was quite shallow. On the other hand, when results
are presented relative to LS-ratio this experiment could represent
some 20 years of landfilling in the case of covering shortly after
filling.

3.2. Leachate pH and alkalinity

The pH of the grate ash leachate remained near neutral
throughout the lysimeter study, while the gasification ash leachate
had a pH of over 13 during a major part of study (Fig. 4). The pH of
the gasification ash was consistent with the pH (13.55) obtained at
batch test. However, the grate ash leachate had a significantly low-
er pH under landfill condition than in the batch test (10.84). The
observed difference between the lysimeter and the batch test of
the grate ash as well as between the two ash-types can be ex-
plained with higher organic carbon content of the grate ash. The
beginning of formation of leachate from the landfill lysimeter took
almost half a year, during which biodegradation producing CO2

and organic acids could have caused lowering of the grate ash
leachate pH. Belevi et al. (1992) estimated that biodegradation
can produce 1 mol/kg of weak acid and that the neutralisation
capacity of grate bottom ash is 2 mol/kg (pH 7). The biodegradation
hypothesis is supported by the fact that the pH increased shortly
after (day 473) COD decrease (<150 mg/l, day 467) to low level
(Fig. 5), indicating the end of rapid biodegradation in the grate
ash. Initially the amount of organic carbon and the rate of biodeg-
radation was high enough to lower the pH of the grate ash leach-
ate. The amount of easily biodegradable organic carbon decreases
with time due to degradation and leaching, meanwhile the hydro-
lysis and dissolution process producing OH� continues (Meima and
Comans, 1997a), causing the pH of the leachate to increase. This is
observed in the grate ash leachate as an increase of pH towards the
final value of 8.4 (day 1035). The final pH is close to calcite equilib-
rium pH of 8.3, which is expected for weathered bottom ash
(Meima and Comans, 1997a).

Under landfill conditions the gasification ash leachate initially
had low pH (mean 6.5, SD 0.38, day 139–212), after which it in-
creased to a high level (mean 13.1, SD 0.94, day 212–1148)
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(Fig. 4). The alkalinity showed a similar trend with an increase dur-
ing the first 400 days (Fig. 5). The increase was probably related to
chemical processes, which began as water infiltrated into the ini-
tially dry ash. Leaching water causes hydrolysis of oxides of Ca,
Al, Na and K, therefore, increase in the pH (Meima and Comans,
1997a). During the final 100 days of the study, a decrease to 10.8
(day 1236) was observed. The decrease observed towards the
end of continuous measurements could indicate the beginning of
the acidifying processes such as carbonation and oxidation reac-
tions (Johnson and Furrer, 2002). The high pH and alkalinity of
the gasification ash were due to large amounts of calcium added
to the process (Raskin et al., 2002). In addition, the absence of
quenching is known to retard and even completely halt the de-
crease of pH due to a weathering reaction in the grate ash (Belevi
et al., 1992). The slow weathering of the gasification ash can be due
to the slow diffusion of the atmospheric gases and dissolution of
them into pore water, which are the rate-limiting steps in the grate
ash carbonation (Freyssinet et al., 2002; Rendek et al., 2006 ). In
addition, the low organic carbon content (VS 0.1%) in the gasifica-
tion ash cannot support biodegradation, which can be a significant
carbonation mechanism in grate bottom ash.

3.3. Conductivity and redox potential of leachate

The conductivity of the leachate was measured continuously to
determine leaching behaviour of the major salts. The maximum
conductivity of the grate ash leachate was 20 times higher than

that of the gasification ash (Fig. 4). Its conductivity decreased stea-
dily from high initial values (2500 mS/m, day 104) indicating that
the highest concentrations of major elements occur within the first
400 days of disposal. The conductivity of the grate ash leachate was
100 times higher than that found in the laboratory for unweath-
ered grate bottom ash (160–270 mS/m) (Belevi et al., 1992) and
1000 times higher than that (5–15 mS/m) reported for weathered
grate bottom ash leachate in a full-scale study (Johnson et al.,
1999). Biodegradation could explain this as it produces organic
acids which increase conductivity. The simultaneous decrease of
COD and conductivity around day 400 supports this hypothesis
(Fig. 5). The gasification ash leachate had a conductivity of
150 mS/m on day 146. The conductivity increased after day 212
remaining at a constant level until end of the study period (mean
750, SD 130, days 364–1099), except for the peak between days
320–364 (Fig. 4).

The leachate redox potential was measured to obtain informa-
tion on gas diffusion and biodegradation. The redox potential of
the both ash leachates showed seasonal variation, in which the
lowest values were detected during the warmest months between
days 600 and 900 (Figs. 5 and 4). This was assumed to be an indi-
cation of an increase in the microbiological activity or in the chem-
ical oxygen consuming reactions in ash during periods with higher
temperature. The redox potentials in the grate ash (�300 to
200 mV) remained at same level as previously detected in
landfill-scale studies (Kosson et al., 1996). From previous studies
it is also known that reducing conditions can prevail for over
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twenty-year periods (Hjelmar, 1996). In the weathered bottom ash
samples, however, positive redox potentials have been observed
(Meima and Comans, 1997a). Therefore, it seems that redox poten-
tial can be used as an indicator for the state of ash weathering.
However, the redox potential for gasification ash was at a high le-
vel throughout the redox observation period (1029 d). The low
moisture content and high pH may have prevented the oxygen
consuming weathering reactions.

3.4. Ash and leachate temperature

The ash temperature inside the lysimeter and the leachate tem-
perature in the sampling well were measured to observe the effects
of ambient temperature and exothermic weathering reactions
(Figs. 3 and 4). The temperature inside the lysimeters followed
the same trends as the ambient temperature; however, they re-
mained above 0 �C except at the top layer. No warming due to exo-
thermic reactions was observed. The temperature of the leachate
measured from the sampling well also followed ambient tempera-
ture. However, as the wells were placed under the landfill cover
layer, which provided insulation, large variation in temperature
was not observed and wells did not freeze during winter (Fig. 4).
In the lysimeters only the very top layer was frozen during the
winter (Fig. 3). The high temperatures observed in full-scale land-
fills corresponded to the surface-to-volume ratio of the ash fill and
were near the surface close to the ambient temperature (Klein
et al., 2001). Therefore, the relatively small size ð112 m3) of the
landfill lysimeters probably explains why a temperature increase
was not observed even in the initially dry gasification ash, where
exothermic hydroxylation reactions were expected to result in an
increase in the temperature.

3.5. Leaching of organic carbon and nitrogen compounds

The leaching pattern and composition of organic carbon was
monitored with TOC, DOC, COD and BOD7. In addition, total nitro-
gen and ammonium nitrogen amounts were studied. The grate ash
leachate contained readily biodegradable organic carbon during
the first 3–6 months after disposal (Fig. 5). The BOD7 of the grate
ash leachate had a maximum of 79 mg/l (day 114) which decreased
to 4 mg/L (day 293) (Fig. 5). This supports the assumption that dur-
ing the rapid weathering phase immediately following the disposal
biodegradation can have a significant role in the grate ash weath-
ering (Belevi et al., 1992; Rendek et al., 2006; Sivula et al., 2010).
However, in the gasification ash leachate the BOD7 concentration
was very low (3–8 mg/l).

Leachate total organic carbon (TOC) was higher in the grate ash
(mean 317 mg/l, SD 130) than in the gasification ash leachate
(mean 157 mg/l, SD 137) (Fig. 5). This reflects the amount of vola-
tile solids: 0.1%/TS in the gasification ash and 5.5%/TS in the grate
ash. Furthermore the share of DOC compared to TOC was higher in
the grate ash leachate (35%, �x ¼ 111 mg=l, SD = 54, n = 18) than in
the gasification ash leachate (17%, �x ¼ 53 mg=l, SD = 111, n = 14).
The amount of the DOC is known to effect toxicity of the leachate
as it can bind both organic and some inorganic contaminants like
Cu. The levels of the DOC in the grate ash leachate were within
the same range (90–290) as previously reported for fresh grate bot-
tom ash leachate in laboratory studies (Meima and Comans, 1999;
van Zomeren and Comans, 2009). The DOC concentration showed
less variation compared to TOC suggesting that high flow periods
may flush the particles out of the ash and increase variation in TOC.

In the grate ash the mean value of total nitrogen concentration
was 47 mg/l (SD 105) and for gasification ash 17 mg/l (SD 8.3)
(Fig. 5). The ammonium nitrogen in the grate ash leachate was
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8 mg/l (SD 9). In the gasification ash the ammonium concentration
was 2 mg/l (SD 4). The ammonium concentrations are high enough
to cause toxic effects for example in fish and high pH of leachate
further increases ammonia toxicity. For example threshold concen-
tration 3.48 mg/l (total ammonia) at pH 6.5 and 0.25 mg/l at pH 9
have been announced by the US EPA for fresh water and for salt
water even lower values are used (Ip et al., 2001).

3.6. Leaching of inorganic compounds

The element concentrations and volume of leachates were mon-
itored to obtain information on release of elements under landfill
conditions over the three years study period. The release of ele-
ments under landfill conditions was compared to the released
amount at the batch test representing equilibrium conditions (LS
10 l/kg (d.m)) and to the total amount determined from the fresh
ash (Table 1). As expected for the grate ash the total concentration
in the fresh ash was the highest and released amount under landfill
condition (LS 1 l/kg (d.m)) the lowest. However, in the gasification
ash more Mo and Mg were released under landfill conditions than
in the batch test. The difference in leaching behaviour of the two
ash-types were more pronounced under landfill conditions than
at laboratory batch test. For example: under landfill conditions
from the grate ash 19.6% of Ca and 51% of S was released, compared
to batch test results; while under landfill conditions from the gas-

ification ash only 1.8% of Ca and 5.3% of S was mobilised compared
to the batch test (Table 1). This is probably related to lower LS-ratio
(0.46 l/kg (d.m)) of the gasification ash under landfill conditions.
However, from a longitudinal perspective this can mean a longer
release period and therefore longer aftercare period for the gasifi-
cation ash.

The mineral composition of ash was studied based on the pH
and main element composition of leachate. The leaching of the cal-
cium and sulphate are controlled by the same mineral phases such
as anhydrite, gypsum and ettringite, which explains the similar
behaviour. In the dry grate ash calcium and sulphate are known
to be present mainly as anhydrite (CaSO4), which forms gypsum
(CaSO4 � H2OÞ, when it comes into permanent contact with water
(Kirby and Rimstidt, 1994). The present results show that at the
batch test pH of 10.84 the Ca-mineral closest to equilibrium were
gypsum (SI �0.806) and anhydride (Si �1.056), however, both
were under-saturated. The gasification ash leachate was over-sat-
urated in respect to portlandite (SI 1.324) in the batch test (pH
13.55). This is similar to previous studies showing that in the high
pH range portlandite prevails (Hampson and Bailey, 1982; Meima
and Comans, 1997a). In the gasification ash the total amount of sul-
phur was low compared to that of calcium and in batch test a large
share of the Ca was released, while in the landfill lysimeter only a
small fraction was actually released (Table 1). The Ca concentration
in the gasification ash leachate showed an increase along with
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decreasing pH in the lysimeter. This indicates that release of the Ca
could further increase, as the weathering of the gasification ash
proceeds.

In the grate ash batch test at pH of 10.84 the concentration of
dissolved Al (22.2 mg/l) was high, while in the gasification ash
leachate it was low (0.79 mg/l) at pH 13.55. The modelling results
show that the grate ash leachate was over-saturated in respect to
diaspore (SI 1.817), boehmite (SI 0.112) and gibbsite (SI 0.399).
This suggests that aluminium hydroxides control the pH of the
fresh grate ash. On the contrary, Al leaching was higher from the
gasification ash than from the grate ash under landfill condition.
The low leaching of Al from the grate ash has been suggested to
be due to low solubility of clay minerals like aluminosilicates,
which form during weathering (Meima and Comans, 1997a). This

is supported by the lower leaching of Si from the grate ash than
from the gasification ash. Quenching is known to cause clay forma-
tion from glass minerals formed during incineration and weather-
ing increases clay formation (Zevenbergen et al., 1996). In the
gasification ash the high amount of Si leached could better fit the
assumption that gibbsite AlðOHÞ3 was controlling Al leaching
(Johnson et al., 1999; Meima and Comans, 1997a). The hydrolysis
of gibbsite could also partly explain the observed high pH in the
gasification ash leachate (Meima and Comans, 1997a). However,
at batch test pH (13.55) the gasification ash leachate was undersat-
urated in respect to both diaspore (SI �2.4) and gibbsite (SI
�3.823).

From the gasification ash over 100% of Mo and Mg were re-
leased under landfill conditions compared to the released amount

TO
C

C
O

D
BO

D
7

D
O

C

C
hl

or
id

e

Al
ka

lin
ity

Su
lp

ha
te

N
to

t

100 200 300 400 500 100 200 300 400 500

N
H

4
−

N

200 400 600 800 1000

0
40

0
80

0

0
40

0
80

0

0
40

0
80

0

0
40

0
0

80
00

0
20

40
60

80

0
40

0
0

80
00

0
20

40
60

80

0
2

0
4

0
6

0
80

−3
00

0
20

0

R
ed

ox

Day of study

Fig. 5. Organic carbon, nitrogen compounds and redox potential of the gasification (�) and the grate ash (�) leachates (concentrations in mg/l, alkalinity in mmol/l, Redox in
mV).

L. Sivula et al. /Waste Management xxx (2011) xxx–xxx 7

Please cite this article in press as: Sivula, L., et al. Leachate formation and characteristics from gasification and grate incineration bottom ash under landfill
conditions. Waste Management (2011), doi:10.1016/j.wasman.2011.11.012



determined in the batch test (Table 1). The underestimation of re-
lease of Cu, Ni, and Mo under equilibrium conditions compared to
non-equilibrium conditions was predicted by Hyks et al. (2009),
who found that flow interruptions in the column test increased
their concentrations in the leachate. They assumed that increased
leaching in non-equilibrium conditions was related to an increase
in the leaching of DOC. However, as the gasification ash contains
only little DOC this seems unlikely explanation in the present
study. Further research is required on this topic.

Arsenic was the only element in both ash types that exceeded
the EU landfill limit-values for non-hazardous waste. In batch tests,
the released amount of As was 10 times higher from the gasifica-
tion ash and 1.5 times higher from the grate ash than the limit va-
lue (2 mg/kg (d.m.)) (European Council, 2003). In both landfill
lysimeter leachates, the maximum As concentration observed ex-
ceeded the limit value for percolation test (0.3 mg/l) (European
Council, 2003). The release of As was higher from the gasification
ash than from the grate ash both in the batch test and under land-
fill conditions despite the fact that the total concentrations in the
both ash types were same (Table 1). This was probably due to
the higher pH of the gasification ash, as the arsenic solubility is
known to increase with increasing pH and oxidation state (Cornelis
et al., 2008). Based on the LS-ratio observed in the landfill lysime-
ters, it can be estimated that it will take from 60 to 75 years to
reach the same LS-ratios and released amounts than in the batch
test. However, release time and amount of As can differ from the
estimated values as weathering decreases pH and increases oxida-
tion state.

4. Conclusions

One fifth of the leachates from the gasification and the grate
incineration bottom ash under landfill conditions were formed
when the flow rates were high (>200 l/d) mainly due to the melting
of snow in the spring. Pre-treatment of the ash e.g. quenching and

residual carbon content have significant effect on behaviour of the
ash under landfill conditions. The LS-ratio of the non-quenched
gasification ash was 0.4 (l/kg (d.m.)) compared to 1 (l/kg (d.m.)
of grate ash after three years of landfill disposal. The low initial
moisture and carbon content slowed down the weathering of the
gasification ash. As a result release of major elements is delayed
compared to the grate ash, which could mean longer after care per-
iod for the gasification ash. In addition, the high pH (>13) of the
gasification ash increased As leaching compared to the grate ash
both in laboratory batch test and under landfill conditions.
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Toxicity of waste gasification bottom ash leachate
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Abstract

Toxicity of waste gasification bottom ash leachate from landfill lysimeters
(112 m3) was studied over three years. The leachate of grate incineration bot-
tom ash from a parallel setup was used as reference material. Three aquatic
organisms (bioluminescent bacteria, green algae and water flea) were used to
study acute toxicity. In addition, an ethoxyresorufin-O-deethylase (EROD)
assay was performed with mouse hepatoma cells to indicate the presence
of organic contaminants. Concentrations of 14 elements and 15 PAH com-
pounds were determined to characterise leachate. Gasification ash leachate
had a high pH (9.2–12.4) and assays with and without pH adjustment to
neutral were used. Gasification ash leachate was acutely toxic (EC50 0.09–
62 vol-%) in all assays except in the algae assay with pH adjustment. The
gasification ash toxicity lasted the entire study period and was at maximum
after two years of disposal both in water flea (EC50 0.09 vol -%) and in algae
assays (EC50 7.5 vol -%). The grate ash leachate showed decreasing toxicity
during the first two years of disposal in water flea and algae assays, which
then tapered off. Both in the grate ash and gasification ash leachates EROD-
activity increased during the first two years of disposal and then tapered off,
the highest inductions were observed with the gasification ash leachate. The
higher toxicity of the gasification ash leachate was probably related to direct
and indirect effects of high pH and to lower levels of TOC and DOC compared
to the grate ash leachate. The grate ash leachate toxicity was similar to that
previously reported in literature, therefore, confirming that used setup was
both comparable and reliable.
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1. Introduction

Relatively little information is available on toxicological properties of the
waste incineration ash leachates in general, but especially about residues
produced by emerging technologies like waste gasification. Waste gasification
produces several residues of which bottom ash forms 20–40 % by mass. The
amount of bottom ash in waste gasification is usually less than 9% of the
original waste material including the sand and lime added in the process
(Belgiorno et al., 2003). Bottom ash is the main residue in waste grate
incineration as well. In municipal solid waste (MSW) grate incineration,
approximately 30% of the original waste mass is converted to bottom ash,
which, in turn, is 60% of the formed residues (Sabbas et al., 2003). Bottom
ashes are usually classified as non-hazardous waste based on their elemental
composition.

Fresh bottom ash is an inorganic material, consisting mainly of oxides,
hydroxides and Al, Ca, K and Na salts, which causes a high pH value of 12
or higher (Meima and Comans, 1997). Fresh bottom ash may also contain
organic compounds originating from incomplete combustion (Dugenest et al.,
1999). Therefore, bottom ash can have toxic properties related to trace
elements, organic contaminants and alkalinity, or a combination of these
factors.

The composition of the bottom ash changes over time. During disposal
seeping water, atmospheric gases and biodegradation change the chemical
composition of ash. The quality of leachate is believed to improve during
the time due to the weathering processes, which decreases the pH and the
release of toxic elements (heavy metals and oxyanions) (Chimenos et al.,
2000). However, only a few studies on the effects of weathering on toxicity
exist, and they have produced contradictory conclusions (Ore et al., 2007;
Römbke et al., 2009).

The composition of ash leachates can be assessed with batch, column and
lysimeter studies. In the standardised laboratory batch tests, the leaching
condition such as contact time and liquid to solid (LS) ratio are controlled
in order to produce comparable data. In the column tests also the flow rate
of leachate can be controlled. However, the laboratory column tests usually
differ from real disposal conditions as they do not take into account: changes
in flow rate, changes in temperature or reducing conditions (van der Sloot,
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1996). With landfill lysimeter the evolution of the leachate composition
can be studied in realistic conditions. Landfill lysimeters have been previ-
ously used to study the effects of ambient conditions such as redox-potential,
temperature and rainfall on leachate composition (Freyssinet et al., 2002;
Hjelmar, 1996; Johnson et al., 1999).

Broadening the assessment of waste materials with biological assays has
been encouraged (Moser and Römbke, 2009). Combining the ecotoxicological
assay with leaching test could be used to characterise ecotoxicological prop-
erties of waste materials (Postma et al., 2009). It has been shown that the
chemical characterisation of ash does not necessarily reveal the toxic prop-
erties (Lapa et al., 2002). Therefore, ecotoxicological assessment is needed.
Leachates of municipal solid waste landfills have been previously studied with
similar methods (Bernard et al., 1997). As the effects on different organisms
may vary, a test battery, covering species and function at several trophic
levels in the exposed environment, should be selected (Wilke et al., 2008).
Toxicity assays with aquatic organisms can include: standardised protocols
for the inhibition of bioluminescence of bacteria, the growth of the green
alga, and the decreased mobility of water fleas among other assays.

The characterisation of the origin of toxicity can be done with specific
biomarkers reacting to certain groups of contaminants. The activity of
ethoxyresorufin-O-deethylase (EROD) is a biomarker induced by planar aro-
matic molecules such as PAH, dioxins and planar PCBs. The EROD assay
is based on the receptor mediated induction of cytochrome P450 dependent
mono-oxygenases, especially of the subfamily CYP1A, by planar PAH or
similar compounds (Safe, 1990). The aspect of CYP1A that is useful is
the increasing enzyme concentration with increasing concentration of xeno-
biotics (Safe, 1990). With an EROD assay, it is possible to conclude whether
planar organic contaminants are present, as the toxic elements should not
induce EROD-activity. However, when interpreting results one should con-
sider speculations about heavy metal inhibition on EROD activity (Korashy
and El-Kadi, 2004).

The objective of this study was to assess toxicity of gasification bottom
ash leachate under landfill conditions over a disposal period of 1265 days. In
order to assure validity of results a parallel study with the grate bottom ash
leachate of which more knowledge exists was performed. The possible causes
for the observed toxic effects were characterised with pH-adjusted assays
and with the EROD assay. Leachate was characterised by determination of
element and PAH concentrations.
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2. Materials and Methods

2.1. Landfill lysimeters and leachate samples

Gasification bottom ash was obtained from a gasification facility (estab-
lished in 1998, operating at temperatures between 850–900 °C, in Lahti, Fin-
land) which used refuse-derived fuel (RDF), recycled wood and plastics from
industry. Grate bottom ash was from an incinerator with a moving grate fur-
nace (established in 1975, modernised in 1995, in Turku, Finland) operating
in 1000–1100 °C. The incinerator used municipal solid waste (MSW) from
which glass, paper, and metal were separated by regional collection system.
Grate bottom ash was quenched, while gasification bottom ash was not and
both ashes were disposed of separately in landfill.

Two landfill lysimeters (height 3.9 m, width 2.4 m, length 12 m) made
of steel frames (RHS 60*80 mm, walls 2 mm) and coated with acryl paint
(Hempatex Hi-build 46410) were placed in a 30 year old landfill body. The
top of the lysimeters was left open. The lysimeters were filled with ash in 0.5
m horizontal layers, which were compacted with a sheepfoot roller (Bomag
105, 1.6 t). The gasification ash was filled to height of 2.9 m and to a density
of 1.5 t/m3. For the grate ash, the height was 2.4 m and the density was
1.7 t/m3. Leachate ran gravimetrically (angle 5%) through a drainage layer
(thickness 30 cm, gravel particle size <25 mm) and a collection drain (110
mm) to a sampling well (Sormunen et al., 2007; Sivula et al., 2011). The
drainage layer was designed to prevent the formation of a saturated zone at
the bottom of the lysimeter. However, it was not monitored to determine
whether saturated zone was formed or not. Leachate samples for the toxicity
assays were taken from sampling wells. The total duration of the lysimeter
study was 1265 days and leachate began to form from day 139 onwards.

Leachate characteristics including pH and conductivity were continuously
measured every half hour between study days 139 and 1236. In addition, ele-
ment concentrations were determined from leachate samples 35 times during
the study (Sivula et al., 2011). The leachates for this study were sampled
on September 24th 2004 (sample 2004), December 1st 2005 (sample 2005)
and June 6th 2007 (sample 2007), which were study days 280, 713 and 1265,
respectively. The volume of leachate was measured continuously and liquid
to solid (LS) ratios were calculated based on the cumulative volumes (l/kg
total solids (TS)). LS-ratios for grate ash were 0.56 (2004), 0.79 (2005) and
1 (2007), and for gasification ash 0.02 (2004), 0.1 (2005) and 0.31 (2007).
Leachate samples were collected in 2-litre glass bottles and frozen to -22 °C
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on the same day. All of the toxicity assays were conducted as the same series
in the autumn of 2007 in order to minimise variation due to changes in sensi-
tivity of test organism over time. It is known from the sediment studies that
effect of freezing on the PAH concentrations and sample toxicity are minor
(Carr and Chapman, 1995; Rost et al., 2002). The samples were taken from
the freezer to room temperature on the day before the toxicity assays began.
Samples were not pre-treated before chemical analyses or toxicity assays, ex-
cept for the EROD assay, where filtration (0.2 um) to sterilise samples was
used. Subsamples for metal and PAH analyses were taken from samples that
were thawed and then thoroughly mixed.

2.2. Chemical analyses

The major elements (Ca, K, Mg, Na, S) and trace elements (As, Cd, Cr,
Cu, Fe, Mo, Ni, Pb, Zn) were determined from each leachate sample without
pre-treatment. The measurements were performed with an inductively cou-
pled plasma optical emission spectrometer (ICP-OES, Perkin-Elmer Optima
4300 DV, Norwalk, CT, USA). The instrument’s default parameters were
used (nebuliser flow 0.6 l/min, auxiliary gas flow 0.2 l/min, plasma gas flow
15 l/min and plasma power of 1400 W) (Ilander and Väisänen, 2009). Fifteen
PAH compounds were determined with high performance liquid chromatog-
raphy (HPLC, Agilent 1100, Agilent Europe), using fluorescent and diode ar-
ray detectors. The detection limits were 10 ng/l for naphthalene, acenaftene,
fluorene, phenanthrene, anthracene, fluoranten, pyrene, benzo(a)anthracene,
chrysene, benzo(b)fluoranten, benzo(k)fluoranten, dibenzo(a, h)anthracene,
benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene and 1 ng/l for benzo(a)pyrene.
Uncertainty of the measurement was 30%. The method used was the in-house
method (0-5) of the accredited laboratory (SFS-EN ISO/IEC 17025) (Insti-
tute of Environmental Research, University of Jyväskylä). Total and dis-
solved organic carbon (TOC/DOC) were analysed with a total organic carbon
analyser (Shimadzu, TOC-5000A, Shimadsu Europe,) (SFS-EN:1484, 1997).
For the DOC analyses samples were syringe filtered (0.45 μm, polyvinylidene
fluoride membrane, Perkin Elmer, USA).

2.3. Bioluminescence inhibition assay

The bioluminescence assay was performed by a kinetic method (Lap-
palainen et al., 2001) at 15 °C. Freeze-dried bacteria (Vibrio fischeri) from a
BioToxTM(Aboatox, Turku, Finland) test kit were used with an automated
luminometer (Sirius, Berthold Detection Systems, Germany). In each run,
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three replicates and five dilutions were used. Gasification ash assays were
performed both with a pH adjustment (7.0±0.2) and in the native pH of the
sample (9.2–12.4). The grate ash leachate pH (7.4–8.2) was within the ac-
ceptable range ( 6–8.5) given in the standard, and therefore the pH adjusted
assay was not performed (ISO11348-3, 1998). The samples were not filtered
and, hence, contained some particles. Therefore, the results are expressed
as a ratio of luminescence at the point of measurement (5, 15, and 30 min-
utes), normalised with the peak value (Lappalainen et al., 2001). Statistical
software R and a drc-package were used to calculate the EC-values with a
log-logistic model in regards to all of the assays (Ritz and Streibig, 2005; R
Development Core Team, 2008).

2.4. Growth inhibition assay with green alga

The growth assay with unicellular green alga Pseudokirchneriella sub-

capitata (SAG 61.81, Culture Collection of Algae, University of Göttingen,
Germany) was a standard method (EN 28692, 1993) adapted to a 48-well
microplate. There were five dilutions, each with four replicates. A parallel
plate without algae was used to measure the background in each dilution.
Two series with and without pH adjustment to 8.3±0.2 were performed. Af-
ter the calibration carried out by microscopic counting with a glass chamber
(Bürke, Germany), the cell density was measured with a fluorometer (Fluo-
roscan Ascent, Labsystems, Finland), with an excitation wavelength of 444
nm and an emission of 670 nm. The cell density at the beginning was ap-
proximately 104/ml and was monitored after 0, 24, 48 and 78 hours. The
results were calculated by comparing the cell densities in each dilution with
the control at the same time point.

2.5. Water flea immobility assay

The water flea (Daphnia magna) assay was done according to the stan-
dard method (EN ISO 6341, 1996). There were five individuals per each test
flask containing 10 ml of liquid. In the control treatment six replicates were
used and in each dilution of five exposure concentrations there were three
replicate flasks. The mobile individuals were counted after 24 and 48 hours.
The grate ash leachate had a pH within the range of the standard (6–9) and
therefore was not adjusted. The gasification ash leachate was distinctly al-
kaline and the assays were conducted both with the pH adjusted to 7.8 ±0.2
and without the pH adjustment.
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2.6. Activity of ethoxyresorufin-O-deethylase

Induction of the EROD activity was studied with mouse hepatoma cells.
The hepa-1 cell line was obtained from the Institute of Applied Biotechnology,
University of Kuopio, Finland. In carrying out the EROD analyses, the
leachate samples were syringe filtered (0.2 μm polyethersulphone membrane,
VWR, USA) and pH adjusted to 7±0.1. The cells were transferred to a
96-well microplate (Sarsted, USA) one day prior to the exposure. Three
parallel wells were used for the samples and six were used for the controls. β-
naphtoflavone (130 μg/l) was used as the positive control. Cells were exposed
for three days, after which the microplates were frozen to −80 °C. The EROD
activity was measured within 48 h. In essence, the cell cultivation and EROD
analyses were performed as described by Koistinen et al. (1998).

The possible cell toxicity was observed by comparing protein amount of
the leachate exposed wells and the negative controls. Those exposure concen-
trations, in which the amount of protein was significantly different (p<0.05)
from the negative control in t-test were removed. Therefore, concentrations of
0.5, 1.9, 3.8 and 15% were selected for calculation of the EC values. Bartlett’s
test was used to study the equality of variances within each sample and the
p-value of 0.05 was used to indicate a statistically significant difference be-
tween the means. Analyses of variance or Kurskal-Wallis tests were used to
detect, whether there were differences between the exposure concentrations
compared and the the control treatments. Multiple comparisons were made
with a pair-wise t-test, the p-values of which were adjusted using Holm’s
method. All analyses were made with statistical program R (R Development
Core Team, 2008).

3. Results

3.1. Chemical characterisation of leachates

When assessed visually, the gasification ash leachate was clear, colourless
and contained some fine particles, while the grate ash leachate was light
brown and contained more particulate material. Conductivity and pH of
the gasification ash leachate were at the highest level in the 2005 sample.
The conductivity in 2004 was 600 mS/m, in 2005 840 mS/m, and in 2007
370 mS/m. Gasification ash leachate pH was 9.2, 12.4, and 10.7, respectively.
Conductivity of the grate ash leachate decreased during the study being 2450
mS/m in 2004, 100 mS/m in 2005 and 60 mS/m in 2007. Conversely, the
grate ash leachate pH increased slightly and was 7.8 in 2004, 7.7 in 2005 and
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8.2 in 2007. The average TOC content of the grate ash leachate was higher
(x̄=318 mg/l, SD=130, n=15) than that of the gasification ash leachate
(x̄=157 mg/l, SD=137, n=9) during the first 355 days (Sivula et al., 2011).
The share of the DOC from the TOC was 35 % (x̄=111 mg/l, SD=54, n=18)
for the grate ash leachate and 17% for the gasification ash leachate(x̄=53
mg/l, SD=111, n=14).

In the gasification ash leachate the concentrations of As, Ca, Mo, Ni and
Zn decreased during the study period and concentrations of Cd, Cr, Cu,
Fe and Mg remained constant. The concentrations of As, Ca and Cu in the
leachate samples used for toxicity assays and in the samples taken during the
entire lysimeter experiment are presented in Fig. 1. Concentration data for
all the other elements is presented in the supplement (Supplement Figs. 1 and
2). The maximum for K and Na in the gasification ash leachate was observed
in year 2005. In the grate ash leachate a decreasing trend was observed for
all elements other than Cd, Cr, Pb and Zn, whose concentrations remained
steadily near detection limits. The element concentrations in the samples
for toxicity assays closely followed those observed in the leachate monitoring
study (Fig. 1) (Sivula et al., 2011). The maximum concentration of elements
in the leachates samples are given in the Table 1. In both leachates, the
PAH concentrations were below the detection limits (10 ng/l and 1 ng/l for
benzo(a)pyrene) in all three samples.

3.2. Effects on bioluminescence

Gasification ash leachate inhibited bioluminescence during the whole study
period, both in assays with pH adjustment (pH 7±0.2) and without (pH 9.2–
12.4)(Table 2, Fig. 2). The adjustment of the pH decreased the toxicity of
the gasification ash leachate; however, it was still clearly toxic. The high-
est toxicities were observed both in the 2004 and in the 2005 samples. In
2005, even the lowest selected dilution (5 vol-%), caused inhibition at nearly
100 %. Surprisingly, some stimulation was observed in the 2004 sample, as-
sayed without pH adjustment. The difference compared to the control was
statistically significant in dilutions of 1 vol-%, 0.2 vol-% and 0.05 vol-% (t-
test, p<0.05) (Fig. 2). Grate ash leachate did not inhibit bioluminescence;
instead, stimulation was observed. The stimulation was observed in all of
the years; however, statistically significant stimulation was only observed in
2005, in dilutions of 5, 9, and 15.5 vol-% of the leachate.
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3.3. Effects on the growth of algae

The gasification ash leachate was toxic to algae during the first two years
(2004, 2005) of landfilling. The highest toxicity was observed in the 2005
assay without pH adjustment (pH 9.2–12.4) (Table 2). No adverse effect on
growth was observed in the sample from 2007; instead, even and increase up
to 290% was noted in comparison to the control with the standard substrate.
When the pH was adjusted, only the 2005 sample of the gasification ash
leachate was inhibitive at the highest concentrations. Adjustment of the pH
decreased the maximal stimulation of the 2007 sample (Fig. 3). For the grate
ash leachate toxicity was observed in the two highest concentrations in 2004
(max. inhibition 22%, in 66 vol-% of leachate, with a 72 h exposure), and in
the highest concentration in 2005. While toxicity was detected in the highest
concentrations of the samples in 2004 and 2005, the stimulation of growth
was observed in lower concentrations. The highest observed stimulation was
320%(10 vol-% sample, 2007, with a 72 h exposure) compared to the control.

3.4. Toxicity to Daphnia magna

The gasification ash leachate was toxic throughout the study, when the pH
was not adjusted and the highest toxicity was observed in 2005 (Table 2).
When the pH was adjusted all water fleas survived even in the undiluted
leachate over 24 h. However, extension of the exposure to 48 h reduced
survival slightly. In the pH adjusted sample of 2004, the survival at the
highest concentration after 48 h was 86%, whereas in 2005 and 2007 it was
93–100%.

Toxicity of grate ash leachate to D. magna decreased over the study
period (Table 2). The highest toxicity was detected in the 2004 sample,
whereas the toxicity was reduced in 2005, and only the EC20 values could
be calculated reliably (Table 2). By 2007, no toxicity was observed, as all
individuals survived even in the undiluted leachate.

3.5. Induction of EROD activity

Both leachates induced EROD activity during the first two years of dis-
posal. In 2004, the EROD activity increased when the gasification ash
leachate dose increased, resulting in an EC50 value of 1.19 % (SE=0.88).
Gasification ash also induced EROD activity in 2005, although no clear in-
crease with dose was observed. In 2005, the second highest dilution of 3.8 %
induced the greatest EROD activity in both leachates during the study (See
supplementary data: Fig. 3). It is possible that the highest concentration
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actually inhibited the EROD activity, thus showing lower inductions. The
grate ash leachate induced EROD activity in 2004 and 2005, giving EC50

values of 12.3 vol-% (SE=10.41) and 2.3 vol-% (SE=1.22), respectively. The
protein content and EROD activity (0.19 pmol/min/mg protein) were stable
between the controls in 2004 and 2005 indicating good comparability of the
results across these years. In addition, the positive control β-naftophlavon
(130 μg/l) induced EROD activity from 0.56 (SD=0.30) to 1.03 (SD=0.255)
pmol/min/mg protein in 2004 and 2005, when compared to the control, giv-
ing p-values of 0.07 and < 0.01, respectively. In the 2007 sample the protein
and EROD (0.06 pmol/min/mg protein) levels were slightly lower than in the
other samples. After removing outliers the EROD induction in the positive
control of 2007 was 2.8 pmol/min/mg prot (SD=4.34) and not statistically
different from the negative control.

4. Discussion

The three toxicity assays showed that both the gasification and the grate
ash leachates can have adverse effects on different trophic levels when as-
sessment is based on leachate as such without pH adjustment. Overall, it
seems that the gasification ash leachate was more toxic than the grate ash
leachate. To our knowledge there are no previous studies on the gasification
bottom ash toxicity. However, the present results of moderate and decreasing
toxicity of the grate ash leachate were parallel to those found in the other
grate bottom ash toxicity studies confirming that the methodology used was
reliable (Moser and Römbke, 2009; Römbke et al., 2009; Chou et al., 2009;
Lapa et al., 2007; Triffault-Bouchet et al., 2005; Lapa et al., 2002; Ferrari
et al., 1999). For the gasification ash leachate the maximum toxicity was
observed after two years, while the grate ash leachate showed a decreasing
trend in toxicity during the three-year follow-up period. Gasification ash
had toxic properties even after three years of disposal, while the grate ash
leachate showed no toxicity in any of the assays at the end of study.

The higher toxicity of the gasification ash leachate compared to the grate
ash leachate in the water flea and in the algae assays was probably related
to the higher pH in the former. In addition, pH independent toxicity of
the gasification ash leachate in the bioluminescence assay and the grate ash
leachate in the water flea assay were observed. The high pH can cause toxicity
directly as high concentration (pH > 10) of OH- -ions is known to be toxic
for example to Daphnia magna (Seco and Vale, 2003). The indirect effects
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of pH are related to solubility and speciation of elements. In weathered
bottom ash, reactive sorbet minerals such as Fe/Al-hydroxides are present
and elements such as Cd, Pb, Zn, Cu and Mo have high affinity for them
(Meima and Comans, 1999). However, under strongly alkaline conditions
(pH >10) Me-hydrolysis can take place and increase the amount of dissolved
metals (Meima and Comans, 1999). Therefore, highly alkaline condition can
potentially increase toxicity. In a previous study,the authors observed that
concentrations of Al, Ca, Mo and Na increased with increasing pH in the
gasification ash leachate (Sivula et al., 2011). Lapa et al. (2007) observed
that toxicity of grate ash leachate increased with an increase in the leachate
pH. As Seco and Vale (2003) point out, the pH in the exposed environment
plays an important role in regards to toxicity of metals and, therefore, the
toxicity assays should be performed in native pH of leachate.

The observed trends in the leachate toxicities seemed to follow conduc-
tivity. Similarly, the highest concentrations of most of the elements for gasi-
fication ash leachate were observed in 2005, while concentrations of grate
ash leachate decreased steadily. Although no conclusion can be drawn about
the leachate toxicity based on single element toxicity, the potential causes
of leachate toxicity were screened based on the EC50 database and limit
value comparisons. Based on the EU-limit values for the landfilling of non-
hazardous waste As in both leachates and Mo in the grate ash leachate were
identified to be present in elevated concentrations compared to percolation
test limit values (European Council, 2003). In addition, based on database
survey (US EPA ECOTOX database, accessed 3.11.2011) the As, Ca, Cd,
and Cu were identified to have maximum concentration in both leachates,
which could potentially have toxic effects in either water flea or algae assays.

The present maximum concentrations of trace elements in both of the
studied leachates were low in comparison with those determined in previous
studies of grate bottom ash (Ferrari et al., 1999; Chou et al., 2009; Römbke
et al., 2009). For example, the present concentrations of Cr, Cu, Pb and Zn
were among the lowest reported by Römbke et al. (2009), who determined
the trace elements from water eluates of twelve different MSWI grate bottom
ashes. Studies on the bottom ash of MSW-gasification are, to our knowledge,
scarce: only the element composition of ash (not leachates) and mass balance
of the trace elements between different residues have been published (Raskin
et al., 2002; Cioni and Riccardi, 2002). Although, the determined elements
probably contributed to toxicity of both leachates they do not explain the
higher toxicity of the gasification ash leachate as, throughout the study, the
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concentrations of all determined elements were lower in the gasification ash
leachate than in the grate ash leachate.

The pH independent toxicity of gasification ash leachate in the bacteria
assay could be due to lower TOC and DOC concentrations, higher Al con-
centration or due to organic contaminants. Al is potential element causing
the higher toxicity of the gasification ash leachate as its leaching from gasi-
fication ash increased with an increase in pH, and Al leached more from the
gasification bottom ash than from the grate bottom ash (Sivula et al., 2011).
In addition, the lower TOC and DOC of the gasification ash leachate could
explain the higher toxicity compared to grate ash leachate. The presence of
DOC is known to control availability of certain heavy metals in bottom ash
of which Cu is the best known example. Dissolved Cu is know to be mainly
(95–100%) bound to DOC and it’s leaching is controlled by strong organic
ligands and in weathered ash also by Fe/Al hydroxides (Meima et al., 1999).
Fe/Al hydroxides dissolve under highly alkaline conditions (pH > 10) and
high pH can therefore increase dissolution of Cu (Meima et al., 1999). On
the contrary, leaching of DOC from the MSWI bottom ash is not dependent
on pH, but rather on the amount of available organic carbon which decreases
as the ash weathers (Meima and Comans, 1997).

Hydrophobic organic contaminants like PAH compounds are also known
to be associated with organic carbon (Comans and Roskam, 2002). The
presence of dissolved organ carbon can lower the bioavailability of the hy-
drophobic organic contaminants (Haitzer et al., 1998; Akkanen and Kukko-
nen, 2003). Therefore, the lower TOC content and the lower share of DOC
from TOC in the gasification ash leachate could have increased bioavailabil-
ity of contaminants compared to the grate ash leachate. Postma et al. (2009)
also points out that increased salt and Ca levels can increase, due to salting
out effect, bioavailability e.g. "free" unbound concentration of the toxic ele-
ments such as Cu and organic contaminants. However, the Ca-levels as well
as conductivity, which reflects the salt content of the leachates were lower
in the gasification ash leachate than in the grate ash leachate. Thus the
salt content gives no explanation for the higher toxicity of gasification ash
leachate.

The concentrations of PAH compounds in the present study were be-
low the detection limit of 10 ng/l, which is less than observed by Liu et al.
(2008) under static leaching conditions for the grate bottom ash. They de-
tected that solubility for PAHs having four or less rings were <1.8–2.5 μg/l
and for the high molecular weight PAH with five or more rings 100–300 ng/l
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(Liu et al., 2008). However, the fact that in the present study both leachates
induced EROD-activity suggests that organic contaminants could have par-
tially caused the toxicity. Based on an EROD assay, Osaki et al. (2006) also
concluded that the toxicity they observed for the ash landfill leachate was not
related to elemental ions. In addition, the present result of gasification ash
toxicity in the bacteria assay is similar to Chou et al. (2009)’s, observation
that grate ash leachate was toxic to luminating bacteria, regardless of the
pH level. However, considering the complexity of the samples a detailed con-
clusive mechanism of observed toxicity is probably not possible with present
data.

Differences in the sensitivities of aquatic species indicate that the cause
of toxicity and its mechanism are not similar in the studied leachates. The
gasification ash leachate was most toxic in the bioluminescence assay, which
gave the lowest EC-values both with and without pH adjustment. Instead,
the grate ash leachate was most toxic in the water flea assay. The present
result was parallel to previous single species and microcosm studies showing
that the water flea D. magna(Cladoceran, Crustacea) is the most sensitive
species for grate ash leachate (Triffault-Bouchet et al., 2005; Römbke et al.,
2009). The EROD activity proved to be a very sensitive indication of po-
tentially adverse properties, as it gave the lowest EC values for both of the
leachates.

Stimulation observed in the bacteria and in the algae assays can be an
indication of toxic properties. While studying the effects of leachate on a
microcosm, Triffault-Bouchet et al. (2005) found that bottom ash leachate
can promote eutrophication. They were especially concerned about the in-
creased algal growth combined with toxicity to daphnids grazing on green
algae, which could further enhance eutrophication. Stimulation can be an
indication of an organism’s attempt to adapt to an environmental stres-
sor, which subsequently leads to over-compensation (Calabrese and Baldwin,
2002). Stimulation of bioluminescence was observed in the present study in
both leachates. Metals (Cr, Cu, and Zn) are known to cause stimulation of
luminescence in V. fischeri (Christofi et al., 2002). As stimulation can be
a weak indication of toxicity, which can have adverse long term effects, the
chronic toxicity of leachates should be studied.
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Conclusions

In the present study the waste gasification bottom ash leachate appear to
be more toxic and toxicity lasted longer than that of the grate incineration
bottom ash leachate. The higher toxicity was observed in all three assays
presenting different trophic levels. In addition to the direct effects of the high
pH (9.2-12.4), the higher toxicity of the gasification ash leachate probably
was due to indirect effects of pH such as changes in the solubility of elements.
EROD assay suggested that organic contaminants may contribute to toxicity.
The higher pH independent toxicity of gasification ash leachate in the biolu-
minescent bacteria assay could be related to lower TOC and DOC content
compared to the grate ash leachate. The higher toxicity of the gasification
ash leachate could not be explained with the element concentrations as they
all were constantly lower in the gasification ash leachate than in the grate ash
leachate. However, the element concentrations and conductivity correspond
to observed toxicity changes within both leachates. The bioluminescent bac-
teria were the most sensitive for the gasification ash leachate and water fleas
for the grate ash leachate.
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Table 1: The maximum concentrations and detection limits of the grate ash (Gr) and the
gasification ash (Ga) leachates (mg/l).

Ga Gr DL

As 0.23 0.39 0.1
Ca 86 737 0.005
Cd 0.01 0.009 0.005
Cr 0.01 0.01 0.02
Cu 0.02 0.02 0.02
Fe 0.8 1.27 0.02
K 795 753 0.02
Mg 0.1 646 0.01
Mo 0.12 0.33 0.05
Na 1304 3990 0.05
Ni 0.01 0.05 0.02
Pb 0.025 0.024 0.02
Zn 0.15 0.02 0.02
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Table 2: EC-values of the gasification ash leachate (GA) and the grate ash leachate (GR)
calculated from Bioluminescence (BL), algae (A), and water flea (WF) assays. No toxicity
is denoted with -. Only the assays with observed toxicity are shown.

Ash sample assay x ECx(vol-%) SD exp.time pH adj.

Ga 2004 BL 50 4.7 0.66 30 min no
Ga 2005 BL 50 <5 - 30 min no
Ga 2007 BL 50 8 0.13 30 min no

Ga 2004 BL 50 6.4 0.86 30 min 7±0.2
Ga 2005 BL 50 27 1.11 30 min 7±0.2
Ga 2007 BL 50 15.7 0.65 30 min 7±0.2

Ga 2004 A 50 62 7.7 72 h no
Ga 2005 A 50 7.5 16.6 72 h no
Ga 2007 A 50 - - 72 h no

Ga 2004 WF 50 0.52 0.56 48 h no
Ga 2005 WF 50 0.09 0.09 48 h no
Ga 2007 WF 50 0.46 0.15 48 h no

Gr 2004 WF 50 0.54 1.00 48 h no
Gr 2005 WF 20 1.01 0.04 48 h no
Gr 2007 WF 20 - - 48 h no

21



0.0 0.1 0.2 0.3 0.4

0.
0

0.
1

0.
2

0.
3

0.
4

A
s

Gasification ash leachate

0.5 0.7 0.9 1.1
0.

0
0.

1
0.

2
0.

3
0.

4
A

s

Grate ash leachate

0.0 0.1 0.2 0.3 0.4

0
40

80
12

0
C

a

0.5 0.7 0.9 1.1

50
0

10
00

C
a

0.0 0.1 0.2 0.3 0.4

0.
0

0.
4

0.
8

1.
2

C
u

0.5 0.7 0.9 1.1

0.
0

0.
4

0.
8

1.
2

C
u

Liquid/Solid −ratio

C
on

ce
nt

ra
tio

n 
(m

g/
l)
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measured in the monitoring study (◦) and in the samples used for toxicity analyses (�).
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a b s t r a c t

The effect of anaerobic conditions on weathering of gasification and grate bottom ash were studied in

laboratory lysimeters. The two parallel lysimeters containing the same ash were run in anaerobic condi-

tions for 322 days, after which one was aerated for 132 days. The lysimeters were watered throughout

the study and the quality of leachates and changes in the binding of elements into ash were observed. The

results show that organic carbon content and initial moisture of ashes are the key parameters affecting the

weathering of ashes. In the grate ash the biodegradation of organic carbon produced enough CO2 to reg-

ulate pH. In contrast the dry gasification ash, containing little organic carbon, was not carbonated under

anaerobic conditions and the pH decreased only after aeration was started. During the aeration the CO2

absorption capacity was not reached, indicating that intense aeration would be needed to fully carbonate

gasification ash. The results indicate that in common weathering practice the main emissions-reducing

processes are leaching and carbonation due to CO2 from biodegradation. The results of the aeration study

suggest that the role of atmospheric CO2 in the weathering process was insignificant.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It is common practice to weather ashes for few months before

utilisation or disposal as this decreases the leaching of contami-

nants [1]. During weathering, atmospheric gases and rain induce a

series of geochemical processes, which leads to decreased leaching

of contaminants and stabilised pH. Carbonation is one of the impor-

tant weathering process, in which atmospheric CO2 is absorbed to

ash [2]. The carbonation process decreases the initially high pH of

ash, through change in the mineral composition of ash, toward the

equilibrium of 8.3 [2]. This in turn stabilises the inorganic contam-

inants in ash.

Emission of bottom ash disposal and utilisation and the pro-

cesses involved in these have been widely researched. However,

the effect of anaerobic conditions on the formation of emissions

is a relatively little studied topic. Anaerobic conditions may pre-

vail inside the ash heap, in the landfill, or when ash is utilised for

example in road foundations. It is known that in a large ash heap

the diffusion of atmospheric gases is limited to the surface layers

[3].

The objective was to study weathering processes under anaer-

obic conditions and effect of ash characteristics on it. In addition,

role of atmospheric gases on weathering process was studied by

aerating ashes. Two different kind of bottom ash, grate bottom ash

∗ Corresponding author. Tel.: +358 2601211; fax: +358 2602321.

E-mail address: leena.sivula@jyu.fi (L. Sivula).

and gasification bottom ash, were used. The effect of weathering

on leachate quality was studied as well as changes in the release of

elements from ash.

2. Materials and methods

2.1. Bottom ashes

Bottom ashes were obtained from two facilities, one waste

gasification unit and another MSWI incineration installation with

a moving grate. The circulating fluidised bed gasification facil-

ity (established 1998, operating temperature 850–900 ◦C, Lahti,

Finland) uses recycled wood from industry, plastics and refuse-

derived fuel (RDF). The process is based on the production of gas

which is then utilised in a boiler. In the combustion chamber the

fuel dries and volatile material is released to form the product

gas. After the combustion chamber, solids are separated from the

product gas in a cyclone from which they are returned to the com-

bustion chamber. From the bottom of the combustion chamber

bottom ash is removed with screw conveyors. Bottom ash com-

prises unburned material and the solids, sand and limestone, added

to the process. Bottom ash is cooled down and landfilled without

pretreatment.

The moving grate incineration facility (established 1975,

modernised 1995, operating temperature 1000–1100 ◦C, Turku,

Finland) incinerates MSW, from which the most of glass, paper, and

metal have been separated through the regional waste collection

system. Bottom ash is quenched and landfilled.

0304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2009.09.056
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The bottom ashes from both facilities were transported with

trucks to Mustankorkea landfill (Jyväskylä, Finland), where they

were placed as heaps on an asphalt surface. Ashes were sampled

with a shovel from about 20 different points on the heap. The

mixed samples for the element analyses performed as sequen-

tial extraction were placed in 1-l plastic bags from which air was

removed. The mixed samples for the laboratory lysimeters were

placed in 10-l plastic buckets, which were air-tightly sealed with

lids.

2.2. Laboratory lysimeters

Four laboratory lysimeters (diameter 18, height 70 cm) made

of PVC and situated at room temperature (20 ± 2 ◦C), were used.

Two of the lysimeters were filled with 17.45 ± 0.15 kg (wet weight)

of gasification ash and two with 10.35 ± 0.15 kg of grate ash.

The lysimeters were air-tightly sealed, and the air-space purged

with nitrogen after sealing. The lysimeters were fed with 100 ml

of ion-exchanged water three times per week during the total

study period of 486 days. This corresponds to 4.5 years of rain-

fall in local conditions (assuming that 50% of the precipitation

infiltrates). There were two taps on the top, one to feed water

and another one connected to an aluminium bag for the collec-

tion of possible gas emissions. Leachates were collected in a 2-l

glass bottle, which was air-tightly attached to the bottom of the

lysimeter. The bottle was filled with nitrogen to avoid contact with

air during collecting and changed as it filled. Leachate pH was

measured and samples taken for sulphate, conductivity, nitrogen,

total chemical oxygen demand (COD), chloride and element anal-

yses.

The two lysimeters filled with the same ash were operated as

replicates for the first 322 days. Thereafter, one lysimeter contain-

ing gasification ash and one containing grate ash were aerated

during days 323–466 (132 days), in order to study the effect of

enhanced contact with air on the leaching of contaminants from

the ashes. Air was pumped through the gravel layer at the bottom of

the aerobic lysimeters. An aquarium pump (Rena Air 100, 3 W) was

used and the average flow rate was 35.6 l/h (SD 21.7). The flow rate

was measured from the top of the lysimeter with a bubble meter

every weekday. The corresponding anaerobic lysimeters were run

without aeration through the study.

The ash in the top layer of lysimeters were sampled once before

the aeration period (study day 309). At the end samples were taken

from the top, middle and bottom layers and mixed before analyses.

2.3. Analyses and calculations

From the leachates the concentrations of Al, As, Ba, Ca, Cd, Cr,

Cu, Hg, Mg, Mo, Ni, Pb, S, Sb, Se, and Zn were determined with

ICP-OES (PerkinElmer Optima 4300 DV, nebuliser flow 0.8 l/min,

plasma power 1300 W, auxiliary gas flow 15 l/min). In addition, the

concentration and binding of As, Ca, Cr, Cu, Mo, Pb, S, and Zn in

the ashes were studied with sequential extraction followed by ICP-

OES [4,5]. Chemical oxygen demand (COD), sulphate (SO4), and pH

were determined as previously described in [5]. Used conductivity

meter was CDM210 (Radiometer analytical). Chloride was mea-

sured with the Dr Lange cuvette test (LCS 311, Dr. Bruno Lange

GmbH) and total nitrogen (Ntot) using the Tecator application note

(Perstor Analytical/Tecator AB 1995).

During the aeration period CO2 was measured from the in- and

outflows of the aerobic lysimeters. CO2 was determined with a gas

chromatograph (PerkinElmer Autosystem XL ,Varian Select 50 m

×320 �m, carrier gas helium, Oven 90 ◦C, injection port 90 ◦C, ther-

mal conductivity detector 160 ◦C).

Student’s t-test was used to compare the results of the different

treatments, p-value of 0.05 was used throughout the study.

3. Results

3.1. Leachate quality

The changes in leachate quality under the anaerobic disposal

conditions were studied by measuring COD, pH, total nitrogen,

chloride, and conductivity in the lysimeter leachates. The replica-

bility of the grate ash lysimeters were fairly good in all parameters

(Fig. 1). In the gasification ash lysimeters some variation occurred,

especially in the sulphate and nitrogen; however, the concentra-

tions were low. The clearest changes in the grate ash leachate were

a rapid decrease of COD from 1650 mg/l (day 9) to 360 mg/l (day

39), and in pH, from 8.9 (day 11) to 7.7 (day 40). The decrease in

the nitrogen, chloride, and sulphide concentrations was constant.

The decrease in the major elements was also visible as a decreas-

ing trend in conductivity (Fig. 1).In the grate ash all the measured

parameters decreased, while in the gasification ash conductivity

and concentration of sulphate in the leachate increased in the initial

phase. In the gasification ash leachate the most noticeable change

was a rapid decrease in COD during the first 30 days (Fig. 1).

The pH of the gasification ash leachate remained above 12

throughout the study period, while in the grate ash leachate pH

at its highest was 9.00. The sulphate concentration in the grate

ash leachate was 2000 mg/l at the beginning and 1000 mg/l at the

end, while in the gasification ash, the sulphate concentration in the

leachate was 92 mg/l at its highest (days 64, 430) (Fig. 1). The chlo-

ride concentration was 2350 mg/l at the beginning in the grate ash

leachate and had fallen to below 100 mg/l by day 218. In the gasifi-

cation ash leachate the initial chloride concentration was 300 mg/l

and falling slowly to slightly under 100 mg/l by the end of the

experiment (Fig. 1).

3.2. Effect of aeration on leachate quality

The effect of aeration on ash leaching behaviour was observed

by comparing the quality of leachate in the aerated lysimeter

to that in the anaerobic lysimeter during the same period (days

323–466). The effect of aeration was the clearest in the gasifica-

tion ash leachate, in which pH and conductivity decreased (Table 1,

Fig. 1). The decrease in pH was statistically significant (p = 0.02)

compared to that of the leachate in the anaerobic lysimeter during

the same period (days 323–466). Leachate conductivity was low

(mean 1.6 mS/cm) in the aerobic compared to anaerobic lysimeter

(mean 8.3 mS/cm); however, only two samples were taken dur-

ing the aeration period. Aeration of the grate ash increased the

leaching of sulphate, although the difference between the aerated

and anaerobic lysimeters was not statistically significant (p = 0.07)

(Table 1).

3.3. Leaching of elements

The leaching of elements under anaerobic conditions (days

0–322) was studied by measuring the concentrations of major

and minor elements in the lysimeter leachates. Ca leached out in

high concentrations from both ashes: leachate concentrations up

to 5.2 g/l were measured in the gasification leachate and concentra-

tions up to 5.3 g/l in the grate ash leachate. From the grate ash S also

leached out in high concentrations (2600 mg(S)/l) while in gasifi-

cation ash leachate it remained under 15 mg(S)/l throughout the

study. In the grate ash the trend in the leaching S and Ca was sim-

ilar. The concentration of P was around 0.4 mg/l in both leachates

(Fig. 2).

Ba, Mg, Mo, and Ni were detected in significant concentrations in

the leachates (Fig. 2). Ba concentrations up to 34 mg/l were deter-

mined in the gasification ash leachate. In the grate ash leachate

Ba concentrations were around the detection limit (0.005 mg/l). In
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Fig. 1. Leachate quality. All lysimeters were run anerobically on days 0–322. Beginning of aeration (day 323) in the grate ash lysimeters (Gr1 ©) and of gasification ash

lysimeters (Ga1 �) is marked with vertical line.

the beginning Mg concentrations up to 15 mg/l were determined in

the grate ash leachate. In the gasification ash leachate Mg was not

detected (except on outlier day 169). In the grate ash the highest

Mo concentration was 1.03 mg/l. In the gasification ash leachate Mo

concentrations were lower (0.18 mg/l). In the first measurements

the Ni concentration in the gasification ash leachate was 0.05 mg/l,

decreasing thereafter below the detection limit (0.02 mg/l). In the

grate ash leachate Ni concentrations decreased from 0.1 mg/l to

below detection limit by day 248.

Al, Cu, Pb, and Zn were only detected at the beginning decreasing

rapidly thereafter to below the detection limits in both leachates,

Zn is given as an example in Fig. 2. Cd, Cr, Hg, Sb, and Se remained

below the detection limits throughout the study in the anaerobic

leachates. The concentration of As remained close to the detection

limit (0.1 mg/l) during the study.

3.4. Effect of aeration on leaching of elements

The effect of aeration was studied by comparing elements in

the leachates from the anaerobic and aerobic lysimeters during the

aeration period (days 323–466). Aeration decreased the leaching of

Ca and Ba from the gasification ash and P from the grate ash. The

aeration significantly (t-test < 0.01) decreased the concentration of

Ca in the gasification ash leachate compared the corresponding

value in leachate of the anaerobic lysimeter during the same period.

The concentration of Ba decreased rapidly in the gasification ash

leachate from 30 mg/l close to the detection limit of 0.005 mg/l (t-
test, 0.028) (Fig. 2). In the grate ash leachate, the concentration of

P decreased significantly (t-test 0.034) during the aeration period.

The concentration of S in the grate ash leachate increased (t-test

0.029) during the aeration period as did the concentration of Mg

up to 30 mg/l (Fig. 2).

3.5. Binding of elements in ashes

The concentrations and binding of elements in the ashes were

studied with sequential extraction at the beginning, before aera-

tion (day 309), and at the end of the study (day 466). Based on the

changes in the total concentration and concentrations within each

fraction the leaching of elements and changes in chemical bind-

ing were observed. Comparison have been made only between the

samples taken at the begin and at the end of the study as the sam-
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Fig. 2. Concentrations of selected elements in the lysimeter leachates. Beginning of aeration in Gr1 of the grate ash lysimeters (Gr1 ©, Gr2 �) and Ga1 of gasification ash

lysimeters (Ga1 � and Ga2 N) is marked with vertical line. Horizontal line is detection limit.

ples taken only from the top of the lysimeters at the middle (day

309) were not reliable for all elements. Under the anaerobic con-

ditions Ca, Cr, and Mo leached out from the gasification ash and

As, Ca, Cr, Cu, Mo, Pb, and S from the grate ash (Fig. 3). The major

change in binding was an increase in As to an oxidizable fraction

(4) in the grate ash and Cr in both ashes.

In the gasification ash the total concentration of Ca had

decreased 10% by the end of the study. Ca leached from exchange-

able (1) and reducible (3) fractions. There was increase in the

carbonate-bound (2) and in the oxidizable (4) fractions. The total

concentration of Cr decreased 52% during the study period. The

decrease was the highest in the exchangeable (1) fraction but was

significant also in the residual fraction (5). However, the Cr con-

centration in the oxidizable fraction (4) increased by over 100%

compared to the initial concentration, while high increases were

also observed in fractions 2 (57%) and 3 (92%). The concentration

of Mo decreased by 89%, mostly from the exchangeable (1) and

carbonate-bound fractions.

In the grate ash the concentration of As decreased by 10% com-

pared to the initial values. The decrease was mainly in the residual

fraction (5). As increased in fractions 3 and 4. The decrease in the

concentration Ca was 7% and that of Cr 16%. Ca decreased in the

residual (5) and exchangeable fractions (1) and Cr in the exchange-

able (1) and carbonate-bound fractions (2). The concentration of

Cr increased in fractions 3 (26%) and 4 (265%). Cu decreased in all

fractions; the total decrease was 75%. Total decrease in Mo was

75% and distributed among all the fractions. The total amount of Pb

decreased by 29% from the carbonate-bound fraction, in which Pb

was mostly bound. However, there were high increases (100%) in

Pb in fractions 2, 3, and 4. The concentration of S decreased by 45%

in fractions 1, 2, and 5.

The gasification ash proved to be a difficult matrix as the analy-

ses of As, Cu, S, and Zn were unreliable. In addition, concentration

of Pb was low preventing reliable comparison of different treat-

ments. The total concentrations of As and Zn seemed to increase,

while the concentrations of Cu and S varied strongly during the

study. Therefore, no conclusions were drawn about these ele-

ments. No such problems were observed with the grate ash,

except for Zn, the concentration of which increased during the

study.

3.6. Effect of aeration on binding of elements

The effect of aeration was observed by comparing the concentra-

tions in the ashes from the aerated and anaerobic lysimeters at the

end of the study. These comparisons show that aeration decreased
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Fig. 3. Binding of elements. Gasification (Ga) and grate ash (Gr) were analysed with sequential extraction at the beginning (B, day 0), before aeration (M, day 309), and at

the end (E, day 466) of the study. Gr1 of the grate ash lysimeters and Ga1 of gasification ash lysimeters were aerated between days 323 and 466.

the leaching of Cr, Cu, and Mo in both ashes. For As and Ca the vari-

ation in the total concentration between the different treatments

remained under ±10% in both ashes. In the grate ash the total con-

centration of Pb was 47% lower in the aerobic lysimeter at the end

of the study than in the anaerobic lysimeter.

The binding of Cr increased in the aerobic lysimeter in the

exchangeable oxidizable fractions (4) and fell close to zero in the

residual fraction (5) in both ashes. Cu bound more in the reducible

(3) and residual (5) fractions in the aerated lysimeter than in the

anaerobic. The binding of Mo in the aerobic grate ash lysimeter

was higher in fractions 4 and 5, and in the gasification ash lysime-

ter it was especially high in fraction 4 but was also high in fraction

1. Under anaerobic conditions the binding of Pb was higher in all

fractions, especially fractions 2 and 5.

3.7. CO2 absorption

In the gasification ash lysimeter the absorption of CO2 was

observed as a consistently lower concentration in the outflowing

air than in the inflowing air (Fig. 4). The average CO2 concentration

of the air pumped in was 358 ppm (SD 112, n = 36) and the average

CO2 concentration of the outflowing air was 169 (SD 376, n = 36).

In the grate ash lysimeter CO2 absorption was strongest during the

first 40 days of aeration (Fig. 4). During the first 40 days of aeration

the mean CO2 of the inflowing air was 640 ppm (SD 837, n = 19)

and that of the outflowing air 360 (SD 623, n = 18 (outlier day

343 removed)). Absorption declined slowly and by the day 380 no

absorption was observed. The amount of absorbed CO2 was calcu-

lated from the cumulative in- and outflows. The grate ash absorbed

4.44 mmol/g(dm) (99.5 l/kg(dm)) of CO2 and the gasification ash

3.94 mmol/g(dm) (88 l/kg(dm)).

4. Discussion

The present results show that under anaerobic conditions

the leaching of inorganic substances and carbonation due to

biodegradation are the main processes of weathering. The aeration

experiments show that it is doubtful whether atmospheric CO2 is

Fig. 4. CO2 absorption. CO2 was measured from air flowing in (©, �) and out (�, N)
of the lysimeters during the aeration period, days 323–466.
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significantly able to carbonate a large heap of ash. Two different

types of bottom ashes were studied and their comparison shows

that the organic carbon content and moisture of the ashes are the

main characteristics influencing the rate of weathering.

The weathering of both types of ashes was observed as a

rapid change in leachate quality during the first 30 days of the

study. In the grate ash leachate the quality parameters decreased

under anaerobic conditions similar to those in previous large scale

experiments [6,3]. It is assumed that information on weathering

mechanisms from large scale experiments are actually obtained

under anaerobic conditions. It can be concluded that, when grate

ash is landfilled the filling phase causes significant part of emis-

sions. In the gasification ash, which was not quenched, there is

an initial phase during which conductivity and sulphate concen-

tration increase. In the gasification ash the change in leachate

quality was not as dramatic and the level of the measured

parameters was lower than in grate ash, except to pH and con-

ductivity.

The change in the grate ash pH was rapid and implies that also

under anaerobic conditions there are mechanisms that regulate

pH. Absorption of CO2 is known to be the main process regulating

the pH of ashes [2]. Under anaerobic conditions the degradation of

organic carbon can produce enough CO2 to fully carbonate the ash

[7,8]. The COD measurements from the grate ash leachate show that

relatively high amounts of carbon were present in the initial phase.

Our previous studies have shown that the carbon is also partially

biodegradable in an anaerobic system [5]. Decreased leaching of

COD can follow from biodegradation of organic carbon. However,

leaching of carbon correlates with pH [9], which could also explain

simultaneous decrease in pH and COD. The aeration period caused

some fluctuation in the pH of the grate ash leachate, which could

have been due to further carbonation.

In the gasification ash, under the anaerobic conditions pH was

consistently high until aeration began, when it decreased. Lack

of organic carbon can prevent carbonation of the gasification ash

under anaerobic conditions. Low level of the organic carbon was

observed as rapid decrease in COD below detection limit (30 mg/l),

in the gasification ash leachate. Also, the initial pH of unquenched

gasification ash is so high (about 13) that it probably hinders any

biological activity.

High concentrations of the constituents of inorganic salts (Cl,

SO4, and Ca) were detected in the leachates during the initial phase

of the study. Aeration increased leaching of Ca and SO4 from the

grate ash, similar to previous carbonation experiments with air

and pure CO2[10,11]. This could be due to decrease of pH which

increases solubility of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) [2]

and therefore concentrations of Ca and SO4 in the leachate. Chlo-

ride is easily soluble in both ashes. Aeration did not affect chloride

leaching, which is know to be independent on pH [11,3].

Aeration decreased the leaching of Ca from the gasification

ash. However, the results of sequential extraction were unable

to confirm the phenomenon observed in the leachate concentra-

tions, which implies that pore water and precipitation/dissolution

of Ca-compounds in it play a central role in the chemical changes

induced by aeration. Aeration probably induces formation of cal-

cite (CaCO3) and other carbonates whose solubility is lower than

those of hydroxides formed when dry ash gets into contact with

water [2]. The sequential extraction results at the beginning and at

the end were compared to find out changes in binding of the ele-

ments. Results obtained at the middle of the study (day 309) were

excluded as for some elements the total concentration were lower

than those taken at the end of the study. At the middle the samples

were taken only from the top of the lysimeter and for example Ca

probably washed out first from top layer, therefore producing gra-

dient in the lysimeter in which the highest concentration was at

the bottom.
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Aeration decreased the leaching of Mo and Cu in both ashes and

Ba in the gasification ash. The sequential extraction results show

that leaching of Mo and Cu was hindered in the aerated lysime-

ters. Natural weathering has been previously shown to decrease

Cu and Mo leaching [12,10]. Meima et al. [10] found that artificial

carbonation does not have a similar effect. This implies that other

processes in addition to carbonation are involved [10]. Also, com-

plex formation with organic carbon is known to affect the leaching

of Cu [13].The present results show that, aeration decreased ini-

tially high concentration of Ba in the gasification ash leachate. This

result is similar to that of Arickx et al. [12], who found that aging

decreased Ba concentrations.

Aeration decreased the leaching of Cr from both ashes according

to the sequential extraction results. Aeration decreased solubility of

Cr slightly more than the anaerobic conditions. Contrary to the pre-

vious results showing that aging and aeration increased leaching of

Cr [12,14]. Cai et al. [14] propose that metallic aluminium reduces

Cr(VI) to Cr(III) under anaerobic conditions, which decreases solu-

bility. The sequential extraction shows the highest increases were

in oxidizable fraction, which supports reduction-hypothesis.

Leaching of Pb and Mg from the grate ash increased during aer-

ation. Todorovic and Ecke [11] found out that artificial carbonation

increased cumulative leaching of Pb and Zn. Pb is know to bind to

carbonates and newly formed silicate minerals can also retain it

[15]. The present sequential extraction results show that aeration

reduced Pb from carbonate fraction and from residual fraction. The

increased leaching of carbonates can results from changes in pH.

The reduction in the residual fraction indicates that aeration cor-

rodes silicate minerals and releases Pb bound into them. Aeration

could have increased the leaching of Zn [11]; however, the vari-

ation in the measurements of Zn was high. Similar difficulties in

the measurement of Zn from bottom ash have also been observed

in previous studies [16]. According to the leachate measurements

the aeration increased leaching of Mg from the grate ash. Aeration

could have released Mg from silicate minerals similar to Pb. Mg is

known to be present in the form of MgO and in silicate minerals

[17].

Despite the fact that, the direct comparison of ashes from the

gasification and conventional grate incineration processes is not

possible as the incinerated materials were different, the compari-

son of the ashes revealed some characteristics that may generally

explain the different behaviour under the anaerobic conditions. The

ashes differed in their concentration of leaching organic carbon,

measured as COD, and initial moisture content. The initial moisture

content is dependent on the ash treatment in the incinerator phase.

Quenched ash is not only wetter but its pH and buffering capac-

ity are also lower. Dry, alkaline gasification ash, containing little

organic carbon is a hostile environment for any microbial activity

able to enhance the weathering process.

Both ashes absorbed about the same amount of CO2 during the

aeration period; however, the results reveal differences in the pat-

tern of absorption. In the grate ash the absorption of CO2 decreased

while in the gasification ash a similar decrease was not observed

and saturation was not reached. The ashes were aerated with the

same power but air more easily penetrated and produced higher

outflow in the coarse grate ash than in the gasification ash. At the

end of the study the cumulative CO2 absorption was similar in both

ashes. The absorption capacity of the grate ash was reduced owing

to CO2 from biodegradation before the aeration period.

Compared to previous studies (max. 24 l/kg(dm)) the absorption

capacity found in this study was high (90–100 l/kg(dm)) [10,18].

Standard deviation of the flow measurements was high, which

weakens the reliability of the present results. It is also of note that

many carbonation studies have been performed on a small scale

(from a few grams to few hundred grams of ash) [10,18,12]. Also,

the drying and crushing of ash for the analyses is common practice

[12,10]. During drying, crushing, and other preparation the ash may

have already reacted with atmospheric CO2 and smaller samples

sizes facilitate contact with air. Thus, sample preparation as com-

monly practiced may cause systematic error that underestimates

the absorption capacity of the ash.

Gasification ash is resilient to carbonation whether induced by

biodegradation or atmospheric CO2. Totally dry ash reacts very

slowly with CO2; the CO2 must first dissolve into pore water [18].

Therefore, the initially dry gasification ash is not very reactive until

rainwater seeps in to the ash heap. In dense gasification ash the

diffusion of atmospheric CO2 can be slow and limited to surface lay-

ers. This has been shown on the pilot-scale for conventional bottom

ash[3]. In addition, there is also some evidence that the carbona-

tion itself is slow, taking almost a week under pressure (0.1–0.2 bar)

[18].

5. Conclusions

Significant changes in ash and leachate quality take place under

anaerobic conditions. The addition of aeration does not result in

changes that would induce further changes of the same magnitude.

The measurements of trace elements in the ashes showed some

effects of aeration, although whether these changes in the binding

of the trace elements are large enough to improve the quality of the

leachate is questionable. In addition, aeration enhanced, at least,

the leaching of Pb. No reduction in the toxic elements was detected

in the leachates during aeration, implying that the slightly forced

or natural aeration of ashes is not able to appreciably reduce the

leaching of trace elements.

The present results question the role of atmospheric carbon

dioxide in short-term weathering. On the basis of these results it

seems that in gasification ash during anaerobic weathering, salts,

organic carbon, and trace elements are leached out. Therefore, dur-

ing weathering emissions are simply transferred to the water phase

instead binding more firmly to the ashes. In grate ash the biodegra-

dation of organic carbon probably produces enough carbon dioxide

to carbonate the ash, but other chemical weathering processes and

leaching are involved also. In this study forced aeration was not

able to fully carbonate the gasification ash. Although the flow rate

used was slow, it can be doubted whether the passive diffusion of

atmospheric carbon dioxide in a large ash heap or in fill is possible

to the extent, required for full carbonation.
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Leena J. Sivulaa,�, Ari O. Väisänenb, Jukka A. Rintalaa

aDepartment of Biological and Environmental Science, University of Jyväskylä, P.O. Box 35, Fl-40014, Finland
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a b s t r a c t

Removal of sulphate and toxic elements from the leachate of a field landfill lysimeter

ð112m3Þ, containing municipal solid waste incineration (MSWI) bottom ash, was studied.

The leachate was treated in two parallel laboratory upflow anaerobic sludge blanket (UASB)

reactors without and with ethanol as additional carbon source. With ethanol more than

65% of sulphate was removed, while without ethanol removal was negligible. The

treatment removed Ba, Ca, Cu, Mn, Mo, Ni, Pb, Tl, Sb, Se, Sr, and Zn of the studied 35

trace and other elements. The sequential extraction of the reactor sludge at the end of runs

confirmed that with a few exceptions (Ba, Ca, and Cu) the main mechanism by which the

elements were removed was precipitation as sulphides.

& 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Municipal solid waste incineration (MSWI) is an increasingly

used method of solid waste pre-treatment. However, incin-

eration produces residues which need to be properly mana-

ged. Bottom ash typically forms 85–90% by weight of the

incineration residues, which is 25–45% of the mass of the

incinerated municipal solid waste (MSW) and about 10% of its

volume (Hjelmar, 1996).

Bottom ash can be utilised for example in road bases and as

concrete aggregate, but with a number of restrictions. Bottom

ash contains corrosive compounds and as a heterogeneous

material it may require homogenisation or screening into size

classes (Wiles, 1996; Forteza et al., 2004). In addition, for the

economic and logistical reasons site of utilisation must be

within reasonable proximity to the incinerator. Bottom ash

will be landfilled, whenever safe utilisation is not possible, at

least in countries where solutions such as placement in salt

mines are not available (Hjelmar, 1996).

Emissions from bottom ash landfilling should be assessed

and landfills designed such that the environmental burden

and period of active management of landfills are minimised.

Leachate is the major emission from bottom ash landfilling

both in quality and quantity. Bottom ash leachate differs

markedly from MSW landfill leachates, which are rich in

organic material and nitrogen compounds; instead, it con-

tains trace elements and inorganic salts such as chlorides

and sulphates of calcium, potassium, and sodium (Sabbas

et al., 2003).

Treatment of ash leachates has been previously studied e.g.

in constructed wetlands and by reverse osmosis. Constructed

wetland removed trace elements from coal ash leachate

effectively over a long period (Ye et al., 2001). Salts and dioxins

have been successfully removed by reverse osmosis from

leachate of incineration residues (Ushikoshi et al., 2002).

However, the presence of sulphate and trace elements in the

leachate makes biological sulphate-reduction a potential

technology following on from its application to the removal

of metals from mining waste waters and groundwater (Lens
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and Hulshoff Pol, 2000). Contrary to acidic mining waste

waters, which have high concentrations (hundreds of milli-

grams per litre) of few elements (e.g. Cu, Zn) ash leachates are

alkaline and they contain relatively low concentrations of

many trace elements.

In the sulphate-reducing process, sulphate-reducing bacter-

ia (SRB) use sulphate as an electron acceptor in a process

where hydrogen or organic compounds are oxidised and

sulphate simultaneously is reduced to sulphide. Sulphide

reacts with divalent metal cations and with some metals or

metalloids of the other oxidation states (e.g. Ag2S, As2S3,

Sb2S3) to form sulphide compounds with a low solubility,

whereas sulphides of e.g. alkaline earth metals are less stable

in the presence of water. When the ratio of the chemical

oxygen demand (COD) and sulphate in waste water is greater

than 0.67, which is calculated using a stoichiometric equation,

all of the sulphate can be reduced to sulphide by SRB (Widdel,

1988). Bottom ash leachate contains some organic carbon, but

the amount is small compared to the sulphate concentration,

and therefore the addition of a source of organic carbon may

be necessary in order to remove all the sulphate.

The objective of this study was to assess feasibility of a

sulphate-reducing process in the treatment of bottom ash

leachate. The chemical properties of leachate from a landfill

lysimeter containing MSWI bottom ash were studied over a

period of 280 days after landfilling. The ability of the sulphate-

reducing upflow anaerobic sludge blanket (UASB) reactors to

remove COD, sulphate, trace elements, and other elements as

well as the concentration and binding mechanism of the

elements in the sludges of the reactors were studied.

2. Materials and methods

2.1. Leachate

Bottom ash was obtained from an incinerator using fixed bed

technology (31 years old, modernised 1995, Turku, Finland).

The incinerated MSW fromwhich glass, paper, and metal were

source-separated was from Turku region. Bottom ash was

transported immediately after quenching with trucks to

Mustankorkea landfill in Jyväskylä (Finland) where it was

placed in a field landfill lysimeter (height 3.9m, width 2.4m,

length 12m). The ash was compacted with a sheep foot roller

andwas exposed to ambient weather conditions. Leachatewas

collected from the drainage system into the well by gravity,

from which samples were taken. Preliminary experiments

(data not shown) suggested inhibition of sulphate reduction

when undiluted leachatewas used, hence leachate was diluted

with tap water (1:1) before feeding to the reactors. Concentra-

tions of the elements were all under the detection limits in the

tap water. Ethanol (96%) was added (1g/l) as an electron

donator in the feed of reactor R2 from day 30 onwards. Influent

COD without ethanol addition was 314 (SD 181, n ¼ 57)mg/l

and biological oxygen demand ðBOD7Þ 15mg/l (1 sample).

2.2. Reactor experiments

Two parallel continuously fed UASB reactors (0.5 l, height

345mm, inner diameter 47mm, glass) were run at 20� 2 �C.

Reactors were fed with diluted leachate, reference reactor R1

without added ethanol and R2 with the ethanol addition. The

feed was prepared twice a week and was stored in 2 l glass

bottles in the refrigerator ð4 �CÞ under nitrogen. The feed was

pumped to the reactors with constant flow rate (hydraulic

retention time 1 day). Both reactors were inoculated with

300ml of anaerobically digested sludge (total solids (TS)

17.8 g/l, volatile solids (VS) 9.9 g/l) from a local municipal

waste water treatment plant (Jyväskylä, Finland), after which

reactors were flushed with nitrogen and air-sealed. The

tubing was made of PVC and the influent and effluent

sampling sites were located immediately in front of and

behind the reactors. Aluminium gas bags were used to collect

biogas from the top of the reactors.

2.3. Analyses

COD, BOD7, TS, and VS were determined according to Finnish

standard methods (SFS 5504, 1998; SFS-EN 1899-2, 1998; SFS

3008, 1990). Sulphate was determined according to the

Standard Methods (APHA, 1998). pH was measured immedi-

ately after sampling with a Metrohm 744 pH meter. Sulphide

was determined according to the colorimetric method (Trüper

and Schlegel , 1964), the absorbance was measured at 670nm

(Hitachi U-1500 UV/VIS).

Concentrations of Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs,

Cu, Fe, Ga, Hg, In, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, Sb, Se, Si,

Sr, Tl, U, V, and Zn were determined from both the influents

and effluents. Samples were preserved by making them acidic

(pH 2) with HNO3 and stored at 4 �C before the measurements.

Concentrations of the elements were determined with a

Perkin–Elmer Optima 4300 DV ICP-OES using the default

parameters of the instrument (nebuliser flow 0.8 l/min,

plasma power 1300W, auxiliary gas flow 15 l/min). The

concentrations of As, Ca, Cr, Cu, Mo, P, Pb, S, and Zn in the

inoculum were determined with an ultrasound assisted

extraction method followed by ICP-OES at the beginning of

the runs and the binding mechanisms of the same elements

were evaluated with the sequential extraction method at the

end of the runs. Five fractions were obtained from the

sequential extraction: (1) elements bound by ion exchange

pH 7, (2) elements bound to carbonates pH 5, (3) elements

bound to Fe and Mn oxides pH 2, (4) elements bound to

organic matter and sulphides pH 2, and (5) the residual phase.

The method used is described in detail by Väisänen and

Kiljunen (2005).

3. Results

The feasibility of the sulphate-reducing process to treat the

bottom ash leachate was studied using two UASB reactors (R1

and R2). In reactor R1, which was fed with the diluted

leachate COD removal varied and was negligible, while in

reactor R2 60–70% of the COD was removed after ethanol

addition (Fig. 1). The influent pHs ranged from 7.45 to 8.46,

and the pH of the effluents followed those changes (Fig 1). At

the beginning of the runs the amount of TS was 5.35 g/reactor

and VS 2.97g/reactor. At the end of the runs TS was 3.62 g/

reactor in R1 and 10.0 g/reactor in R2. Sulphide concentration
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in the effluent of R1 was low (maximum 19mg/l), while in the

effluent of R2 the sulphide concentration rapidly increased

after ethanol addition remaining mostly between 400 and

600mg/l (Fig. 1). According to the sulphate measurements no

sulphate was removed in R1 while in R2 over 65% was

removed (Fig. 1).

The concentrations of the 35 elements were determined

from the influents and effluents nine times during the 280-

days runs (Table 1): twice during the beginning of the runs

(days 35, 51), and then seven times during the last third of the

runs (191, 197, 223, 253, 261, 269 and 274). The landfill

lysimeter from which leachate was obtained was exposed to

ambient weather conditions, which could explain the ob-

served variation in the influent concentrations. The elements

were divided into 5 groups according to their concentrations

in the influents. The concentrations of group 1 (Ag, Bi, Cr, Hg,

and In) were below the limits of detection in all samples. The

detection limit for most of the elements was 0.02mg/l, except

0.005mg/l for Ba, Ca, Cd, and Sr; 0.01mg/l for Be, Mg, and Mn;

0.05mg/l for Ga, Na, and Pb and 0.2mg/l for B, Cs, Hg, Si, Tl, U,

and V. The elements in group 2 (Al, Be, Cd, Co, Cs, Li, P and Rb)

were detected from 1 to 4 samples of influents, but no trend in

their occurrence was observed. The highest concentrations of

the elements in group 3 (As, Ga, Fe, Mn, U, V and Zn) were

determined during the beginning of the runs. As, Ga, U, and

Zn in group 3 were not detected at all after day 197. The

elements in group 4 (B, Mo, Ni, Pb, Sb, Se, Si, and Tl) were not

detected or their concentrations were low during the begin-

ning of the run (until day 191) but increased towards the end

of the run. The concentrations of the elements in group 5 (Ca,

K, Mg, and Sr) all increased during first four measurements

(35–197), but after day 197 the concentrations started to

decrease. The concentrations of Ba, Cu, and Na showed

pattern of variation unlike those of each other or any of the

other elements.

The ability of the ethanol-supplied reactor (R2) and

reference reactor without ethanol addition (R1) to remove

the elements was investigated by comparing concentrations

ARTICLE IN PRESS

Fig. 1 – Sulphate and sulphide concentrations were determined and pH measured from the influents and effluents of reactors

R1 without and R2 with ethanol addition. Removal of COD was calculated from the influent and effluent concentrations. The

influents and COD removal are denoted by ð�Þ and the effluents ð�Þ.
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in the influents and effluents. In the ethanol supplied reactor

Ba, Ca, Cu, Mn, Mo, Ni, Pb, Tl, Sb, Se, Sr, and Zn were removed

totally or partially at least between days 191 and 261 (Table 2).

During the beginning (days 33, 51) and end of the run (days

269, 274) removal was lower or there was no removal. It was

not possible to observe the removal of the elements belonging

to groups 1 and 2 (Ag, Al, Be, Bi, Cd, Co, Cr, Cs, Hg, In, Li, P, and

Rb), because the concentrations in the influents were under

the detection limits. Cd was detected in the influents of R2

four times and never in the effluents, which may suggest that

it was removed. Mn and Zn in group 3 were removed,

although Zn was detected only during the beginning (days

33, 51) of the run (Table 2).

The concentrations of B, K, Mg, Na, and Si in the effluents

closely followed those of the influents in both reactors and no

removal was observed (data not shown). The concentrations

of Mg during the beginning were higher in the effluents than

influents, which suggests that some of Mg in the effluents

originated from the inoculum.

In the reference reactor (R1) only Ba and Cu were removed.

Cu was detected in the influent from day 223 onwards and in

the effluent only once (day 253). The removal of Cu in R1 was

12� ð482%Þ. The highest Ba removal was achieved between

days 191 and 261 (9–31%) and it was not removed during the

beginning or end of the run.

The total concentrations of nine elements (As, Ca, Cr, Cu,

Mo, P, Pb, S, and Zn) in the inoculum were determined at the

beginning, while sequential extraction was done at the end of

the run, to determine the chemical binding of the elements in

the sludges. Four of the elements (S, As, Cu, and Mo) were

accumulated in the reference reactor (R1) and seven (Ca, S, As,

Cr, Cu, Mo, and Zn) in ethanol supplied reactor (R2). Of the

elements, which accumulated in both reactors, As, Cu, and

Mo were accumulated in higher amounts in R2. The amount

of S was at the same level in both reactors (Fig. 2).

The highest binding percentage to organic material and

sulphides (fraction 4) were for Mo (73%) and Zn (83%) in the

sludge of the ethanol supplied reactor (R2). Cu was also

mainly bound to the organic carbon and sulphide fraction in

both reactors (R1 87% and R2 89%). Ca, which accumulated

only in R2, was mainly bound to Fe and Mn oxides (60%) and

to carbonates (30%). In R1 most of (57%) S was dissolved in

water while in R2 the main mechanism was the formation of

insoluble metal-sulphides (52%) (Fig. 2).

4. Discussion

The present results suggest that the sulphate-reducing

process has the potential to remove sulphate and some trace

elements from bottom ash leachate, when an external source

of carbon is provided. Over 65% of the sulphate was reduced

when ethanol was added as the carbon source (R2). In theory,

complete reduction of sulphate to sulphide should have been

achieved with the applied COD:SO4-ratio (on average 0.67).

The process reduced the total COD of the effluent in the
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Table 1 – Detection limits (DL), range, mean and standard
deviation (SD) of the concentrations of the selected
elements determined from the influents

Element DL (mg/l) Range (mg/l) Mean�SD (mg/l)

Al 0.02 o0:0220:83 0:05� 0:19

As 0.1 o0:122:4 0:41� 0:77

B 0.2 o0:2215 3:2� 4:4

Ba 0.005 0:0220:07 0:05� 0:02

Ca 0.005 2002470 350� 82

Cd 0.005 o0:00520:02 0:005� 0:009

Co 0.02 o0:0220:07 0:02� 0:03

Cr 0.02 o0:02 –

Cu 0.02 o0:0220:38 0:086� 0:087

Fe 0.02 o0:0224:20 0:3� 1:0

K 0.02 1702690 450� 170

Li 0.02 o0:02218 0:03� 0:03

Mg 0.01 1902320 250� 45

Mn 0.01 0:4628:60 2:0� 2:6

Mo 0.02 0:1521:10 0:58� 0:35

Na 0.05 130022500 1700� 370

Ni 0.02 o0:0220:33 0:16� 0:09

P 0.1 0.18 0:03� 0:03

Pb 0.05 o0:00522:4 0:91� 0:83

Sb 0.1 o0:121:9 0:89� 0:73

Se 0.1 o0:121:7 0:63� 0:64

Sr 0.005 0:6321:1 0:87� 0:21

T1 0.2 o0:224:4 1:8� 1:4

V 0.2 o0:0221:2 0:15� 0:36

Zn 0.02 o0:0221:2 0:13� 0:34

The concentrations were measured from both influents 9 times

ðn ¼ 18Þ during 280 days experiment.

Table 2 – Removal of the elements calculated from
influent and effluent concentrations in the ethanol
supplied reactor (R2)

Removal(%)

Days 191–261 ðn Q5Þ Days 33–375 ðn Q9Þ

Element Range Mean�SD Range Mean�SD

Ba 11–62 40� 26 (�140)�62 9� 62

Ca 38–64 46� 11 (�31)�63 25� 30

Cu ð452Þ–ð487Þ 70� 13 0.0–87 48� 37

Mn 63–93 83� 12 (�35)�92 53� 43

Mo 10–ð490Þ 57� 33 (�38)�90 28� 48

Ni 43–ð486Þ 64� 19 (�24)–ð486Þ 41� 39

Pb 0.0–95 45� 43 (�71)�95 29� 52

T1 30–ð468Þ 48� 17 (�340)�79 8� 130

Sb 0.0–76 28� 37 (�27)�77 18� 33

Se 0.0–ð494Þ 26� 40 (�4)–ð494Þ �25� 140

Sr 14–50 29� 14 4�50 22� 16

Zn – – 0.0�ð497Þ 21� 42

Measurement days were 33, 51 ,191, 197, 223, 253, 261, 269 and 274.

Between days 191 and 261 sulphide concentrations of the effluent

were higher compared to the beginning (33, 51) and end of the

experiment (269, 274) and also removal percentages of the

elements were higher. Removal percentage was negative when

the concentration of effluent was greater than that of the influent.

When concentration of the elements in the effluent was below the

detection limit, removal was calculated using the detection limit.

Not detected from the influent (–).
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ethanol-supplied reactor (R2) to 450–600mg/l, of which

150–300mg/l was apparently from the ethanol addition and

the rest was originally present in the leachate. Ethanol is

effectively used by SRB when a surplus of sulphate is available

(Nagpal et al., 2000). Therefore, incomplete removal of the

sulphate and the COD originating from the ethanol addition,

could be due to variation in the COD:SO4-ratio, composition of

COD, and possibly inhibition by toxic substances.

The negligible removal of the COD in the reactor without

ethanol addition (R1) implies that SRB or other micro-

organisms were unable to use the leachate’s own COD (ca.

300mg/l) as a source of carbon. The low BOD7 value (15mg/l)

of the influent, without the ethanol addition, indicates that

only a small fraction of the leachate COD originated from

readily bioavailable organic matter. According to Zhang et al.

(2004), only 1.2% of organic carbon content of bottom ash was

found to consist of amino acids, hexoamines and carbohy-

drates, which form the ‘‘labile’’ or easily biodegradable

portion of organic compounds. When the COD originating

from leachate is subtracted from the total COD of the influent

of the ethanol-supplied reactor (R2), the actual COD:SO4-ratio

was 0.49 and thus there was not enough easily bioavailable

carbon to reduce all of the sulphate.

The concentrations of Al, Cd, Cr, Hg, Mo, Na, Pb, and Zn in

the diluted leachate (or influent) were in the same range as

previously measured in MSWI bottom ash leachates. The

concentrations of As, Mg, Mn, Ni, Sb, Se, Si, and V were in the

same range or higher and the concentrations of Ca, B, Cu, Fe

and K were same range or lower than those presented in the

literature (Hjelmar, 1996; Kersten et al., 1997; Johnson et al.,

1999; Freyssinet et al., 2002; Øygard et al., 2005). Sulphate

concentrations in the literature vary from 500mg/l up to 10 g/l

(Hjelmar, 1996; Øygard et al., 2005) compared to

1700–3000mg/l determined from diluted leachate in this

study. To our knowledge concentrations of Ag, Ba, Be, Bi, Co,

Cs, Ga, In, Li, P, Rb, Sr, Tl, and U in bottom ash leachate have

not previously been published.

Cu, Mn, Mo, Ni, Pb, Tl, Sb, Se, and Zn, which were effectively

removed in the ethanol-supplied reactor (R2), are known to

precipitate as nonwater-soluble sulphides. In addition, Ba, Ca,

and Sr, which form water-soluble sulphides, were removed in

R2. Ba and Cu were removed also in R1, which suggests that

their removal mechanism was other than precipitation as

sulphides. Non-metallic B and Si, which were detected, but

not removed in the process, are anions in water solutions and

therefore do not precipitate as sulphides.
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In waste water containing a high concentration of sulphate,

cations such as Na and Ca can inhibit anaerobic processes.

When concentrations of Ca are about 400mg/l, calcium

precipitates (CaCO3, Ca3ðPO4Þ2) may entrap biomass and limit

the transport of substrates (Hulshoff Pol et al., 1998). When

calcium is precipitated as phosphates it can also cause

phosphate deficiency. The calcium concentration fluctuated

between 200 and 470mg/l in the influent andwas consistently

lower ðo280mg=lÞ in the effluent of ethanol-supplied reactor

(R2), which suggests that calcium was precipitated in the

reactor. The inhibitory effect of calcium precipitation in R2

could explain decrease both in sulphate reduction and

removal of the elements during the end of the run.

The sequential extraction confirmed that precipitation as

sulphides was the main mechanism in the removal of trace

elements, and that Cu, Mo and Zn in particular were

effectively bound to organic matter and/or sulphides (fraction

4). This is supported by the result that in ethanol supplied

reactor (R2) over half of S was found in fraction 4. However, in

the case of Cu the fraction containing organic matter and

sulphides was equally important in the both reactors, which

implies that organic matter probably absorbed most of

removed Cu. In the MSW landfill leachate formation of

organic complexes can decrease amount of free metal ions

below 10–30% and therefore efficiency of heavy metal removal

by sulphide precipitation (Baun and Christensen, 2004).

Formation of colloids and organic complexes could explain

why reference reactor (R1) was according to the extraction

results able to remove 75% of the amount of Cu compared the

ethanol supplied reactor (R2). On the other hand, only 25% of

As and 12% of Mo were removed in the reference reactor,

which implies that sulphate reduction was the main mechan-

ism in their removal. Ca was precipitated in the ethanol-

supplied reactor (R2) as carbonates and with Fe and Mn

oxides. It is known from studies of calcium precipitation in

sediments, that sulphate reduction enhances calcium carbo-

nate precipitation (Castanier et al., 1999).

The sulphate-reducing process reduced the concentrations

of several trace elements. However, in order to function the

process needs a supply of organic carbon. Ca accumulation

may inhibit sulphate reduction. Inhibition can be prevented,

for example, by replacing sludge regularly. In addition, effluent

contains sulphide that must be removed, as well as residual

COD that possibly alsomust be removed. Overall, the sulphate-

reducing process has potential as an effective method treating

leachate from bottom ash landfilling, but the above-mentioned

issues related to the process must be resolved before it can be

applied in practice. Further research is needed to show long

term efficiency of the process in pilot scale as well as

properties and replacement need of the sludge.

5. Conclusions

(1) The sulphate-reducing process effectively reduces con-

centrations of the elements, which precipitate as insolu-

ble sulphides also when initial concentrations are low as

in the MSWI bottom ash leachate.

(2) In order to function the process needs a supply of organic

carbon.

(3) Precipitation as sulphides was the main removal mechan-

ism. However, Cu was effectively removed by absorption

to organic material.

(4) Bottom ash leachate contains Ca, the precipitation and

accumulation of which may inhibit sulphate reduction;

this must be taken into account when reactors are

designed and managed.

Acknowledgements

This study was financially supported by Maj and Tor Nessling

Foundation (Grant no. 2005232, 2006118), the National Tech-

nology Agency of Finland (TEKES, Grant no. 40449/03), and EU

FP5 (ICA2-CT-2001-10001). MSc. Aki Ilander and MSc. Anu

Kettunen-Knuutila are acknowledged for the element ana-

lyses and Ms. Nipa Manosuk for the invaluable technical

assistance.

R E F E R E N C E S

APHA, 1998. Standard methods for the examination water and
wastewater, 20th ed. American Public Health Association,
Washington DC, USA.

Baun, D., Christensen, T., 2004. Speciation of heavy metals in
landfill leachate: a review. Waste Manage. Res. 22, 3–23.

Castanier, S., Le Metayer-Levrel, G., Perthuisot, J.-P., 1999. Ca-
carbonates precipitation and limestone genesis—the micro-
biogeologist point of view. Sediment. Geol. 126, 9–23.

Forteza, R., Far, M., Seuı́, C., Cerdá, V., 2004. Characterization of
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bDepartment of Chemistry, University of Jyväskylä, P.O. Box 35, FI-40014, Finland
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Abstract

Effluent of an anaerobic sulphate-reducing wastewater treatment process was used to stabilise bottom ash. The effect of stabilisation
on the concentration and binding of Ca, P, S, Cu, Pb, Zn, As, Cr, and Mo were studied by comparing results of sequential extraction
from fresh and stabilised bottom ash. The stabilisation treatment improved the retention of Ca, Cu, Pb, S, and Zn in bottom ash com-
pared to a treatment with ion-exchanged water. In addition to retention, Cu, S, and Zn were accumulated from the anaerobic effluent in
the bottom ash. Concentrations of As, Cr, and Mo remained on the same level, whereas leaching of P increased compared to control
treatment with ion-exchanged water. Improved retention and accumulation were the result of increased binding to less soluble fractions.
The highest increases were in the sulphide and organic carbon bound fraction and in the carbonate fraction. Enhanced carbonation was
probably due to CO2 deriving from the degradation of organic carbon. Flushing of stabilised bottom ash with ion-exchanged water
ensured that the observed changes were not easily reversed. Most of the sulphide in the anaerobic effluent was removed when it was
passed through bottom ash. The objective was to study the feasibility of sulphide-rich anaerobic effluent in bottom ash stabilisation
and changes in the binding of the elements during stabilisation. In addition, the ability of the process to remove sulphide from the effluent
was observed.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Incineration; Landfilling; Utilisation; Sulphate reduction; Heavy metals

1. Introduction

The need to reduce long-term leachate emission from
municipal solid waste incineration (MSWI) landfills has
been recognised (Sabbas et al., 2003). In addition to land-
filling bottom ash utilisation e.g. in road foundation has
also been a cause of concern (Åberg et al., 2006). The
major emissions from bottom ash are inorganic contami-
nants such as heavy metals. Treating leachate is to treat
the symptoms not the cause, therefore, many methods of
stabilising contaminants in bottom ash have been studied

and implemented. Because the contaminants tend to be
inorganic, the methods are mainly chemical or physical
such as stabilisation with cement, vitrification, and natural
weathering (Reijnders, 2005).

The stabilisation of trace elements in bottom ash as low
solubility sulphides has been shown to be possible. Youcai
et al. (2002) used natriumsulphide successfully to stabilise
Cd and Pb in fly ash. Alternatively, sulphide from biolog-
ical anaerobic processes could be used. Biological sulphate
reduction has been used in waste water treatment to trans-
form sulphate to sulphide and, additionally, to precipitate
metals as sulphides (Hulshoff Pol et al., 1998). Sulphate-
reducing leachate treatment has been shown to remove
heavy metals like Cu, Mo, Pb, and Zn from bottom ash
leachate (Sivula et al., 2007). When the concentration of
sulphate in the influent of anaerobic process is high com-
pared to the concentration of heavy metals, there is surplus
of sulphide in the effluent. Sulphide could be removed from
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the effluent and simultaneously heavy metals stabilised in
bottom ash by treating ash with the sulphide-rich effluent.

The stabilisation of bottom ash with sulphide-rich efflu-
ent at MSWI landfills could reduce emissions from landfills
and shorten their active care-taking period. Stabilisation
with anaerobic effluent could also be used as a pre-treat-
ment method before the utilisation of bottom ash. Com-
mon pre-treating methods of bottom ash include such
stages as size-separation and natural weathering. In natural
weathering bottom ash is exposed in heaps to ambient con-
ditions (e.g. atmospheric carbon dioxide and precipitation)
for several months before utilisation. Precipitation
decreases the concentrations of soluble elements in ash
through leaching. On the other hand, atmospheric CO2

decreases leaching as result of carbonation (Meima and
Comans, 1997). Anaerobic effluent also contains dissolved
CO2 from degraded organic material, which can enhance
carbonation. Therefore, the use of anaerobic effluent in
pre-treatment sites could stabilise bottom ash through
two mechanisms and reduce emissions both from pre-treat-
ment and utilisation sites.

The objective of the present study was to assess the fea-
sibility of sulphide-rich effluent to stabilise selected ele-
ments in MSWI bottom ash. The concentrations and
binding of nine elements in bottom ash were studied. Ca,
S, and P were selected because of their importance in the
biological and chemical processes involved. Cu, Pb, Zn,
As, Mo and Cr were selected on basis of their potential
leaching and toxicity. Leachate was obtained from a land-
fill lysimeter containing MSWI bottom ash and was treated
anaerobically. Bottom ash was stabilised with sulphide-rich
anaerobically treated leachate and results were compared
to stabilisation with untreated leachate with and without
added ethanol and to anaerobically treated leachate with-
out sulphide. In the anaerobic leachate treatment ethanol
was added to enhance sulphate reduction as the organic
carbon content of the lysimeter leachate was originally
low. In addition, the ability of the method to remove sul-
phide from anaerobic effluent was studied.

2. Materials and methods

2.1. Bottom ash and leachate

The bottom ash used in this study was obtained from a
municipal solid waste (MSW) incinerator (32 years old,
modernised 1995, Turku, Finland) after quenching. Regio-
nal collection places were used to separate glass, paper, and
metal from the MSW. The leachate used in this study was
obtained during the 11th–14th months of operation of a
landfill lysimeter (height 3.9 m, width 2.4 m, length 12 m:
structure similar to that described by Sormunen et al.
(2007)) filled with bottom ash compacted to 1.5 t m�3.
Leachate sample for anaerobic treatment was obtained
once a month from landfill lysimeter.

Anaerobically treated leachate was obtained from two
parallel upflow anaerobic sludge blanket (UASB) reactors
(0.5 l) treating diluted (1:1 with tap water) landfill lysimeter
leachate as such or with ethanol addition (96%, 1.05 g l�1)
at 20(±2) �C for 280 d (Sivula et al., 2007). The main
parameters determined both from the influents and corre-
sponding effluents of the reactors were chemical oxygen
demand (COD), pH, and sulphate concentration (Table 1).
In addition, the sulphide concentrations of the effluents
were determined (Table 1).

2.2. Stabilisation treatment

Stabilisation of the bottom ash was studied in five par-
allel 50 ml glass-columns (diameter 3 cm, height 11.5 cm)
at 20 �C (Fig. 1). The columns simulated condition inside
an ash landfill. Two fresh samples (10 l each) of the bottom
ash were obtained and kept under nitrogen before they
were mixed and 60 g (±2 g (wet weight)) of the ash was
compacted in each stabilisation column. The columns were
then flushed with nitrogen and sealed with silicone plugs.
The columns were fed with influents and corresponding
effluents from the above described UASB reactors and with
ion-exchanged water to study the effects of sulphide, pH

Table 1
Mean and standard deviation (SD) of COD (mg l�1), sulphide (mg (S) l�1), sulphate (mg (S) l�1) and pH values from the feeds and effluents of the
stabilisation columns

COD S2� SO2�
4 pH

Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n

L 291 ± 267 15 – 796 ± 108 9 7.94 ± 0.20 12
LE 1700 ± 397 15 – 754 ± 93 9 7.86 ± 0.28 12
TL 168 ± 41 15 0.33 ± 0.29 17 785 ± 105 12 7.95 ± 0.17 15
STL 676 ± 361 15 432 ± 199 22 88 ± 87 12 7.75 ± 0.18 15
L-C 223 ± 123 27 – 548 ± 265 22 8.88 ± 1.35 26
LE-C 969 ± 635 26 – 448 ± 251 24 8.42 ± 1.28 27
TL-C 191 ± 129 27 0.40 ± 0.33 15 557 ± 259 22 8.56 ± 0.98 26
STL-C 478 ± 219 27 133 ± 136 19 275 ± 177 23 8.68 ± 1.36 22
C-C 113 ± 79 25 – 16 ± 19 24 11.58 ± 0.21 28

The samples from the UASB reactors used as the feeds of the columns were leachate (L), leachate with added ethanol (LE), treated leachate (TL), and
sulphide-rich treated leachate (STL) and the corresponding column effluents (L-C, LE-C, TL-C, STL-C, C-C (control with ion-exchanged water)).
Not-measured values denoted by – and number of measurements by n.
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and COD on stabilisation. The feeds were leachate (L),
leachate with added ethanol (LE), treated leachate (TL),
sulphide-rich treated leachate (STL), and ion-exchanged
water (C). L was the influent of the UASB-reactor without
ethanol addition and TL was the effluent of the same reac-
tor. Similarly LE was the influent of the UASB-reactor
with ethanol addition and STL the corresponding effluent.
The L-C, LE-C, TL-C, and STL-C were the effluents of the
stabilisation columns.

The columns were run semi-continuously for 111 d.
Each column was fed every weekday with 20 ml of liquid,
and 2 h before the next feed the bottom tap was opened
and leachate slowly released from the columns. From day
90 onwards all columns were fed with ion-exchanged water
to remove the dissolved fraction of the elements. Feeding
was done with a syringe through the tap on the top of
the column. There was also a gas removal tube on the
top, which was attached to an aluminium gas bag, to avoid
pressure forming inside the column. All tubes were made
of PVC. Seeping water was collected in glass bottles,
which were air-tightly connected under each column.
The bottles were changed every week-day, the pH of the
seeping water was measured, and samples taken for subse-
quent analyses.

2.3. Sequential extraction, analyses, and calculations

Sequential extraction followed by inductively coupled
plasma-optical emission spectrometer (ICP-OES) was used
for the ash samples to study binding of the selected ele-
ments (As, Ca, Cr, Cu, P, Pb, Mo, S, and Zn). All the mea-
surements were performed with a radially viewed plasma.
The default parameters of the Perkin–Elmer Optima 4300
DV ICP-OES were used (nebuliser flow 0.8 l min�1, plasma
power 1300 W, auxiliary gas flow 15 l min�1). The accuracy
of the method has been determined with the analysis of
SRM 1633b (Coal fly ash). The determination of analyte
concentrations resulted in recovery rates from 85% to
105% (Ilander and Väisänen, 2007). Uncertainties in the
ash analyses were about 6% in sampling, 3% in extraction,
and 2% in measurement (total 7%). In the analysis of liquid
samples, the errors in sampling were about 4% and in sam-
ple pre-treatment 2%, and measurement error was 2%,
leading to total uncertainty of 5%. Five fractions were
obtained from the sequential extraction: (1) elements
bound by ion exchange; pH 7, (2) elements bound to car-
bonates; pH 5, (3) elements bound to Fe and Mn oxides;
pH 2, (4) elements bound to organic matter and sulphides;
pH 2, and (5) residuals. Sequential extraction method is
described in detail by Väisänen and Kiljunen (2005). All
the concentrations of the elements were calculated per
dry weight (dw).

The concentrations of the elements in the column feeds
and effluents were determined with ICP-OES after samples
had been made acidic with HNO3 (pH < 2) and centri-
fuged. Sulphate, sulphide, COD, total solids (TS) and vol-
atile solids (VS) were determined and their pH measured as
described in Sivula et al. (2007). The total inputs of the ele-
ments in the columns were calculated according to their
concentrations in the leachates (Table 2). The concentra-
tions of As, Cr, P, and Zn were below detection limits in
several of the measurements, and therefore it was not pos-
sible to determine their inputs reliably.

The total concentrations of the elements in the ash sam-
ples were calculated as the sum of the five fractions obtained
from the sequential extraction. Change in the total concen-
tration of an element during the column run was calculated
by subtracting the initial concentration in the ash from the
concentration at the end. Thus, if the resulting value was
positive then the element was accumulated in column dur-
ing the study. When the total concentration in a column
at the end of the run was higher than in the control column
the element had been retained and, if lower, the treatment
had enhanced leaching of the element. Inputs of As, Cr,
Cu, P, Pb, and Zn according to their concentrations in the
untreated leachate (L) were <1.3% of the initial concentra-
tion in ash and thus they were not taken into account, when
interpreting the results of sequential extraction. However,
the input of Ca, Mo, and S from untreated leachate were
13%, 69%, and 464%, respectively, of the initial concentra-
tion in the bottom ash and they should be considered when
interpreting the results.

A

B

C

C

D

Fig. 1. Schematic illustration of a stabilisation column: (A) bottom ash,
(B) fiberglass, (C) aluminium gas bag and (D) glass bottle for leachate
collection.
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3. Results

3.1. Concentrations of elements in fresh bottom ash

The total concentrations determined with the sequential
extraction were for Ca 77000 mg kg�1, for P 3200 mg kg�1,
and for S 3900 mg kg�1. Total concentrations of Cu
(1070 mg kg�1), Pb (3180 mg kg�1), and Zn (1500 mg
kg�1) were in the same range. The concentrations of As,
Cr, and Mo were 159 mg kg�1, 85 mg kg�1, and 35 mg
kg�1, respectively (Fig. 3). At the beginning of the study
the TS of fresh ash was 701 mg g�1 and VS 42.5 mg g�1.
At the end of the study TS was determined after the col-
umns were emptied of leachate. In all the columns TS
was lower at the end of the study than at the beginning
of the study (L 604 mg g�1, LE 656 mg g�1, TL 654 mg
g�1, STL 611 mg g�1, and C 658 mg g�1). The share of
VS increased slightly in all the columns (L 59 mg g�1, LE
44 mg g�1, TL 52 mg g�1, STL 55 mg g�1, and C 61 mg
g�1).

3.2. Quality of stabilisation-column effluents

COD and sulphate concentrations were determined and
pH measured in the column effluents (Fig. 2, Table 1). The
COD of the column effluents reflected the feeds of the col-
umns. A clear decrease in COD values, was observed in the
LE and STL columns. Effluent COD in the TL column
(191 mg l�1) was lower than effluent COD in the L column
(223 mg l�1), which indicates that the anaerobic leachate
treatment without ethanol addition is able to reduce the
amount of leaching COD. COD in the control column
(C) effluent (113 mg l�1) derives wholly from the bottom
ash in the column and is lower than that in the other col-
umns as there is no input COD from the landfill lysimeter
or added ethanol.

Sulphate was measured in all feeds and effluents of the
columns and sulphide in the feeds and effluents of the TL
and STL columns. In the L, LE, and TL columns the sul-
phate concentrations of the effluents were lower than
those in the feeds (Table 1). Also, the sum of sulphide

and sulphate calculated as S was lower in the effluents
of the TL and STL columns than in their feeds. The
sum of sulphate and sulphide was lowest in the effluent
of the STL column compared to other leachate fed col-
umns (Table 1). S in all column effluents was mainly sul-
phate, and the lowest concentration was in the control
column. Some sulphide in the STL column went through
the column; however, the concentration was low com-
pared to that in the feed. The sulphide concentration in
both the feed and effluent of the TL column was low
(<19 mg l�1). The rapid decrease from 12 to about 8 was
observed in the pH of all the effluents except that in the
control column. In the control column effluent pH was
about 12 through out the study (Fig. 2). The variation
in results of Fig. 2 originates mainly from the variation
in landfill lysimeter leachate quality.

3.3. Accumulation of elements from leachates in bottom ash

Treatment with sulphide-rich effluent (STL) improved
the retention compared to the control column and even
led to the accumulation of S, Cu, and Zn into the bottom
ash from the feed (Fig. 3). The highest accumulations of Cu
and Zn were in the STL column and that of S in the TL
column.

The determined concentration of S was higher in all col-
umns at the end of the study than at the beginning. At the
end the concentration of S in the TL column was 45%
higher than in the fresh bottom ash. This means that,
10% of the input had accumulated in the TL column (Table
2). In the STL column, the concentration of S increased by
26% compared to that in the fresh ash, while the corre-
sponding concentration increase in the in LE column was
21%, in the L column 9%, and in the control column 16%.

The total concentration of Cu increased in the STL col-
umn by 145% compared to that in the fresh bottom ash,
while in the LE column the increase was 94%. In the other
columns 22–52% of Cu was leached out. The amount of
accumulated Cu in the LE column was 1000-fold compared
to the estimated input from the leachate and was even
higher in the STL column (Table 2).

Table 2
Concentrations (mg l�1) of selected elements in the leachates fed to the stabilisation columns (determined 5–6 times during 111-day study)

DL Leachate with ethanol Leachate Treated leachate Sulphide containing treated leachate

MC SD In MC SD In MC SD In MC SD In

As 0.1 <0.1 – – <0.1 – – <0.1 – – <0.1 – –
Ca 0.005 350 41 9800 340 37 11500 350 22 9500 230 60 6500
Cr 0.02 <0.02 – – <0.02 – – <0.02 – – <0.02 – –
Cu 0.02 0.062 0.028 1.72 0.05 0.037 1.79 0.025 0.014 0.68 <0.02 – –
Mo 0.02 0.87 0.15 24 0.87 0.095 29 0.91 0.11 24 0.59 0.21 16
P 0.1 <0.1 – – <0.1 – – <0.1 – – <0.1 – –
Pb 0.05 1.4 0.51 39 1.6 0.67 56 1.6 0.23 43 1.2 0.5 31
S 0.1 650 90 18,000 690 169 23,000 690 130 18,500 4800 3300 136,000
Zn 0.02 <0.02 – – <0.02 – – <0.02 – – <0.02 – –

Detection limit (DL), mean concentration (MC) and standard deviation (SD) are presented. Total inputs (In) to the columns (mg kg�1 (dry weight)) were
calculated from mean concentration and total feed flow (1.28 l). If concentration was below detection limit, SD and inputs were not calculated (denoted
by –).
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The total concentration of Zn increased by 348% in the
STL column. In the TL column the increase was 36% and
in the control column 7%. In the columns fed with
untreated leachates 7–13% of Zn was leached out. The
accumulation of Zn in the STL column was very high
(5250 mg kg�1) compared to the input (0.56 mg kg�1), esti-
mated on the basis of the detection limit (0.02 mg l�1) in
the leachate measurements.

3.4. Retention of elements in bottom ash

Ca, P, S, Zn, and As were better retained in the columns
fed with treated leachates (TL, STL) than in those fed with
the corresponding untreated leachates (L, LE), when the
total concentrations were compared at the beginning and
end of the study (Fig. 3). In addition, Ca, S, Pb, Zn, and
Cr were better retained in the column fed with sulphide-

rich treated leachate (STL) than in the control column
(C) fed with ion-exchanged water.

Ca was best retained in the STL column in which the
reduction in the total concentration was 10% compared
to that in the fresh bottom ash. In the control column
19% of Ca leached out, which was more than in the TL col-
umn (16%). In the columns fed with untreated leachates
leaching was higher (22–42%) than in control column. P
was retained best in the TL column, in which it was on
same level as in the fresh bottom ash. Also in the control
column only 5% leached out, while in the other columns
33–44% leached out. Pb was best retained in the LE col-
umn where the decrease was 38%. In the control column
59% of Pb leached out and in other columns 45–67%.

Treatment with sulphide-rich leachate did not affect
total concentration of As, Mo and Cr compared to those
in the control column (Fig. 3). As was on the same level
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in the control column (22% leached out) and in the STL,
TL, and LE columns (19–24%) compared to fresh ash,
whereas in the L column decrease was 33%. In the control
column 18% Mo leached out, in the STL column 20%, in
the LE column 21%, in the TL column 25% and in the L
column 37%. Cr increased by 14% in the L the column
compared to fresh ash. In the other columns 15–31% of
Cr leached out.

3.5. Changes in element binding

The sequential extraction of the bottom ash at the begin-
ning and at the end of the study showed changes in the
binding of the elements. Increases were most often detected
in the organic material and sulphide containing fraction (4)
and carbonate-bound fraction (2). The highest changes

were observed in the binding of S, Cu, and Zn in the
STL column.

The concentration of Ca was increased in the sulphide
fraction (4) and decreased in the ion-exchanged fraction
(1) of all columns. The concentration of Ca increased in
all columns in sulphide fraction (5–52%). The increase
was highest in the TL column (52%) and lowest in the L
column (5%). In addition, there was a 9% increase in the
residual fraction (5) of the TL column and a 12% increase
in the carbonate fraction of the STL column. In the L col-
umn Ca leached out most from the ion-exchanged (60%
decrease) and carbonate fractions (39% decrease). The
decreases in ion-exchanged fraction were on the same level
as in the LE and TL columns. The concentration of P
increased in three fractions in the control column: in the
ion-exchanged (520%), in the carbonate fraction (205%),
and in the residual fraction (4%). There was a substantial
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increase of P in the carbonate fraction in both the TL col-
umn (187%) and STL column (297%).

The concentrations of S increased in all the fractions of
all the columns during the study, except in the exchange-
able fraction and, in the control column, in residual frac-
tion. The highest relative increase compared to fresh ash
(730% both) was in the sulphide fraction in the LE, and
STL columns. The second highest relative increase was in
the residual fraction of the LE and STL columns. However,
the highest absolute increases were in the carbonate frac-
tion of the TL (2090 mg kg�1), the C (1540 mg kg�1), and
the LE columns (1050 mg kg�1). The absolute increases
were high also in the sulphide fraction of the LE and
STL columns (both 690 mg kg�1).

Cu accumulated in two columns with the highest
increase in sulphide fraction. In the LE column increase
was 250% and in STL column 590%. In addition, Cu
increased by 212% in the carbonate fraction of the LE col-
umn and 158% in the residual fraction of the STL column.

Pb was mainly bound in the carbonate fraction in all
columns (74–93%). Concentrations of Pb increased in
residual fraction of the L column (340%), LE column
(55%), and STL column (55%). In the LE column Pb
increased by 82% in sulphide fraction.

The concentration of Zn increased in all columns in sul-
phide fraction (38–313%). The highest increase of Zn
(740%) was found in the Fe and Mn oxides bound fraction
(3) in the STL column. In the same column relative
increases in the carbonate and sulphide fractions were also
high: 310% and 313%, respectively. In the control column
there was high increase in ion-exchanged fraction (1500%).

The concentration of As increased in sulphide fraction
of the TL column (19%), LE column (11%), and STL
column (14%). In the L column As leached more in the car-
bonate fraction (27%) than in the other columns (12–14%).
Most obvious difference between As and Mo was higher
relative binding of As to residual fraction. Cr behaved sim-
ilarly except in L-column where it was accumulated in
residual fraction.

4. Discussion

The total concentrations of six elements in the present
study were in the same range as those presented in the lit-
erature for fresh bottom ash (mg kg�1(dw)): Ca (51000–
10100), P (2990–4100), S (1800–5750), Cu (600–9700),
Zn (197–5620), and Mo (31–33) (Meima and Comans,
1997; Crannell et al., 2000; Kim et al., 2003; Song
et al., 2004; Zhang et al., 2004). The present concentra-
tions of Pb (3180) and As (159) were higher than previ-
ously determined (Pb 888–1908 and As 26) and the
concentration of Cr (85) was low compared to the values
found in the literature (208–1335). The differences
between studies may be the result of variation in the qual-
ity of the incinerated material, incineration techniques,
sample pre-treatment, extraction methods and analytical
techniques.

The present results show that improved retention and
accumulation of the elements in bottom ash were the con-
sequence of changes in their chemical binding. Sulphide-
rich effluent improved the retention of Ca, S, Cu, Zn,
and Pb compared to the control column, and the highest
increases were observed in the organic carbon and sulphide
(4) and carbonate-bound (2) fractions. These facts indicate
that the observed stabilisation was due to the formation of
sulphide compounds and/or direct and indirect effects of
organic material. Direct effect of the addition of organic
carbon would be increased binding of elements to organic
material and an indirect effect increased binding to carbon-
ates due to CO2 originating from degradation.

Improved retention of Ca in the column fed with sul-
phide-rich effluent (STL) compared to the control column
was the result of an increased concentration of Ca in the
sulphide (4) and carbonate (2) fractions. The increase in
the carbonate fraction (2) in the STL column was the con-
sequence of precipitation of Ca. In the natural weathering
of bottom ash carbonation i.e. reaction of Ca and CO2 to
form calcite (CaCO3), is an important process (Meima
et al., 2002). The CO2 required for the reaction can origi-
nate from the atmosphere or from the degradation of
organic material (Belevi et al., 1992; Rendek et al., 2006).
In this study bottom ash was kept in anaerobic conditions
and carbonation was the result of CO2 originating from the
degradation of organic carbon in the ash or added ethanol.
Considering the rapid pH drop in all the leachate fed col-
umns and the fact that COD decreased in all the columns,
some microbial activity might have caused rapid carbon-
ation of the bottom ash both when the treated and
untreated leachates were used.

The changes in the binding of P were similar to those of
Ca. The increase of P in the carbonate fraction (2) was
highest in the STL column. However, the concentration
of P bound to the carbonate fraction was low, and hence
it had little effect on the final amount of P in the different
treatments.

Up to 10% of the estimated input of S was accumulated
and its binding changed, as expected, towards low solubil-
ity compounds (fractions 4 and 5). The increase of S in
fraction 4 (LE and STL columns) indicated the reduction
of sulphate to sulphide or an increased binding to organic
carbon. The COD measurements of the column feeds and
effluents suggest that COD was retained partly in the
STL column. However, both the input and retained
amount of COD were lower in the sulphide fed column
(STL) than in the corresponding non-sulphide fed column
(LE), while the increase in the organic carbon and sulphide
fraction (4) was the same in the both columns, indicating
that the increase in the STL column was at least partly
due to an increase in sulphides.

Cu was mainly accumulated in the sulphide (4) and
residual (5) fractions in the STL column. The increase in
fraction 4 was higher in the STL column than in LE, indi-
cating that it was at least partly the result of sulphide for-
mation. The increase in the LE column can also be due to

L. Sivula et al. / Chemosphere 71 (2008) 1–9 7



complexation of Cu with organic carbon (Meima et al.,
1999). In the LE column Cu was increased in fraction 4
and to same extent in the carbonate-bound fraction (2).
An increase in the carbonate-fraction can indicate the for-
mation of minerals like malachite (Cu2(OH)2CO3) (Meima
et al., 2002).

Pb is known to be controlled by carbonate precipitation
(Johnson et al., 1996) and also in this study it was mainly
bound to the carbonate fraction. The concentration of car-
bonate-bound Pb decreased in all columns compared to
fresh bottom ash. Zn accumulated mainly in the carbonate
and in the Fe and Mn oxides fractions in the STL column.
The accumulation of Zn was high compared to the concen-
tration in leachate, which was under the detection limit. As,
Mo, and Cr were not better retained when sulphide-rich
effluent was used. The differences between columns were
mainly consequence of changes in the carbonate-bound
fraction (2).

The inputs of the elements in the columns were esti-
mated on the basis of their leachate concentrations. Con-
centrations were determined from the leachates after
centrifugation; therefore elements ad/bsorbed to particles
were not taken into account. However, particles were not
removed from the leachate before feeding to the stabilisa-
tion columns. It is known that significant amount of metals
in MSW landfill leachate can be absorbed to particulate
material (Baun and Christensen, 2004). In future studies
it would be advisable also to digest liquid samples to obtain
accurate measurement of total element concentrations in
leachates.

The changes in binding show that it is possible not only
to enhance naturally occurring mineral changes, but to
affect end-products so as to favour low solubility com-
pounds such as sulphides. The elements stabilised as metal
sulphides are not likely to leach out even in conditions with
extremely low pH values. In the sulphur cycle, metal sulp-
hides are long-term natural sulphur storage (Lens and Kue-
nen, 2001). In sequential extraction, an extreme condition
such as pH 2 has to be used to dissolve elements bound
to sulphides.

Besides binding to sulphides some of the observed
improvement in element retention was due to increased
binding to carbonates and Fe and Mn oxides. The stabili-
sation columns were flushed with ion-exchanged water for
21 days at the end of the experiment to ensure that the
changes observed were of a permanent nature. In addition,
the pH of the leachate from the stabilisation columns
reached the equilibrium level. Meima and Comans (1997)
showed that long-term leaching of elements is determined
by the pH of the bottom ash, which in turn is the result
of mineral composition and is about 8.3 in equilibrium.
The present results show that the overall changes in bind-
ing were such that most of the elements studied were better
retained or even accumulated in the bottom ash in equilib-
rium pH.

Leachate treatment and stabilisation of MSWI bottom
ash with sulphide-rich anaerobic effluent could reduce

emission from landfills and, if applied to treatment/storage
sites, it could also reduce emissions from them and from
utilisation sites. Furthermore, sulphide from treated leach-
ate was removed, diminishing the need to use other post-
treatments. However, more knowledge about chemical
changes is needed from larger scale experiments before
practical solutions can be designed.

5. Conclusions

Sulphide-rich effluent was able to improve retention of
Ca, Cu, Pb, S, and Zn compared to the control column
in MSWI bottom ash. Treatment had no effect on As,
Cr, and Mo and leaching of P was enhanced. Sequential
extraction showed that observed stabilisation of the ele-
ments in bottom ash was due to increased binding to the
sulphide and organic material fraction and to the carbon-
ate fraction. Flushing of the stabilised ash with ion-
exchanged water confirmed that the changes observed in
the binding of the elements were lasting and were not easily
reversible. The method described in this study can be used
to stabilise bottom ash in storage sites before utilisation or
in landfills to enhance carbonation and to increase the
amount of low solubility metal sulphides. In addition, the
method was able to remove most of the sulphide from
anaerobic effluent.
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Åberg, A., Kumpiene, J., Ecke, H., 2006. Evaluation and prediction of
emissions from a road built with bottom ash from municipal solid
waste incineration (MSWI). Sci. Total Environ. 355, 1–12.

Baun, D., Christensen, T., 2004. Speciation of heavy metals in landfill
leachate: a review. Waste Manage. Res. 22, 3–23.
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relation to environmental characteristics. 27 p.
Yhteenveto 2 p. 1996.

53 PUSENIUS, JYRKI, Intraspecific interactions, space
use and reproductive success in the field vole.
28 p. Yhteenveto 2 p. 1996.

54 SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.

55 KOTIAHO, JANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

56 KOSKELA, JUHA, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

57 NAARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p. 1997.

58 AHO, TEIJA, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

59 HAAPARANTA, AHTI, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.
(112 p.). Yhteenveto 3 p. 1997.

60 SOIMASUO, MARKUS, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.

61 MIKOLA, JUHA, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p. 1997.

62 RAHKONEN, RIITTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.
(69 p.). Yhteenveto 3 p. 1998.

63 KOSKELA, ESA, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.

64 HORNE, TAINA, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.

65 PIRHONEN, JUHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

66 LAAKSO, JOUNI, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.

67 NIKULA, TUOMO, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.
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68 AIRENNE, KARI, Production of recombinant
avidins in Escherichia coli and insect cells.
96 p. (136 p.). Yhteenveto 2 p. 1998.

69 LYYTIKÄINEN, TAPANI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).
Yhteenveto 1 p. 1998.

70 VIHINEN-RANTA, MAIJA, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.
(96 p.). Yhteenveto 1 p. 1998.

71 MARTIKAINEN, ESKO, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p. (137 p.). Yhteenveto 1 p. 1998.

72 AHLROTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).
Yhteenveto 1 p. 1999.

73 SIPPONEN, MATTI, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.

74 LAMMI, ANTTI, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.

75 NIVA, TEUVO, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.

76 PULKKINEN, KATJA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

77 PARRI, SILJA, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).
Yhteenveto 2 p. 1999.

78 VIROLAINEN, KAIJA, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

79 SELIN, PIRKKO, Turvevarojen teollinen käyttö ja
suopohjan hyödyntäminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p. Executive summary 9 p. 1999.

80 LEPPÄNEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
räisten yhdisteiden ympäristökohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistöissä. 45 p. (149 p.).
Yhteenveto 2 p.1999.

81 LINDSTRÖM, LEENA, Evolution of conspicuous
warning signals. - Näkyvien varoitussignaa-
lien evoluutio. 44 p. ( 96 p.). Yhteenveto 3 p.
2000.

82 MATTILA, ELISA, Factors limiting reproductive
success in terrestrial orchids. - Kämmeköiden
lisääntymismenestystä rajoittavat tekijät. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

83 KARELS, AARNO, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at  biochemical,
individual, population and  community levels.
- Sellu- ja  paperiteollisuuden jätevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista sekä
populaatio- ja  yhteisövasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.

84 AALTONEN, TUULA, Effects of pulp and paper
mill effluents on fish immune defence. -  Met-
säteollisuuden jätevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.). 2000.

85 HELENIUS, MERJA, Aging-associated changes in
NF-kappa B signaling. - Ikääntymisen vaiku-
tus NF-kappa B:n signalointiin.  75 p. (143 p.).
Yhteenveto 2 p.  2000.
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86 HUOVINEN, PIRJO, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettisäteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eläinplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

87 PÄÄKKÖNEN, JARI-PEKKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
käytön erityispiirteet: sopeumia pohja-
elämään? 33 p. (79 p.). Yhteenveto 2 p. 2000.

88 LAASONEN, PEKKA, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeläimistöön. 32 p. (101
p.). Yhteenveto 2 p. 2000.

89 PASONEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepölykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

90 SALMINEN, ESA, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den ja jätteiden anaerobinen käsittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

91 SALO, HARRI, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
säteilyn vaikutus kalan immunologiseen
puolustusjärjestelmään. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

92 MUSTAJÄRVI, KAISA, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
tekijöiden vaikutus pienten mäkitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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93 TIKKA, PÄIVI, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden säilyttäminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

94 SIITARI, HELI, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettinäön ekologinen mer-
kitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

95 VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden väliset erot rummuttavan
hämähäkin Hygrolycosa rubrofasciata) kasvus-
sa ja käyttäytymisessä. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

96 HAAPALA, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten metsäjokien pohja-
eläinyhteisöille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p. 2001.

97 NISSINEN, LIISA, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava säätely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.

98 AHLROTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tiheä
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

99 HYÖTYLÄINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation.  - Kreosootilla saastuneen
järvisedimentin ekotoksikologisen riskin
ja kunnostuksen arviointi. 59 p.  (132 p.)
Yhteenveto 2 p. 2001.

100 SULKAVA, PEKKA, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperän eliöyhteisön ja
hajotusprosessien väliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

101 LAITINEN, OLLI,  Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaternäärirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus sekä avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.)  Yhteenveto 2 p. 2001.

102 LYYTINEN, ANNE, Insect coloration as a defence
mechanism against visually hunting

predators. - Hyönteisten väritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

103 NIKKILÄ, ANNA, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesieliöillä. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

104 LIIRI, MIRA, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperän
hajottajaeliöstön monimuotoisuuden merkitys
metsäekosysteemin toiminnassa ja häiriön-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.

105 KOSKELA, TANJA, Potential for coevolution in a
host plant – holoparasitic plant interaction. -
Isäntäkasvin ja täysloiskasvin välinen vuoro-
vaikutus: edellytyksiä koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

106 LAPPIVAARA, JARMO,  Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

107 ECCARD, JANA, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsämyyrän elinkiertopiirteisiin.
29 p. (115 p.) Yhteenveto 2 p. 2002.

108 NIEMINEN, JOUNI, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperäravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto
2 p. 2002.

109 NYKÄNEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissä. Sellobiohydrolaasi I:n, ohran
kysteiiniproteinaasin sekä vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa.   107
p. (173 p.) Yhteenveto 2 p. 2002.

110 TIIROLA, MARJA, Phylogenetic analysis of
bacterial diversity using ribosomal RNA
gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien käyttö bakteeridiver-
siteetin fylogeneettisessä analyysissä. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

111 HONKAVAARA, JOHANNA, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettinäön
ekologinen merkitys hedelmiä syövien eläin-
ten ja hedelmäkasvien välisissä vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto
2 p. 2002.
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112 MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen sekä
oligomerisaation muokkaus: uusia työkaluja
avidiini–biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

113 JOKELA, JARI, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jätteen esikäsittelyn
vaikutus yhdyskuntajätteen biohajoamiseen ja
typpipäästöjen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

114 RANTALA, MARKUS J., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyönteisillä. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

115 OKSANEN, TUULA, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisääntymisen kustan-
nukset ja poikasten laatu lisääntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

116 HEINO, JANI, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeläinyh-
teisöjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissä - eliömaan-
tieteellinen yhteys sekä merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.

117 SIIRA-PIETIKÄINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsämaan
hajottajayhteisö hakkuiden jälkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

118 KORTET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L.  -
Loisten ja taudinaiheuttajien merkitys kalan
lisääntymisessä ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

119 SUVILAMPI, JUHANI, Aerobic wastewater
treatment under high and varying
temperatures – thermophilic process
performance and effluent quality. - Jätevesien
käsittely korkeissa ja vaihtelevissa lämpöti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.

120 PÄIVINEN, JUSSI, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissä elävien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus  44 p. (155 p.) Yhteenveto 2 p.
2003.

121 PAAVOLA, RIKU, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkärangattomien, vesisammalten ja kalojen

yhteisörakenne pohjoisissa virtavesissä –
säännönmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.

122 SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

123 AHTIAINEN, JARI JUHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata.  -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihämähäkillä
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

124 KAPARAJU, PRASAD, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
järjestelmässä. 84 p. (224 p.) Yhteenveto 2 p.
2003.

125 HÄKKINEN, JANI, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B säteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

126 NORDLUND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestävyyden ja
rakennetopologian muokkaaminen. 64 p.
(104 p.)  Yhteenveto 2 p. 2003.

127 MARJOMÄKI, TIMO J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.

128 KILPIMAA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

129 PÖNNIÖ, TIIA, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

130 WANG, HONG, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.
(90 p.) 2004.

131 YLÖNEN, OLLI, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisääntyvän
UV-B säteilyn vaikutukset siikakalojen
poikasten käyttäytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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132 KUMPULAINEN, TOMI, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).
- Lisääntymisstrategioiden evoluutio ja säily-
minen pussikehrääjillä (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

133 OJALA, KIRSI, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittäminen ja
sovellukset.  90 p. (141 p.) Yhteenveto 3 p.
2004.

134 RANTALAINEN, MINNA-LIISA, Sensitivity of soil
decomposer communities to habitat
fragmentation – an experimental approach. -
Metsämaaperän hajottajayhteisön vasteet
elinympäristön pirstaloitumiseen. 38 p.
(130 p.) Yhteenveto 2 p. 2004.

135 SAARINEN, MARI, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisäyriäisen esiintymi-
seen ja runsauteen vaikuttavat tekijät
Anodonta piscinalis -pikkujärvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

136 LILJA, JUHA, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.
- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyviä ongel-
mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.

142 PYLKKÖ, PÄIVI, Atypical Aeromonas salmonicida
 -infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epätyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieriälle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkäisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.

143 PUURTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisääntymisstrategioiden evoluu-
tio eläimillä. 28 p. (110 p.) Yhteenveto 3 p.
2004.

144 TOLVANEN, OUTI, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jätteen-
käsittelytekniikan ja jätelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jätteen-
käsittelylaitoksilla. 78 p. (174 p.) Yhteenveto
4 p. 2004.

145 BOADI, KWASI OWUSU, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympä-
ristö ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

146 LUKKARI, TUOMAS, Earthworm responses to
metal contamination: Tools for soil quality
assessment.  - Lierojen vasteet
metallialtistukseen: käyttömahdollisuudet
maaperän tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

147 MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jätevesistä
yhdyskuntajätevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

148 KARISOLA, PIIA, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian pääallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

149 BAGGE, ANNA MARIA, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteisöjen rakenteeseen ja kehitykseen
vaikuttavat tekijät sisävesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

150 JÄNTTI, ARI, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Eurasian treecreeper. - Lajien-
välisten suhteiden vaikutus puukiipijän
pesintämenestykseen metsäympäristössä.
39 p. (104 p.) Yhteenveto 2 p. 2005.

151 TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienväliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.

137 NYKVIST, PETRI, Integrins as cellular receptors
for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.

138 KOIVULA, NIINA, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.

139 KARVONEN, ANSSI, Transmission of Diplostomum
spathaceum between intermediate hosts.
- Diplostomum spathaceum -loisen siirtyminen
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