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SUMMARY
Municipal solid waste incineration (MSWI) bottom ash has the potential for utilisation
in construction, e.g. as a road base material. Such an utilisation would decrease the 
amount of bottom ash to be landfilled. However, leachates generated from bottom ash 
could be concentrated with respect to salts and metals. The emission of salts and metals
from bottom ash roads could cause environmental problems.

This thesis is about carbonation of MSWI bottom ash to decrease the leaching of 
inorganic pollutants during the utilisation of the ash in construction. Field investigations 
and laboratory leaching experiments enabled the identification of inorganic pollutants 
whose leaching might be critical during such an utilisation. Treatment methods by 
carbonation and water extraction were evaluated regarding the mobility of these critical 
pollutants. The stabilising effect of carbonation to a moderate alkaline level (~pH 8.3) 
was evaluated and compared to the mobilising effect of carbonation in excess (~pH 
6.4). Numerous leaching experiments were performed including diffusion leaching,
leaching at constant pH, availability test, compliance leaching test and column test.
Multivariate data methods, viz. principal component analysis and partial least square 
analysis, were applied to evaluate the results. 

Carbonation to a moderate alkaline level demobilised four of seven critical components.
The effect was most pronounced for Al, Cr, Cu and Sb, whose leaching decreased by 
98.7% (Al), 96.5% (Cr), 62.9% (Cu) and 45.3% (Sb) over the course of a 64-day
diffusion leaching. Washing to remove easily soluble salts was recommended in 
addition to moderate carbonation. 

The mobilising effect of carbonation in excess was evaluated in connection with
treatment by water extraction. Factors included were excessive carbonation of 
suspension, extraction pH, liquid-to-solid (L/S) ratio, treatment with ultrasonic waves, 
temperature and extraction time. Carbonation in excess had the highest mobilising
effect on Cr, Cu and Sb when interacted with other factors, mostly pH. Total 
mobilisation was 356% for Sb, 110% for Cu and 92% for Cr. Carbonation in excess was 
therefore proven to be a key factor enhancing the effectiveness of MSWI bottom ash 
treatment by wet extraction. 

Considering the limitations, carbonation treatments might surpass natural weathering 
prior to the utilisation and open the way to a wider application of MSWI residues in
construction. Flue gas from MSWI is a promising source of CO2. However, due to the 
oxidising character of flue gas its effect on contaminant mobility (e.g. Cr) needs to be 
investigated.
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SAMMANFATTNING
För bottenaskan som bildas vid förbränning av hushållsavfall finns en möjlig
användning som vägbyggnadsmaterial. En sådan användning skulle minska behovet att
deponera bottenaska. Återanvändningen kan dock öka risken för miljöproblem främst 
pga lakning av föroreningar som metaller och salter. Dessa problem orsakas
huvudsakligen av lakning, främst salter och metaller, från bottenaskan. 

I denna avhandling undersöks olika aspekter av förbehandling av bottenaska från 
förbränning av hushållsavfall för användning som vägbyggnadsmaterial. Genom
fältundersökningar och laboratorieförsök har oorganiska föroreningar identifierats, vars 
lakning kan vara farlig vid dylik användning. Behandlingsmetoder, karbonatisering och 
vattenextraktion har utvärderats med avseende på elementens mobilitet. Den 
stabiliserade verkan som karbonatisering har vid moderat alkalisk omgivning (pH ~8.3) 
utvärderades och jämfördes mot mobilitets effekt av karbonatisering i överskott (pH 
~6.4). Ett flertal lakningsexperiment utvecklades och genomfördes bl.a. 
diffusionslakning och lakning vid konstant pH. För evaluering användes multivariat
dataanalys.

Bottenaskans karbonatisering till moderat alkaliska förhållanden minskade ett flertal 
föroreningars mobilitet. Tydligast var detta för Al, Cr, Cu och Sb, vars lakning
minskade med 98.7%, 96.5%, 62.9% och 45.3%, under en 64-dagars diffusionslakning. 
Vid problem med utsläpp av lättlösliga salter vid användning av aska rekommenderas 
tvättning samt moderat karbonatisering. 

Mobilitets effekt av karbonatisering i överskott utvärderades tillsammans med
extraktion och följande faktorer: förbehandling med ultraljud, pH, L/S-kvot, temperatur
och tid. Största effekt på mobilitet hade karbonatisering i överskott för Cr, Cu och Sb i 
samverkan med andra faktorer, framförallt pH. Karbonatisering i överskott visade sig 
därför vara nyckelfaktor för att förbättra resultatet för extraktionsbehandling av
bottenaska från förbränning av hushållsavfall. 

Med hänsyn till begränsningarna kan karbonatisering anses vara bättre 
behandlingsmetod än naturlig vittring före användning an förbränningsrester som
byggnadsmaterial. Rökgas från avfallsförbränning är en potential källa av koldioxid. 
Rökgasens effekt på mobilitet av föroreningar (t.ex. Cr) skulle undersökas, på grund av 
dess oxiderande karaktär. 

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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1 INTRODUCTION
A societal goal towards sustainability is to reduce the use of primary, non-renewable 
construction minerals. Their extensive exploitation has a major impact on the 
environment due to mining, mineral processing, transport and disposal of spent 
materials.

Since the need for construction minerals can be lowered but not prevented, resource 
conservation in construction is essential. This involves both recycling and cascading, 
i.e. the reuse of secondary construction materials needs to be facilitated.

In 2004, 1.9×106 t of municipal solid waste (MSW) was incinerated in Sweden (RVF, 
2004). This figure corresponds to 46.7 wt-% of the total mass of MSW. A potential and 
significant source of secondary construction materials, solid residues from MSW 
incineration (MSWI) constitute bottom ash (20-30 wt-%), heat recovery ash (~0.5 wt-
%), fly ash (~2 wt-%) and air pollution control (APC) residues (~1.2 wt-%) (Chandler,
et al., 1997). While other MSWI residues are fine in particle size, bottom ash is gravel 
like. Its structural properties make bottom ash feasible to be used in road construction as 
a base or sub-base material (Forteza, et al., 2004; Pfrang-Stotz and Reichelt, 1997). 
However, MSWI bottom ash contains inorganic pollutants such as metals and 
metalloids (e.g. Cu, Pb, Zn), including elements forming oxyanions (e.g. As, Cr, Mo, 
Sb) as well as easily soluble chlorides (Cl) and sulphates (SO4) (Chandler, et al., 1997). 
Thus, the reuse of MSWI bottom ash as a secondary construction material bears the risk 
of polluting the environment through leaching. In recent years, several studies were 
performed with the aim to understand and minimise the pollution potential of MSWI
bottom ash (Bruder-Hubscher, et al., 2001; Cai, et al., 2004; Comans, et al., 2000; 
Forteza, et al., 2004; Schreurs, et al., 2000). However, no efficient energy and time
saving treatment process for preventing environmentally harmful leaching from MSWI
residues utilised in construction has yet to gain wide acceptance.

Carbonation is a reaction of inorganic alkaline wastes with CO2 causing the formation
of carbonates. Due to their composition and typically high alkalinity (Chandler, et al.,
1997), this process occurs naturally in MSWI residues exposed to atmospheric CO2.
Due to the natural carbonation of MSWI residues, landfill and lysimeter field studies 
(Johnson, et al., 1999; Kersten, et al., 1998; Shimaoka and Hanashima, 1996; 
Stegemann, et al., 1995) have shown the decrease in pH to moderate alkaline levels. 
The latter might decrease the mobility of, e.g. amphoteric metals, whose solubility is at
its minimum at pH around neutral (Sloot, et al., 1997). Beyond the impact of pH, the 
formation of metal carbonates promotes demobilisation (Ecke, et al., 2002). 
Carbonation also leads to mineral changes in incineration residues (Ecke, et al., 2002; 
Piantone, et al., 2004; Polettini and Pomi, 2004) that may contribute to a demobilisation
of contaminants through substitution (Piantone, et al., 2004) or adsorption (Meima, et
al., 2002). 

A mobilisation of metals may, however, be observed in bottom ash exposed to an 
excess of CO2. Surplus carbonic acid (H2CO3) is formed and may destroy the calcite
(CaCO3) buffer causing a drop in pH. Metal carbonates and other secondary, metal-
binding phases or surface complexes may be decomposed resulting in a re-mobilisation
of metals (Ecke, 2001; Ecke, et al., 2002). 

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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This thesis investigates the carbonation of MSWI bottom ash towards preventing 
environmentally harmful leaching during utilisation in road construction.

1.1 OBJECTIVES

The objectives were: 

– to identify the components that might be environmentally critical during the 
utilisation of MSWI bottom ash in road construction; 

– to develop an assessment method for the leaching of contaminants from utilised
bottom ash; 

– to investigate if moderate carbonation demobilises critical components and
suggest a treatment method facilitating an environmentally compatible reuse of 
MSWI bottom ash in road construction; 

– to quantify the effect of excess carbonation on the mobility of critical elements
in MSWI bottom ash. 

2 MATERIAL AND METHODS 

2.1 MATERIAL

The investigated residue was MSWI bottom ash originating from the Dåva power plant 
located in Umeå, Sweden. Ore et al. (accepted) describe the origin of the bottom ash, 
while Ecke and Åberg (2006) present the content of minor and major constituents as 
well as volatile solids (VS) and total solids (TS). From this point on, the material is
referred to as bottom ash or Dåva bottom ash.

2.2 TEST ROAD 

The test road was constructed partly on Dåva bottom ash and partly on gravel, and built 
in Umeå, Sweden during the summer 2001. Lysimeters (Figure 1) were installed under 
each of the two road sections to enable sampling of leachate. Leachates were sampled
21 times between October 2001 and October 2004, except for the winter months when 
the water was frozen. Ore et al. (accepted) present details on the test road design and
sampling. Leachates were analysed for elements, chlorides (Cl), sulphates (SO4),
compounds of nitrogen and total organic carbon (TOC). 

(2)

(3)

1:3
(5)

(6)

(7)
(8)

(4)
2.5%

1.0%

(1)

Figure 1 Cross-section of the test-road (developed from Lidelöw and Lagerkvist 
(accepted)). (1) Sampling well, (2) lysimeter, (3) drainage pipe, (4) asphalt
surface layer, (5) gravel base layer, (6) bottom ash or gravel sub-base layer,
(7) sand sub-grade and (8) geotextile. 
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2.3 MODERATE CARBONATION OF BOTTOM ASH 

The bottom ash was carbonated by storing it in an atmosphere of CO2 for 27 days. No 
water was added (Todorovic and Ecke, 2006a). The treatment finished when pH in 
bottom ash reached ~ 8.3, i.e. the pH of the calcite equilibrium with atmospheric CO2.
This was measured in suspension at L/S 10 l kg-1. During the treatment, approximately
7.2 (l CO2)(kg ash)-1 were added. This process of bottom ash carbonation at TS content 
is referred to as moderate carbonation in the following text. The effect of moderate
carbonation on the mobility of components was investigated using the diffusion 
leaching test and availability leaching test (section 2.5). 

2.4 EXCESS CARBONATION OF SUSPENDED BOTTOM ASH 

The effect of excess carbonation and other factors potentially determining the wet 
extraction (Table 1) was investigated. Bottom ash was suspended in water and treated
with ultrasonic waves. Before pH-stat leaching (section 2.5), the bottom ash was 
carbonated. Factors L/S and CO2, therefore, corresponded to carbonation of suspension, 
whereas L/S, pH, temperature and time corresponded to the pH-stat leaching 
experiment. A total of 6 factors were combined according to a 2-level fractional
factorial design, including 6 centre points (26-1+6) (Montgomery, 2001) resulting in 38 
experiments. Todorovic et al. (in print) describe in detail the experimental design and 
equipment. In the following text, carbonation of suspension of bottom ash applied here 
is referred to as carbonation in excess.

2.5 LEACHING TESTS 

Compliance leaching test 
A compliance leaching test was performed on bottom ash according to the EU 
stipulation for acceptance of waste to landfills (EC, 2002). Leachates were analysed for
elements, Cl, SO4, redox and pH. 

Table 1 Factors and levels investigated in the experiment evaluating carbonation of 
bottom ash in excess (Todorovic, et al., in print). 

Factor Unit Level
low high intermediate

CO2 No Yes
L/S ratio l kg-1 5 20 12
Time h 2 24 15
pH 7 12 10
Ultrasonic* minutes 0 40 10
Temperature °C 20 60 40
* at an energy output of 100 W and a frequency of 42 kHz

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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Availability test 
A two-step availability leaching test was performed on finely grained bottom ash (95 
wt-% < 125 m) according to Nordic test method, NT Enviro 003 (NORDTEST, 1995). 
Todorovic and Ecke (2006a) describe the procedure and equipment used for the 
availability testing. Leachates were analysed for elements, Cl and SO4. The assessed
release during availability testing is referred to as the amount available for leaching or 
availability in the following text. 

Diffusion leaching test
Both non-carbonated and moderately carbonated bottom ashes (section 2.3) were tested 
compacted using the Dutch diffusion leaching test (NEN, 1995). The only modification
from the original test protocol was the performed leaching in the beakers previously
used as moulds for compaction. The test was carried out in eight successive leaching 
steps of specified time-length, giving eight leachate fractions. Distilled water acidified
to pH 4 was used as a leachant and the pH was determined by the material itself.
Todorovic and Ecke (2006a) detail the procedure for sample preparation and leaching.
Leachates were analysed for elements, Cl, SO4, electrical conductivity and pH. 

pH-stat leaching test 
The suspension resulting from pre-treatment described in section 2.4 was titrated to 
constant pH at a pre-set temperature (Table 1). After a specified time (Table 1), the 
suspension was filtrated and the remaining leachate was analysed for elements, Cl and 
SO4. Todorovic et al. (in print) detail the experimental design and equipment. 

Column test 
Non-carbonated bottom ash was tested using column leaching. The column test 
procedure was described in Todorovic et al. (2004). In each of the 5 columns, 280 g of 
bottom ash was compacted. Columns were made of PVC and were 2.8 cm in diameter.
Six percolation steps were performed by pouring distilled water on top of the column
and collecting leachate on the bottom of the column. The amount of water corresponded 
to L/S 0.44 l (kg TS)-1 for each step, giving cumulative L/S of 0.44, 0.88, 1.32, 1.76, 2.2 
and 2.64 l (kg TS)-1 for each respective percolation step. Each percolation step started 
22 hours after the previous had finished. Leachates were analysed for chlorides only. 

2.6 CHEMICAL ANALYSES 

All leachates (except from column test) were filtered through a 0.45 m filter prior to
the analyses. The pH of leachates was determined using pH meter pH 340 (WTW,
Weilheim, Germany). Electrical conductivity was measured using conductivity meter
CPM210 (Radiometer, Copenhagen, Denmark). Major elements in the leachates were
determined using ICP-AES according to EPA 200.7 (modified). Depending on the 
concentrations, trace elements were analysed according to modified methods EPA 200.7 
(ICP-AES) or EPA 200.8 (ICP-SMS). Chlorides were determined by titration with
AgNO3 according to Swedish standard SS 02 81 20 (SS, 1974). Sulphates were 
determined using SSEN-ISO 10304. The content of TS and VS was determined 
according to Swedish standard SS 02 81 13 (SS, 1981). NO2-N and NO3-N were 
analysed using the TRAACS method J-002-88 B (TRAACS-method, 1993a). Total N 
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was analysed using the TRAACS method J-002-88 B (TRAACS-method, 1993a) after 
digestion according to the Swedish Standard SS 02 81 31 (SS, 1976). NH4-N was
analysed using the TRAACS method J-001-88 B (TRAACS-method, 1993b). 

2.7 STATISTICAL METHODS 

Analysis of fractional factorial design 
Results obtained from a fractional factorial design experiments (section 2.4) were 
analysed using multiple linear regression (Umetrics, Umeå, Sweden). 

Multivariate data analysis (MVDA)
The leaching data from the test road described in section 2.2 were evaluated using 
principal component analysis (PCA) (Umetrics, Umeå, Sweden). Ore et al. (accepted) 
detail the analysis itself and rationale behind setting of factors.

The effect of excess carbonation on the mobilisation of components was evaluated
using partial least squares (PLS) modelling. PLS was used to describe the relationship 
between the treatment factors (here treatment by carbonation and ultrasonic waves, L/S 
ratio, pH, temperature) on the responses (here release of components). 

The variables included in the PLS model to evaluate the mobilising effect of 
carbonation of bottom ash in excess are listed in Table 2. The data included were 
obtained in the set of experiments described in section 2.4. The dependent variables (Y)
and the independent variables (X) were blocked. 

Table 2 Variables included into the PLS model to evaluate the effect of carbonation 
in excess on the mobility of components. The explanation of the treatment
factors is given in Table 1. X represents the block of independent and Y the 
dependent variables.

Variable Type Setting Block in PLS 
Carbonation qualitative carbonated

non-carbonated
X

Ultrasonic quantitative time of the treatment with ultrasonic 
waves

X

pH quantitative controlled pH of the treatment X
Time quantitative time of pH-stat leaching X
L/S ratio quantitative L/S ratio of the treatment X
Release of 
constituents

quantitative removal of Al, Cl, Cr, Cu, Mo Pb, Sb, 
Zn, SO4 by the treatment (in mg (kg 
TS)-1)

Y

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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3 RESULTS AND DISCUSSION 
The anticipated decisive property of Dåva bottom ash was the release of contaminants
under conditions prevailing in road constructions. For such an assessment, no standard 
methods were available. Therefore, methods testing contaminant mobility were adopted
and tested using field results (Ore, et al., accepted) as reference. Based on these 
methods, the critical components were identified. Their accessibility for demobilisation
through moderate carbonation was investigated (Todorovic and Ecke, 2006a; 
Todorovic, et al., in print). Another treatment approach was to separate contaminants
from the ash matrix by applying surplus CO2.

3.1 CRITICAL COMPONENTS

The MSWI bottom ash from the Dåva power plant was judged to be representative 
concerning the total content of components. All investigated elements were within 
ranges typical for MSWI bottom ashes (Chandler, et al., 1997), except for Cu, S and Zn 
(Todorovic and Ecke, 2006a), which exceeded common concentration levels. The VS 
content in Dåva bottom ash was 12±0.8 g (kg TS)-1 (n=12), reflecting a low level typical 
of modern incinerators (Chandler, et al., 1997). 

The following components might be critical if Dåva bottom ash is used in road 
construction: Al, Cl, Cr, Cu, Mo, Sb and SO4. Critical components fulfilled at least one 
of the two criteria; they exceeded regulatory leaching limits or were released in higher
concentrations from bottom ash than from conventional construction material during 
utilisation.

Components exceeding regulatory leaching limits 
By the time this manuscript was printed, no specific legislation governing geotechnical 
applications of incineration residues in Sweden existed. Hence, the following two 
criteria were used: (1) the bottom ash could be classified as non-hazardous waste
according to Swedish ordinance for waste from 2001 (as recommended by Svensson et
al. (2005)), and (2) it fulfils the requirements for landfilling as inert waste. Landfill 
acceptance criteria (EC, 2002) aim to protect groundwater. It is therefore reasonable to 
think that incineration residues acceptable for landfilling as inert are acceptable in 
geotechnical applications. Furthermore, the landfill acceptance criteria are based on a
simplified environmental scenario, including the hydrogeological properties of a 
landscape appropriate for placement of a landfill (Hjelmar, et al., 2001). Such a scenario 
is not necessarily applicable to the geotechnical applications discussed here. Despite the 
latter, EU landfill acceptance criteria (EC, 2002) were used because they give a 
straightforward comparison with the limit values. Components in Dåva bottom ash
exceeding the stipulated release were considered as critical. Their leaching aimed to 
meet the limit values prior to applying this bottom ash in road construction. 

Based on the requirements of the Swedish ordinance for waste from 2001, Dåva bottom 
ash was classified as non-hazardous (Svensson, et al., 2005). However, according to the 
criteria of the EU for acceptance of waste to landfills and based on compliance test 
leaching (Todorovic, et al., in print), Dåva bottom ash did not meet the criteria for 
landfilling as inert waste. This was due to the release of Cl, Cr, Cu, Mo, Sb and SO4
(Todorovic, et al., in print). 
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Comparison with leaching from conventional construction material 
An environmental impact assessment is often required to demonstrate that the utilisation
of MSWI residues does not pose a harmful effect to the environment (Lidelöw, 2004). 
To investigate if the utilisation of Dåva bottom ash harms the environment, a test road
was built and equipped for collection of leachate. The road was divided into sections to 
enable an evaluation of leachate quality and comparison to that of conventionally used
gravel. The components whose leaching was either significantly higher from the bottom 
ash section or extreme for some time period were considered as critical. 

PCA was used to investigate the difference in leachate quality from bottom ash and 
gravel road (Figures 2 and 3) (Ore, et al., accepted). The quality of the ash and gravel 
leachate became similar with time (Ore, et al., accepted), as indicated by the tendency 
of scores from two materials to approach each other with time (Figure 2). Scores 
representing bottom ash leachates scattered over three quadrants show the severe 
changes in quality of leaching emissions from this material.

Outlying samples are positioned outside the 95% confidence demarcation of the model 
(collected from bottom ash on October 10th, 2001 and October 23rd, 2001) or far from
the rest of the group (November 27th, 2001) (Figure 2). Variables making them extreme
are concentrations of Cl, Cu, K, Na, NH4-N, total N, SO4 and TOC as well as electrical 
conductivity. Their placement in the loading plot (Figure 3) corresponds to the 
placement of outliers in the score plot (Figure 2).

At the beginning of the sampling, concentrations of Cl, Cu and NH4-N were three
orders of magnitude higher in bottom ash leachates, whereas that of K, Na and TOC
were one order of magnitude higher. Concentrations of certain elements dropped 
considerably during the first autumn, i.e. to 15.7% for Cl, 57.8% for Cu, 18.9% for K, 
19.1% for Na, 16.3% for NH4-N and 53.5% for TOC of the initial concentration. 

The high initial leaching of Cl from the test road agrees with findings from Bruder-
Hubscher et al. (2001), who performed a similar test road investigation with one French
MSWI bottom ash. They recorded an initial concentration of Cl from the bottom ash
similar to concentrations in winter leachates resulting from the de-icing of roads with
salt (~2 g l-1). The initial concentration of Cl from the Dåva bottom ash road section was 
an order of magnitude higher (16.4 g l-1). A road run-off with such a Cl concentration
could be toxic to organisms (Sanzo and Hecnar, 2006). The presence of Cl can also 
increase the bioavailability of pollutants and therefore indirectly increase the overall
toxicity of road leachate (Marsalek, 2003). High Cl concentrations are therefore a 
hindrance in the utilisation of bottom ash in construction and may require a pre-
treatment.

Electrical conductivity of bottom ash leachate exhibited the most pronounced change. 
During the first year, conductivity decreased two orders of magnitude from initial 23 
mS cm-1 and reached the level similar to gravel leachate. Electrical conductivity of 
gravel leachate was within the same order of magnitude during the whole sampling
period. Positioning of electrical conductivity in the loading plot (Figure 3) indicates its
close correlation to Cl, K and Na. 
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The high initial leaching of TOC (99 (mg TOC) l-1) agrees with findings of Bruder-
Hubscher et al. (2001). Cu is known to make complexes with organic matter (Meima, et 
al., 1999; van Zomeren and Comans, 2004), and hence is probably the reason for TOC 
correlating with Cu (Ore, et al., accepted). 

The concentration of Al was always two orders of magnitude higher in bottom ash 
leachate than in gravel leachate and did not considerably drop after three years of 
sampling. The highest noted concentration of Al in bottom ash leachate was 85.3 mg l-1.
The concentration of Cr in gravel leachate was mostly below the detection limit,
whereas bottom ash leachate was 2 to 3 orders of magnitude higher than this limit, 
reaching 125 g l-1.

pH in bottom ash leachate ranged between 9.46 to 11.69, not showing any tendency to 
decline (Figure 4). Reactions with atmospheric CO2 were expected to lead to
carbonation of bottom ash and decrease pH to the level of calcite equilibrium. Meima
and Comans (1997) confirmed such a pH development in landfilled MSWI bottom ash. 
Here, however, carbonation was impeded, probably because of limited infiltration and 
gas exchange through the impermeable asphalt layer (Åberg, et al., 2006). pH of gravel
leachate was between 7.23-9.05.

The concentration of total-N changed similarly in leachates from the two materials, but
that of different N compounds did not. The emission of NO2-N was higher from bottom 
ash during the whole sampling period. During the first two years, NH4-N was the
dominating form of N in bottom ash leachate, indicating unfavourable conditions in the
road sub-base for nitrifying bacteria to perform the nitrification. This might be due to 
leak of oxygen in road sub-base. During the following years, these conditions changed 
and NO3-N became the dominant form of N in bottom ash leachate. Leaching tests used 
in the following stages of this investigation are not designed to evaluate biological
activity; thus, nitrogen compounds are not further discussed. 

Leaching of Ba, Ca, Co, Fe, Mg, Mn, Ni, NO3-N, Pb and Zn was not of environmental
concern when considering the reuse of bottom ash in road construction. Their emissions
are either higher from the gravel section or did not significantly differ between both 
investigated sections over the whole sampling period. Weather conditions and seasonal
changing had no major impact on leachate quality  (Ore, et al., accepted).

Because data on the release of SO4 is missing for the three outliers, its influence could
not be concluded. During the rest of the investigation, the concentration of SO4 in
bottom ash leachates was higher, but mostly within the same order of magnitude as in 
gravel leachate and reached a similar extreme value of 490 mg l-1. Bruder-Hubscher et 
al. (2001) recorded a high release of SO4 during the first year of MSWI bottom ash 
utilisation in the road, followed by a decrease below limit values for drinking water. 
Due to the possibility of an initially high release, SO4 should not be neglected as a 
critical component especially during the first months of MSW bottom ash utilisation. 

The release of Mo and Sb was not evaluated from the Dåva test road, but proved to be
high during laboratory experiments. Bruder-Hubscher et al. (2001) observed critical 
releases of these oxyanion-forming elements from road base of MSWI bottom ash. 
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3.2 TESTING APPROACHES 

Compacted MSWI bottom ash is used in road construction. Approaches for testing the 
success of investigated treatment methods were designed to reflect the leaching during 
such an utilisation, i.e. considering the physical properties of the system and chemical
stabilisation due to self-binding of bottom ash. Testing methods were adapted to bottom 
ash solidified through compaction and without any binding agent. 

Leaching mechanisms 
When mixed with water and compacted, MSWI residues could undergo mineral
changes leading to self-binding (Chandler, et al., 1997; Todorovic, et al., 2003). 
Physical properties of the system, like the porous structure and the contact area between 
phases, are therefore changed and affect the leaching mechanism.

In the test road, the Dåva bottom ash was compacted in the sub-base layer (Figure 1). 
Approximately 80% of ash used was placed under the asphalt layer. Compaction of 
bottom ash and asphalt cover limited infiltration. Assumed infiltration through the 
asphalt part of the road was one-tenth of precipitation. Slopes of the road were not
covered, permeability was probably higher and infiltration amounted to one-half of the 
precipitation, or 291 mm yr-1.

Bottom ash compacted and covered with asphalt probably undergoes leaching 
controlled by solid-state diffusion (Kosson, et al., 1996). To evaluate leaching in the 
diffusion controlled regime, a diffusion leaching test should be used. Leaching
properties of the solidified or compacted material are determined in a batch experiment,
while replacing the leachant at specified times to avoid equilibrium with the solid phase 
(NEN, 1995). 

Diffusion test results corresponded relatively well to leaching from the bottom ash road 
(Todorovic, 2004). Leaching during the test was diffusion controlled and agreement
between results might prove the same leaching mechanism in the road. The investigated
part of the road was not asphalt covered, i.e. infiltration was only limited by compaction
to low permeability.

In the road slopes, leaching is under a percolation regime and solubility could be 
controlling mass transport (Kosson, et al., 1996). Solubility control occurs when the
solution is saturated with species of interest. Åberg et al. (2006) determined the 
solubility of components in Dåva bottom ash at equilibrium conditions using pH-stat 
leaching and their results correspond well to the leaching in the slope of the road.
Leaching tests under equilibrium conditions are therefore superior to diffusion tests for 
evaluation of leaching in the slopes of the road. 

Even if the leaching mechanisms are well simulated in the laboratory, the predictability 
of leaching in field is limited due to reactions of slow kinetics. Carbonation that 
generally has a stabilising effect is an example of such a reaction. The degree to which 
it occurs in the laboratory is different than in field. Decalcification under acid attack
(Ecke, et al., 2003) could annul the demobilising effect of carbonation. Stegemann et al.
(1995) proposed that a lysimeter study on bottom ash subjected to natural precipitation 
could render valuable results on the effect of reactions of slow kinetics on the leaching 
of components.
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Chemical aspects of self-binding of bottom ash 
Mineral changes causing self-binding of MSWI residues could affect the solubility of 
components. Metals could be released due to decomposition or polymerisation of 
minerals (Valls and Vazquez, 2001) or trapped or bonded in neo-formed minerals
(Piantone, et al., 2004). An affinity for sorption onto mineral surfaces could also be 
affected (Meima and Comans, 1999).

Solubility changes due to solidification (compaction of bottom ash/water mixture
preceding curing) were evaluated through an assessment of availability. It was proven
that solidification affected the availability of Ca, Pb, Zn and SO4

2- (Todorovic, et al., in
print). Furthermore, the effect of solidification interacted with carbonation to moderate
alkaline level (Todorovic, et al., in print). Such an interaction is best illustrated with Cu
and Pb. Carbonation increased the availability of these two components in bottom ash 
(by factor ~2 of Cu and ~9 of Pb). Solidification, however, annulled any effect of 
carbonation and no major differences in the leaching of Cu and Pb were observed
(Todorovic, et al., in print). Hence, bottom ash should be tested solidified so that the
effect of carbonation could be assessed and related to conditions in roads. A diffusion
test was applied to assess the stabilising effect of moderate carbonation. 

Testing incineration residues using diffusion test
The diffusion test protocol (NEN, 1995) requires the defined geometry and stability of 
specimens to be tested. To lower the risk of cracking and breaking during curing and 
leaching, bottom ash specimens should not be de-moulded (Todorovic, 2004). The same
beakers should be used throughout the process of specimen preparation and leaching.

The procedure for preparation of the test-samples (Todorovic, 2004) gave satisfying 
results regarding reproducibility of the procedure itself as well as stability of the
samples. The time of processing the mixture of ash and water might affect the pH of 
subsequent leaching (Todorovic, 2004) and should therefore be equal for all the 
samples. A water addition of 0.1 l (kg ash)-1, proved to be sufficient to initiate 
cementitious reactions, without any water leaching out during the following 
compaction. A procedure similar to Proctor compaction (SS, 1994) was applied on the 
mixture of ash and water and assured equal compaction of each sample. Samples were 
not de-moulded after curing. 

3.3 EVALUATION OF TREATMENT METHODS

There exist methods for demobilisation or removal of inorganic pollutants to treat 
MSWI residues prior to utilisation in construction (Todorovic and Ecke, 2006b). 
Carbonation to a moderate alkaline level is generally considered as demobilising
method (Todorovic and Ecke, 2006b). Its effect on the leaching of components was 
tested with respect to road conditions. Moderately carbonated bottom ash was therefore
compacted and tested by applying the diffusion leaching test and using non-carbonated
ash as a reference. 

Contrary to demobilising methods, different washing procedures could be applied to 
remove pollutants before utilisation (Todorovic and Ecke, 2006b). They often transfer 
the problem of contamination into a liquid phase, thus requiring additional resources for
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the leachate treatment. The possibility to carbonate the ash in excess and enhance the 
success of washing was tested.

The success of two treatment methods was evaluated with respect to leaching of critical 
components (Al, Cl, Cr, Cu, Mo, Sb and SO4). In addition, Pb and Zn were discussed, 
since their mobility was affected by mineral changes (Piantone, et al., 2004) and 
carbonation (Ecke, 2001; Todorovic and Ecke, 2006a; Todorovic, et al., in print). 

Moderate carbonation 
One of the major changes due to carbonation is the decrease in pH, a factor that affects 
the leaching of numerous components. Moderate carbonation decreased pH of bottom 
ash (measured in suspension at L/S 10 l (kg ash)-1) from 11.25±0.16 (n=3) to 8.28±0.03 
(n=2) (Todorovic and Ecke, 2006a). At the beginning of the diffusion test, when acidic 
leachant was frequently replenished, the pH of leachates was almost neutral. pH tended 
to increase with an increasing leaching time of each step ( ). At the end of the 
diffusion test, pH reached 8.21±0.06 in leachates from carbonated ash, showing no 
excess of carbonation. pH of later fractions from diffusion test leaching of non-
carbonated bottom ash corresponded well to that of leachates from the test road (Figure
4). This indicates that the alkalinity of the bottom ash was not consumed during testing. 

Figure 4

Figure 4 The pH development during diffusion leaching compared to the pH of 
leachates from the test road. Average pH values of leachate fractions from
moderately carbonated ash (open circles) with standard deviations (horizontal 
lines) (n=3), average pH values (n=2) of leachate fractions from non-
carbonated ash (open squares), pH development in leachate collected under 
the test road section built on bottom ash (bold line)(developed from 
Todorovic (2004)). 

Effective diffusion coefficients were calculated based on diffusion leaching test data 
(Table 3). Moderate carbonation decreased Al diffusivity by three orders of magnitude.
For other investigated components, the effect was minor or inconclusive. Cu, Pb and Zn 
in all samples and Al in carbonated had low diffusivity (pDe>16). Their mobility was
expected to be low and limited by solid state diffusion. Asphalt cover limiting
infiltration would probably further limit their release.
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Table 3 The effect of moderate carbonation on the negative logarithm of the mean
effective diffusion coefficients (pDe) (NEN, 1995) for specimens from non-
carbonated and carbonated Dåva bottom ash. The average  standard
deviation is given if diffusion-controlled release was observed for two or 
three specimens (developed from Todorovic et al. (in print)). 

Component Non-carbonated Carbonated
Al 13.0±0.1 16.7±0.2
Cl 9.4±0.1 9.3±0.1
Cr 12.1
Cu 16.3±0.1
Mo 10.5±0.1 10.5±0.1
Pb 18.8 18.2
SO4 10.4±0.3
Sb 12.2±0.0 12.0±0.0
Zn 19.2
 no diffusion-controlled leaching,  concentration too low

Moderate carbonation of Dåva bottom ash demobilised Al, Cr, Cu and Sb (Figure 5). 
Demobilisation was as follows:

Al > Cr > Cu > Sb 

The decrease in Al leaching amounted to 98.7%. Different forms of Al(OH)3 often
control the solubility of Al in MSWI residues (Chandler, et al., 1997; Kim, et al., 2005; 
Sloot, et al., 1997). Al is strongly amphoteric and the minimum reported solubility from 
MSWI bottom ash is at ~pH 6 (Chandler, et al., 1997). Demobilisation of Al in
carbonated bottom ash was therefore partly due to a decrease in pH. This investigation 
did not include the study of mineralogy, but it could be expected that Al was involved in 
mineral changes (Meima and Comans, 1997) and substitution reactions (Piantone, et al.,
2004).

Moderate carbonation demobilised Cr by 96.5%. Insoluble Cr(OH)3 was the dominant
Cr species at moderately alkaline level (Figure 6). Therefore, the pH decrease probably
contributed to a demobilisation of Cr. Cr formed oxyanions have an affinity for 
substitution in minerals (e.g. for sulphate in ettringite) and adsorption (onto Al- and Fe-
(hydr)oxides) (Meima and Comans, 1998b; Van Gerven, et al., 2005). A decrease in Cr
availability after carbonation of Dåva bottom ash indicated its redistribution in mineral
phases (Todorovic, et al., in print). Cr is also involved in a number of oxidation-
reduction reactions (Astrup, et al., 2005; Cai, et al., 2003). Because of its chemical
complexity, the effect of carbonation on the leaching of Cr still warrants a reasonable
explanation (Van Gerven, et al., 2005). Even though the applied carbonation treatment
showed a great potential for decreasing Cr leaching, an additional investigation is 
needed to draw solid conclusions of the effect of moderate carbonation. Astrup et al.
(2005) suggest that in this sense sample handling and interactions of Cr with Al and O2
should be considered and new leaching procedures developed.

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006



Pre-treatment of MSWI bottom ash for utilisation in road-construction

14

0

1000

2000

3000

4000

Cl SO4

0.0

0.2

0.4

0.6

0.8

1.0

Cr Cu Mo Pb Sb Zn

non-carbonated carbonated

0

10

20

30

40

Al

C
um

ul
at

iv
e 

re
le

as
e 

(m
g/

(k
g 

TS
))

Figure 5 Cumulative release of Cl, SO4, Al, Cr, Cu, Mo, Pb and Sb after 8 steps (64 
days) of diffusion leaching test, and of Zn after 4 steps (4 days). Carbonated
stands for moderate carbonation, while non-carbonated stands for untreated 
ash (developed from Todorovic and Ecke (2006a)). 

Carbonation decreased the cumulative leaching of Cu by 62.9% (Figure 5). This effect 
was noted when pH was controlled by the ash itself. When the availability of Cu was 
assessed at constant pH (pH-stat 7 and 4) no significant change due to the carbonation 
preceding solidification was observed (Todorovic, et al., in print). This indicated that 
pH had major effect on the leaching of Cu. The affinity of Cu for mineral sorption 
increases with pH, as well as the leaching of dissolved organic carbon (DOC) that 
builds complexes and desorbs Cu (Meima and Comans, 1998a). The combined
controlling mechanisms result in an amphoteric behaviour of Cu with the lowest 
leaching at moderately alkaline pH. The regression model (R2=97%) developed by 
Åberg et al. (2006) confirms this, showing the lowest leaching at pH~8.4. This model
shows that the initial release of Cu would be decreased by 65% if bottom ash was 
carbonated to pH is 8.3 before the construction of the road. It is assumed that the 
leaching from slopes of the road is percolation controlled. Modelled results were, 
therefore, in line with the results of diffusion test. 
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Moderate carbonation decreased Sb leaching by 45.3% ( ). By excluding one 
outlying sample (Todorovic and Ecke, 2006a), the recorded decrease in leaching of Mo
was 31.5%. As for Cu, adsorption is an important mechanism controlling the leaching
of Mo and Sb. The affinity of Mo and Sb oxyanions for oxide surfaces increases with a
decreasing pH (Comans, et al., 2000; Meima and Comans, 1998b; Van Gerven, et al.,
2005). Contrary to Cu, moderate carbonation decreased the availability of Sb by 62.5%
and Mo by 37%. This does not reflect the mobility changes due to the carbonate
formation, since carbonates dissolved in the second step of the availability test when pH 
4 was applied. Demobilisation was probably due to a redistribution of Mo and Sb in the 
mineral phases (Todorovic, et al., in print). 

Figure 5

Meima et al. (2002) argue that weathering increases the sorption capacity of bottom ash 
over time. Longer carbonation might, therefore, result in an enhanced demobilisation of 
components affected by sorption, even though shorter treatment times are favourable for 
practical reasons. 

Cl, SO4, Pb and Zn all showed an increase in leaching after moderate carbonation 
(Figure 5). The increase was by 22% for Cl, 320% for SO4, and 159% for Pb during the
entire diffusion test. For Zn, the increase was almost 7-fold over four leaching steps.
According to Bruder-Hubscher et al. (2001), the leaching of Pb could be of concern 
when utilising MSWI bottom ash. Here, neither the release of Pb nor Zn was identified
as critical. Both Pb and Zn are amphoteric with the minimum leaching between pH 9 
and 10 for Pb and between pH 9 and 11 for Zn (Chandler, et al., 1997; Sloot, et al.,
1997). Moderate carbonations caused pH of leachates to decrease below pH 9 (Figure 
4), probably increasing the release of Pb and Zn (Todorovic and Ecke, 2006a). 
According to the modelling of Åberg et al. (2006), a release of Pb (R2=95%) at pH 8.3 
would not exceed landfill limit values (EC, 2002). The same modelling shows that the 
release of Zn (R2=88%) could increase up to two orders of magnitude due to the noted 
pH decrease and exceed landfill limit values for inert waste (EC, 2002). However, the 
highest noted concentration of Zn in leachates from the gravel road without asphalt 
cover (~1400 ( g Zn) l-1) was higher than the modelled value (~870 ( g Zn) l-1). The 
effect of moderate carbonation on the release of Pb and Zn was therefore not considered 
as a hindrance in applying this method on bottom ash before utilisation. 
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Figure 6 Predominance area diagram for Cr phases in Dåva bottom ash (Todorovic, et 
al., in print). 
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Chimenos et al. (2005) proved that mineral changes upon weathering affect the 
mechanical and self-binding properties of MSWI bottom ash. Investigating changes in 
the mechanical performance of carbonated bottom ash would render valuable results in 
connection to its utilisation in roads and other technical applications. A method
investigating the interaction of carbonation with other factors (e.g. water addition, 
curing time) could be used in this sense. In a previous investigation (Todorovic, et al.,
2003), treatments were combined according to a full factorial design at two levels, with
the resulting ash specimens tested using uniaxial compression test. This procedure could
be modified for testing mechanical properties of interest. 

An economically acceptable source of CO2 is needed before applying carbonation of 
MSWI residues in full scale. An obvious source of CO2 is flue gas from the incineration 
process. Oxygen typically present in flue gases gives them oxidising character, which 
might affect speciation and leaching of, e.g. Cr (Ecke, 2001; Todorovic and Ecke, 
2006a). The effect of oxygen on the stabilisation of bottom ash needs to be investigated, 
if the flue gas is to be applied for stabilisation of bottom ash through carbonation. 
Furthermore, the treatment time should be shortened. Lowering the treatment time and 
necessary amount of gas could be possible if intensive contact between ash and gas is
promoted or water added (Bergman, 1996) or both. 

The leaching of easily soluble chlorides and sulphates is the problem that remains
unsolved by treatment of MSWI bottom ash through moderate carbonation. A release of 
Cl (pDe~9) seems to be limited only by its availability in bottom ash. Carbonation 
probably destabilised Friedel’s salt (Ca4Al2O6Cl2×10H2O) (Goni and Guerrero, 2003), 
increasing the release of Cl. Carbonation also increased release of SO4, probably 
through decomposition of ettringite (Ca6Al2(SO4)3(OH)12×12H2O) (Todorovic and 
Ecke, 2006a). A supplementary treatment is needed to remove easily soluble salts from
bottom ash before utilisation. 

Supplementary treatment to moderate carbonation 
Washing to remove easily soluble salts might be a promising addition to the moderate
carbonation of MSWI bottom ash (Todorovic and Ecke, 2006b). Percolation controlled 
leaching seems to result in the highest release relative to the amount of water used 
(Figure 7). By using column leaching (percolation control), up to 97% of available Cl 
could be removed with an L/S ratio of 2.64 l (kg TS)-1) (Figure 7). Similar leaching 
mechanism could be expected if water is sprayed over the pile of bottom ash. To meet
limit values for landfilling inert waste (EC, 2002), at least 83% of available Cl should 
be removed from Dåva bottom ash. Such a removal could be reached with an amount of 
water corresponding to L/S 0.72 l (kg TS)-1.

If washing is to be applied, it should be performed after carbonation. There are three 
reasons for this. First, alkaline conditions are needed for carbonation to occur, and 
washing could remove alkalinity (Todorovic and Ecke, 2006b). Second, carbonation 
mobilises Cl and SO4 and the following washing would also remove the mobilised
amount of these ions. Third, washing could initiate self-binding of bottom ashes and 
impede contact with CO2 and the handling of ash. 

An additional advantage of washing is that it removes the fine fraction (<100 m) and
improves technical characteristics of MSWI bottom ash (Koralewska and Faulstich, 
2000). Furthermore washing removes the content of trace elements (e.g. As, Cd, Cr, Pb, 
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Zn) bound to this fine fraction (Boddum and Skaarup, 2000) and therefore decreases 
their concentration in the bottom ash. 
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Figure 7 Removal of Cl from Dåva bottom ash using different methods and different 
L/S ratios. Cumulative leaching from the column test (Todorovic, et al.,
2004) is marked with column cumulative, cumulative leaching from the 
compliance leaching test (Todorovic, et al., in print) with compliance 
cumulative, cumulative leaching from the diffusion leaching test (Todorovic 
and Ecke, 2006a) with diffusion cumulative, leaching according to pH-stat
leaching (Todorovic, et al., in print) at pH 7, 20ºC, without any CO2 addition 
for 2 and 24 hours with pH-stat 2 h and pH-stat 24 h, while leaching 
according to availability test (Todorovic and Ecke, 2006a) is marked with
available. All leaching test are described in section 2.5. 
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Carbonation in excess 
The hypothesised ability of carbonation in excess to enhance the removal of 
contaminants was evaluated through the extraction factors and pre-treatment with
ultrasonic waves (Table 1). Treating suspended bottom ash with surplus CO2 resulted in 
a pH of ~6.4. Such a carbonation mobilised Cr, Cu, Mo, and Sb. Comparing the 
modelled release at an intermediate level (Table 1), the increase in leaching of critical 
components due to carbonation was as follows (Todorovic, et al., in print): 

Sb > Cu > Cr > Mo 

or by 356% for Sb, 110% for Cu, 92% for Cr and 27% for Mo. This effect of 
carbonation was statistically significant ( =0.05). The interaction between carbonation 
and pH also affected the leaching of all four components (Todorovic, et al., in print). In 
addition, the leaching of Cu and Sb was significantly affected by the interaction of 
carbonation and time of extraction, whereas the interaction of carbonation and 
temperature had an impact on the leaching of Cu. Carbonation in excess did not 
significantly affect the release of other investigated components (Todorovic, et al., in
print).

The ultrasonic treatment had a minor effect on the extraction, as indicated by the
position of ultrasonic treatment at the centre of the PLS plot (Figure 8). Extraction 
conditions (temperature, time of extraction, L/S ratio and pH) are grouped in the upper 
first quadrant together with components Al, Cl, Mo, Pb and Zn (Figure 8). These 
components were therefore mostly affected by the extraction conditions, not the 
excessive carbonation. The leaching of Mo was found to be predominantly pH-
dependent (Svensson, et al., 2005), whereas time was the dominant factor for Zn. 

Mo was suggested as a key component for optimisation of the extraction factors, 
because it responded to carbonation with the lowest significant increase (Todorovic, et 
al., in print). The release of Mo was modelled for a treatment at 20ºC (Figure 9). 
Temperature had a positive effect on the release of Mo during the extraction and it 
could be assumed that heating could only lead to an increase of the leached amount.
According to the model, the highest amount of Mo that could be removed at 20ºC 
without carbonation was 1.77 mg (kg TS)-1, at L/S 20 l (kg TS)-1, pH 12 and 24 h 
treatment. If carbonation in excess is applied prior to the extraction, the same amount
could be removed at L/S 5 l (kg TS)-1 and pH 12 after 6.6 h or at L/S 20 l (kg TS)-1 and
pH 9.4 after 2 h treatment. Hence, both time and water can be saved if carbonation in 
excess is applied prior to the extraction of bottom ash. 

Svensson et al. (2005) investigated the following combination of factors: pre-treatment
with carbonation in excess and extraction at 20ºC, L/S 5 l (kg TS)-1 and pH 12 for 2 
hours. Removal was high for oxyanion-forming elements and amounted for Sb 3.08 mg 
(kg TS)-1, Mo 1.72 mg (kg TS)-1, and Cr 1.81 mg (kg TS)-1. However, the treated
bottom ash did not meet the acceptance criteria for landfilling with regards to these
components. The release of Sb 0.560 mg (kg TS)-1 and Al 567 mg (kg TS)-1 from the
treated ash was even higher than from bottom ash before treatment. Therefore, the 
problem of high leaching rates of elements forming oxyanions and Al would not 
necessarily be solved even if relatively high amounts of the compounds were to be 
removed by the suggested procedure. 
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Figure 8 PLS loading scatter plot for the first and second principal components of the 
model evaluating the effect of carbonation on the mobility of components in 
suspended bottom ash. Black dots present investigated factors, empty dots 
present responses. R2 is goodness of fit. For explanation of factors and factor
settings, see Table 2. 

Herrmann (2004) showed that antimonate was the dominating Sb species in the Dåva 
bottom ash. This is consistent with the partitioning of Sb in MSW incinerators proposed
by Paoletti et al. (2001). Antimonates could be demobilised in ettringite by substitution
with SO4 (Van Gerven, et al., 2005), which probably explains the lower solubility of Sb 
in non-treated bottom ash. Paoletti et al. (2001) also showed the lowest leaching of Sb 
from MSWI bottom ash at pH 12-13, though it increased in neutral and acidic
conditions. Decomposition of ettringite by carbonation (Xiantuo, et al., 1994) was
offered as a partial explanation for the mobilisation of Sb (Van Gerven, et al., 2005). 
The increasing release of Sb towards neutral conditions was observed at only short
treatment times when excess carbonation was not applied (Herrmann, 2004), whereas 
the opposite effect occurs when carbonation is applied in excess. Chemical equilibrium
calculations showed the presence of Sb is expected in the leachate at its very least toxic
Sb(V) at pH 12 (Herrmann, 2004). A significant interaction of carbonation and time
also indicated the need for a long extraction after carbonation to maximise the removal
of Sb. The investigated short extraction time left a relatively high amount of Sb to be 
leached during subsequent compliance leaching (at pH 11.4-11.7 determined by the 
material itself). To meet environmental standards, a longer extraction time should be 
applied to avoid a high subsequent leaching of Sb and possibly of Mo and Cr. 
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Figure 9 Contour plot for leaching of Mo (mg (kg TS)-1) based on the fitted PLS 
model (Q2=77 %). Carbonation represents a high level of factor CO2 and no
carbonation represents a low level of factor CO2, (Table 1). L/S 5 represents
a low level of factor L/S and L/S 20 represents a high level of factor L/S,
(Table 1). Temperature was set at 20ºC, ultrasonic treatment on 0 minutes.

Excess carbonation achieved an advantage compared to moderate carbonation, because 
of the possibility to remove easily soluble salts and a shorter treatment time. Treatment 
costs are increased due to the need for additional chemicals and a larger amount of 
leachate to be treated (Todorovic and Ecke, 2006b). 

Prospects
The amount of treated MSWI residues is generally low, despite the numerous research 
projects and development of treatment techniques (Todorovic and Ecke, 2006b). 
Carbonation has good prospects for application in full scale, because of readily 
available CO2-containing gases. Considering the presented limitations, carbonation 
might surpass natural weathering prior to utilisation. This could open the way to a wider 
application of MSWI residues as secondary construction materials.
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4 CONCLUSIONS
Emissions of Al, Cl, Cr, Cu, Mo, Sb and SO4 might be critical if the investigated typical
municipal solid waste incineration (MSWI) bottom ash is utilised in road construction. 
Their release should be decreased before such an utilisation of this bottom ash. 

The identification of critical components was based on comparisons with regulatory 
leaching limits and the evaluation of leaching during utilisation. During the first two 
months, leachates generated in a road constructed with such an MSWI bottom ash 
substantially differed in their quality from leachates generated in a conventional road.
This difference was mainly due to a two to three orders of magnitude higher release of 
easily soluble salts (Cl, K, Na) and two orders of magnitude higher release of Cu. The 
quality of bottom ash road leachate became more similar to that of a conventional road 
during the following three years of utilisation. Only the concentrations of Al and Cr in 
bottom ash leachate did not decrease considerably. Their leaching was at least two
orders of magnitude higher than that of gravel. The pH of bottom ash leachate remained
high (pH 11.69) even after three years.

To assess the leaching during utilisation in road construction, bottom ash should be 
tested solidified through compaction. Such an approach includes two important factors 
that affect the leaching during the utilisation of bottom ash, viz. the leaching mechanism
and mineral changes causing self-binding of the bottom ash. Infiltration is limited under
the asphalt cover where leaching seems to be controlled by solid-state diffusion. 
Mineral changes causing the self-binding of bottom ash could affect the solubility of
components (e.g. Ca, Pb, Zn and SO4) and interact with the effect of stabilisation
through carbonation (e.g. Cu and Pb). 

The procedure for sample preparation and testing was developed to give stable samples
during testing and to reproduce similar samples. The following steps should be applied:
(1) mix the ash with a sufficient amount of water to initiate cementitious reactions, but 
without any leaching of water during the following compaction; (2) procedure similar to
Proctor compaction to assure equal compaction of all prepared specimens; (3) use the 
same beakers for moulding, curing and leaching of bottom ash specimens; and (4)
diffusion leaching test. 

Carbonation to calcite equilibrium (~pH 8.3) was applied to demobilise the components
that might be critical during utilisation of MSWI bottom ash in road construction. Their 
release during diffusion leaching provided a basis to evaluate the success of such a 
stabilisation method. Carbonation caused the cumulative leaching to decrease by 98.7% 
for Al, 96.5% for Cr, 62.9% for Cu and 45.3% for Sb. The treatment mobilised Pb and 
Zn probably due to the pH-decrease, though such an effect was not considered as a
hindrance in applying carbonation before utilisation in road-construction. Carbonation 
mobilised Cl by 22% and SO4 by 320%. This increase in release of Cl and SO4 was
probably caused by decomposition of Friedel’s salt (Ca4Al2O6Cl2×10H2O) for Cl and
ettringite (Ca6Al2(SO4)3(OH)12×12H2O) for SO4.

An acceptable treatment method for bottom ash to be used in road construction could
include stabilisation through carbonation to calcite equilibrium followed by washing to
remove easily soluble salts. As much as 83% of leachable Cl could be removed from the 
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investigated bottom ash with a liquid-to-solid (L/S) ratio of 0.72 l (kg TS)-1 in a 
percolation controlled regime.

To cause the opposite, mobilising effect, excess carbonation (pH~6.4) could be applied 
to enhance the removal of pollutants from MSWI bottom ash during the following 
extraction. Such a treatment achieved an advantage over moderate carbonation, because
of the shorter treatment time and possibility to remove salts. Excess carbonation 
increased the removal by 356% of Sb, 110% of Cu, 92% of Cr and 27% of Mo. 
Compared to neutral conditions, the extraction at highly alkaline conditions (pH 12)
further increased the removal of these elements. However, a higher removal during the 
extraction did not necessarily decrease the post treatment leaching rates. The extraction 
time of 2 hours was not sufficient. The longest treatment time is needed to decrease the 
subsequent leaching of, e.g., Sb and to meet environmental standards. Factors 
determining the extraction conditions, i.e. L/S ratio, pH, time and temperature of 
extraction, mostly affected the release of Al, Cl, Pb and Zn. The disadvantage of 
excessive carbonation/extraction treatment is an increased cost for chemicals and water. 

5 OUTLOOK
An economically worthwhile source of CO2 has to be found before carbonation is 
applied on full scale. One such source is flue gas from incineration processes. Because 
flue gas is a mixture of numerous other components, their effect on the process of
carbonation and on leaching of components should be investigated. Special attention 
should be given to the oxidation capacity of flue gases and their effect on the leaching 
of components that might be mobilised by these conditions, e.g. Cr. 

Even though carbonation to moderate level might have showed good prospects 
considering the demobilisation of components, the disadvantage might be its relatively 
long treatment time. This time should be decreased, though sufficient for satisfactory 
demobilisation. Interesting factors for such an optimisation could be the type of a 
contact between ash and gas, different contents of CO2 in the gas and the addition of 
water to ash.

Due to the limited capability of simulating field processes in the laboratory, it might be 
necessary to test the long term leaching from moderately carbonated MSWI bottom ash.
A lysimeter study could give valuable results on long term leaching. A follow-up of 
leaching from the test road might improve the understanding of the effect of slow 
kinetics reactions. 

Carbonation with an excess of CO2 was proved to have a mobilising effect on some 
contaminants. The extraction process for removal of these mobilised elements still has
to be optimised regarding L/S ratio, time and pH of leaching. The critical parameter
should be the release from treated bottom ash. 
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6 LIST OF ABBREVIATIONS

APC ........ air pollution control 

DOC ........ dissolved organic carbon 

 EU ........ European Union

 ICP-AES ........ inductively coupled plasma atomic emission spectrometry

 ICP-SMS ........ inductively coupled plasma sector mass spectrometry

L/S ratio ........ liquid-to-solid ratio 

MSW ........ municipal solid waste 

MSWI ........ municipal solid waste incineration 

 MVDA ........ multivariate data analysis

 NEN ........ Nederlands normalisatie instituut
 Nordtest ........ Nordic test method

PCA ........ principal component analysis 

pe ........ negative logarithmic electron activity 

pH ........ negative logarithmic proton activity 

PLS ........ partial least square 

 Q2 ........ goodness of prediction 

 R2 ........ goodness of fit 

 SS ........ Swedish standard

TOC ........ total organic carbon 

 TS ........ total solids

 VS ........ volatile solids
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INTRODUCTION

The incineration of municipal solid waste (MSW)

and cleaning of flue gases result in the capture of

solid residues in different units of the plant.

Bottom ash is the remaining material in the

combustion chamber, amounting to 20–30 wt-%

of the MSW incinerated. After combustion, the

bottom ash is quenched in a water bath. Gases

containing volatiles and particulate matter leave

the combustion chamber towards heat recovery

units and air pollution control (APC). As the gases

cool down, volatiles condense and form new

particulates or new surfaces on existing particulate

matter. Heat recovery ash amounting to 0.5 wt-%

of the waste incinerated is often mixed with the

bottom ash (Chandler et al., 1997). Depending on

the process design, flue gas cleaning systems

include several units, such as electrostatic pre-

cipitators, bag filters, and wet-, dry- and semi-dry

scrubbers. The operation of each unit produces a

residue. Particulate matter captured in an electro-

static precipitator or bag filter is called fly ash and

amounts to ,2 wt-% of the waste incinerated

(Chandler et al., 1997). Fly ash is often mixed with

scrubber residue, referred to as air pollution

control (APC) residue. While fly ash is the result

of mechanically separating pollutants from flue

gases; scrubber residues include products of

chemical reactions between gas components and

Abstract

Municipal solid waste incineration
(MSWI) residues display a potential
for reuse in construction. A risk of
harmful emissions to the environment
and negative effects on the performance
of residues during utilization exist
because of their composition. Extrac-
tion and stabilization pre-treatment
methods are available to decrease
harmful leaching from utilized MSWI
residues. Extraction procedures remove
pollutants in a liquid phase that has to
be handled as waste water. To remove

fines and easily soluble chlorides and
sulphates from residues, washing with
water seems to be sufficiently effective.
Such washing could also improve the
technical properties of the final pro-
duct. Using acids or chelating agents
that, however, increase treatment costs
enhances metal removal. For metal
stabilization in the MSWI residue
matrix, a multitude of processes are
available, such as cement solidification/
stabilization, weathering, carbonation,
thermal treatment as well as chemical

treatment with chelating agents, ferrous
sulphate and phosphate. Sorption onto
Al- and Fe-(hydr)oxides seems to be
most effective for stabilization of ele-
ments forming oxyanions, e.g. Mo and
Sb. Despite numerous research activ-
ities, the level of treated MSWI residues
is low and data on operational costs
are lacking. Before implementing a
full-scale MSWI residue treatment, a
thorough cost analysis is needed.
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sorbents added for gas clean-up. APC residues
amount to ,1.2 wt-% of the waste incinerated
(Chandler et al., 1997).

MSW incineration (MSWI) residues display a
potential for reuse as construction minerals, e.g.
for landfill covers, mineral additions to concrete
and as road base materials. However, their
composition could result in the harmful release
of pollutants to the environment or affect the
structural properties of the final product or both.
As a consequence, the reuse of MSWI residues as
secondary construction materials is low. For
example, among road construction materials in
Sweden during the year 2002, waste represented
only 3% (Wilhelmsson and Paikull, 2003).

This paper gives an overview of available
techniques for the pre-treatment of incineration
residues for environmentally acceptable utilization
as secondary construction minerals, and the
advantages and disadvantages of these techniques.
Focus was the treatment for utilization in geo-
technical applications. However, the occurrence
and mobility of inorganic pollutants in MSWI
residues are initially discussed.

INORGANIC POLLUTANTS IN MSWI RESIDUES

Typical elemental concentrations in MSWI resi-
dues presented by Chandler et al. (1997) are
compared with respective concentrations in soil
(Figure 1). Some elements, e.g. As, Br, Ca, Cr, Mo
and Pb in bottom ash and Hg in all MSWI
residues, are presented with ranges of more than
two orders of magnitude. Elemental concentra-
tions are mainly dependent on the quality
of MSW, while their chemistry and conditions in
the incineration system affect partitioning of
elements.

The partitioning of elements in MSW incinera-
tors and therefore MSWI residues are based
on a volatilization-condensation mechanism
(Fernandez et al., 1992). The boiling point of
certain elements and their compounds determine
if a certain element will be present in the residue
from the combustion chamber or the gas stream.
The proposed threshold value for the boiling
point is 1550˚C (Fernandez et al., 1992), though it
might be lower in MSW incinerators where
temperatures in the kiln do not often exceed
1000˚C. Elements forming compounds with
boiling points higher than the threshold (Al, Ba,
Be, Ca, Co, Fe, K, Mg, Mn, Si, Sr and Ti) are
not volatilized in the combustion chamber

(Fernandez et al., 1992) and are expected to be
present in the bottom ash. These non-volatilized
compounds could also leave the chamber with the
flue gases where they form the matrix of the fly
ash. Elements forming compounds with lower
boiling points (As, Cd, Cu, Ga, Pb, Sb, Zn and Se)
become volatilized in the combustion chamber
and leave with the flue gases. They condense on
the surface of fly ash particles as the gas cools
(Fernandez et al., 1992). Elements undergoing
volatilization, but not condensation (Hg, Cl, Br)
remain in the gas stream throughout the process.
Elements could form compounds of different
boiling points and therefore undergo more than
one of the described behaviours. Metals forming
volatile chlorides are examples of such behaviour.
Fernandez et al. (1992) proved that Cu, Pb and Zn
form volatile chlorides in the conditions of the
incineration chamber. Investigation by Song et al.
(2004), however, showed that between 88 and
97% of Cr, Cu and Pb remain in MSWI bottom
ash. Nakamura et al. (1996) showed that 66% of
Pb stayed in bottom ash. This means that the
partitioning of Cu, Pb and Zn in a MSW
incinerator mainly depends on the presence of
chlorides.

The environmental effect of utilized MSWI
residues is often discussed in connection to their
leaching, i.e. the release of contaminants upon the
contact with water.

Leaching of Pollutants

Leaching is the mass transport from solid material
to liquid phase and occurs in most systems that
include these two phases. From an environmental
point of view, understanding leaching is impor-
tant because it enables the estimation and evalua-
tion of leachate emissions to the environment.
The landfilling (EC, 2002) and reuse (Van Gerven
et al., 2005a) of waste are regulated through
leaching limit values. Many treatment processes
include contact with water or some other extract-
ing agent. Understanding leaching enables the
design and evaluation of treatment processes for
MSWI residues.

Several factors affect leaching (Figure 2). The
driving force for mass transport is the difference in
the concentration of components at the solid-
liquid interface. Accessibility of the component at
the surface is therefore an important leaching
factor. Diffusion through the solid phase could in
some cases limit the release (Kosson et al., 1996).
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Figure 1. Typical ranges of selected elemental concentrations in soil and MSWI residues (Chandler et al., 1997)
based on data from 39 facilities located in North America and Europe.
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A decreasing particle size increases the specific area

of the solid exposed to the leachant. Grinding,

therefore, increases surface accessibility and thus

leaching. An opposite effect and demobilization of

pollutants could therefore be achieved through

solidification and a decreasing of contact surfaces.

Surface speciation and leaching conditions affect

surface solubility. Metals could be adsorbed onto

minerals at the solid surface. Sorption onto Al-

and Fe-(hydr)oxides often controls the leaching of

Sb and Mo (Comans et al., 2000; Meima and

Comans, 1998b). Furthermore, metals could be

bound to organic matter, incorporated in sul-

phates or carbonates, or present in metallic form.

Different species often have different solubility.

Leaching conditions such as pH and redox often

control speciation. In oxidized conditions, toxic

and soluble Cr(VI) is often expected, and less toxic

Cr(III) in reduced conditions. The effect of pH and

redox conditions as well as other chemical factors,

i.e. ionic strength and availability of complexing

agents, differ between components depending on

their chemistry (Table 1). The leaching of alkali

elements and halogens, except from F, is largely

independent of pH, though the leaching of most

other elements is dependent on pH (Table 1).

Metals such as Pb and Zn are amphoteric, mean-

ing that their leaching is lowest at intermediate pH

values and increases when conditions change

towards acidic or more alkaline (Sloot et al.,

1997). Ionic strength, i.e. a measure of ion

concentration in the solution, affects the thermo-

dynamics of reactions and often interacts with pH

affecting dissolution. Buffering capacity is the

ability of a solution to resist changes in pH.

Complexation with certain organic and inorganic

ligands could mobilize constituents from solid

phase that would otherwise not be soluble. The

leaching of Cd is strongly affected by complexa-

tion with chloride, whereas Cu forms complexes

with dissolved organic carbon (DOC) (Sloot et al.,

1997). Other relevant leaching conditions are

liquid-to-solid (L/S) ratio, the presence of different

solvents, intensity of the contact, temperature and

pressure. An increasing L/S could increase the

release of components whose leaching is solubility

controlled. The presence of solvents in a solution

could increase the solubility of specific compo-

nents. Intensifying the contact between phases

through shaking or stirring, as well as increasing

the temperature enhance leaching. However, an

investigation by Abbas et al. (2003) on the effect

Figure 2. Factors affecting the extent of leaching.
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of temperature on the release of salts showed that

the process is independent of temperatures ran-

ging between 25 and 60˚C. Changing the pressure

generally changes the rate of mass transport

between phases.

One set of factor settings might have an

opposite effect on different components. When

designing treatment methods, a major difficulty is

finding the optimal factor settings that will yield

the desired effect on all critical components.

TREATMENT METHODS FOR REMOVAL OF INORGANIC

POLLUTANTS

A way to decrease the pollution potential of MSWI

residues is by removing pollutants from the

residue through some form of leaching. The

settings of factors affecting one such leaching

could be combined in numerous ways. Leaching

transfers the pollution problem into a liquid

phase, thereby creating a waste water problem.

Therefore, treatment processes based on leaching

are often designed to not only efficiently remove

pollutants, but also assure the economical use of

water, chemicals and energy. Besides washing, acid

leaching and extraction using chemical agents are

also applied. Electrodialysis and supercritical fluid

extraction are presented as novel treatment meth-

ods that are still under investigation.

Washing

When considering the removal of pollutants from

MSWI residues, washing seems to be an obvious

solution. MSWI residues are typically highly alka-

line and the pH of the suspension in water varies

between 9.5 and 12. Metals may form hydroxides

or other insoluble compounds in this pH range.

Therefore the efficiency of metal removal is

relatively low if only water without neutralization

is applied (Chandler et al., 1997). However, a

substantial removal of soluble salts might be

expected. This could be the greatest advantage of

washing, since demobilization methods like car-

bonation (Todorovic et al., manuscript), solidifi-

cation with water (Todorovic et al., 2003) or

Table 1. Chemical Factors Affecting Leaching of Some Environmentally Relevant Components.

Component Leaching behaviour

Chlorides highly soluble, not controlled by solubility limitations a, could be released through

decomposition of Friedel’s salt (Ca4Al2O6Cl2610H2O) b

K, Na highly soluble, no reaction with the solid matrix, no pH dependence a

Ca involved in mineral changes, Ca compounds often controlling alkalinity

Sulphates incorporated in number of minerals and involved in mineral changes, release depending on

solubility of these minerals, could be released through substitution with e.g. oxyanions,

significant leaching due to decomposition of ettringite (Ca6Al2(SO4)3(OH)12626H2O) due to

decrease in pH or carbonation

Al often controlled by some form of Al(OH)3, amphoteric behaviour, lowest solubility at ,pH 5 a

Cu complexation with organic matter a, sorption onto Al- and Fe-(hydr)oxides c, pH dependent

leaching, often amphoteric with minimum at pH 9-10

Pb, Zn amphoteric behaviour, lowest solubility at pH 9–10 a, could be demobilized as carbonates d

Cd complexation with chlorides a, d

Ni complexation with organic matter a

Cr forming oxyanions, speciation and leaching affected by changes in pH and redox e, lower

mobility of Cr(III) than oxidized toxic Cr(VI)

As forming oxyanions, speciation and leaching affected by changes in pH and redox, higher mobility

of toxic As (III) than oxidized As (V) f

Mo, Sb forming oxyanions, speciation and leaching affected by changes in pH and redox a, significant

sorption onto Al- and Fe-(hydr)oxides in neutral conditions g

a Sloot et al. (1997)
b Goni and Guerrero (2003)
c Meima and Comans (1998a)
d Ecke et al. (2002)
e Cohen and Petrie (1997)
f Inskeep et al.(2002)
g Meima et al. (1998a) and Meima and Comans (1998b)
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cement (Mulder, 1996) have been proven to be

ineffective for chlorides. For the washing of

chlorides, the L/S ratio is a key factor (Boddum

and Skaarup, 2000; Kim et al., 2003; Koralewska

and Faulstich, 2000). L/S greatly affects the

removal of salts and it has to be minimized to

decrease the treatment costs. A relatively low

amount of water and short treatment time might

be sufficient for substantial removal of easily

soluble salts. Kim et al. (2003) showed that with

L/S 2.5 l kg21 and 5 min of washing time, 77% of

the chlorides could be removed from a mixture of

MSWI bottom- and fly-ash. Increasing the L/S

ratio and washing time did not increase the

removal of chlorides. Washing with a relatively

large amount of water creates diluted leachates.

Boghetich et al. (2005) showed that less than

1 min is needed to extract 20% of chlorides at L/S

60 l kg21 and 30˚C . The resulting leachates met

waste water regulations and did not have to be

treated. Due to remineralization, longer treatment

does not necessarily increase the solubility (Ecke

et al., 2002). Also, because of remineralization

and adsorption, the solubility of, e.g. Pb and Ca

can decrease with increasing washing time (Kim

et al., 2003).

Soluble sulphates (SO4) could easily be

removed by washing. Their relatively high solubi-

lity from MSWI bottom ash was noted (Belevi

et al., 1992; Kirby and Rimstidt, 1994; Meima and

Comans, 1997; Stegemann et al., 1995). However,

different sulphate minerals have different solubi-

lity, where only the highly soluble are dissolved

rapidly and removed by washing of MSWI ash.

The less soluble sulphates probably remain in the

ash. Washing could remove the less soluble

sulphates present in the fine fraction (v100 ]m)

of MSWI bottom ash in the form of anhydrite or

gypsum (Boddum and Skaarup, 2000). Compared

to coarser fractions, this fine fraction of MSWI

bottom ash contains more Ca, S and trace

elements, viz. As, Cd, Cr, Pb and Zn (Boddum

and Skaarup, 2000).

Washing could cause a substantial loss of weight

depending on the amount of the soluble fraction

in the residue. Weight loss in MSWI fly ash could

be as high as 50 wt-% (Ecke et al., 2002).

Adding CO2 to the suspension of water and

MSWI residue could increase the removal of

metals (e.g. Cu) and elements forming oxyanions

(e.g. Cr, Mo, Sb) (Svensson et al., 2005). After the

initial formation of carbonates, an excess addition

of CO2 leads to their decomposition and mobili-

zation of carbonate formers (Ecke, 2001).

Carbonic acid (H2CO3) dissolves calcite

(CaCO3) that buffers at a moderate alkaline level

and decreases the pH to an acidic level where the

solubility of metals is increased. It was proven that

the pH of MSWI bottom ash suspended in water

could be decreased from ,11.25 to ,6.4 by

adding excess CO2 (Svensson et al., 2005).

Bjurström and Steenari (2003) reported that an

addition of CO2 or NaHCO3 to the suspension of

the residue in water could mobilize sulphates

during washing and therefore decrease their

leaching after treatment.

Washing MSWI bottom ash could be performed

on-site in a quench tank, since no sophisticated

process control is required. Hydraulic retention

times in the quench tank are typically short, and

equilibrium is therefore not reached. Chandler

et al. (1997) conducted washing of MSWI bottom

ash in the quench tank by using water correspond-

ing to L/S 10 l kg21 and removed 82% of

chlorides, against only 0.1–0.2% of heavy metals.

In full scale, Boddum and Skaarup (2000) showed

neither increasing L/S ratio in the quench tank

from 0.5 to 4 l kg21 nor replacing the mixture of

process- and rain-water with clean water leads to a

significant increase in salt removal from MSWI

bottom ash.

The successful use of a soil cleaning facility to

remove salts and fines from MSWI bottom ash by

washing was reported (Boddum and Skaarup,

2000). Apart from the possibility to vary the L/S

ratio between 1.5 and 10 l kg21, this facility

enabled bottom ash to be classified into different

size fractions. Pollutant enriched fine fractions

could therefore be easily removed. Limit values for

Na and chlorides were reportedly met by using

water corresponding to L/S 4 l kg21. For the

removal of sulphates and trace elements, separa-

tion of fines played a more important role than

dissolution.

Acid Leaching

In acidic conditions, the solubility of amphoteric

metals is increased through the formation of

mobile metal species and a decrease of the surface

complex formation (Ecke et al., 2002). Acidic

leachants are therefore used to increase the

solubility of metals (Bjurström and Steenari,

2003). Even the leaching of some oxyanions (of
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e.g. Sb) increases with decreasing pH (Paoletti

et al., 2001).

Acid leaching of MSWI fly ashes and APC

residues before disposal is discussed more often

in the literature than that of bottom ashes, and in

connection to the pre-treatment for utilization.

Mulder (1996) reported the usage of acid leached

MSWI fly ash as road base layer with an addition

of 20 wt-% cement and other additives. For on-site

treatment of fly ashes, a water and acid saving

option could be to use discharge water from an

acid scrubber (Bjurström and Steenari, 2003). The

recovery of metals from leachates resulting from

acid leaching was reported in the literature, as well

as such processes not being economically justified

(Bjurström and Steenari, 2003).

It is generally not recommended to apply acid

leaching for removal of metals from MSWI bottom

ash because low pH (,4) and high L/S (w20 l

kg21) in a multi-step process are needed

(Chandler et al., 1997). Acid and treatment of

the acidic residues create additional costs. Acid

leaching is therefore recommended to treat bot-

tom ash exceeding regulatory limit leaching values

and hazardous fly ashes and APC residues.

Extraction with Chelating Agents

Chelating agents change the solubility of pollu-

tants through complex formation. Chemical

agents that make stable soluble complexes with

metals (e.g. Cu, Pb, Zn) are used to enhance their

extraction from MSWI residues (Hong et al.,

2000). Such chemical agents are, e.g., ethylene-

diaminetetraacetic acid (EDTA), nitrilotriacetic

acid (NTA) and diethylenetriaminepentaacetate

(DTPA) (Garrabrants and Kosson, 2000; Hong

et al., 2000). The advantage of treating with

chelating agents is their effectiveness at moderate

pH values, excluding the use of acids and the

treatment of acidic residues. Extraction with

chelating agents is mostly discussed in connection

to the treatment of hazardous waste, namely fly

ashes and APC residues. Metal extraction with the

help of EDTA or DTPA could be as high as 100%

for Pb and Zn, 95% for Cu and 50% for Cr (Hong

et al., 2000). Garrabrants and Kosson (2000) also

reported an increase in leaching of Cd by 40%, Cu

by 267% and Pb by 214% from the mixture of

MSWI bottom ash and APC residue due to the use

of EDTA. A comparison was made to the release as

determined by the availability leaching test at

pH 4 and 7 (Nordtest, 1995), designed to
simulate extreme, but ‘‘natural’’ conditions.

The efficiency of an extraction treatment with
the help of chelating agents is greatly independent
of pH (Hong et al., 2000). The effect could also
vary in different types of gas cleaning residues due
a variation in metal speciation. Chelating agents
could also be applied as assisting chemicals in, e.g.
electrodialysis.

Electrodialysis

When an electric current is applied in an aqueous
solution, dissolved ions migrate towards the
electrodes with the opposite charge. This is the
basis for removal of pollutants using electrodia-
lysis. Pollutants are separated from treated suspen-
sion with the help of a system of electrolytes and
ion selective membranes. Precipitated and
adsorbed metals have to be converted into mobile
ionic forms. They are mobilized through: 1) a
decrease in pH, and 2) desorption using different
assisting agents. A decrease in pH is probably due
to the splitting of water molecules on an anion
selective electrode (Pedersen et al., 2005). This
process could be enhanced by the presence of Ca,
Mg and NH4 cations and some organic species.
The choice of assisting agent greatly affects the
efficiency of the process (Pedersen, 2002). After 70
days, electrodialytic treatment of MSWI fly ash
using ammonium citrate as an assisting agent
removed 86% of Cd, 20% Pb, 62% Zn, 81% Cu
and 44% Cr (Pedersen et al., 2005). However, the
process is still in development. Investigations were
conducted on relatively small amounts of residue
(75 g) and with relatively long treatment times
(5–70 days). The cost for the treatment at full scale
should be evaluated (Bjurström and Steenari,
2003).

Supercritical Fluid Extraction

Supercritical fluids are produced by heating a gas
above its critical temperature or compressing the
liquid above its critical pressure, or both. They
have extracting properties similar to that of
organic solvents. Because of their higher diffusiv-
ity, lower viscosity and surface tension, they easily
penetrate into the pores of a solid. The advantages
of the process are that no solvent removing step is
required after supercritical CO2 extraction. CO2

could also be recycled easily (Kersch et al., 2004).
The treatment using chelating extracting agents as
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an addition to supercritical CO2 extraction
showed good potential to decrease the leaching
of, e.g. Pb and Zn below regulation limits from
MSWI fly ash (Kersch et al., 2004). However, the
leaching of Sb and Mo increased.

Still under investigation, extraction with super-
critical CO2 is a promising treatment option for
MSWI residues (Kersch et al., 2002; Kersch et al.,
2004). It is a sophisticated process that requires
sensitive process control.

TREATMENT METHODS FOR DEMOBILIZATION OF

INORGANIC POLLUTANTS

Another way to decrease the pollution potential of
MSWI residues is through stabilization of con-
taminants. The most common procedure is
stabilization/solidification with cement, also offer-
ing utilization possibilities for MSWI residues.
Furthermore, thermal stabilization, weathering
and stabilization with chemical agents are pre-
sented, facilitating the reuse as a secondary
construction material.

Stabilization/Solidification with Cement
Reaction of MSWI residues with cement somewhat
demobilizes components such as, e.g. Cd, Pb, Zn
and sulphates (Alba et al., 2001). Demobilization
is partly due to chemical reactions with the cement
(Glasser, 1997) and partly due to a decreasing
available surface area for leaching. The content of
pollutants in cement could be controlled through
control of the ash content. Utilization of MSWI
residues in the cement industry solves part of the
disposal problem and has a good prospect to
replace conventional admixtures with concrete.
The possibilities and limitations of using MSWI
residues in cement (Aubert et al., 2004; Bertolini
et al., 2004; Hamernik and Frantz, 1991;
Mangialardi, 2004; Pera et al., 1997) and stabili-
zation of inorganic pollutants (Andac and Glasser,
1999; Derie, 1996) are widely discussed in the
literature.

Thermal Treatment
Processes such as calcination, sintering and melt-
ing employ heating to change the chemical and
structural properties of material. Calcinations at
1450˚C could be used to produce clinker
(Reijnders, 2005), while the melting of MSWI at
1200–1400˚C generates crystalline or vitreous slag
that can be used in, e.g. road construction (Ecke

et al., 2000). Sintering is heating without melting,
and is effective at temperatures up to 1000 C̊. It
leads to a decrease in porosity and an increase in
density and strength through reconfiguration of
chemical phases. A mixture of MSWI residues and
clay sintered at 975˚C converts to spherical
aggregate that could be used in construction
(Chandler et al., 1997). Schneider et al. (1994)
performed sintering (850 and 1000˚C) after
washing (L/S 1 l kg21 at 60 C̊), and removed
easily soluble salts, decreased the TOC and
improved the fixation of Cu, Ni, Pb and Zn.
However, it did not affect elements forming
oxyanions (Mo and Sb) (Schneider et al., 1994).
Because sintering also occurs during the incinera-
tion of waste, an additional thermal treatment of
MSWI bottom ash at temperatures close to those
in the kiln does not necessarily lead to a
demobilization of pollutants (Sørensen et al.,
2001). Derie (1996) investigated washing MSWI
fly ash, followed by chemical stabilization with
phosphoric acid, heating at 800˚C and cement
solidification. A solid product of satisfactory
mechanical properties met toxicity and leaching
regulatory criteria. Thermal processes consume
energy up to 2.5 MJ (kg ash)21 and therefore pose
a significant environmental burden (Reijnders,
2005).

Carbonation and Natural Weathering

In recent years, numerous authors have investi-
gated carbonation and natural weathering for
treatment of MSWI residues (Ecke, 2001;
Fernandez Bertos et al., 2004a; Meima and
Comans, 1997; Meima et al., 2002; Polettini and
Pomi, 2004; Van Gerven et al., 2005b).
Carbonation is the reaction between alkaline
material and CO2 forming carbonates.

Physical changes due to carbonation include the
decrease in porosity and tortuosity from precipita-
tion of carbonation products (mainly CaCO3) in
the pores (Fernandez Bertos et al., 2004a).
Micropores are also formed because CaCO3 has
a higher molar volume than the Ca(OH)2
previously occupying the pore space, causing
micro cracks in the material (Fernandez Bertos
et al., 2004b).

Chemical changes include: 1) pH decrease, 2)
redox conditions to mildly reducing, 3) increase in
acid neutralizing capacity (ANC), and 4) mineral
changes (Fernandez Bertos et al., 2004b; Piantone
et al., 2004). Both physical and chemical changes
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affect the leaching of constituents. As summarized

by Fernandez Bertos et al. (2004b), changes in

leaching behaviour of different species due to

carbonation is often evaluated in the literature.

Because the effect of carbonation is generally

considered as stabilizing, MSWI bottom ashes

are often stored outdoors to weather before

utilization.

Optimizing: 1) the amount of water, 2) the

partial pressure of CO2, and 3) the contact

between phases could accelerate carbonation.

Water is needed for carbonation to occur, but it

should not close the pores of the solid. By

increasing the partial pressure, a larger amount

of CO2 is introduced before the pores are closed

by carbonation products (Fernandez Bertos et al.,

2004b). However, due to practical reasons, only

pressures up to 5 bars are recommended. Because

the process is controlled by gas diffusion, shaking

or fluidized bed carbonation gives somewhat

better results with regard to reaction velocity and

the amount of gas consumed (Fernandez Bertos

et al., 2004a).

Koralewska and Faulstich (2000) proposed on-

site carbonation to improve both the leaching and

mechanical characteristics of MSWI bottom ash.

CO2 gas was added to a quench tank stabilizing

Cu, Pb and Zn in the residue. An addition of water

enhanced the removal of salts and fines, though

an increasing of amount of CO2 is also needed to

maintain the concentration of gas in the system.

Stabilization with Chelating Agents

In contrast to extraction with chelating agents,

complexes of metals with thiol (-SH), dithiocar-

bamate (-NH-CSSH) groups or organic sulphides

are insoluble and therefore provide stabilization

of metals in the residue (Hong et al., 2000; Kim

et al., 2005; Mizutani et al., 2000). Stabilization

with chelating agents is judged as relatively

inexpensive, simple and results in only a minor

increase in volume (Kim et al., 2005). Commonly

used in Japan, the process treats MSWI bottom ash

and hazardous APC residues before landfilling

(Ecke et al., 2000). The treatment with organic

sulphides generated highly reducing material

(Mizutani et al., 1997). Exposure to the atmo-

sphere could therefore lead to oxidation and loss

of retaining potential. Hence, the re-use of

residues stabilized with chelating agents might

be limited.

Treatment with Ferrous Sulphate (Ferrox process)
In the Ferrox process, incineration residues are
mixed with a solution of FeSO4 (Jensen et al.,
2002; Lundtorp et al., 2002). The suspension is
stirred to promote oxidation. Even though the
treatment removes salts, it is here classified as a
demobilization method because it retains metals
and therefore differs principally from the listed
methods for the removal of pollutants. Free Fe2+

dissolved from FeSO4 is oxidised to form inso-
luble iron oxides that are able to bind heavy
metals. Removing salts reduces the formation of
soluble metal-complexes (Lundtorp et al., 2002).
In the literature (Jensen et al., 2002; Lundtorp

et al., 2002), the Ferrox process is mostly evaluated
on APC residues. Lundtorp et al. (2002) investi-
gated a treatment with 15–60 (g Fe2+) (kg
residue)21, L/S 3 l kg21 for 24 hours and
subsequent washing (cumulative L/S 2 l kg21 in
two steps). The treatment of MSWI fly ash showed
a decrease in the leaching of chlorides by 99% and
of Cd, Cu, Pb and Zn by w94%. Its effect on the
leaching of oxyanion forming elements depended
on type of the residues. The leaching of Mo
decreased by 16–62%, whereas Cr increased by
two orders of magnitude (Lundtorp et al., 2002).
Good economy was also proven.
To produce a single residue from the MSW

incinerator, Ferrox treated fly ash and APC
residues could be fed into the combustion
chamber once again (1000˚C). The resulting
bottom ash met the criteria for utilization in road
construction (Baun et al., 2004), even though the
concentrations of Cd, Fe, Pb and Zn were higher
(Bergfeldt et al., 2004). Sørensen et al. (2001)
obtained similar results for co-treatment of bot-
tom ash and Ferrox treated APC residues in a
rotary kiln (900˚C for 45 minutes). Besides
producing a single residue, these processes enable
the utilization of typically highly polluted gas
cleaning residues in road construction.

Phosphate Stabilization
As a treatment with ferrous sulphate, phosphate
stabilization, whose stabilizing agent is orthopho-
sphate (PO4

32), is principally based on the
formation of less soluble mineral phases. MSWI
residues typically contain Ca. Phosphate treatment
demobilizes divalenet metals (e.g. Cd, Cu, Pb and
Zn) through sorption onto Ca5(PO4)3OH or by
being substituted for Ca to form, e.g. (Pb,
Zn)5(PO4)3OH (Crannell et al., 2000). New
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sorptive surfaces are opened through the forma-
tion of new metal precipitates.

Phosphate treatment with 1.2 (mol H3PO4) (kg
residue)21 decreased fractions available for leach-
ing by 38% for Cd, 58% for Cu, 9% for Pb and
28% for Zn (Eighmy et al., 1997). A similar
treatment demobilized Cr also, though the results
for Mo were less promising (Polettini et al., 2005).
Demobilisation under atmospheric conditions is
long-term (Lyons, 2000). The utilization of
phosphate treated fly ash is possible, because the
treatment does not change its physical character-
istics (Lyons, 2000). Treatment costs vary depend-
ing on the market and type of residue being
treated. Bottom ash could be treated for a similar
price as if treated with cement, whereas the costs
for treating gas cleaning residues could be one
order of magnitude higher (Ecke et al., 2000;
Lyons, 2000).

Addition of Al(III) and Fe(III) Salts
In MSWI bottom ash, the sorptive affinity of Cu,
Mo and Sb for Fe- and Al-(hydr)oxide minerals
plays an important role in controlling their
mobility (Comans et al., 2000; Meima and
Comans, 1998b). Adding Fe(III) and Al(III) salts
to bottom ash increases the sorptive capacity.
Favourable conditions for sorption of Mo and Sb
exist at pH values close to neutral. Therefore, using
acidic solutions of Fe(III) and Al(III) salts to
decrease pH is recommended (Comans et al.,
2000; Meima and Comans, 1998b).

MEASURES FOR IMPROVING PERFORMANCE OF ASH

DURING UTILIZATION

Apart from fulfilling the requirement for envir-
onmentally safe utilization, MSWI residues should
not substantially affect the quality and perfor-
mance of the final product. Most common
problems related to the utilization of MSWI
residues is leaching of easily soluble salts and
swelling due to oxidation of metallic Al.

Washing for Removal of Easily Soluble Salts
The content of chlorides and sulphates in ashes is
sometimes connected to the poor properties of
concrete containing MSWI ashes. The content of
chlorides could be as high as 4 g kg21 in
MSWI bottom ash, 210 g kg21 in fly ash and
380 g kg21 in APC residue (Chandler et al., 1997).
High concentrations of soluble chlorides in a

cement-solidified product could lead to a decrease
in the products’ strength and durability if they are
released during utilization (Mangialardi, 2004).
Chlorides and sulphates in ash increase the
corrosivity of pore water (Boghetich et al., 2005;
Stegemann et al., 1995) and are thus unwanted in
concrete. Boghetich et al. (2005) showed that
simple of washing MSWI bottom ash with tap
water to remove easily soluble salts has good
potential for full-scale application. Koralewska

and Faulstich (2000) pointed out that removing
highly polluted fines by washing also improves
the technical characteristics of bottom ash in
geotechnical applications.

Oxidation of Al

The oxidation of metallic Al typically present in
MSWI residues at high pH produces hydrogen gas.
Since these high pH values are typical for
hydration of Portland cement, the produced
hydrogen gas entrapped in fresh material

(Alkemade et al., 1994; Aubert et al., 2004;
Bertolini et al., 2004) results in decreased strength,
swelling and increased permeability of cement.
MSWI bottom ash used in road construction is
sometimes treated with cement, where local
expansions were observed resulting in an uneven-
ness of the asphalt cover (Alkemade et al., 1994).
Oxidation of Al was therefore addressed as one of
the major problems regarding the re-use of MSWI
residues. Metallic Al reacts with hydroxides, with
hydrogen gas being produced according to the
following reaction:

n AlzX OHð ÞnzH2O?X AlO2ð Þnz1:5nH2 ð1Þ

Washing with a water solution of NaOH initiates
the following reaction (Pera et al., 1997):

AlzNaOHzH2O?NaAlO2z1:5H2 ð2Þ

Hydrogen gas is thus being produced during the
treatment, and swelling during the following
utilization is avoided. The disadvantage of this
process might be the relatively long treatment
time. Investigations on MSWI bottom ashes
(Bertolini et al., 2004; Pera et al., 1997) show
that the time required to exhaust the production
of hydrogen gas greatly differs and could be as
long as several weeks or even months. If the
grinding of ashes is needed before utilization, the
problem of Al oxidation could be solved by using
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wet instead of dry grinding (Bertolini et al., 2004).
Hence, oxidation of Al (Equation 1) is initiated
during grinding and intensified with the opening
of new reaction surfaces.

OUTLOOK

Despite the numerous research projects investigat-
ing treatment methods for MSWI residues, the
amount of residues treated is generally low.
Operational costs of full scale treatments are
therefore not readily available. A cost analysis is
needed prior to considering a full-scale treatment
option.

CONCLUSIONS

To decrease leaching of inorganic pollutants
during utilization of municipal solid waste incin-
eration (MSWI) residues, extraction or stabiliza-
tion methods are available. Washing with water
removes highly polluted fine fractions, and easily
soluble chlorides and sulphates, and acidic leach-
ing or chemical agents need to be applied to
remove metals. Washing with water could easily
be performed on-site in a quench tank or by using
soil cleaning facilities. Acid leaching and the use of
a chelating agent increase the treatment costs and
are generally recommended to treat hazardous
residues. These extraction processes create a waste
water problem by removing pollutants into
solution. Electrodialysis and supercritical fluid
extraction are prospective methods still under
investigation.

Inorganic pollutants could be stabilized ther-
mally, chemically or by using cement that includes
both chemical and mechanical stabilization.
Besides stabilization, the cement industry offers
the possibility for utilization of MSWI residues.
Easily soluble salts should be removed by washing
before treating with cement. Such treatment
would prevent corrosive pore water to be gener-
ated and decrease in strength due to dissolution of
salts from the cement product. Pre-washing the
residue with a water solution of NaOH oxidises
metallic Al, preventing swelling due to the forma-
tion of hydrogen gas during utilization.

Before utilization, MSWI bottom ashes are
commonly left to weather. Contact with CO2

during natural weathering or artificial carbonation
decreases pH, demobilizes certain elements and
improves the mechanical properties of MSWI
bottom ash.

Thermal treatment by sintering increases the

density, strength and fixation of metals. Treating

MSWI residue with clay creates an aggregate that

could be applied as construction materials.

Sintering offers only limited stabilization of

pollutants in bottom ash.

Treatment with ferrous sulphate and phosphate

stabilizes metals through the formation of less

soluble mineral species. Even though they have

good potential to be used as a pre-treatment for

utilization, ferrous sulphate and phosphate are

mostly used for stabilization of residues before

landfilling. Chelating agents could be used to

form insoluble metal-complexes, but the retaining

potential could be lost during long contact with

the atmosphere. Sorption seems to be most

promising in demobilizing oxyanions forming

elements. Acidic solutions of Fe(III) and Al(III)

salts are added to enhance such sorption.

The amount of MSWI residues treated is still

relatively low, despite extensive research. Due to

the lack of data regarding operational costs, full-

scale cost analysis is needed before considering a

treatment option.
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25.0/2001-0446), Värmeforsk (project Q4-140),

the Kempe Foundation and the Board of Technical
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ABSTRACT
A test road constructed with municipal solid waste incineration (MSWI) bottom ash was 
monitored over a period of 36 months. Using chemical and toxicological
characterisation, the environmental impact of leachates from bottom ash was evaluated 
and compared with leachates from gravel used as reference. Initial leaching of Cl, Cu, 
K, Na, NH4-N and TOC from bottom ash was of major concern. However, the quality of 
the bottom ash leachate approached that of the gravel leachate with time. Leachates 
from the two materials were compared regarding the concentration of pollutants using 
multivariate data analyses (MVDA). A luminescent bacteria assay using Vibrio fischeri
did not show any toxicity, most likely because saline contamination can mask the toxic 
response and stimulate luminescence in these marine bacteria. A mung bean assay using 
Phaseolus aureus revealed that toxicity of bottom ash leachate collected at the very
beginning of the experimental period (October 2001 and May 2002) might be attributed 
to the following components and their respective concentrations in mg l-1: Al (34.2-
39.2), Cl (2914-16 446), Cu (0.48-1.92), K (197-847), Na (766-4 180), NH4-N (1.80-
8.47), total-N (12.0-18.5), and TOC (34.0-99.0). The P. aureus assay was judged as a 
promising environmental tool in assessing the toxicity of bottom ash leachate. 

Keywords: municipal solid waste incineration bottom ash, road construction, metals,
toxicity, Phaseolus aureus, Vibrio fischeri.
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INTRODUCTION
In road construction, several European countries such as The Netherlands, Germany,
France, Sweden and the United Kingdom endeavour to replace natural gravel with 
municipal solid waste (MSW) incinerator bottom ash. A main environmental concern 
with this practice, however, is the leaching of contaminants such as metals and salts into 
the surrounding environment, i.e. soil and groundwater. Several studies were carried out 
to assess the environmental impact of bottom ash using bioassays (Ferrari et al., 1999;
Lapa et al., 2002; Shim et al., 2003; Triffault-Bouchet et al., 2003). The investigations 
focused on toxicity tests performed on leachates generated under laboratory conditions
following different leaching test procedures and lysimeter experiments. Lapa et al.
(2002a) find that MSW incineration (MSWI) bottom ashes collected in five countries 
(Belgium, France, Germany, Italy and the United Kingdom) are ecotoxic. By means of 
bioassays, both the solid phase and the leachate of MSWI bottom ash were considered
as toxic (Ferrari et al., 1999). Based on laboratory lysimeter tests, Triffault-Bouchet et 
al. (2003) recommend the treatment of MSWI bottom ash prior to reuse in road 
construction as well as the treatment of leachates from the road embankment.

The toxicity of bottom ash leachates generated in the laboratory is not necessarily the 
same as those generated in the field. Pilot- or full-scale investigations are necessary to 
determine any environmental risks from the use of MSWI bottom ash in road 
constructions.

The objective of this study was to assess over time the environmental impact of leachate
from a road constructed with MSWI bottom ash using toxicity-oriented chemical and 
biological characterisation. First, the changes in leachate quality were evaluated
regarding seasonal and weather changes. Second, the toxicological impact of leachate 
on light emission of the luminescent bacterium Vibrio fischeri and on the root and shoot 
elongation of mung beans Phaseolus aureus was assessed and evaluated. Leachates
from a road section built on bottom ash and from a section built on gravel were 
compared concerning the concentrations of pollutants and inhibitory effect on light
emissions from V. fischeri and the shoot and root elongation of P. aureus.

MATERIAL AND METHODS 
The incineration residue used in this investigation was bottom ash from the Dåva stoker
grate type (SGT) incineration plant in Umeå, Sweden. The plant is supplied with mostly
municipal solid waste (MSW) and smaller fractions of sorted industrial waste like 
wood, rubber and plastics. The incinerator capacity is about ~150 103 t yr-1. The plant 
is equipped with a magnetic separator to remove bigger metal pieces from the bottom
ash. The composition of Dåva power plant bottom ash (SGT-BA) used in a test road
construction is shown in Table 1. 
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Table 1 Averages with standard deviations (SD) for total solids (TS) (n=12), volatile
substances (VS) (n=12), oxides (n=3) and abundant elements (n=3) in SGT-
BA (Åberg and Ecke submitted).

Component Amount
Average SD

Content of total solids (g (kg ash)-1)
TS 830 ± 3
Major constituents (g (kg TS)-1)
VS 12 ± 0.8
SiO2 370 ± 9
Al2O3 130 ± 3
CaO 150 ± 2
Fe2O3 150 ± 5
K2O 14 ± 0.2
MgO 25 ± 1
MnO2 3 ± 0.2
Na2O 28 ± 1
P2O5 10 ± 1
TiO2 16 ± 1
Minor constituents (mg (kg TS)-1)
As 33 ± 3.2
Cd 6 ± 1.1
Co 34 ± 6.0
Cr 568 ± 435
Cu 11570 ± 3261
Mo 24 ± 2.6
Ni 567 ± 446
Pb 2260 ± 983
S 5103 ± 38
Zn 9117 ± 1198

Test road design and leachate sampling 
The test road, 320 m long and 7 m wide, was built near the Dåva power plant in Umeå,
Sweden during the summer of 2001, and is mainly used by trucks for transport of 
incineration residues. The road was divided into sections, where SGT-BA was used as a 
construction material in one section, and gravel was used in the other (Figure 1). The
gravel was rock material of quartz-diorite crushed to a particle size of 80 mm. The 
major minerals in the gravel were quartz, plagioclase, biotite and amphibole. The 
thickness of ash and gravel layers were about 0.4 m each and the road was covered with 
asphalt in October 2001. 

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006



Toxicity of leachate from bottom ash in a road construction

4

(2)

(3)

1:3
(5)

(6)

(7)
(8)

(4)
2.5%

1.0%
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(5) Base: Gravel 

(1) Position of 
sampling well 
(2) Slope lysimeter
(3) Drainage pipe
(4) Surface layer: 
Asphalt

(6) Sub-base: SGT-BA 
or gravel 
(7) Sub-grade: Sand 
(8) Geotextile

Figure 1 Cross-section of the test road with lysimeters (Lidelöw and Lagerkvist 
manuscript).

Lysimeters were installed under each road section for leachate collection. The 
dimension of each lysimeter was 2 m × 15 m. Lysimeters, for leachate collection, were 
placed partly under the road body and partly under the slope of the road. Leachates were 
sampled 21 times between October 2001 and October 2004, except for the winter 
months when the water was frozen. After sampling, the leachates were stored frozen. 

Chemical analyses 
The leachate samples were analysed by Analytica AB in Luleå, Sweden for elements
using ICP techniques modified after the EPA methods 200.7 (ICP-AES) and 200.8 
(ICP-SMS).

Sulphate was analysed according to the Swedish Standard SS-EN ISO 10304-2 (SIS
1997).

Total organic carbon (TOC) was determined according to the Swedish Standard SS-EN 
1484 (SS 1997). 

NO2-N and NO3-N were analysed using the TRAACS method J-002-88 B (TRAACS-
method 1993). Total N was analysed using the TRAACS method J-002-88 B
(TRAACS-method 1993) after digestion according to the Swedish Standard SS 02 81 
31 (SS 1976). NH4-N was analysed using the TRAACS method J-001-88 B (TRAACS-
method 1993). 

The total content of solids (TS) was determined according to the Swedish Standard SS 
02 81 13 (SS 1981). 

pH was measured using a pH meter 340/SET-1 with a combined electrode SenTix 41 
(WTW GmbH, Weilheim, Germany).

Conductivity was determined using a conductivity meter CPM210 (Radiometer, 
Copenhagen, Denmark).

All chemical symbols are presented without specification of charges. 
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Toxicity assessment
The toxicity of the leachate samples was determined using bioassay methods based on 
luminescence from the bacterium V. fischeri as well as root and shoot elongation of the 
mung bean P. aureus. Toxicity assessment was performed on seven pairs of leachate 
samples collected in October 2001, May 2002, June and September 2003, and May, 
June and August 2004. Each pair included leachate from the road section built on 
bottom ash and the section built on gravel.

The bacterial assay was performed with the BioToxTM test kit (Aboatox Oy, Turku, 
Finland) according to the ISO standard 11348-3 (ISO 1998). The light emissions from 
the luminescent bacteria were measured with a Sirius Luminometer (Berthold Detection
Systems, Pforzheim, Germany) after contact times of 15 and 30 minutes. All leachate
samples were analysed in triplicate.

The bioassay using mung beans was performed with P. aureus (Risenta AB, Stockholm,
Sweden) following a modified version of the method reported by Singh et al. (2003).
The method was modified as follows: the mung beans were rinsed with tap water and 
soaked overnight in distilled water. The water was drained and the mung beans were
washed three times with distilled water. All undersized or damaged beans were 
discarded and the assay beans were selected for uniformity. Twenty mung beans were 
placed on Whatman No 1 filter paper in Petri dishes with a diameter of 100 mm, 
followed by 8 ml of leachate being pipetted into each individual Petri dish. The mung
beans were incubated in darkness at 25ºC for 72 hours, and then rinsed five times with 
distilled water. The coats of the beans were removed and the root and shoot length of 
each bean was measured. In the mung bean assay, the toxicity was assessed as the 
difference in root and shoot elongation of mung beans treated with leachate samples
from the bottom ash section and those treated with leachate samples from the gravel
section. The averages and standard deviations were calculated for the treatement group 
of 20 mung beans. 

Statistical analyses
Statistical analyses of the bioassay results were performed using the software
Statgraphics Plus 5.0. (Manugistics, Inc., Rockville, USA).

The data obtained from the mung bean assay were analysed using the analysis of 
variance (ANOVA) (Montgomery 2001). 

For multivariate data analysis, principal component analysis (PCA) and partial least 
squares (PLS) modelling (Hair et al., 1998) were applied by using the computer
software Simca-P 10.5 (Umetrics, Umeå, Sweden).

The significance levels for statistical analyses were =0.05 and =0.01.

The variables included into the PCA and PLS-models are listed in Table 2. To 
distinguish between leachates generated from rainwater and thawing snow, the 
qualitative factor water was included (Table 2). This factor gives value thawing snow to
every first sample at the beginning of each sampling season of each year when 
considering that the leachate is generated from water of thawing snow. The value rain is
given to all other samples collected during the year and considers that rainfall percolates
immediately through the road or runs off its surface. Only the amount of precipitation in 
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the form of rain during the months when samples are taken is included in the models.
Precipitation is included as the average value of daily precipitation between respective 
and previous sampling dates. 

Concentrations below the detection limit of a constituent were considered as values 
equal to half of the detection limit.

For PLS, the dependent variables (Y) and the independent variables (X) were blocked 
(Table 3). 

Table 2 Variables included into the multivariate data models.

Variable Type Setting
Road base material qualitative ash

gravel
Season a qualitative autumn

spring
summer

Precipitation b quantitative average daily
Water qualitative thawing snow c

rain
Time quantitative number of days since the first sampling
Temperature quantitative temperature of leachate on the day of 

sampling
pH, conductivity quantitative leachate pH and conductivity measured

immediately after sampling
Concentrations of
constituents

quantitative concentrations of Al, Ba, Ca, Cl, Co, Cr, 
Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn, NH4-
N, NO2-N, NO3-N, total N, SO4, TOC in 
leachate

Bioluminescence quantitative light output of V. fischeri after 15 and 30 
minutes contact time (marked biolum 15
and biolum 30 respectively)

Root and shoot elongation quantitative root and shoot length of P. aureus after 
treatment with leachate and incubation
(marked with root and shoot respectively)

a winter was not included into evaluation since samples were not taken between November and May
b does not give values to the first sample of a sampling year
c used for the first sample of a sampling year
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Table 3 Variable blocking used in PLS models. X and Y stand for block of 
independent and dependent variables, respectively. For variable description
see Table 2.

Model Variable Block in PLS
Road base material X
Season X
Precipitation X
Water X
Time X
Temperature X
pH, conductivity both Y 

Leachate quality

Concentrations of Al, Ba, Ca, Cl, Co, 
Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Zn, 
NH4-N, NO2-N, NO3-N, total N, SO4,
TOC

all Y

Road base material X
Season X
Time X
Concentrations of Al, Ba, Cr, Cu, K, 
Mg, Zn, NH4-N, NO2-N, total N, SO4,
TOC

all X

Bioluminescence Y

Leachate toxicity

Root and shoot elongation Y
Road base material X
Season X
Time X
Concentrations of Al, Ba, Cr, Cu, K, 
Mg, Zn, NH4-N, NO2-N, total N, SO4,
TOC

all X

Influence on 
bioluminescence

Bioluminescence Y
Road base material X
Season X
Time X
pH X
Concentrations of Al, Ba, Cl, Cr, Cu, 
K, Mg, Na, Zn, NH4-N, NO2-N, total
N, SO4, TOC 

all X

Influence on root and shoot 
elongation

Root and shoot elongation Y
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RESULTS AND DISCUSSION 

Leachate quality 
The multivariate data model Leachate quality was designed to examine variation in the 
data matrix describing the quality of a leachate (using PCA), and identify most
influential variables and correlations between them (using PLS). Variables, their 
settings (Table 2) and blocking (Table 3) were chosen to investigate how road base 
material, seasonal changes, weather conditions and time affect the quality of leachate 
and how they correlate to each other. Score scatter plot (Figures 2 and 3) and weight
scatter plot (Figure 4) are graphical interpretations of the multivariate models. Scores 
represent different sampling occasions in the model plane. Weights are model
coefficients for the variables and indicate their relative importance. Weights positioned
closer to the setting ash (Figure 4) indicate variables with higher average values from
the section built on bottom ash. The PLS weight plot also states if variables are greatly
(positioned further from the graphs origin) or barely (positioned close to the graphs 
origin) contributing to the model. To distinguish, however, if the impact of independent 
variables on dependent variables is significant ( ), multiple regression models
corresponding to the PLS model Leachate quality were made (Table 4). Groupings of 
scores or weights in PCA and PLS plots indicate observations or variables contributing 
to the model with similar information.
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Figure 2 PCA score scatter plot on the first and second principal components for the 
model Leachate quality. Dots represent different sampling occasions from the 
bottom ash (closed circles) and gravel (opened circles) sections of the road. 
Solid lines illustrate the succession of observations in chronological order. 
The ellipse represents the 95% confidence demarcation of the model.
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Figure 3 PLS score scatter plot for the model Leachate quality showing grouping of 
scores representing different leachate samples (groups are encircled with thin
elliptic lines). Thick elliptic line represents the 95% confidence level of the 
model.

While scores representing the gravel leachate (Figure 2) were grouped mainly in the 2nd

quadrant, scores representing bottom ash leachate were scattered over the 1st, 3rd and 4th

quadrants. Leachate samples one and two (10/10-2001 and 23/10-2001) collected from 
the section built on bottom ash are outliers, since they are positioned outside the 95%
confidence ellipse (Figure 2). Even sample three (27/11-2001) from the bottom ash
section is positioned far from the remaining group of bottom ash samples and could be 
considered as outlying or extreme. After the first autumn and during the following three
years, the quality of the leachate from the bottom ash section was not changing as 
drastically as during the first autumn. Scores representing the last few leachate samples
collected from the bottom ash section are approaching those from the gravel section, i.e.
with time, the quality of the bottom ash leachate becomes similar to the gravel leachate 
regarding variables included in the evaluation. 

Graphic interpretations of the PLS model Leachate quality (Figures 3 and 4) were first 
used to detect which variables contributed to the extreme scores of the outlying samples
(in Figure 3 marked with corresponding dates). Variables that could be responsible for 
anomalous characteristics of the three outliers are positioned in the same place in the 
PLS weight plot (Figure 4) as outliers are positioned in the PLS score plot (Figure 3). 
Thus, Cl, Cu, K, Na, NH4-N, total-N, SO4 and TOC were of major concern. The
influence of SO4 cannot be concluded since SO4 data is missing for the first three
sampling occasions. In the first three leachate samples, the concentrations of Cl, Cu and 
NH4-N were three orders of magnitude higher in those samples from the bottom ash 
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section than those samples from the gravel section, while that of K, Na and TOC were 
one order of magnitude higher. Concentrations of these six components dropped 
considerably during the first autumn. By the spring of 2002, the concentration of Cl in 
leachate decreased to 15.7%, Cu to 57.8%, NH4-N to 18.9%, K to 19.1%, Na to 16.3% 
and TOC to 53.5%. Such behaviour indicates that Cl, Cu, K, Na, NH4-N and TOC are 
responsible for the anomalous characteristics of the first three leachate samples
collected from the bottom ash section. After three years of sampling, the concentrations
of Cl, Cu, K, Na, NH4-N and TOC in the leachate samples from the bottom ash section
were of the same order of magnitude as in the leachate sampled from the gravel section. 
In a previous study where emissions from the roads built on MSWI bottom ash were 
estimated and evaluated (Åberg et al., 2005), the leaching of salts and Cu was also
identified as critical. Cl, K and Na are highly mobile components and their relatively 
rapid depletion from bottom ash could be expected. The presence of these components
in road leachates after months of sampling could be explained by a relatively low L/S
ratio in roads (Åberg et al., 2005). Low L/S is also the reason for the relatively high 
concentrated leachates regarding Cl, K and Na, and not only their high availability in 
bottom ash. 
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Figure 4 PLS weight scatter plot for the model Leachate quality showing how road 
base material, time and conditions in field (all marked with open circles) 
correlate with each other and affect the quality of the leachate (marked with
closed circles). 
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The grouping of the variables Cl, Cu, K, Na, NH4-N and TOC indicates similar leaching 
behaviour (Figure 4). A similarity in Cu and TOC concentration changes in leachates
could indicate complex formation. Complexation with dissolved organic matter could 
possibly explain an over-saturation of Cu observed in the bottom ash road leachates
(Åberg et al., 2005). The release of total-N, however, changed similarly in the leachates
from the bottom ash as from the gravel sections. Thus, total-N cannot be responsible for
the major quality differences of the first three samples collected from the bottom ash
section. Most pronounced is the change in conductivity. While the conductivity in 
gravel leachate was of the same order of magnitude throughout four years of sampling,
that of bottom ash leachate dropped two orders of magnitude to reach the level in gravel
leachate after only one year.

Scores of the PLS model Leachate quality (Figure 3) representing leachate from the 
section built on bottom ash are separated from those representing leachate from the
section built on gravel (encircled with thin ellipses). No clear grouping of samples taken 
during the different seasons could be observed (Figure 3). Only samples taken after
thawing snow are displaced from the rest of the group. Thawing snow, however, did not 
significantly ( =0.05) impact the release of any investigated component (Table 4). 

The emissions of Ca, Co, Fe, Mn, Ni, NO3-N and Pb did not significantly differ
between the two sections (Table 4). These components do not present an environmental
risk when considering the reuse of bottom ash in road construction and are not further 
discussed here. Compared with the gravel section, bottom ash caused higher emissions
of Al, Cl, Cr, Cu, K, Na, NO2-N, NH4-N, total N, TOC and SO4, while the emissions of 
Ba, Mg, and Zn were lower (Table 4). After three years of sampling, the concentrations
of Al, Cr and NO2-N were still two orders of magnitude higher in leachate from the 
section built on bottom ash than in leachate from the section built on gravel (Figure 4). 
Together with the pH, these variables are positioned close to setting ash of the variable 
road base material.
None of the variables describing weather conditions (Thawing snow, Rain, Average
precipitation, and Temperature) affected the release of components (Table 4). Leachate 
sampled during the summer resulted in a decrease of pH and conductivity as well as a 
decrease in the concentrations of Al, Cr, Cu, K, Mn, Na, NO2-N, NH4-N, total N, SO4
and TOC. The reason for such a response might be because the first three outlying 
samples (all Autumn) and the fourth sample (6/05-2002, Spring) were high-strength 
waters that increased the average release during the season’s autumn and spring. 

During the whole sampling period, the pH of leachate collected from the road section 
built on bottom ash ranged from 11.6 to 9.5, while leachate from the section built on
gravel ranged from 9.1 to 7.4. The highest pH value of ash leachate was observed in the 
last sample (taken 22/10-2004). The reason for such high pH values after three years of 
sampling is probably due to the impermeable asphalt layer (Åberg et al., 2005). The
weathering of bottom ash through carbonation could decrease pH to a moderate alkaline
level (~8.3), though this impermeable layer limits access of atmospheric CO2 and delays 
carbonation.

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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Table 4 Significance ( =0.05) of multiple regression coefficients for the model 
Leachate quality. Plus signs represent a positive correlation between
independent variable and dependent variable, minus signs represent a 
negative correlation, and while zero signs mean that there was no correlation. 
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pH + - 0 0 0 0 - - 0 0
conductivity + - 0 0 0 0 - - 0 0
Al + - 0 0 0 0 - - 0 0
Ba - + 0 0 0 0 0 + 0 0
Ca 0 0 0 0 0 0 0 0 0 0
Cl + - 0 0 0 0 0 0 0 0
Co 0 0 0 0 0 0 0 + 0 0
Cr + - 0 0 0 0 - - 0 0
Cu + - 0 0 0 0 - - 0 0
Fe 0 0 0 0 0 0 0 0 0 0
K + - 0 0 0 0 - - 0 0
Mg - + 0 0 0 0 0 + 0 0
Mn 0 0 0 0 0 0 0 0 0 0
Na + - 0 0 0 0 - - 0 0
NO2-N + - 0 0 0 0 - - 0 0
NO3-N 0 0 0 0 0 0 0 0 0 0
NH4-N + - 0 0 0 0 - - 0 0
Total N + - 0 0 0 0 - - 0 0
Ni 0 0 0 0 0 0 0 0 0 0
Pb 0 0 0 0 - 0 0 0 0 0
Zn - + 0 0 0 0 0 + 0 0
SO4 + - 0 0 0 0 - - 0 0
TOC + - 0 0 0 0 - - 0 0

Toxicity assessment
Direct toxicity measurements on the effects of leachate samples to organisms such as 
luminescent bacteria V. fischeri and mung bean P. aureus consider the toxicity,
bioaccessibility and bioavailability of contaminants. These bioassays are fast,
inexpensive and relatively sensitive toxicity test systems. The mung bean assay results 
showed that detection sensitivity was greater with leachate collected from the section 
built on bottom ash than with leachate collected from the section built on gravel. 
However, with the luminescent bacteria assay no difference between the respective
leachates was found. 

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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The positioning of the results of bioluminescence and mung bean assays in different 
quadrants of the PLS plot (Figure 5) indicates that the targets used in these assays
responded differently to changes of leachate quality. The response variables biolum 15
and 30 are located in the vicinity to each other as well as variables root and shoot. This 
suggests that the bioluminescence of V. fischeri after exposure times 15 and 30 minutes
did not differ neither root and shoot elongation of P. aureus. Therefore, bioassay results 
are discussed concerning the response variables biolum 15 and root. The PLS loading
scatter plot for the model Leachate toxicity (Figure 5) again shows the correlation 
between Cu, K, NH4-N, total N and TOC.
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Figure 5 PLS weight scatter plot for the model Leachate toxicity showing how road 
base material, amount of water coming to the road and quality of leachate (all 
marked with open circles) affect leachate toxicity (closed circles) measured
as light output of V. fischeri after 15 and 30 minutes contact time (marked
with biolum 15 and biolum 30 respectively) and root and shoot elongation of 
mung beans (marked with root and shoot respectively).
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Table 5 Significance ( =0.05) of multiple regression coefficients for the models
Influence on bioluminescence (R2=61.5%) and Influence on root elongation
(R2=90.1%) (cf. Table 3). Plus signs represent a positive correlation between
independent variables and responses, minus signs represent a negative 
correlation effect, and zero signs mean that there was no correlation, while e
stands for excluded from the model.

Variable biolum 15 Root

Ash 0 -
Gravel 0 +
Time 0 0
Autumn 0 0
Spring 0 0
Summer 0 0
Al 0 -
Ba 0 0
Cl e -
Cr - 0
Cu - -
K 0 -
Mg 0 0
Mn 0 0
Na e -
NO2-N 0 0
NO3-N 0 0
NH4-N 0 -
Total N - -
Zn 0 0
SO4 0 0
TOC 0 -
pH e -

The light inhibition measurement of the luminescent bacteria V. fischeri was proposed 
as a rapid and suitable tool to evaluate the toxicity of wastewater, aqueous extracts and 
leachates (ISO, 1998). However, no inhibitory effect on V. fischeri of the leachate 
samples tested was observed. Leachate samples collected from the section built on 
bottom ash contained high salt concentrations, due especially to the leachate samples
collected in October 2001 (16.4 (g Cl) l-1) and May 2002 (2.6 (g Cl) l-1). However, since 
the luminescent bacteria test requires an adjustment of the salinity corresponding to 20 g 
Cl l-1, the possible toxicity of saline components (such as Cl) was masked. Cook et al. 
(2000) reported that salinity can stimulate luminescence in V. fischeri. Leachate samples
contain nutrients and can lead to an increase of light output in luminescent bacteria,
therefore the method does not measure acute toxicity as designed. Leachate from the 
section built on gravel contained a higher concentration of Mg ions than leachate from 
the section built on bottom ash, and thus have a stabilizing effect on V. fischeri (Bitton
et al., 1988).

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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The mobility and bioavailability of trace metals is controlled by pH. Since the method
used requires a pH adjustment to 7, the trace metal mobility might be significantly
affected.

Chemical data evaluation of ash leachate indicated increased concentrations of Cu 
(Figure 4). At an effective concentration of 0.74 mg l-1, copper sulphate (CuSO4 5H2O)
caused a 50% inhibition (EC50) of the light output from V. fischeri (Lappalainen et al., 
2001). Leachate samples collected in October 2001 and May 2002 from the section built 
on bottom ash contained 1.10-1.92 mg Cu l-1. Nevertheless, they did not have any 
inhibitory effect on V. fischeri. Estimating the potential toxicity of these leachate
guideline samples can be problematic because the matrix is much more complex than
synthetic chemical solutions. Metals and chloride can form complexes, and their effect 
on bioluminescence may vary between metals. Sarin et al. (2000) found that some
metal-chloride complexes might be toxic, e.g. those containing Pb and Hg. However, 
concentrations of Cl up to 1 g l-1 might decrease the toxicity of Cu (Sarin et al., 2000).
Free Cu ions are more toxic than other species of Cu (chloride, sulphate and carbonate). 
The observed increase in bioluminescence can be associated with a decrease of free Cu 
ions due to the formation of complexes with chloride at a concentration of 2 g l-1, and 
organic matter (Fotovat and Naidu, 1998;  Johnson et al., 1999).

The use of bottom ash in a road construction had an impact on the root elongation of 
mung beans (Figure 6). A decreased root elongation ( =0.05) was observed for bottom
ash leachates collected in October 2001, May 2002 and June 2004 (Figure 6). There was 
an effect of the different base materials used in road construction, i.e. bottom ash and
gravel, and time impact on root elongation (p 0.001, ANOVA). 
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Figure 6 Box-plots illustrating the response of P. aureus (root elongation, mm) to 
leachate samples from the section built on bottom ash (1+) and leachate
samples from the reference section built on gravel (1-). Whiskers spread from
the lower and upper quartiles to min and max values. The outlier is displayed 
with an asterisk (*), and it is defined as value outside Q1 – 1.5 (Q3 – Q1), O3 
+ 1.5 (Q3 – Q1), where Q1 and Q3 are the lower and upper quartile 
respectively.
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High salinity and metals are some of the abiotic environmental stress factors that affect 
the growth and development of plants. The root elongation of P. aureus increased as the 
concentrations of Al, Cu, K, Na, NH4-N, TOC and Cl (Figure 7) decreased. Compared
with leachate from the section built on gravel, root elongation was reduced by 73±15%
with the very first bottom ash leachate sample collected in October 2001 (Figure 6). 
This could be attributed to high strength bottom ash leachate, where the concentration 
of, e.g., Cl was 16.4 g l-1 (Figure 7). High salinity was found to induce changes in 
mineral nutrient uptake that contributed to a reduced plant growth (Bayuelo-Jimenez et 
al., 2003), as well as inhibit transport of Ca from root to shoot (Lynch and Lauchli, 
1985). High concentrations of chlorides and metals can be toxic to plants (An et al., 
2004; De Herralde et al., 1998). Most evident, mung beans do not tolerate saline 
matrices because they belong to the salt-sensitive Phaseolus species (Seemann and 
Critchley, 1985). Interactions of emissions measured in the leachate collected from the 
road and the combined effects of these emissions on plant species have not been 
reported.

Gradual changes in the Cu and TOC concentrations of leachate samples collected from
the section built on bottom ash may affect the bioluminescence of V. fischeri and the 
root and shoot elongation of P. aureus. Regression analysis was performed to describe 
the relationship between the concentrations of Cu versus the concentrations of TOC 
(Figure 8). 
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Figure 7 Chloride concentrations in leachate samples collected from the section built on 
bottom ash and root elongation development of mung beans treated with the same
leachate samples. Filled rhomboids ( ) represent chloride concentrations; empty 
rhomboids ( ) represent root length. 
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Figure 8 Correlation between the release of Cu and TOC in the leachate samples
collected from the section built on bottom ash. Linear regression analysis of 
Cu (mg l-1) and TOC (mg l-1) (correlation coefficient = 0.97, n = 19) resulted 
in the following linear model Cu = -0.062 + 0.022  TOC (R2

adj = 0.93,  = 
0.01).

Calculated multiple regression coefficients (Table 5) assessed the impact of different
variables on bioluminescence and root elongation. The signs of coefficients were
identical for the response variables biolum 15 and biolum 30 as well as root and shoot;
therefore, only one response variable for each model is presented (Table 5). Both the 
light output of V. fischeri (biolum 15) and root elongation of P. aureus correlated with 
increased concentrations of Cu and total N. In the case of V. fischeri, the inhibition was 
masked due to the presence of high salt concentrations. In the case of P. aureus, high 
chloride concentrations may mask the inhibitory effect of elevated concentrations of Al, 
Cu (Riba et al., 2004; Shengbiao et al., 2003), NH4-N, and  total N and TOC (Ward et 
al., 2005). Toxicity increases when Cu or TOC increases (Besser et al., 2003). Metal 
ions and organic substances are intended to form complexes (Tyler and McBride, 1982). 
The effect of Cu and TOC was probably reduced due to the formation of complexes
(Besser et al., 2003; Johnson et al., 1999). Only the mung beans were sensitive to 
increased concentrations of Al, Cl, K, Na, NH4-N and TOC, while only V. fischeri was
sensitive to an increased concentration of Cr (Table 5).  This finding suggests that P.
aureus and V. fischeri may respond differently to the same environmental sample. pH 
affected the root and shoot elongation of mung beans. Several variables such as time,
season, Ba, Mg, Mn, NO2-N, NO3-N and Zn did not have any impact on the response of 
the bioassays used in this study. 

The strongest adverse effect observed in this study with mung beans could be attributed 
to the higher quantitative presence in bottom ash leachate samples of Al (34.2-39.2 mg 
l-1), Cl (2914-16 446 mg l-1), Cu (0.48-1.92 mg l-1), K  (197-847 mg l-1), Na (766-4180 
mg l-1), NH4-N (1.80-8.47 mg l-1), total-N (12.0-18.5 mg l-1) and TOC (34.0-99.0 mg l-

1).

This study was conducted to evaluate the toxicological impact of an alternative road 
construction material, such as MSWI bottom ash, compared to the traditional use of
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natural material, such as gravel. The study estimated the release of emissions during 
three years of sampling and investigated the effects of these emissions on recipients 
such as luminescent bacteria and mung beans. The results indicated that Cl, Cu, K, Na, 
NH4-N, total-N, SO4 and TOC were of major concern at the beginning of sampling, 
while Al, Cr and NO2-N were of concern after three years of sampling. The toxic effect 
of elevated concentrations of these emissions resulted in reduced mung bean root 
elongation, while no toxicity was observed with luminescent bacteria assay. 

CONCLUSIONS
The leachate from the field test showed much less toxicity than various laboratory tests 
reported in literature indicate. This shows a relevance problem with leaching tests in the 
laboratory, which could have grave consequences for the application of secondary 
construction materials. 

Cl, Cu, K, Na, NH4-N and TOC were identified as critical contaminants in the bottom 
ash leachate during the first sampling year, while the concentrations of Al, Cr and NO2-
N increased after three years of sampling. Chemical data showed that already after the 
first sampling year, the quality of the bottom ash leachate approached the quality of 
reference leachate from gravel. Compared to the road-section built with conventional 
material (gravel), leachates with significantly ( =0.05) higher concentrations of Al, Cl, 
Cr, Cu, K, Na, NO2-N, NH4-N, total N, TOC and SO4 were generated in the road-
section built on MSWI bottom ash. Compared to gravel leachate, the concentrations of 
Cl, Cu and NH4-N were three orders of magnitude higher, while those of K, Na and 
TOC were one order of magnitude higher. After three years of observations, the 
concentrations of all other named components decreased to the level in gravel leachate, 
while the concentrations of Al, Cr and NO2-N in bottom ash leachates were still two 
orders of magnitude higher. Substituting gravel in the road base with the bottom ash 
does not affect the release of Ca, Co, Fe, Mn, Ni, NO3-N and Pb to the environment. 
The release of these components did not significantly differ between the two 
investigated road base materials. 
The reuse of bottom ash in a road construction did not exhibit a clear and uniform toxic 
impact on the organisms used in this investigation. The detection sensitivity was greater 
using the mung bean, P. aureus, assay than with the luminescent bacteria, V. fischeri,
assay. Nevertheless, various approaches to assess toxicity are necessary because 
different species may respond differently to the same environmental sample. The high 
salinity (13.8 mg l-1 of total dissolved salts) of bottom ash leachate masked the impact 
of leachate on the light emission of the marine luminescent bacteria V. fischeri. This 
assay is either not necessarily appropriate for such type of matrices, or the leachate 
samples tested are not toxic. Toxicity assessment of the leachate collected from the road 
section built with bottom ash showed an adverse effect on mung bean assay for the 
leachate samples collected at the very beginning of sampling (October 2001 and May 
2002) and after almost three years of sampling (June 2004). High concentrations of 
chloride (16.4 g l-1) emitted from the road can lead to increased toxicity to the recipient, 
e.g. plants, and the bottom ash reused in a road construction could thus have a 
toxicological impact to the surroundings. The adverse effect of bottom ash leachate 
collected after three years of sampling using the mung bean assay can be attributed to 
the leaching of some pollutants (such as Al, NO3-N, NO2-N and SO4). The 
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environmental impact of road leachate has to be assessed in a long-term perspective 
involving use of a battery of biological tests. 

This study indicates that the phytotoxicity assay involving mung beans has good 
potential to be used as an environmental tool to assess the toxicity of bottom ash 
leachate.
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Abstract

Two bottom ashes, one air pollution control (APC) residue and one fly ash from three different Swedish municipal solid waste incin-
eration (MSWI) plants were characterised regarding the leaching of environmentally relevant components. Characterisation was per-
formed using a diffusion tank leaching test. The impact of carbonation on the release of eight critical components, i.e., Cl�, Cr, Cu,
Mo, Pb, Sb, Se, SO2�

4 and Zn, was assessed at a lab-scale and showed carbonation to have a more pronounced demobilising effect
on critical components in bottom ashes than in APC residue and fly ash. From grate type incinerator bottom ash, the release of Cr
decreased by 97%, by 63% for Cu and by 45% for Sb. In the investigated APC residue, the releases of Cr, Se and Pb were defined as
critical, although they either remained unaffected or increased after carbonation. Cl� and SO2�

4 remained mobile after carbonation in
all investigated residues.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The present strategy of the European Union (EU) for
waste management favours incineration over direct landfill-
ing, by far the most dominant waste management option
for decades (Williams, 2005). Treatment of municipal solid
waste (MSW) by incineration provides mass and volume
reduction, disinfection, reduction of organic matter and
the possibility of energy recovery. While 20–30 wt% remain
as bottom ash, the cleaning of incineration flue gases gen-
erates residues equal to 3–5 wt% of incinerated waste.
MSW incineration (MSWI) bottom ashes are either land-
filled or reused in road construction. The potentially high
leaching of salts and other elements from bottom ashes
could increase the price of their disposal if limit values
for the acceptance of waste to a lower landfill class are
exceeded (EC, 2002). If MSWI bottom ash is reused in

the construction of roads, this high release could generate
toxic leachates (Ore et al., submitted). Owing to their fine
particle size and high content of persistent organic pollu-
tants (POPs), salts and metals, air pollution control
(APC) residues and fly ashes have to be treated before final
disposal. Due to the reasons mentioned above, finding new
treatment techniques that result in the demobilisation of
critical MSWI residue components are necessary.

Recent research on carbonation (Ecke et al., 2003;
Meima et al., 2002; Polettini and Pomi, 2004) and natural
weathering of MSWI residues (Chimenos et al., 2003;
Meima and Comans, 1999) demonstrate these procedures
to possibly decrease the release of contaminants, i.e., Cu,
Mo, Pb, and Zn. Due to their composition, MSWI residues
often possess self-binding properties when mixed with
water and compacted (Chandler et al., 1997), i.e., in most
reuse and disposal scenarios, resulting in their solidifica-
tion. The mechanism controlling leaching in solidified
material (often diffusion controlled) differs from the vari-
ous shaking tests often used in regulatory (EC, 2002) and
research purposes. The release of components from the
tested residues by the shaking test is either availability or
solubility controlled, with the exclusion of possible solidifi-
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cation occurring in landfill conditions. In this work, four
incineration residues are characterised before and after
lab-scale carbonation. The evaluation was based on results
from the diffusion leaching test to consider the conditions
occurring in landfills or upon reuse. The objective was to
assess the effect of carbonation on the demobilization of
critical components from the compacted residues of both
the combustion chamber and air pollution control (APC)
units of three Swedish waste-to-energy plants. Critical
components were identified based on the regulatory criteria
for acceptance of waste to landfills, as stipulated by the EU
(EC, 2002). Methods for lab-scale treatment and character-
isation are developed and evaluated.

2. Material and methods

2.1. Material

Four ashes from three Swedish incineration plants were
investigated. Their types, origin and abbreviations are pre-
sented in Table 1.

The stocker grate type (SGT) incinerator mostly receives
MSW and smaller fractions of sorted industrial waste, like

wood, rubber and plastic. The plant’s magnetic separator
removes magnetic particles from the bottom ash. Approx-
imately 200 kg of bottom ash (SGT-BA) were sampled
from a 6-months old heap. Of this, 15 kg was further
sub-sampled in the laboratory. Half of the sub-sampled
ash was stored in an atmosphere of nitrogen gas, while
the other half was carbonated. Concentrations of Cu, S
and Zn in the SGT-BA were higher than the typical con-
centration ranges of bottom ashes presented by Chandler
et al. (1997) (Table 2). The leaching of six components,
i.e., Cl�, Cr, Cu, Mo, Sb and SO2�

4 (Table 3), from SGT-
BA does not meet the EU Council stipulation for accep-
tance of waste to landfills for inert waste (EC, 2002).

The circulating fluidised bed type (CFB) incinerator 1 is
supplied with crushed wood, paper and plastic waste. Mag-
netic separation is performed at the waste feed before
entering the kiln. The incinerator uses a dry process to
clean the flue gases. Activated carbon is added to the gas
stream to remove heavy metals, in particular mercury,
while lime is added to remove HCl and H2SO4. Approxi-
mately 100 kg of APC residue (CFB1-APC) were sampled,
of which 6 kg were sub-sampled in the laboratory and
stored in nitrogen gas. The rest was stored in closed plastic
buckets for another 13 months, after which 2 kg was sub-
sampled for carbonation. The total concentrations of Cr,
Cu and S in CFB1-APC were higher than typical concen-
trations from the dry APC system residue presented by
Chandler et al. (1997) (Table 2). The leaching of three com-
ponents, i.e., Cl�, Cr and Se (Table 4), from CFB1-APC
does not meet the EU’s stipulation for acceptance of waste
to landfills for non-hazardous waste (EC, 2002).

The circulating fluidised bed type incinerator 2 is sup-
plied with sorted MSW, wood and wood chips. The incin-
erator is equipped with an electrostatic filter, fabric filter,

Table 1
Origins and types of ashes investigated

Abbreviation Origin Type of ash

SGT-BA Stocker grate type
incinerator

Bottom ash

CFB1-APC Circulating fluidised
bed type incinerator 1

Air pollution
control residue

CFB2-BA Circulating fluidised
bed type incinerator 2

Bottom ash

CFB2-FA Circulating fluidised
bed type incinerator 2

Fly ash

Table 2
Amount of total solids (TS), loss on ignition (LOI), oxides and elements in SGT-BA (from Ecke and Åberg (in press)), CFB1-APC (from Todorovic et al.
(accepted)), CFB2-BA and CFB2-FA

SGT-BA CFB1-APC CFB2-BA CFB2-FA

Average SD Average SD Average SD Average SD

Content of total solids (g (kg ash)�1)

TS 830 ± 3 993.6 ± 1.9 999.7 ± 4.0 995.5 ± 9.3

Loss on ignition (g (kg TS)�1)

LOI 12 ± 0.8 5.6 0.0 6.6

Minor constituents (mg (kg TS)�1)

As 33 ± 3.2 309 ± 6 64.1 ± 0.9 129 ± 4
Cd 6 ± 1.1 49.7 ± 8.8 2.5 ± 0.5 27.9 ± 4.8
Co 34 ± 6 34.5 ± 7.0 24.9 ± 5.0 25.2 ± 5.1
Cr 568 ± 435 835 ± 112 305 ± 41 487 ± 66
Cu 11,570 ± 3261 7160 ± 1030 5670 ± 813 4530 ± 655

Mo 24 ± 2.6 27.0 ± 5.9 <6 22.9 ± 5.2
Ni 567 ± 446 166 ± 36 50.9 ± 11.1 129 ± 28
Pb 2260 ± 983 3310 ± 554 1040 ± 182 2420 ± 408
S 5103 ± 38 33,300 866 27,600
Sb 59.1 326 63.9 261
Zn 9117 ± 1198 10,100 ± 1460 237 ± 40 5420 ± 787

Values are presented as averages and standard deviations (SD). Values written in bold are higher that respective typical value ranges presented by
Chandler et al. (1997).
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scrubbers and a de-nitrification catalytic reactor for treat-
ment of flue gases. Fly ash from both electrostatic and fab-
ric filters (CFB2-FA) and bottom ash (CFB2-BA) were
sampled, approximately 15 kg each. In the laboratory, lar-
ger metal particles were removed from CFB2-BA using a
weak magnetic separator (Mortsell torr. sep. – Sala mask-
infabriks AB, Sweden). Half of the CFB2-BA was stored in
nitrogen gas, while the other half was carbonated. CFB2-
FA was not stored in an inert atmosphere, but the experi-
ments started immediately.

Sub-samples of all four ashes were used for the diffusion
and availability leaching tests, as well as to analyse chemi-
cal composition and content of total solids. Sub-samples of
SGT-BA, CFB1-APC and CFB2-BA (all stored in the inert
atmosphere), as well as CFB2-FA (tested without carbon-
ation), are referred to in following text as fresh or non-car-
bonated samples.

2.2. Carbonation

SGT-BA was carbonated in 50-l gasbag equipped with a
gas-vent (Tecobag for gas-analyses, Tesseraux, Germany).
After the bottom ash was placed in the bag, the air was
removed through the gas-vent and pure CO2 was added.
No water was added. Bottom ash was stored in an atmo-

sphere of CO2 for 27 days. The gasbag was manually sha-
ken every other day to mix the bottom ash inside the bag.

CFB1-APC was placed in plastic buckets and CO2 was
pumped through the layer of ash (Fig. 1). The flow of
CO2 was set at approximately 33 l (day · kg ash)�1.
CFB1-APC was carbonated for 25 days.

CFB2-BA was stored in a gasbag (as described for SGT-
BA) for 12 months. Since no significant pH decrease was

Table 3
The comparison of compliance leaching test results for non-carbonated
SGT-BA presented as average and standard deviations (n = 5) and the
limit values stipulated by The Council of European Union (EC, 2002) for
acceptance of waste to landfills for inert waste (Todorovic et al., accepted)

SGT-BA Limit values

L/S 2 L/S 10 L/S 2 L/S 10

Average SD Average SD

pH 11.5 0.1 11.5 0.1
Redox (mV) 53.2 11.4 60.7 25.9

Component (mg (kg TS)�1)

Al 123 29 467 46
As <0.016 <0.024 0.1 0.5
Ba 0.25 0.02 1.08 0.07 7 20
Ca 154 6 858 29
Cd 0.0022 0.0003 0.03 0.04
Chloride 3402 71 4597 95 550 800

Co 0.0016 0.0001 <0.003
Cr total 0.38 0.02 0.78 0.03 0.2 0.5

Cu 1.60 0.05 2.70 0.06 0.9 2

Fluoride 4 10
Fe <0.01 <0.02
Hg <0.00005 <0.00021 0.003 0.01
Mg <0.4 <2
Mn 0.003 0.001 <0.01
Mo 1.06 0.02 1.83 0.06 0.3 0.5

Ni 0.006 0.001 0.012 0.001 0.2 0.4
Pb 0.006 0.004 0.08 0.06 0.2 0.5
Sb 0.06 0.02 0.33 0.08 0.02 0.06

Se 0.0106 0.0008 0.023 0.001 0.06 0.1
Zn 0.06 0.02 0.3 0.1 2 4
Sulphate 640 280 1470 360 560 1000

DOC 79 2 150 8 240 500

Redox was measured in unfiltered leachate.

Table 4
The comparison of compliance leaching test results for non-carbonated
CFB1-APC presented as average and standard deviations (n = 5) and the
limit values stipulated by The Council of European Union (EC, 2002) for
acceptance of waste to landfills for non-hazardous waste (Svensson et al.,
2005)

CFB1-APC Limit values

L/S 2 L/S 10 L/S 2 L/S 10

Average SD Average SD

pH 11.6 0.2 10.7 0.07
Redox (mV) �684 84 39.4 12.5

Component (mg (kg TS)�1)

Al 0.02 0.01 0.71 0.14
As <0.00 <0.59 0.4 2
Ba 0.00 0.06 1.25 0.08 30 100
Ca 18,200 230 28,800 349
Cd 0.10 0.02 0.11 0.02 0.6 1
Chloride 44,800 570 60,900 870 10,000 15,000

Co <0.00 <0.00
Cr total 0.02 0.00 15.5 0.60 4 10

Cu 1.6 0.6 2.2 0.6 25 50
Fe <0.00 <0.00
Hg <0.0000 <0.0000 0.05 0.2
K 5730 66 7740 102
Mg 0.5 0.1 17.1 0.8
Mn <0.00 <0.00
Mo 1.47 0.05 3.61 0.08 5 10
Na 4810 52 6460 81
Ni 0.001 0.00 <0.00 5 10
Pb 3.2 0.6 3.2 0.6 5 10
S 758.8 6.7 3980 51
Sb 0.00 0.00 0.01 0.00 0.2 0.7
Se 0.27 0.01 0.55 0.01 0.3 0.5

Zn 10.6 0.3 10.7 0.3 25 50
Sulphate 2120 50 11,920 160 10,000 20,000
DOC 16.7 1.5 31.6 4.4 380 800

Redox was measured in unfiltered leachate.

Peristaltic
pump

CO2

Wash-bottle
with water

Bucket with
ash

Gas

Fig. 1. Experimental set-up used for the carbonation of CFB1-APC,
CFB2-BA, and CFB2-FA.
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observed, carbonation was continued in plastic buckets
(Fig. 1) for another 49 days.

CFB2-FA was carbonated in plastic buckets (Fig. 1) for
49 days.

2.3. Preparation of specimens for the diffusion leaching test

Specimens were comprised of non-carbonated and car-
bonated samples from each ash. Three specimens were
made of non-carbonated SGT-BA and four specimens of
each other ash.

The ash was mixed with deionised water (Table 5), with-
out the addition of any other binding agents. The mixture
was then compacted in layers, using a procedure similar to
Proctor compaction (SS, 1994). Plastic laboratory beakers
(10.5 cm in diameter) or plastic tube-moulds (5 cm in diam-
eter and 10 cm high) were used to mould the mixtures
(Table 5). After compaction, the specimens were left to
cure (Table 5), followed by one specimen from each group
being stored. Stored specimens were later used for avail-
ability testing, while the others were subjected to a diffusion
leaching test.

2.4. Diffusion leaching test

Based on the Dutch diffusion leaching test NEN 7345
(NEN, 1995), the diffusion leaching test was carried out
in eight successive leaching steps of specified lengths
(0.25, 1, 2.25, 4, 9, 16, 32 and 64 days), yielding eight leach-
ing fractions from each specimen. Distilled water acidified
to pH 4 was used as leachant. The only modification from
the original test protocol was that the specimens were not
de-moulded after drying. The leaching of SGT-BA speci-
mens was performed in beakers used as moulds (Fig. 2),

with only the top surface (10.5 cm in diameter) being
exposed to the leachant. Specimens prepared in tube-
moulds were placed in beakers, where both specimen bases
(5 cm in diameter each) were exposed to leachant and the
remainder of the surface was covered by the tube mould
(Fig. 2). Diffusion leaching test results were presented
and evaluated as cumulative release after four steps for
Zn and after eight steps for all other investigated
components.

2.5. Availability test

The availability of components was tested according to
the Nordtest method NT Enviro 003 (Nordtest, 1995), con-
ducted on material ground to a particle size of 95 wt%
<125 lm. A Coulter Multisizer II (Coulter Electronics
Limited, Luton, UK) determined the particle size by mea-
suring the particle volume via the use of an electrical sens-
ing zone.

The two-step availability leaching test was carried out at
a liquid-to-solid (L/S) ratio of 100 l (kg TS)�1 each. The
first step was performed at pH 7 for 3 h, and the second
at pH 4 for 18 h. A computer-controlled automatic titrator
(ABU, 901, Radiometer, Copenhagen, Denmark) main-
tained the pH during the leaching steps. Both leachate frac-
tions were combined prior to analyses.

The amounts of components leached out during the
availability test will now be referred to as amounts avail-
able for leaching or availabilities.

2.6. Analyses and analytical methods

The pH was determined using a pH meter pH 340
(WTW, Wielheim, Germany). Leachates were analysed
for elements, chloride and sulphates. Elements in the
SGT-BA leachate were determined using modified EPA
methods 200.7 (ICP-AES) and 200.8 (ICP-SMS). Elements
in all other leachates were determined using methods SS-
EN ISO 11885 and EPA 6020. Chlorides were determined
by titration, according to Swedish standards SS 02 81 20
(SS, 1974). Sulphates were determined using SS-EN ISO
10304-1. The content of total solids (TS) in ashes was deter-
mined according to Swedish standard SS 02 81 13 (SS,
1981).

3. Results and discussion

3.1. Assessment of methods

A drop in ash pH (Fig. 3) indicated the occurrence of
carbonation. Ashes were carbonated dry in two different
ways, i.e., by storing the ash in an atmosphere of CO2

and by pumping CO2 through the layer of ash. The first
carbonation procedure resulted in a pH significant drop
in only the case of SGT-BA. The water content of SGT-
BA (Table 2) probably explains the occurrence of carbon-
ation and pH drop in this ash, since the presence of water

Table 5

Conditions for specimen preparation and their dimensions

Ash Compaction

and

curing

Addition of

deionised

water (l kg�1)

Curing

temperature

(�C)

Specimen

dimensions

Diameter

(cm)

Height

(cm)

SGT-BA In beaker 0.1 60 10.5 5–5.5

CFB1-APC In mould 0.2 20 5 9–9.5

CFB2-BA In mould 0.1 20 5 9–9.5

CFB2-FA In mould 0.2 20 5 9–9.5

All specimens were cured for 15 days.

Fig. 2. Experimental set-up for the diffusion leaching test for: (a) SGT-BA
and (b) CFB1-APC, CFB2-BA, and CFB2-FA.
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enhances carbonation (Bergman, 1996). The other three
ashes were carbonated by pumping CO2 through the layer
of ash (Fig. 1). Moisture was provided to the system
through saturation of the gas with water. Continuous
pumping of CO2 through the layer of ash was assumed
to provide constant contact between the fine ash particles
and CO2.

To keep laboratory procedures on time and resource
efficient, the carbonations of CFB2-BA and CFB2-FA
were stopped after 49 days, even though their pH did not
decrease as much as SGT-BA and CFB1-APC (Fig. 3). It
was assumed that after 49 days of continuous contact with
CO2, some ash stabilisation might have occurred. Ecke
(2001) stresses that stabilisation through carbonation is
not only due to changes in pH, but also due to chemical
redistribution. Marked changes in element leaching from
short-term weathered MSWI bottom ash were observed
by Chimenos et al. (2003), even though a significant change
in pH did not occur.

The diffusion leaching test was chosen for this investiga-
tion because it is one of the few standardised tests for com-

pacted and monolithic materials. Materials were tested
compacted to simulate field conditions when ashes are
landfilled or reused as secondary construction materials.
A design without the addition of binding agents was chosen
to evaluate the effect of only carbonation on the leaching of
critical components. Ashes were carbonated dry to avoid
initiating pozzolanic and cementitious reactions during car-
bonation. Instead, these reactions were initiated when ash/
water mixtures were prepared, right before compaction.
This permits evaluating the effects of carbonation and
solidification separately (upon mixing with water and com-
paction) (Todorovic et al., accepted). It was also expected
that mechanically a more stabile and solid specimen would
be produced.

Mechanisms controlling mass transport between a solid
surface and water are rather pH-dependent (Stumm, 1992).
Changes in pH during leaching could thus affect the release
of many environmentally relevant components, e.g., Pb, Cu
and elements forming oxyanions. Carbonation decreased
the pH of ashes (Fig. 3), but only the pH of carbonated
SGT-BA reached the pH-value of calcite equilibrium with
atmospheric CO2 (pH � 8.3). During the entire diffusion
test, only the pH values of leachate fractions from carbon-
ated SGT-BA remained lower than those of the non-car-
bonated. All other ashes exhibited similar pH values of
leachates coming from treated and untreated ashes in later
leaching steps (Fig. 4).

Although acidic (pH 4) leachant was used for the diffu-
sion tests, highly alkaline ashes were expected to produce
leachates of pH values similar to those measured in the
ash suspensions (Fig. 3) during the last and the longest step
of the test (Fig. 4). This was the case for the carbonated
and non-carbonated samples of the two tested bottom
ashes and the carbonated sample of CFB1-APC. From
the non-carbonated CFB1-APC and both CFB2-FA sam-
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Fig. 3. pH values of ashes before and after carbonation measured at L/S
10 l (kg ash)�1. SGT-BA was carbonated in the CO2 atmosphere for 27
days, CFB2-BA was stored in a CO2 atmosphere for 12 months and
carbonated with pumped CO2 (Fig. 1) for 49 days, while CFB1-APC was
carbonated with pumped CO2 (Fig. 1) for 25 and CFB2-FA for 49 days.
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Fig. 4. pH development during diffusion leaching test. Average pH values of leachate fraction from non-carbonated ash (open triangles) and carbonated
ash (closed circles) with error bars representing standard deviations (n = 2 for non-carbonated SGT-BA and n = 3 for all other ashes).
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ples, the final leachates had considerably lower pH-values
than those measured in ash suspensions. The lower pH of
diffusion test fractions could possibly be due to ash becom-
ing carbonated after measuring the pH in ash suspensions,
i.e., pH of ashes was lowered even further to the values
below those noted in Fig. 3 during the preparation of solid
specimens. Carbonation was probably enhanced by water
provided before compaction (Table 5), while air provided
CO2 during mixing of the ash–water mixtures and curing
of samples. Because beakers used for the diffusion test were
not airtight, it was expected that some carbonation would
occur even during leaching.

3.2. Critical components

The compositions of CFB2-BA and CFB2-FA are pre-
sented in Table 2. Due to their high content (Table 2) or
high release (Tables 3 and 4) or both, the leaching of the
following components was chosen to be discussed here:
Cl�, Cr, Cu, Mo, Pb, Sb, Se, SO2�

4 and Zn. A high content
of Cr was observed in CFB1-APC, of Cu in SGT-BA,
CFB1-APC and CFB2-FA, of S in SGT-BA and CFB1-
APC, and of Zn in SGT-BA (Table 2). Releases of Cl�,
Cr, Cu, Mo, Sb, Se and SO2�

4 were found to be critical from
SGT-BA or CFB1-APC or both, based on the compliance
leaching test (Tables 3 and 4). The release of Cl� from
CFB1-APC determined during the compliance leaching test
(60.9 ± 0.9 g (kg TS)�1) was not consistent with the release
of Cl� assessed during the availability test (47.5 ± 0.1 g
(kg TS)�1), since the latter is considered to be the entire
leachable amount. This inconsistency could be due to the
method used to determine Cl� in water samples (SS,
1974) being based on the titration with AgNO3. Interfer-
ences in more concentrated leachates from the compliance
test could mask the colour change and show a higher con-
tent of Cl�. Leaching of Pb from CFB1-APC at L/S 2 was
lower than the limit value, but still relatively high. Both Pb
and Zn form carbonates or could be trapped by secondary
minerals (Piantone et al., 2004). Previous work on MSWI
residues (Ecke, 2001; Todorovic et al., accepted) shows that
their release could be significantly affected by the carbon-
ation process, which thus supports their inclusion in this
study.

The amounts of critical components available for leach-
ing are shown in Fig. 5. The availability of all investigated
components was lowest from CFB2-BA. Carbonation
increased the availability of Pb by 35% and Zn by 18% in
SGT-BA, of Cu by 127% in CFB1-APC, and of Sb by
81% and Zn by 18% in CFB2-FA. In SGT-BA, however,
the availability of Cr decreased by 45%, Mo by 37% and
Sb by 62%, as well as that of Cr by 28%, Pb by 12%
and Se by 18% in CFB1-APC, Pb by 72% in CFB2-BA
and Se by 44% in CFB2-FA. Carbonation decreased the
cumulative release of Cr, Mo and Sb from both bottom
ashes (Fig. 6). From CFB2-FA, the cumulative release of
Se decreased due to carbonation, while the cumulative
release of Mo and Pb increased. Carbonation also

increased the cumulative release of Cu from CFB1-APC
and CFB2-BA, but decreased that from SGT-BA.

3.3. Anions

The leaching of Cl� is independent on pH, relatively
rapid and not controlled by solubility limitations (Sloot
et al., 1997). An increase in cumulative leaching of Cl�

from SGT-BA and CFB1-APC after carbonation (Fig. 6)
is thus unexpected. An explanation for such results could
be similar to that describing the inconsistency of Cl� leach-
ing results in the paragraph Critical components. Recent
findings (Todorovic et al., accepted) show it unlikely that
changes in leaching from SGT-BA are caused by changes
in physical retention after carbonation. From CFB2-BA
and CFB2-FA, the Cl� leaching from carbonated and
non-carbonated ash was within the standard deviation.
Since the leaching of Cl� could not be decreased by car-
bonation, the most efficient solution seems to be to
decrease the content of Cl� by washing the ash. The wash-
ing process to remove salts from MSWI ashes has already
been investigated and applied (Chandler et al., 1997).

The highest release of SO2�
4 was observed from CFB1-

APC (Figs. 5 and 6), probably due to the high concentra-
tion of relatively soluble CaSO4 in the ash. This CaSO4

in the APC residue originates from SO2 that was cleaned
from the flue gas stream through the addition of Ca(OH)2.
Furthermore, carbonation increased the cumulative release
of SO2�

4 from SGT-BA by 320% and by 63% for CFB1-
APC. An increase in SO2�

4 leaching from aged and carbon-
ated MSWI bottom ash was also observed by Steketee and
Urlings (1994) and Meima et al. (2002). Ash mineralogy
was not investigated in this study, but numerous studies
(Meima and Comans, 1997; Polettini and Pomi, 2004;
Zevenbergen and Comans, 1994) show that ettringite
(Ca6Al2(SO4)3(OH)12 · 12H2O) could be present in bottom
ash that is freshly quenched, several weeks old and weath-
ered. Carbonation, however, decomposes ettringite (Xian-
tuo et al., 1994). It could be expected that in carbonated
SGT-BA with a pH 8.28, SO2�

4 ions from ettringite would
be regrouped to more soluble species. This process offers
one explanation for the increase in SO2�

4 leaching from
SGT-BA due to carbonation. Contrary to SGT-BA and
CFB1-APC, the cumulative release of SO2�

4 from CFB2-
BA and CFB2-FA (Fig. 6) was low and unaffected by car-
bonation. After 1 day of leaching, the concentrations of
SO2�

4 in leachates from CFB2-BA were close to or below
the detection limit.

3.4. Metals

The work of Ecke et al. (2003) onMSWI fly ash shows Pb
and Cu to be demobilised by two orders of magnitude after
carbonation. Numerous investigations on artificially car-
bonated and naturally weathered bottom ashes (Chimenos
et al., 2003; Meima and Comans, 1999) also show a decrease
in Pb and a Zn release. The increases in Pb cumulative
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leaching from SGT-BA (by 159%) and CFB2-FA (by 64%)
due to carbonation as well as Zn from SGT-BA (almost
7-fold over 4 days) were therefore unexpected.

The pH of leachates from the first four steps of the dif-
fusion test (that Zn was analysed for) from carbonated
SGT-BA ranged between 6.98 and 7.19, while from non-
carbonated SGT-BA was between 7.42 and 9.21. V-shaped
leaching vs. pH curve for Zn have their minimum pH
between 9 and 11 (Chandler et al., 1997; Sloot et al.,
1996). The increase in Zn leaching after carbonation could
thus be explained by a higher solubility of amphoteric Zn
at pH range of carbonated SGT-BA. A similar explanation
could be applied to the leaching of Pb from SGT-BA, since

Pb exhibits its lowest solubility at pH between 9 and 10
(Chandler et al., 1997).

The release of Pb from CFB1-APC during compliance
leaching test (Table 4) occurred predominantly during the
first step (at L/S 2 l (kg TS)�1), amounting to
3.2 ± 0.6 mg (kg TS)�1. In CFB1-APC, Pb occurs in the
form of soluble hydroxides (Fig. 7), which explains this
rapid release. The cumulative release from non-carbonated
CFB1-APC after eight steps of the diffusion test (Fig. 6)
was 0.041 ± 0.005 mg (kg TS)�1. One reason for this
marked decrease compared to compliance leaching test,
could be the demobilisation of Pb by a process of solidifi-
cation. Here, recognizing Pb as critical could also be ques-
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Fig. 5. Availability of components from ashes before and after carbonation.
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tioned. Fly ashes and APC residues are either landfilled or
reused in a solidified form, or are expected to solidify upon
contact with water in the field where leaching conditions
correspond to those simulated by the diffusion test. The
compliance leaching (shaking) test as stipulated by the
European Council (EC, 2002) as a criterion for acceptance
of waste to landfills obviously overestimated the release of
Pb from fly ashes and APC residues.

While carbonation did not significantly impact the
cumulative release of Pb from CFB1-APC, that from

CFB2-FA increased by 64% after carbonation (Fig. 6).
Because each diffusion test step is longer than the previous,
it could be expected that both pH and elemental concentra-
tion in the resulting leachate would increase from one step
to another. This is confirmed for non-carbonated CFB2-
FA, but not for the carbonated (Fig. 8). The most signifi-
cant difference was observed during the first three steps
of the diffusion leaching test, when Pb was washed-out
from carbonated ash, indicating that the carbonation of
CFB2-FA led to a transition of Pb to easily soluble forms.

Fig. 6. Cumulative release of Cl, Cr, Cu, Mo, Pb, S, Sb, and Se after 8 steps (64 days) of diffusion test leaching, and of Zn after 4 steps (4 days).
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In later stages of the test, both the Pb release and pH values
were similar.

Carbonation decreased the cumulative release of Cu
from SGT-BA to almost one-third (Fig. 6). Most Cu from
MSWI bottom ash of different ages is mobilised by dis-
solved organic carbon (DOC) (Meima et al., 1999). Recent
findings (Todorovic et al., accepted) demonstrated artificial
carbonation of suspended SGT-BA with an excess of car-
bon-dioxide (pH 6.40 ± 0.07 (n = 8)) to increase both the
release of Cu and DOC in leachate. This is one reason
why carbonation to a moderate alkaline pH or natural
weathering should be preferred when the treatment for
demobilisation of Cu in MSWI bottom ash is considered.
Another reason is that in naturally weathered bottom
ash, sorption to (hydr)oxides of Al and Fe plays an impor-
tant role in demobilising Cu (Meima and Comans, 1999). It
could also be expected that more sorption places are
gradually opened, further decreasing the release of Cu.
Carbonation increased the cumulative release of Cu in both
CFB1-APC (by 3 times) and CFB2-BA (by 2 times). The
availability of Cu (Fig. 5) from CFB1-APC also increased

after carbonation. Fig. 9 shows that during leaching of
non-carbonated CFB1-APC, the concentrations of Cu
remained relatively constant and unaffected by time of
leaching or change in pH. However, the release of Cu from
carbonated ash initially increases with the leaching time
and pH and then decreases in later steps. With such inten-
sive leaching from stabilised carbonated material, there is a
risk of increased Cu leaching during compliance testing
(run on granular material without pH adjustment). Care
should be taken to not exceed the limit values for accep-
tance of waste to landfills for non-hazardous waste (EC,
2002) after carbonation of CFB1-APC. The release of Cu
from both CFB2-BA (although it increased after carbon-
ation) and CFB2-FA are not considered critical.

3.5. Elements forming oxyanions

In natural systems, Cr occurs as a relatively stable triva-
lent (Cr(III)) and highly toxic and mobile hexavalent
(Cr(VI)). At a pH of non-carbonated SGT-BA (pH
11.25) and oxidising conditions, most Cr is expected to
be present as Cr(VI) (Fig. 10(a)). The reduced Cr leaching
(by 97%) was probably due to the decreasing pH to the
value of carbonated SGT-BA (pH 8.28), since the predom-
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inant compound at moderately alkaline conditions is insol-
uble Cr(OH)3. Only 1.3 wt% of Cr (8.83 ± 1.08 mg
(kg TS)�1) was available for leaching in SGT-BA (Fig. 5).
This low leaching also proves that most Cr probably pres-
ent in SGT-BA was in a trivalent oxidation state.

The cumulative release of Cr from CFB1-APC, highest
compared to other investigated ashes, increased after car-
bonation by 60% (Fig. 6). However, this cumulative release
was two orders of magnitude lower than both the availabil-
ity of Cr in CFB1-APC (Fig. 5) and its release during the
second step of the compliance test (Table 4). The pH of
all diffusion test leachate fractions (Fig. 4) ranges between
7.3 and 10.5, where insoluble Cr(OH)3 is the dominating
compound below pe 3 (Fig. 10(b)). Increased Cr leaching
during the second step of the compliance leaching test
(Table 4), when oxidising conditions prevailed, proves that
achieving reducing conditions might be important for
maintaining a low Cr release. These conditions might not
be difficult to achieve, since the formation of hydrogen is
possible in flue-gas cleaning residues from the incineration
of waste in the fluidised bed. Hydrogen is a product of Al
hydrolysis that at a high pH could simultaneously reduce
Cr(VI) to Cr(III) (Abbas et al., 2001). When considering
carbonation to treat MSWI residues, carbonation with a
gas of high CO2 content might be a preferable method over
a treatment with air. This could reduce the contact of the
treated residue with oxygen and maintain reducing condi-
tions for the demobilisation of Cr.

The relatively high cumulative release of Se from CFB1-
APC (0.59 ± 0.05 mg (kg TS)�1) and CFB2-FA
(0.71 ± 0.06 mg (kg TS)�1) remained unaffected by carbon-
ation. In natural systems, Se occurs in a number of valent
states (+6, +4, +2, and as elemental) (Sawyer et al., 2003).
Reducing Se could demobilise this element, since Se(IV)
could be better retained than Se(VI) (Hoek and Comans,
1994). Chemical equilibrium calculations (Fig. 11) showed
the occurrence of Se as Se(IV) in CFB1-APC when reduc-
ing conditions were achieved in highly alkaline conditions.
Contrary to Cr, Se showed a relatively high release
(0.27 ± 0.01 mg (kg TS)�1) under reducing conditions of
the first step of the compliance leaching test (Table 4).

The cumulative release of Sb during the diffusion leach-
ing of both bottom ashes decreased due to carbonation (in
SGT-BA by 45% and in CFB2-BA by 26%). Recent find-
ings (Todorovic et al., accepted) show the negative loga-
rithm of the mean effective diffusion coefficients (pDe) to
slightly decrease with carbonation (from 12.2 ± 0.0 for
non-carbonated to 12.0 ± 0.0 for carbonated sample), i.e.,
a faster release of Sb from compacted carbonated SGT-
BA than from non-carbonated. Hence, the decrease of Sb
leaching from SGT-BA was probably due to a decrease
in its availability (Fig. 5). As for Cu, the same investiga-
tions (Todorovic et al., accepted) also show an increase
in Sb leaching from SGT-BA after excessive carbonation
(pH 6.40 ± 0.07 (n = 8)). Meima and Comans (1998) sug-
gest that for demobilisation of Sb, more slightly alkaline
conditions are preferred, such as those achieved by car-
bonation of SGT-BA presented in this study. At slightly
alkaline values, Sb shows an affinity for sorption to Al-
and Fe-(hydr)oxides (Meima and Comans, 1998). As in
the case of Se, the cumulative release of Sb from flue gas
cleaning residues remained unaffected by carbonation.

The difference between the cumulative release of Mo
from non-carbonated and carbonated SGT-BA was within
a relatively high standard deviation (Fig. 6). If one leachate
fraction with an extremely high Mo concentration was
excluded from the analyses, the cumulative release of Mo
from carbonated SGT-BA was lower (32%) than from
non-carbonated SGT-BA. As with Sb, the decrease in the
cumulative release of Mo is due to its decrease in availabil-
ity, since its release from carbonated and non-carbonated
compacted SGT-BA should be equally rapid (Todorovic
et al., accepted).

Carbonation also decreased the cumulative release of
Mo from CFB2-BA by 50%. As for Sb in weathered MSWI
bottom ashes, sorption could be the mechanism controlling
the release of Mo (Meima and Comans, 1999). In CFB1-
APC, Mo was not recognised as critical, though carbon-
ation mobilised Mo in both flue gas cleaning residues (in
CFB1-APC increase was by 50% and in CFB2-FA by
41%). When considering carbonation as a treatment of
gas cleaning residues prior to landfilling, care should thus
be taken not to increase the release of Mo over the limit
values for acceptance of waste to corresponding landfill
class (EC, 2002).

4. Conclusions

The effect of carbonation on the release of critical com-
ponents was analysed on four municipal solid waste incin-
eration (MSWI) residues. Bottom ash from a stocker grate
type incinerator (SGT-BA), air pollution control residue
(CFB1-APC), bottom ash (CFB2-BA) and fly ash (CFB2-
FA) from two circulating fluidised bed type incinerators
were all included in the analyses. Components found to
be critical were Cl�, Cr, Cu, Mo, Pb, Sb, Se, SO2�

4 and
Zn. The leaching of critical components was assessed on
ashes before and after carbonation using a 64-day diffusion
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leaching test. Ashes were carbonated using CO2 without
the addition of water.

Carbonation proved to be an ineffective method for the
demobilisation of Cl� and SO2�

4 . The cumulative release of
SO2�

4 increased in one investigated MSWI bottom ash (by
four times in SGT-BA), probably due to the decomposition
of ettringite in MSWI residues. The cumulative release of
SO2�

4 also increased in CFB1-APC by 62%.
Carbonation was more effective in demobilising other

critical components in bottom ashes (SGT-BA and
CFB2-BA) than in the two investigated flue gas cleaning
residues (CFB1-APC and CFB2-FA). Cr, Cu and Sb are
all recognised as critical in SGT-BA and were demobilised
due to carbonation by 96% for Cr, 63% for Cu, and 45%
for Sb. The cumulative release of elements forming oxya-
nions from CFB2-BA decreased (Cr by 22%, Mo by 50%
and Sb by 26%), while the release of Cu increased, but
remained low (0.06 mg (kg TS)�1 over 64 days leaching).
Sorption probably plays an important role in the demobi-
lisation of Cu, Sb and Mo. The release of Pb and Zn was
not considered critical from the two investigated bottom
ashes, though they did increase after carbonation, probably
due to a decrease in pH to the values of a higher Pb and Zn
solubility. When carbonation is considered to treat MSWI
bottom ashes, care should be taken to not cause the release
of Pb and Zn to increase over stipulated limit values.

Carbonation made less of a promising effect on the
demobilisation of critical constituents Cl�, Cr, Se and Pb
from the two investigated flue gas cleaning residues
(CFB1-APC and CFB2-FA). The cumulative release of
all four constituents either remained unaffected or
increased after carbonation. A possible improvement of
the applied carbonation procedure could be to treat wet
ash with gas of a high CO2 content. Reducing conditions
could contribute to a demobilisation of Cr and Se in these
residues. Using gas with a high CO2 content instead of air
for carbonation could help achieve and maintain these
reducing conditions. Pb is expected to occur in mobile
forms in flue gas cleaning residues.
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ABSTRACT
In a municipal solid waste incineration (MSWI) bottom ash generated at a stoker grate 
type incinerator, the critical elements were identified in terms of EU regulation. The 
stabilizing effect of moderate carbonation (pH 8.28±0.03) on such critical contaminants
was studied through availability and diffusion leaching protocols. Data from the 
performed tests were evaluated with the goal of reusing MSWI bottom ash as secondary 
construction material. To investigate the mobilizing effect of CO2, suspended MSWI
bottom ash was severely carbonated (pH 6.40 0.07). The effect of CO2 and its
interaction with other leaching factors, such as L/S ratio, leaching time, pH, ultrasonic
and leaching temperature, were examined using a reduced 26-1 experimental design. 

Contaminants identified as critical were Cr, Cu, Mo, Sb, Cl  and SO4
2 . Although

moderate carbonation decreases the release of Cr, Cu, Mo and Sb from compacted 
bottom ash, the main disadvantage remains its inability to demobilise Cl , and SO4

2 .

The hypothesised mobilising effect of severe carbonation was proven. The treatment
enhanced the separation of critical components ( =0.05) (except Cl ), i.e. ~5-fold for Sb, 
and ~2-fold for Cr, Cu, and S. Nevertheless, the prospect is good that severe 
carbonation could constitute the deciding key parameter to facilitate the technical
feasibility of a future washing process for MSWI bottom ash. 
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2

INTRODUCTION
Incineration has been an emerging waste treatment option in industrialized countries 
during the past three decades. However, the pollution potential remaining in municipal
solid waste incineration (MSWI) residues can be significant 1. The reuse of incineration
residues, e.g. as secondary construction materials, is thus challenged and in some
countries regulated, with the likelihood of further restrictions in the future. Criteria for
the acceptance of waste at landfills have also been stipulated within the EU 2. With
consideration to the economy and environment, these developments call for treatment
processes that facilitate the safe landfilling or reuse of incineration residues.
Nevertheless, no such process has yet gained wide acceptance 3,4.

Elsewhere 4-6, the carbonation of air pollution control (APC) residues from MSWI was 
investigated and judged as a promising stabilization method. APC residues are highly 
contaminated, but amount to only ~2-3% w/w of the incinerator feedstock. For bottom 
ash, the mass flow is 10-fold, while the potential for reuse as secondary construction 
material is higher than for APC residues.

The objective of this investigation was to test the impact of carbonation on the mobility
of critical components in MSWI bottom ash from a common stoker type incinerator in 
Umeå, Sweden. The critical components were identified according to regulatory criteria 
for the acceptance of inert waste at landfills 2, followed by the testing of the hypothesis 
that moderate carbonation stabilizes critical metals. In landfilling or reuse, such 
stabilization might be followed by solidification; the interaction between solidification
and CO2 was thus also studied. Whether or not severe carbonation mobilizes the critical 
components in question and how this variable interacts with other leaching factors were
also tested. Such empirical knowledge might help to develop a washing process for 
MSWI bottom ash. 

MATERIAL AND METHODS 
The investigated MSWI bottom ash was sampled from the incinerator Dåva 
kraftvärmeverk near Umeå, Sweden. The plant uses stoker grate type (SGT) combustion
with a capacity of ~150 103 t yr-1, and is supplied with mainly MSW and minor
fractions of light industrial waste such as wood, rubber and plastics. Approximately 200 
kg of magnetically separated MSWI bottom ash (SGT-BA) were sampled in a metal
container from a 6-month old heap. In the laboratory, the material was quartered into 
subsamples and stored in a nitrogen atmosphere. The mobility of regulated components
was determined (n=5) according to the two-step compliance leaching test stipulated by 
the EU for the acceptance of waste at landfills 2. Ecke & Åberg 7 characterized the basic
total composition of the SGT-BA (Table 1). 
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Table 1 Averages with standard deviations (SD) for total solids (TS) (n=12), loss on 
ignition (LOI) (n=12), oxides (n=3) and abundant elements (n=3) in SGT-BA 
as sampled 7.

Component Amount
Average SD

Content of total solids (g (kg ash)-1)
TS 830 ± 3
Major constituents (g (kg TS)-1)
LOI 12 ± 0.8
SiO2 370 ± 9
Al2O3 130 ± 3
CaO 150 ± 2
Fe2O3 150 ± 5
K2O 14 ± 0.2
MgO 25 ± 1
MnO2 3 ± 0.2
Na2O 28 ± 1
P2O5 10 ± 1
TiO2 16 ± 1
Minor constituents (mg (kg TS)-1)
As 33 ± 3.2
Cd 6 ± 1.1
Co 34 ± 6.0
Cr 568 ± 435
Cu 11570 ± 3261
Mo 24 ± 2.6
Ni 567 ± 446
Pb 2260 ± 983
S 5103 ± 38
Zn 9117 ± 1198

Two types of carbonation were performed on SGT-BA, viz. severe carbonation by 
applying an excess of CO2 in suspension and moderate carbonation on the total solids 
(TS) content as received.

For severe carbonation, the SGT-BA was suspended with a stirrer in 100 ml deionized 
water according to a preset L/S ratio (Table 2). Using a gas diffuser, the stirred 
suspension was treated with technical CO2 gas for 2.5 h (Figure 1). As a reference, the 
SGT-BA was treated according to the same protocol with the exception of the addition
of CO2. The end-point pH of carbonated and non-carbonated leachate was recorded.
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Table 2 Factors and their levels used for the reduced 26-1 experimental design with 6 
centre points applied in the investigation of severe carbonation. 

Factor Unit Level
Low ( ) Intermediate (0) High (+) 

CO2 pre-treatment No Yes
L/S ratio l kg-1 5 12 20
Time h 2 15 24
pH 7 10 12

Ultrasonic * minute
s 0 10 40

Temperature °C 20 40 60
* energy output of equipment was 100W, frequency of waves 42 kHz
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Figure 1 Experimental set-up to investigate the effect of severe carbonation on the 
release of components 8. Treatment factors (Table 2) were combined 
according to the reduced 26-1 factorial design with six centre points. 
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For moderate carbonation, the SGT-BA was placed in a 50 l gasbag (Tecobag for gas-
analysis, Tesseraux, Germany) equipped with a gas vent. The bag was closed, all air 
was sucked out through the vent and the bag was filled with technical CO2 gas. No 
water was added. As the bag was shaken manually two to three times per week, 
carbonation was terminated after 27 days. A sample of the treated material was
suspended with a stirrer in deionized water at an L/S ratio of 10 l kg-1. The end-point pH 
value of the leachate was recorded.

The effect of severe carbonation was investigated together with five other factors (Table 
2) that were combined according to a reduced 26-1 experimental design, including six 
centre points at the intermediate level 9. Together with carbonation, ultrasonic treatment
(Branson DTH2510E, Branson Ultrasonics Corporation, Danbury, USA) was studied at 
42 Hz and 100 W as a pre-treatment method for suspended SGT-BA (Figure 1). When a 
specified treatment with ultrasonic waves was less than 40 minutes, the suspension was 
kept at room temperature for the remaining time. The subsequent wet extraction of pre-
treated SGT-BA was performed using a TIM900 Titration Manager and an ABU901 
Autoburette (Radiometer Analytical S.A., Copenhagen) running on the software
TimTalk 9, LabSoft (Figure 1). The factors investigated were the L/S ratio, the leaching
time, the leaching temperature and the leaching pH (Table 2). To control the latter, the 
following titration solutions were used depending on the preset pH level: 2 M NaOH, 1 
M NaOH, 2 M HNO3, 1 M HNO3 and 0.5 M HNO3.

The effect of moderate carbonation was investigated together with the impact of 
solidification as per a two-level full factorial design. For solidification, the SGT-BA 
was mixed with deionized water at a ratio of 0.1 l kg-1. The mixture was placed in 
plastic beakers (10.5 cm in diameter) and solidified using Proctor compaction, resulting 
in a specimen height of 5.0 – 5.5 cm. The specimens were dried at 60°C for 15 days. 

Moderately carbonated, solidified samples (solidified-as sampled) or both (solidified-
moderately carbonated), including references (as sampled), were studied in triplicate
using the Nordic availability test 10. This availability test is a two-step leaching
performed on finely grained material (95 wt-%<125 m). The first step was performed 
at L/S 100 l (kg TS)-1 at pH 7 for 3 hours, while the second was performed at L/S 100 l
(kg TS)-1 at pH 4 for 18 hours. Both leachate fractions were combined prior to the 
analysis. Analysis of variance (ANOVA) 11 was performed on the data from the 
availability testing. 

The Dutch diffusion test NEN 7345 12 was performed on solidified-moderately
carbonated specimens (n=3) and solidified-as sampled (n=2) SGT-BA. This test was
conducted in eight successive leaching steps of specified lengths, giving eight leachate 
fractions. The test applies a leachant pH of 4 0.1 adjusted with nitric acid. pH was not 
adjusted during the leaching, but determined by the material itself. The only 
modification from the original test protocol was that leaching was performed in beakers
used as moulds for the compaction.

Plastics and glassware were acid washed before use.

Before analysis, all leachates were filtrated with 0.45 μm membrane filters (Minisart,
non-pyrogenic) and stored at 4 C.
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Major elements in the leachates were analyzed with ICP-AES according to EPA 200.7 
(modified). Depending on the concentrations, trace metals were analyzed with ICP-AES 
(method see above) or ICP-SMS according to EPA 200.8. 

Cl  were determined by titration using with AgNO3, according to the Swedish standard
SS 02 81 20 13 and SO4

2  was analyzed according to the standard SSEN-ISO 10304. 

Dissolved organic carbon (DOC) was analyzed using TOC-VCPH/CPN (Shimadzu
Corporation, Kyoto, Japan). 

Experimental data from both carbonation experiments were evaluated using multiple
linear regression ( =0.05).

RESULTS
According to the acceptance criteria of inert waste at landfills 2, the following critical 
components were identified in SGT-BA as sampled: Cr, Cu, Mo, Sb, Cl  and SO4

2

(Table 3). 

SGT-BA established an end-point pH of 6.40 0.07 (n=8) during severe carbonation, 
and an end-point pH of 8.28±0.03 (n=3) during moderate carbonation compared to a pH 
of 11.25 0.16 (n=8) for SGT-BA as sampled.

The effect of moderate carbonation and solidification of SGT-BA on the availability of 
components was quantified (Figure 2). With the exception of Cl , moderate carbonation 
affected the availability of all other components ( =0.05). Moderate carbonation 
decreased ( =0.05) the availability of Cr, Mo, Sb and SO4

2 , while the availability of 
Cu, Pb and Zn was increased. The interaction of carbonation and solidification 
positively affected ( =0.05) the availability of Ca. Solidification demobilised ( =0.05)
Ca, Pb, Zn and SO4

2 .

During the diffusion test of solidified SGT-BA, the leachate pH developed differently 
for solidified-moderately carbonated specimens compared to solidified-as sampled
specimens (Figure 3). While acidic leachant was being replenished frequently at the 
beginning, the pH of both leachates was almost neutral. While increasing the intervals 
between the replenishments, the increase in leachate pH was more pronounced for
solidified-as sampled SGT-BA than for solidified-moderately carbonated. At the end of 
the test, the pH of the solidified-moderately carbonated SGT-BA was 8.21 0.06 (n=3), 
while the solidified-as sampled had a pH of 11.10 0.14 (n=2). 

From solidified SGT-BA, the release of components varied over a wide range (Table 4 
and Table 5). Cl  showed the highest mobility with a negative logarithm of the mean
effective diffusion coefficient 12, pDe=9.4 0.1. Throughout the test, the cumulative
release of Cl  approached the content of Cl  available in the matrix. For Cu, Pb and Zn 
in solidified-as sampled SGT-BA, the pDe was calculated at >12.5 (Table 5). The
tortuosity 1 was calculated at 25.05±5.95 in solidified-as sampled and 20.28±1.32 in 
solidified-moderately carbonated specimens.
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Table 3 The comparison of compliance leaching test results for SGT-BA as sampled, 
presented as average and standard deviations (n=5), and the limit values
stipulated by The Council of European Union 2 for acceptance of waste to
landfills for inert waste. Redox was measured in unfiltered leachate. 

SGT-BA Limit values
L/S 2 L/S 10 L/S 2 L/S 10 

Average SD Average SD
pH 11.5 0.1 11.5 0.1
Redox
(mV)

53.2 11.4 60.7 25.9

Component (mg (kg TS)-1)
Al 123 29 467 46
As <0.016 <0.024 0.1 0.5
Ba 0.25 0.02 1.08 0.07 7 20
Ca 154 6 858 29
Cd 0.0022 0.0003 0.03 0.04
Chloride 3402 71 4597 95 550 800
Co 0.0016 0.0001 <0.003
Cr total 0.38 0.02 0.78 0.03 0.2 0.5
Cu 1.603 0.051 2.70 0.06 0.9 2
Fluoride 4 10
Fe <0.01 <0.02
Hg <0.00005 <0.00021 0.003 0.01
Mg <0.4 <2
Mn 0.003 0.001 <0.01
Mo 1.06 0.02 1.83 0.06 0.3 0.5
Ni 0.006 0.001 0.012 0.001 0.2 0.4
Pb 0.006 0.004 0.08 0.06 0.2 0.5
Sb 0.06 0.02 0.33 0.08 0.02 0.06
Se 0.0106 0.0008 0.023 0.001 0.06 0.1
Zn 0.06 0.02 0.3 0.1 2 4
Sulphate 640 280 1470 360 560 1 000
DOC 79 2 150 8 240 500

Except for Pb and Sb, moderate carbonation did not greatly affect the diffusivity of the
investigated components (Table 5).

Severe carbonation did not affect the leaching of the elements Pb, Zn and Cl
whatsoever (Table 6) ( =0.05), with Pb and Zn being the typical carbonate formers.
Only for the carbonate former Ca did an excess of CO2 cause demobilization by a factor
of ~7 (Figure 4). Cl  was the only unaffected critical component, whereas Cr, Cu, Mo, S 
and Sb were mobilized (Figure 4), i.e. Sb ~5 times, Cr, Cu, and S ~2 times, and Mo 
~27%. DOC was mobilized almost three times due to severe carbonation. 

CO2 was the dominating factor in the mobilizations of Cr, Cu, S and Sb. In all cases, 
severe carbonation interacted with the other factors, i.e. leaching pH, leaching time, 
leaching temperature or a combination thereof. A pre-treatment with CO2 followed by a 
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leaching at high pH resulted in the highest mobilizations of Cr, Cu, Mo, S and Sb. 
When an interaction between CO2 and leaching time or leaching temperature or both
was observed (Cu, S and Sb), the mobility of the elements was reduced as the level of 
time or temperature or both was being increased. 
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Figure 2 Effect of moderate carbonation and solidification on the availability 10 of 
components (mg (kg TS)-1) illustrated as averages with standard deviations 
(n=3). Notations: as sampled stands for not-treated or bottom ash as sampled,
mod carb for moderately carbonated, empty circles ( ) for specimens that 
were not solidified, and solid squares ( ) for solidified. 
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CO2 was also the dominating factor in the release of DOC. Treatment with CO2 as well 
as interactions with the treatment with CO2 and leaching pH increased the amount of 
DOC in the leachate, while it decreased from the interaction of CO2 and leaching 
temperature. The treatment with ultrasonic waves had a significantly positive effect
( =0.05) on the release of Cl  only. 
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Time (Days)
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Figure 3 Trend of leachate pH during the diffusion leaching test for solidified-
moderately carbonated ( , n=3) and solidified-as sampled ( , n=2) SGT-BA. 

Table 4 The cumulative release during m steps of diffusion leaching from solidified-
as sampled SGT-BA (presented as average and standard deviation, n=2) and 
an increase in cumulative release due to moderate carbonation (%). Presented 
increase was higher than variability between replicates and is considered
significant 14.

Solidified, as sampled Increase m
Average SDComponent mg (kg TS)-1 % -

Ca 275 9 222 8
Cr 0.19 0.01 -97 8
Cu 0.86 0.09 -63 8
Mo 0.39 0.03 -39 6
Pb 0.0165 0.0006 159 8
SO4

2 392 48 320 8
Sb 0.104 0.008 -45 8
Zn 0.040 0.004 583 4
Cl 2894 31 22 8
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Table 5 Effect of moderate carbonation on negative logarithm of the mean effective 
diffusion coefficients (pDe) 12 for solidified moderately carbonated or as 
sampled SGT-BA. The average  standard deviation (SD) is given if 
diffusion-controlled release was observed for two or three specimens.

Component Solidified, as sampled Solidified, moderately carbonated 
Ca
Cr 12.06
Cu 16.3 0.1
Mo 10.5 0.1 10.5 0.1
Pb 18.77 18.2
SO4

2 10.4 0.3
Sb 12.2 0.0 12.0 0.0
Zn 19.2
Cl 9.4 0.1 9.3 0.1

 no diffusion-controlled leaching,  concentration too low 

Table 6 The significance ( =0.05) of the effect of a severe carbonation and its
interactions with other leaching factors on the mobilization of critical 
elements (Cr, Cu, Mo, S, Sb), carbonate formers (Ca, Pb, Zn), and chloride 
(Cl ). Notations: CO2 – pre-treatment with CO2 in excess, 0 no effect, – 
negative effect, + positive effect on component mobility. 

Factor Term Component
Ca* Cr* Cu* Mo* Pb* S Sb* Zn Cl DOC*

CO2 – + + + 0 + + 0 0 +
CO2×pH – + + + 0 + + 0 0 +
CO2×Time 0 0 – 0 0 0 – 0 0 0
CO2×Temp 0 0 – 0 0 – 0 0 0 -

* indicates that the data were log10 transformed.
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Figure 4 Modelled effect of severe carbonation on the mobility of elements (mg (kg 
TS)-1). Averages are illustrated with 95% confidence intervals (n=38). Except
CO2, all other factors were set at intermediate level. Notations: as sampled
stands for bottom ash that was extracted as sampled ( ), severe carb stands 
for bottom ash that was severely carbonated before extraction ( ).

DISCUSSION

Critical components
The effect of carbonation on the mobility of nine components is discussed in this work, 
viz. Ca, Cr, Cu, Mo, Pb, Sb, Zn, Cl  and SO4

2 . The leaching of Cr, Cu, Mo, Sb, Cl  and 
SO4

2  from SGT-BA (Table 3) exceeded the limit values for the acceptance of waste at 
landfills for inert waste 2. In addition, Ca was included because of its involvement in the 
formation of secondary minerals like calcite (CaCO3), anhydrite (CaSO4) and ettringite 
(Ca6Al2(SO4)3(OH)12×26H2O) in the bottom ash 15,16. Since Pb and Zn could be
demobilised by substitution in these neoformed minerals 15 or affected by pH changes 1

due to carbonation, these elements were also included in the study. 

Moderate carbonation 
Moderate carbonation affected the transition of SGT-BA from alkaline to material
equilibrated at a pH level of pKCalcite. During the diffusion testing of solidified SGT-BA, 
the leachate pH developed differently for solidified-moderately carbonated specimens
compared to solidified-as sampled (Figure 3). In the beginning, during frequent
replenishments of the acidic leachant, the pH of both leachates was almost neutral. 
While increasing the intervals between the replenishments, the increase in leachate pH 
for solidified-as sampled SGT-BA was more pronounced than for solidified- moderately
carbonated. At the end of the test, the pH of the solidified- moderately carbonated SGT-
BA was 8.21 0.06 (n=3), and 11.10 0.14 (n=2) for the solidified-as sampled. Since the
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solidified-moderately carbonated SGT-BA sustained the pH level during the diffusion 
test, even after eight replenishments with acid leachant (Figure 3), there was no 
indication of any excess of carbonation. At the end of the diffusion test, the solidified-as 
sampled SGT-BA approached the end-point pH of 11.25 0.16, as measured in SGT-BA 
before carbonation at L/S 10 l (kg ash)-1. This indicates that the alkalinity of SGT-BA
was not consumed (Figure 3) during the testing. Since the pH measured in the bottom
ash before the treatment was not close to the level of pKCalcite, it could be assumed that 
if any natural carbonation occurred during the six months storage, it probably only had a 
minor effect on the leaching. 

To assess the effect of moderate carbonation on the mobility of components, two 
methods were combined. First, to simulate leaching controlling conditions after 
landfilling or during the reuse, the material was compacted and tested using diffusion 
leaching 12. Second, to assess the potentially leachable amount, milled material was 
tested using an availability test 10. Moderate carbonation increased the cumulative
release of Ca, Pb, SO4

2 , Zn and Cl  from the solidified material, while the release of Cr, 
Cu, Mo and Sb (all defined as critical) decreased (Table 4). As described by Fick’s 
second law of diffusion 17, the release of a component from a solid material over time
depends on (1) the soluble fraction of the component (availability of the component) as 
determined by the availability test (Figure 2), and (2) the diffusion coefficient. 
Component availability is the potentially leachable amount from the waste through 
diffusion over very long time. The effective diffusion coefficient was determined using 
the diffusion test and was used to describe the release rate from the solid matrix (in 
Table 5 presented as negative logarithm pDe). Such an approach was assumed to 
indicate if changes in the release after carbonation were the result of changes in the
availability of a component or changes in the retention of a component in the solid 
matrix.

Cu, Pb and Zn exhibited low mobility from solidified-as sampled SGT-BA, since pDe
was calculated at >12.5 (Table 5). A statistical evaluation on the effect of carbonation 
on diffusivity through comparison of pDe would not be reliable, since the release of 
elements exhibited diffusion controlled leaching in too few replicates. From the 
obtained results, whether the observed difference in pDe for Pb (Table 5) is due to the 
treatment or due to data variability between samples was inconclusive. Chandler et al. 1

noted that high pDe values (here observed for Cu, Pb and Zn) were associated with 
relatively high standard deviation. Tortuosity is a material property that indicates the 
actual path length of diffusing ion through the solid matrix. Its changes would point to 
changes in the physical retention, possibly affecting diffusivity. Fernández Bertos et al.
18 showed changes in the porous structure and tortuosity of MSWI residues due to 
carbonation, as well as a less pronounced effect on bottom ashes than that on APC 
residues. Here, however averages of tortuosity for solidified SGT-BA differed by 19%, 
though the difference was not significant ( =0.05) due to the relatively high data 
variability between solidified-as sampled specimens. Therefore, it should not be 
expected that moderate carbonation of SGT-BA would lead to physical retention of 
components in the solid matrix.

While the availability of Pb in moderately carbonated SGT-BA only increased about 
35 % (Figure 2), the cumulative release increased by over 150 % (Table 4). The
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increase in cumulative release is thus partly due to the lowered capacity of material to 
chemically retain Pb. A similar discussion could be applied to Ca, Zn and SO4

2 .

A pDe<9.5 indicates low retention of a component in the material and possibly 
challenge the applicability of the diffusion test. For Cl , pDe was just at this threshold.
In diffusion tests, Cl  is considered as an inert species. This is confirmed here, since the 
cumulative release approached the availability of Cl . Nevertheless, Cl  was identified
as a component following a diffusion-controlled pattern for both solidified-moderately
carbonated and solidified-as sampled SGT-BA. Even though the diffusivity of Cl  was 
largely unaffected by moderate carbonation (Table 5) and changes in availability are
within a relatively large standard deviation (Figure 2), results show an increase in Cl
leaching from solidified material after moderate carbonation by 22% (Table 4). Goni 
and Guerrero19 suggest that carbonation destabilises Friedel’s salt 
(Ca4Al2O6Cl2×10H2O),  possibly leading to a release of Cl .

Since the release of Cl  could not be decreased by moderate carbonation and is limited
mostly by its availability in the ash, a pre-treatment method (e.g. washing) to remove
part of the available Cl  could be the most efficient method in decreasing the salt 
content in leachates from reused or disposed MSWI bottom ash. 

Moderate carbonation decreased the availability of Cr, Mo, Sb and SO4
2  (Figure 2). 

However, as defined through the applied protocol, availability is the cumulative release
at pH 7 and pH 4 and as such does not reflect a change in mobility due to carbonate 
formation, since carbonates are dissolved at pH 4. Rather, it reflects a redistribution of 
elements in mineral phases, from which Meima et al. 20 performed their investigations.
Changes in the availability of Cr, Mo and Sb led to a decrease in their cumulative
leaching from solidified SGT-BA (Table 4). The transition of Cr into a less mobile tri-
valent state under conditions of a diffusion leaching test (pH from neutral to 8.21 0.06
(n=3), Figure 3) might have also affected its mobility, as has been discussed in recent
work 14.

Moderate carbonation was anticipated to considerably lower the mobility of carbonate 
formers such as Pb 21,22, a hypothesis that was disproved in the diffusion tests. pH 
changes in bottom ash were shown 14 to be an important factor affecting the leaching of 
Pb and Zn. Solidification also played an important role in the demobilisation of Pb and
Zn. The treatment decreased the availability of Pb from moderately carbonated SGT-BA 
by more than one order of magnitude (Figure 2). Cu exhibited similar changes in its 
availability, though its demobilisation due to solidification was not as pronounced as of 
Pb. Moderate carbonation decreased the cumulative release of Cu by less than half 
(Table 4). 

The main disadvantage of using artificial carbonation to moderate level as a
stabilization method for SGT-BA prior to reuse or landfilling is its inability to 
demobilise Cl  and SO4

2 . The release of SO4
2  even increased four times (Table 4). The 

increase in cumulative leaching of Ca and SO4
2  due to moderate carbonation might be

the result of a decomposing ettringite (Ca6Al2(SO4)3(OH)12×26H2O). Other aging 
processes such as remineralisation 22,23 might have a demobilizing effect. However, 
these processes are usually time consuming and much less controllable than carbonation. 
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Severe carbonation
Washing has been considered as a method to separate critical components from MSWI
bottom ash and thus meets the environmental standards for reuse 24. This work reveals 
that using an excess of CO2 can enhance the success of such washing. The lower and
upper levels of pH, temperature, leaching time and ultrasonic treatment (Table 2) were 
set to extreme values, though considered reasonable for MSWI bottom ash washing. 

Treating suspended SGT-BA with an excess of CO2 (severe carbonation) increased the
mobility of all critical elements except Cl  (Table 6). Also, a higher amount of DOC 
was mobilized due to the severe carbonation. The leaching of Pb and Zn was not
affected as Ca was being demobilized. It was found that for all elements affected by 
severe carbonation, the higher the pH during the subsequent leaching, the more distinct
the effect of CO2 on element mobility (Table 6). DOC is known to form complexes with 
metals 25-28. The metal mobility may be increased due to a complex formation with
DOC; the metal speciation may be affected by the complexation. Since severe
carbonation increased both the mobility of critical metals and DOC, the effect on metal
mobility due to complexation with DOC should be evaluated further. 

For elements such as Cr, Cu, S, and in particular Sb, the treatment with CO2 had a 
greater impact than even pH and all other factors investigated. It might be worth testing 
if washing with CO2 is sufficient for the bottom ash to meet the acceptance criteria of 
inert waste at landfills 2. In this respect, Mo could be a key element due the minor
impact of severe carbonation on its mobility (Figure 4).  To optimise a washing process,
the interaction of CO2 with pH, time and temperature should be considered. A short 
retention time (2h) at a low temperature (20°C) might even favour the extraction of Cu, 
S and Sb, though it might not lessen the degree of leaching for other critical components.

Outlook
Flue gas from incineration of MSW is a promising source of CO2 for the carbonation of 
MSWI residues. However, the presence of oxygen, for instance, might risk mobilizing
Cr, as proven for APC residues 5. It may therefore be interesting to investigate the effect
of other gas components on the performance of the carbonation process and its effect on 
the leaching of contaminants.

In terms of SGT-BA treatment, the separation of critical components with an excess of 
CO2 achieved an advantage over stabilization using moderate carbonation, and because
the high mobility of Cl  remained unaffected in all carbonation experiments. However, 
washing transfers the problem of contamination to a liquid phase, thereby requiring a
leachate treatment unit and causes additional costs. The L/S ratio required for a 
successful washing is thus another critical factor. At the Division of Waste Science & 
Technology, the authors performed such studies on the optimization of leaching factors. 
The data are currently under evaluation and will be presented soon. 

Jelena Todorovi , Division of Waste Science and Technology, LTU, 2006
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CONCLUSIONS
Artificial carbonation was tested as a treatment method on municipal solid waste 
incineration (MSWI) bottom ash generated at the stoker type incinerator Dåva
kraftvärmeverk in Umeå, Sweden. For this material (SGT-BA), it was concluded that
from a regulatory point of view, the mobility of Cr, Cu, Mo, Sb, Cl , and SO4

2  was 
critical.

Cl  in SGT-BA had a high mobility. Even from solidified SGT-BA, the ion was
released at a mean effective diffusion coefficient of pDe=9.4 0.1. Carbonation did not
affect the mobility of Cl .

Except from highly mobile Cl  and SO4
2 , calcite equilibrium resulting from moderate

carbonation was proven to be effective in demobilising other critical components (Cr, 
Cu, Mo and Sb). The release of Cr, Mo and Sb was affected through the decrease in 
their potentially leachable amounts (availability). The potential of SGT-BA to 
physically retain contaminants did not significantly change after moderate carbonation. 

Severe carbonation enhanced the separation of critical components (except Cl ), i.e. ~5-
fold for Sb and ~2-fold for Cr, Cu, and S. Yielding a mobility increase of only about
27%, the treatment had a minor effect on Mo. Nevertheless, the prospect is good that 
enhancing wet extraction of SGT-BA with an excess of CO2 might be a feasible 
treatment option to meet regulatory criteria stipulated for inert waste at landfills.
However, an impact assessment of other leaching factors such as the L/S ratio and 
complexation between DOC and metals as well as an economical assessment are still
due.
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Abstract

The process of solidification with water was studied on air pollution control (APC) residues from incineration of refuse-derived
fuel (RDF) regarding mechanical strength and leaching behaviour of solidified material. Factorial design in two levels was applied
to investigate the impact of water addition, time, and temperature to mechanical strength of solidified material. Factors time and
temperature, as well as the interaction between the addition of water and time significantly (�=0.05) influenced the mechanical

strength of solidified material. The diffusion-leaching test NEN 7345 was performed to investigate if the leaching behaviour of
elements from solidified material was determined by diffusion. Since it was found that leaching is not diffusion controlled, the long-
term leaching behaviour was not assessed. However, the investigation showed that some of the studied components (Al, Hg, Mn,

Pb, Si, and Zn) could be considerably demobilised by solidification with water. Concentrations of As, Cd, Co, Cu, Fe, and Ni were
either below or not quite above the detection limits to be included in the analysis of leaching behaviour. The elements least demo-
bilised by solidification were Cl, Cr, K, and Na.

# 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Waste incineration generates heat and reduces the
mass and volume of wastes to be managed. During the
previous two decades, incineration with energy recovery
became the most common practice of waste treatment in
Sweden. The amount of incinerated waste in 2002 was
2.46 million tonnes, almost triple that of 1980 (RVF,
1997, 2002). Swedish environmental policy followed
European Community (EC) legislation, banning the
landfilling of combustible waste and tightening the
requirements regarding emissions to air and water (EC,
1999). The latter resulted in the advancement of air
pollution control processes and increased the amount of
solid residues.
Air pollution control (APC) residues represent 3–5%

by weight of the waste incinerated. Their physical
properties and chemical composition differ, depending
on the composition of the waste, type of incinerator,

and air pollution control process. Relatively high con-
tents of metals and persistent organic pollutants (POPs)
in APC residues classify them as hazardous waste. An
EC council directive on landfilling of waste from 1999
bans the landfilling of hazardous waste without pre-
treatment, if there is a potential occupational or envir-
onmental risk from its total content or leachability of
potentially leachable components (EC, 1999). This
demand for pre-treatment and an increased amount of
APC residues makes investigation of stabilisation and
treatment possibilities necessary.
One possibility for treating APC residues from waste

incineration is stabilisation through solidification. The
term solidification refers to processes of waste encapsu-
lation in a monolithic form (Chandler et al., 1997). The
release of contaminants through leaching is thus
reduced by a reduction of the surface area to volume
ratio, a decrease of porosity, and an increase of tortu-
osity, i.e. the ratio between lengths of actual path of a
liquid diffusing through the solid and the apparent path
(Chandler et al., 1997). Some chemical changes occur-
ring during the process of solidification may contribute
to the changes in metal leachability. Transformation of
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soluble metal salts into less soluble silicates, hydro-
xides, and carbonates may demobilise metals by their
incorporation into the solid matrix. Pozzolanic reac-
tions that may contribute to the long-term demobilis-
ation of metals (Chandler et al., 1997) may occur in the
residues from gas cleaning processes, depending on
their mineralogical composition (Malhotra and Mehta,
1996).
The investigation presented in this paper aims at

assessing the possibility to solidify APC residue from
incineration of refuse derived fuel (RDF) with only
water. Solidification is studied in connection to its effect
on the mobility of elements.
Leading questions were:

� Is it possible to solidify APC residues from RDF
incineration with water and no addition of other
binding agents? What method should be used to
produce solid specimens that would be repre-
sentative for testing? What factors influence the
process of solidification?

� To what extent are elements demobilised by this
treatment?

� Is the leaching of pollutants from such stabilised
material diffusion controlled? Is it possible to
assess long-term leaching using diffusion tests? If
not, can some other predictions on leaching
behaviour be made?

Many factors influence the hydration and strength
development in cementitious materials. Three factors
were included in this study of APC residue solidifica-
tion: water addition, temperature, and time. Water is
essential for reactions in cementitious materials, since it
initiates chemical reactions occurring in the mixture.
Porosity and permeability of solid material are affected
by the amount of water added to the mixture (Glasser,
1997). The kinetics of fly ash hydration are also strongly
dependent on temperature (Glasser, 1997). Hydration of
cementitious material starts rapidly and slows after a
few minutes. The entire process may take several weeks
or even months. Time was included in the study to
investigate how it interacts with the other two factors.
Leaching tests are the most common methods used

for evaluating leaching properties of stabilised materi-
als. In cases where the permeability of the solid material
is relatively high, it can be expected that leaching is
controlled by solid-state diffusion (Sloot et al., 1997). If
it can be assumed that the leaching medium is infinite,
the elemental area is flat, and surface concentration and
diffusion coefficient are constant, then equimolar one-
dimensional diffusion can be explained by Fick’s second
law of diffusion (Chandler et al., 1997):

�C

�t
¼ De � �2C

�t2
ð1Þ

where C (mole/cm3), is the concentration of the com-
ponent in solid; t (seconds), is the time of leaching; x
(cm), is the distance; De (cm2/second), is the effective
diffusion coefficient.
The Dutch diffusion leaching test NEN 7345 is a

standardised procedure for determination of a diffu-
sion coefficient from monolithic materials and estima-
tion of constituent release in diffusion controlled
systems. It is a relatively inexpensive and rapid pro-
cedure for assessment of leaching properties of solid
materials.

2. Experimental

The research object of this study was the APC
residue from Igelsta power station in Södertälje, Swe-
den. The plant is supplied with sorted industrial waste
(wood, paper, cardboard, plastic), waste from the
building industry (plastic, gypsum, waste from finish-
ing processes), and by-products from the cellulose
industry (mill peat, creosote oil). The APC residue
that was studied is a combination of material col-
lected in the electrostatic precipitator (mainly) and
residue from the bag filter and dry scrubber. Chemi-
cal composition of the APC residue from Igelsta
power station is presented in Table 1 (Arvidsson,
2001).

2.1. Solidification

Prior to solidification, APC residue was sieved to
remove larger impurities that could influence the pro-
cess of solidification and the mechanical strength of the
specimens. Fractions of residue <2.6 mm were used in
the experiment.
The process of solidification and factors influencing

the mechanical strength of solidified specimens were
studied using full factorial design at two levels. Levels

Table 1

Chemical composition (average�standard deviations, n=3) of APC

residue from Igelsta power plant (Arvidsson, 2001)

Oxide Amount (weight%)

Al2O3 3.19�0.01

CaO 46.5�0.3

Fe2O3 3.64�0.01

K2O 0.99�0.03

Na2O 0.76�0.03

MgO 2.29�0.01

MnO2 0.17�0.00

P2O5 0.44�0.01

SiO2 12.9�0.0

TiO2 0.29�0.01

Loss on ignition 13.1�0.1

622 J. Todorovic et al. /Waste Management 23 (2003) 621–629



and factors investigated in the solidification experiment
are shown in Table 2. The experiment was run 27 times
(it was replicated twice with one centre point per each
basic set of experiment).
APC residue was mixed with demineralised water

according to the water addition specified in Table 2. No
other binding agents were added. The solidified speci-
mens were prepared in cylindrical moulds (10 cm high
and 5 cm in diameter). The mixture of water and ash
was compacted in layers, using a procedure similar to
Proctor compaction.
After compaction, the specimens were dried in the

moulds. Specimens prepared to be dried at a low tem-
perature level were kept at room temperature while
others were dried in ovens. The specimens were taken
out of the moulds after drying.
Mechanical strength of specimens was tested using a

stepless compression test machine (Wykeham Farrance,
10,000 kg stepless compression test machine). The force
affecting a specimen was recorded electronically using a
data collector (INTABs AAC-3 PC-logger 3100). The
maximum compression stress applied to the specimen
before visible defects appeared was considered to be
characteristic of mechanical strength and was used in
the statistical evaluation.

2.2. Diffusion test

Diffusion was studied on specimens prepared
according to centre point treatment in the solidification
study above. Between the preparation of solid speci-
mens and the beginning of the diffusion test, specimens
were stored in open air and room temperature for 5
months.
The diffusion test was performed according to Dutch

standard NEN 7345 (NEN, 1995). Samples to be tested
were chosen after visual examination; two with the least
visible defects were studied. Since no big, visible cracks
or scratches were detected, the areas of the specimens
were calculated as simple areas of cylinders, 5 cm dia-
meter and 10 cm high. It was not possible to meet
recommendations from the leaching standard regarding
the amount of leachant and the height of water level
above the test specimens in standard laboratory bottles.
The specimens were approximately 1 cm under the
water level, which did not correspond with the standard
recommendation of at least 2 cm.

Diffusion leaching test was carried out on eight suc-
cessive leaching steps of specified lengths, using water
acidified to pH 4 as a leachant.

2.3. Availability test

The availability of the elements after solidification
was tested in triplicate (NORDTEST, 1995). The pH
was kept constant during the leaching using a computer-
controlled automatic titrator (ABU, 901, Radiometer,
Copenhagen, Denmark).
An availability-leaching test was performed in two

steps at a liquid-to-solid (L/S) ratio of 100 l kg�1 each.
The first step was carried out at pH 7 for 3 h, the second
at pH 4 for 18 h. The two leachate fractions were com-
bined prior to the analyses.
From here on, the amounts of components leached

out during the availability test are referred to as
amounts available for leaching or availabilities.

2.4. Analyses and analytical methods

Leachates were analysed for pH and conductivity
immediately after drainage.
Leachates from both diffusion and availability tests

were analysed for elements and chloride. Elements
(except Hg) were determined using modified EPA
methods 200.7 (ICP-AES) and 200.8 (ICP-SMS). Hg
was determined using atomic fluorescence spectrometry
(AFS). Chloride was determined using solid state mem-
brane electrode (type 6.0502.120 Metrohm. Ltd., Her-
isan, Switzerland).

2.5. Statistics

Data from the investigation of factors influencing the
compressive strength of solidified material were eval-
uated at �=0.05, using analysis of variance and regres-
sion analysis (Montgomery, 2001).

3. Results

3.1. Factors influencing the process of solidification

As per the experimental design, all specimens at the
end of drying periods were solid with a cylindrical shape.
Their compressive strength was tested immediately.
The data analysis (�=0.05) showed that the factors

time and temperature, as well as a second order inter-
action of water addition and time, had a significant
impact. The compression strength values (predicted
value�95% confidence intervals for mean response), as
derived from the statistical fitted model, are illustrated
in Fig. 1.
The fitted model of compressive strength is

Table 2

Factors and factor levels used in the experimental design for the study

of solidification process

Factor Unit Low level Centre point High level

Water addition l kg�1 0.25 0.30 0.35

Drying temperature �C 20 60 100

Time of drying Days 1 15 29
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compressive strength ¼6:688

� 19:640� water addition

þ 0:037� temperature

� 0:186� time

þ 0:906� water addition

� time in Nmm�2
� �

ð2Þ
where water addition is expressed in litres of water per
kg of fly ash, time in days, and temperature in �C. The
fitted model explains R2=80.7% variability in com-
pressive strength. The lack-of-fit of the model is sig-
nificant (�=0.05), indicating that the model is not a
good predictor of the compressive strength even though
R2 is high. The model predicts the 95% confidence
interval for the centre of the design cube to be
4.32�0.43 N mm�2 (Fig. 1), but the average measured
compression strength for three centre points is 6.37 N
mm�2.

3.2. Leaching behaviour of solidified APC residue

Elemental analysis of leachate fractions from the dif-
fusion test showed that the concentrations of As, Cd,
Co, Cu, Fe, and Ni were either below or just above
detection limits. These elements were not included in
further analysis of leaching behaviour. Elements inclu-
ded in leaching behaviour analysis were Na, K, Cl, Al,
Ba, Ca, Cr, Hg, Mg, Mn, Pb, S, Si, and Zn.
Table 3 presents pH values of leachate fractions as

well as ratios of cumulative releases of components,
after each of the eight steps of the diffusion test and
corresponding availabilities of components for leaching.
The pH increased over leachate fractions from 8.74 to
11.76.
The results of the leaching tests are summarised in

release plots (Figs. 2–15) that include:

� cumulative releases during the diffusion leaching
test (�);

� calculated releases per interval (*);

� availability of components for leaching assessed
by the availability test (bold horizontal line);

� total elemental content of component (normal
horizontal line);

� 0.5 slope (thin line).

Fig. 1. Cube plot of 95% confidence intervals of compressive strength

predicted by first order statistical model (in N mm�2). For factor levels

see Table 2.

Table 3

The average pH and ratios of average cumulative release and avail-

ability of components (%)

Analysis Replenishment time (h)

6 24 52 92 217 382 889 1680

pH 8.74 9.04 9.85 10.02 10.64 10.63 11.49 11.76

Al 0.04 0.07 0.14 0.23 0.36 0.73 2.01 2.98

Ba 1.05 2.68 4.23 5.49 6.75 7.62 8.51 9.38

Ca 0.58 2.02 3.58 4.93 6.79 8.02 9.17 10.33

Cl 7.37 22.29 37.24 51.96 68.05 79.99 89.08 95.14

Cr 1.47 4.02 7.52 11.70 19.51 26.93 33.53 40.18

Hg 0.31 0.50 0.85 1.05 1.23 1.35 1.56 1.70

K 12.02 32.19 52.20 68.19 80.58 84.34 87.20 88.26

Mg 1.08 3.21 4.22 4.67 4.95 5.02 5.03 5.04

Mn 0.03 0.07 0.09 0.09 0.09 0.10 0.10 0.10

Na 12.93 32.21 50.50 65.62 80.14 84.49 87.29 89.00

Pb 0.01 0.02 0.04 0.06 0.17 0.20 0.27 0.31

S 0.87 1.96 3.19 4.52 6.73 8.90 11.28 13.49

Si 0.09 0.19 0.28 0.39 0.52 0.66 0.91 1.10

Zn 0.01 0.02 0.03 0.04 0.05 0.07 0.07 0.08

Fig. 2. Release plot for Na. Cumulative releases during the diffusion

leaching test (�); calculated releases per interval (*); availability of

components for leaching assessed by the availability test (bold hor-

izontal line); total elemental content of component (normal horizontal

line); 0.5 slope (thin line).

Fig. 3. Release plot for K (for explanation of symbols see Fig. 2).
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Fig. 4. Release plot for Cl (for explanation of symbols see Fig. 2).

Fig. 5. Release plot for Al (for explanation of symbols see Fig. 2).

Fig. 6. Release plot for Ba (for explanation of symbols see Fig. 2).

Fig. 7. Release plot for Ca (for explanation of symbols see Fig. 2).

Fig. 8. Release plot for Cr (for explanation of symbols see Fig. 2).

Fig. 9. Release plot for Hg (for explanation of symbols see Fig. 2).

Fig. 10. Release plot for Mg (for explanation of symbols see Fig. 2).

Fig. 11. Release plot for Mn (for explanation of symbols see Fig. 2).
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Release per interval was calculated using:

"n ¼ Ei �
ffiffiffi
ti

p
ffiffiffi
ti

p � ffiffiffiffiffiffiffiffi
ti�1

p ð3Þ

where: "n (mg/m2) is the calculated release of a compo-
nent for the nth period; Ei (mg/m2) is the measured
leaching of component in fraction i; ti, ti�1 (s) are
replenishment times of fractions i and i�1.
Diffusion-determined leaching behaviour is indicated

on a release plot (log release vs. log time) by a slope of
0.5 (Chandler et al., 1997). According to the release
plots, none of the components Cl, K, and Na, which
were expected to be weakly bound to a solid matrix,
demonstrate diffusion-determined behaviour. Of all the
studied components, only the release of Si follows the 0.5
slope with minor deviations in the middle of the release
path (Fig. 14). Regression analysis, as described in the
diffusion test standard (NEN, 1995), was used to calcu-
late the slopes and standard deviations of the total
(steps 2–7) and the partial paths of the release plot for Si
(start for steps 1–3, middle for steps 3–6, and end for
steps 5–8). According to these calculations, Si demon-
strates diffusion controlled leaching behaviour during
the first and last three steps, but not during the whole
length of the test.

4. Discussion

4.1. Solidification

Although the process of solidification is primarily
influenced by the origin and the chemical composition
of APC residue and as such, differs for different resi-
dues, investigations revealed important data for further
research. The experimental investigation of the solidifi-
cation process aimed to investigate the possibility to
solidify this type of APC residue and how different fac-
tors influence the process of solidification itself and the
mechanical strength of solidified material. Cementitious
reactions of APC residue are employed in its solidifi-
cation and the production of specimens of defined geo-
metry, which could be used to measure compressive
strength of solidified material as well as for studying
leaching behaviour.
Special attention was given to the experiment design

and lab procedure of the specimen preparation. To
reduce variability among specimens, which is not
caused by experimental design, it was important to use
the same procedure for production of each specimen,
to treat it and test it in the same way. The preparation
of specimens was designed to (1) assure that all solid
specimens representing a single treatment combination
were treated similarly, and (2) ensure they had the same
density and porosity. All solid specimens should (3)
have had a defined geometry and as such were suitable

Fig. 12. Release plot for Pb (for explanation of symbols see Fig. 2).

Fig. 13. Release plot for S (for explanation of symbols see Fig. 2).

Fig. 14. Release plot for Si (for explanation of symbols see Fig. 2).

Fig. 15. Release plot for Zn (for explanation of symbols see Fig. 2).
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to be mechanically tasted and later tested by batch dif-
fusion test and, (4) be mechanically stable during the
solidification and testing.
At the end of the drying periods, all specimens were solid

with a defined geometry and were tested mechanically.
It was observed that specimens prepared with a high

level of water addition (0.35 l kg�1) had visible holes on
the surface and within the volume probably because the
mixture of APC residue and water was too wet and dif-
ficult to handle. Different pore structure and volume
between specimens with a high level of water addition
may have led to larger variability among specimens.
Such structure might have also lowered the compressive
strength of the specimens.
Some variability can be expected in the residue-to-

water ratio between specimens with the same quantity
of added water because mixtures were prepared for
three specimens at a time. The advantage of this proce-
dure is that the mixture was fresh during compaction.
Achieving both the procedure of specimen making

time efficiently and full randomisation were not possi-
ble, so it was decided to do the procedure quickly.
Randomisation was applied for mechanical testing of
specimens.
Statistical analysis of the results from mechanical

testing of solidified APC residue showed that time and
temperature plus the interaction between water addition
and time have a significant (�=0.05) impact on the
compressive strength. The fitted model explains
R2=80.7% variability in the compressive strength. The
lack-of-fit is significant (�=0.05) indicating that the
model is not a good predictor of compressive strength
values. Some extra runs are required to improve the
model, setting levels and factors that form a central
composite design (Montgomery, 2001). Such experi-
mental design could make it possible to detect the pre-
sence of a second order curvature, which might be a
reason for the significance of the lack-of-fit. It is possible
that applying the second-order model would explain
variability in response better than the first-order one.
Results of mechanical testing of specimens showed

that those with all three factors set on high level have
the highest compressive strength (Fig. 1). The fitted
model predicts the 95% confidence interval for com-
pressive strength to be 7.33�1.00 N mm�2.

4.2. Leaching

It is specified by NEN 7345 (NEN, 1995) that speci-
mens for studying leaching behaviour must have well-
defined geometry to be able to calculate the surface area
available for leaching as precisely as possible. It was,
thus, decided to prepare specimens precisely as those
representing centre point treatment in a solidification
experiment. Centre point specimens had a satisfactory
level of response (average measured compressive

strength was 6.37 N mm�2) with lower energy and time
consumption. The mixture with 0.30 l kg�1 of water was
much easier to handle than the one with 0.35 l kg�1,
resulting in specimens that had a better-defined geo-
metry with fewer holes on the surface and inside the
specimen. Apparently, some specimens during the dif-
fusion-leaching test tended to fracture, keeping their
cylindrical shape, but with visible cracks appearing.
Such specimens were not suitable for the diffusion-
leaching test since the area available for diffusion mass
transport increased during the test.
Concentrations of As, Cd, Co, Cu, Fe, and Ni in lea-

chate were either below the detection limit or very low.
The work of Ecke et al. (2002) showed a relatively high
leachability of Cd, Co, Cu, Fe, and Ni at pH 4.5, but
very low release under alkaline conditions. Thus the low
release of these elements over the pH range of the dif-
fusion test (8.74–11.76) could have been expected.
To evaluate how solidification of fly ash with water

affects the mobility of components (Na, K, Cl, Al, Ba,
Ca, Cr, Hg, Mg, Mn, Pb, S, Si, and Zn) from the solid
matrix, cumulative releases of components during the
diffusion-leaching test were compared with availabilities
of components for leaching (Table 3). Release plots
(Figs. 2–15) were used to evaluate leaching behaviour of
components within the time frame of diffusion leaching
test.
One of the most influential factors on the leaching of

components is pH. The pH of leachate fractions
(Table 3) indicate the likelihood that the leaching of
most of the studied elements might be strongly affected
by the change in pH. Only the leaching of Cl, K, and Na
was independent of the pH, and it was expected that
leaching for only these elements could be explained by
simple diffusion.
Cl, K, and Na are weakly bound to the solid matrix,

demonstrating relatively high cumulative values of lea-
ched amounts (more than 88% of the amount available
for leaching). These components are defined as inert
components by the standard (NEN, 1995). To be able to
state that the leaching behaviour is diffusion-deter-
mined, it must be shown that at least two inert compo-
nents, one inert and two other components, or three
other components can demonstrate diffusion-deter-
mined behaviour (NEN, 1995). It could then be
assumed that all other components demonstrate such
behaviour even if not demonstrated during the diffusion
test. Since it is not possible to show that the leaching of
a sufficient number of components is diffusion-deter-
mined, it cannot be assumed that release from the solid
matrix is diffusion controlled. In this case, the diffusion
test and the method for estimation of the long-term
leaching described in the standard NEN 7345 cannot be
used for calculation of the diffusion coefficient and esti-
mation of the long-term release of components. Even
though long-term prediction is not possible, other
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observations on the leaching behaviour of components
can be made. Of all the elements included in this study,
only the release of Si (Fig. 14) follows the 0.5 slope on
the release plot, indicating diffusion-determined leach-
ing behaviour. According to the regression analyses, the
release of Si deviates from the 0.5 slope in the middle
steps of the diffusion leaching experiment, which can
also be observed in the release plot.
Cl, K, and Na were leached out rapidly (more than

50% of mass available for leaching) during the first four
steps of the diffusion test (Table 3). All three elements
were depleted from solidified material. It can be
assumed in the case of depletion that the concentrations
of these elements at the centre of the specimen and
boundary conditions changed during the test from the
initial ones (Chandler et al., 1997). The reason is prob-
ably because the solid material in question was too
porous to meet the assumptions of diffusion-controlled
leaching. To avoid depleting inert components, the
smallest dimension of the specimen needs to be
increased.
Al, Hg, Mn, Pb, Si, and Zn are well demobilised by

the process of solidification since each has a cumulative
leaching representing less than 3% of the potentially
leachable amount (for Mn, Pb, and Zn, the amount was
even less than 0.5%).
The reason for the low leachability of Zn is the pH

range of the leachates. Zn possesses amphoteric prop-
erties and its solubility is at its lowest in the pH range of
9–10 (Sloot et al., 1997). Cohen and Petrie (1997) stated
that demobilisation of Zn in cement-stabilised waste is
not the result of physical changes, but of chemical sta-
bilisation. During the hydration process the formation
of Ca(OH)2 results in a highly alkaline environment,
where the solubility of Zn species is reduced. The work
of Ecke et al. (2002) supports this statement and
addresses low leachability of Zn in the range of pH 9–11
to the predominance of Zn(OH)2.
The leaching behaviour of Pb is similar to that of Zn

(Sloot et al., 1997). The work presented by Barna et al.
(1997) suggests that the leaching behaviour of Pb and
other amphoteric metals cannot be explained by simple
diffusion, but by using a coupled solubilisation/diffusion
model.
The leaching of Al is also affected by pH (Chandler et

al., 1997). During the later stages of the diffusion
experiment, the slope of Al release (Fig. 5) was rather
steep, indicating dissolution of this element from the
solid matrix.
The cumulative release of Mg corresponded to 5% of

the available amount. The leachability of Mg is strongly
dependent on pH and it can be expected that it decreases
with an increase in pH (Ecke et al., 2002). From the
shape of the release curve for Mg (Fig. 10), it can be
seen that the release of Mg follows the 0.5 slope at the
beginning of the diffusion test, but that the release

decreases in the later stages. Such pattern is similar to
the one of inert components (K and Na), but in the case
of Mg, the decrease is probably partly due to an
increase in pH during the test.
Ca, S, and Ba are slightly more mobile than Al, Hg,

Mn, Pb, Si, and Zn, however each still leached out less
than 14% of the available amount.
The release plot of Ca indicates that leaching beha-

viour of this element is affected by the change in che-
mical conditions (Chandler et al., 1997).
The release of Ba, Hg, and Mn (Figs. 6, 9, and 11)

decreased after the first four steps of the diffusion test.
The least demobilised component by the process of

solidification (excluding weakly bound components)
was Cr. During the diffusion test 40% of available Cr
for leaching, leached out. Chromium can occur in two
oxidation states, as trivalent (Cr+3) or hexavalent
(Cr+6) species. During hydration, Cr+3 is incorporated
into the solid matrix, mainly by substitution with silica
from calcium silicate hydrate (CSH) gel, while Cr+6 is
not expected to be incorporated into the solid matrix,
but to remain solubilised in pore water (Cohen and
Petrie, 1997). The work of Cohen and Petrie (1997)
showed that approximately 75% of Cr in leachates
obtained by applying the TCLP leaching test on a
cement-solidified ferrochromium dust sample was in
Cr+6 oxidation state, while the rest was Cr+3 not
demobilised by solidification. The occurrence of Cr in
either of the oxidation states is strongly influenced by
pH. It can be expected that at high pH values, as mea-
sured in the diffusion test leachates, Cr+3 was oxidised
to more mobile Cr+6 (Rinehart et al., 1997).
Since carbonation lowers the pH of APC residues

under field conditions, it might be interesting to further
investigate the leaching behaviour of elements whose
release is pH dependent.

5. Conclusions

The experimental investigation showed that the com-
position of air pollution control (APC residue) from
refuse-derived fuel (RDF) incineration, which was
studied in this research is such that a cementitious reac-
tion can be initiated by adding water to it. These reactions
lead to solidification of this type of residue. Mechanical
testing of solidified specimens showed that two factors
statistically (�=0.05) influence the compressive strength
of the specimens (time and temperature) as well as the
interaction between water addition and time. Specimens
representing the treatment with all three factors set on
high level had the highest compressive strength
(7.33�1.00 N mm�2 as predicted by the first order sta-
tistical model). Apparently, dependence of compressive
strength on water addition, time, and temperature is not
well explained by the first order model (R2=80.7% and
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significant lack-of-fit at �=0.05). Future investigation
will include extra runs of the experiment, and applying
central composite design, to investigate a second-order
model.
Components whose leaching behaviour was studied in

this investigation were demobilised by the process of
solidification to a different extent. Cl, K, and Na are
weakly bound to the solid matrix. Cumulative releases
of each during the diffusion-leaching test were more
than 88% of the amount available for leaching. The
next most mobile component was Cr, with a cumulative
release 40% of the total amount available for leaching.
Other components could be well demobilised by the
process of solidification of APC residue with water,
since their cumulative releases were low (less than 14%
for Ba, Ca, and S, 5% for Mg, less than 3% for Al, Hg,
and Si, less than 0.5% for Mn, Pb, and Zn). The con-
centrations of As, Cd, Co, Cu, Fe, and Ni in leachates
were low in the diffusion-leaching test and were not
included in the study of leaching behaviour.
The investigation into the leaching behaviour of

solidified APC residue showed that the release of com-
ponents from the solid matrix is not diffusion con-
trolled, since it was not possible to show that leaching
of a sufficient number of components is diffusion-
determined. Inert components (Cl, K, and Na) were
depleted from the solid matrix, probably due to a high
porosity of the material. However, depletion might be
avoided by increasing the minimum dimensions of the
specimens. In that case, the diffusion batch leaching
protocol NEN 7345 might be appropriate for the deter-
mination of the long-term leaching behaviour of this
solidified material.
The leachability of most other elements was probably

affected by the change in pH during leaching (from 8.74
to 11.76). For elements affected by the change of pH,
diffusion leaching behaviour could not be expected.
Suggestions for future studies are to assess the leaching
behaviour of these elements using a leaching test with
controlled pH and a model combining both solubilisa-
tion as well as diffusion phenomena.
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