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Life is problem solving 
(K. R. Popper, Philosopher) 

 
and struggling with dirt. 

(A. Popova, Cleaning Woman) 
 
 
 
 
 
 
SUMMARY 
 
Waste management is in need of a reliable and economical treatment method for metals 
in fly ashes from municipal solid waste incineration (MSWI). However, no state-of-the-
art technique has gained wide acceptance yet. This doctoral thesis aimed to assess the 
possibilities and limitations of carbonation as a stabilization method. Factors that were 
studied are the partial pressure of carbon dioxide (CO2), the addition of water, the 
temperature, and the reaction time. Laboratory experiments were performed applying 
methods such as factorial experimental design, thermal analysis, scanning electron 
microscopy (SEM), x-ray diffraction (XRD), and leaching assays including pHstat 
titration and sequential extraction. Leaching data were verified and complemented using 
chemical equilibrium calculations. Data evaluation was performed by means of 
multivariate statistics such as multiple linear regression, principal component analysis 
(PCA), and partial least squares (PLS) modeling. It was found that carbonation is a 
good prospect for a stabilization technique especially with respect to the major 
pollutants lead (Pb) and zinc (Zn). Their mobility decreased with increasing factor 
levels. Dominating factors were the partial pressure of CO2 and the reaction time, while 
temperature and the addition of water were of minor influence. However, the treatment 
caused a mobilization of cadmium (Cd), requiring further research on possible 
countermeasures such as metal demobilization through enhanced silicate formation.  
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Livet består av att lösa problem 
(K. R. Popper, filosof) 

 
och att kämpa mot allt det smutsiga. 

(A. Popova, städerska) 
 
 
 
 
 
 
SAMMANFATTNING 
 
Trots att behovet är stort, saknas idag beprövade och/eller ekonomiskt lämpliga 
behandlingtekniker för metaller i flygaska från hushållsavfallsförbränning. I detta 
doktorsavhandlingsarbete undersöktes karbonatiseringens möjligheter och 
begränsningar som stabiliseringsmetod. Olika faktorer som möjligen påverkar 
karbonatiseringen studerades: partialtrycket av koldioxid (CO2), vattentillsats, 
temperatur och reaktionstid. Försök genomfördes i laboratorieskala där bl a följande 
metoder kom till användning: faktordesign, termisk analys, svepelektronmikroskopi, 
röntgendiffraktion och lakförsök såsom pHstat-titrering och sekventiell extraktion. 
Lakningsdata verifierades och kompletterades med kemiska jämviktsberäkningar. För 
utvärderingen tillämpades multivariat statistik som multipel linjär regression, 
principalkomponentanalys och PLS-modellering (partial least squares). Resultaten 
visar att karbonatstabilisering är en lovande stabiliseringsmetod, i synnerhet m a p de 
mest kritiska föroreningarna bly (Pb) och zink (Zn). Deras mobilitet minskade när 
nivåerna på faktorerna ökades. De dominerande faktorerna var partialtrycket av CO2 
och reaktionstiden. Temperatur och vattentillsats hade mindre inflytande. Ett problem 
med karbonatiseringsmetoden är dock att den kan medföra en mobilisering av kadmium 
(Cd). Hur detta kan undvikas måste undersökas vidare. En möjlighet kan vara att forcera 
silikatbildningen i flygaskan. 
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Alles Leben ist Problemlösen 
(K. R. Popper, Philosoph) 

 
und Kampf gegen den Schmutz. 

(A. Popova, Putzfrau) 
 
 
 
 
 
 
ZUSAMMENFASSUNG 
 
In der Abfallwirtschaft gibt es Bedarf an der zuverlässigen und ökonomischen 
Behandlung von Metallen aus Flugaschen der Hausmüllverbrennung. Bisher stellt der 
Stand der Technik jedoch kein allgemein akzeptiertes Verfahren dafür zur Verfügung. 
Diese Doktorarbeit hatte zum Ziel, die Möglichkeiten und Grenzen der 
Karbonatisierung als Stabilisierungsmethode abzuschätzen. Die dabei untersuchten 
Faktoren waren der CO2-Partialdruck, die Zugabe von Wasser, die Temperatur und die 
Reaktionszeit. In Laborversuchen kamen u.a. folgende Methoden zur Anwendung: 
Faktordesign, thermische Analyse, Rasterelektronenmikroskopie, Röntgendiffrakto-
metrie und Laugungsverfahren einschließlich pHstat-Titration und sequentieller 
Extraktion. Die Ergebnisse der Auslaugungsversuche wurden anhand chemischer 
Gleichgewichtsberechnungen überprüft und ergänzt. Die Datenauswertung erfolgte 
unter Zuhilfenahme von multivariaten statistischen Methoden einschließlich multipler 
linearer Regression, Prinzipalkomponentenanalyse und PLS-Modellierung (Partial 
Least Squares). Die Karbonatisierung erwies sich als eine vielversprechende 
Stabilisierungsmethode; insbesondere in Hinsicht auf die kritischen Schadstoffe Blei 
(Pb) und Zink (Zn). Deren Mobilität sank mit steigenden Faktorwerten. Die dabei 
dominierenden Faktoren waren der CO2-Partialdruck und die Reaktionszeit, während 
Temperatur und Wasserzugabe weniger Einfluß hatten. Ein Problem stellt allerdings die 
durch die Behandlung hervorgerufene Mobilisierung von Kadmium (Cd) dar. Zu deren 
Vermeidung bedarf es weitergehender Untersuchungen, z.B. auf dem Gebiet der 
Metalldemobilisierung bei forcierter Silikatbildung. 
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1 INTRODUCTION 
 
The controlled handling of solid waste is of an urgent nature. In Europe, for instance, 
the total generation of solid waste is estimated at 5×109 t yr-1 (White et al. 1995). Major 
sources of solid waste are mining (46%), agriculture (16%), manufacturing (16%), 
dredgings (7%), energy generation (6%), demolition (5%), and municipal solid waste 
(MSW) (3%). Regardless, if such wastes are destined for reuse by upgrading, 
recirculation, or cascading (Connelly & Koshland 1997) or if they are landfilled, some 
of them have to be treated owing to their potential risk to the environment.  
 
Over the past three decades, the technology of municipal solid waste incineration 
(MSWI) has greatly developed. The establishment of emission standards has led to an 
improvement of air pollution control (APC) systems for flue gas treatment, not the least 
because of more efficient separation technologies. However, this development has 
increased both the amount and pollution potential of APC residues.  
 
Different countries have tightened up their legislation regarding the handling of APC 
residues owing to the content of pollutants. Japan's Waste Disposal and Public 
Cleansing Law (MHW 1991), for instance, stipulates that for all MSW incinerators with 
a capacity ≥5 t d-1, APC residues must not be disposed of unless treated. The European 
Commission (EC) classifies APC residues from MSWI as hazardous waste (EU 1991). 
As such, they have to be disposed of at landfills that fulfil strict technical and 
monitoring requirements (EU 1999). In addition, it is necessary that all waste undergo 
pretreatment to reduce its hazardous nature.  
 
Within the European Union (EU), the amount of waste classified as hazardous APC 
residue is expected to increase considerably for two reasons. First, EU member 
countries such as The Netherlands, Denmark, Germany, and Sweden introduced or will 
introduce a ban of landfilling of all combustibles, including putrescible waste, no later 
than 2005. The major treatment option for these wastes is incineration. Second, not only 
MSW, but also most other kinds of waste will be regulated in the near future, and 
almost all APC residues from waste incineration will be classified as hazardous waste 
(EU 2000). Legislation and regulation is an important driving force for the development 
of the waste management system in general, particularly for the treatment and safe 
disposal of APC residues. 
 
Fly ash is an APC residue comprising two groups of hazardous compounds, viz. 
persistent organic pollutants (POP) and metals. For POP, proven treatment methods are 
in full-scale operation at several MSWI plants. At temperatures <400°C and under O2 
deficiency, the Hagenmaier drum (Stuetzle et al. 1991), for example, 
thermocatalytically destroys organics such as polychlorinated dibenzo-p-dioxins and 
furans (PCDD/F), polychlorinated biphenyls (PCB), chlorobenzenes and 
chloronaphthalenes. The toxic equivalent concentration (TEQ) is typically reduced by 
>99%.  
 
In contrast to POP, metals cannot be destroyed, but have to be separated, solidified, 
and/or stabilized within the waste matrix. Separation comprises physical and chemical 
processes such as screening, magnetic separation, leaching, ion exchange, 
crystallization, distillation, and electrochemical processes (Chandler et al. 1997). Both 
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solidification and stabilization lower the mobility of metals and aim at reducing the risk 
of in-situ metal leaching once the waste is disposed of. Solidification is achieved by 
physical binding such as micro- or macro-encapsulation of metals (Chandler et al. 
1997). During stabilization, chemical reactions are induced between a stabilizing agent 
and the metals to produce a solid phase that is thermodynamically favored. In the long-
term, the approach to stabilize rather than to solidify fly ash might be superior, provided 
that the treated waste is placed in an environment not counteractive to the fixation of 
metals. 
 
This thesis is about carbonation, a new method to treat alkaline wastes (Reddy et al. 
1991, Schramke 1992, Reddy et al. 1994, Tawfic et al. 1995, Anthony et al. 2000) and, 
in particular, to stabilize metals in MSWI fly ash (Shimaoka et al. 1999). The principles 
are known from geochemical processes (Appelo & Postma 1999), but a deeper 
understanding is necessary to assess if a technical application is possible and sensible. 
In the five appended papers, different demarcated aspects were investigated such as a 
state-of-the-art in MSWI residue treatment, statistical and analytical methods, material 
characterization, and carbonation. However, the common objective for all papers was to 
contribute to an answer on the major research questions outlined as follows. 
 
 
2 RESEARCH QUESTIONS 
 
This work is delimited by three research questions: 
 

• What are the critical metals requiring treatment of MSWI fly ash? 
 
• How is the availability of these metals affected by carbonation?  
 
• What are the possibilities and limitations of this method with a view to 

technical application? 
 
 
3 MATERIAL AND METHODS 
 
At the MSW incinerator Ålidshemverket in Umeå, Sweden, flue gas is treated in several 
steps. Ammonia is injected into the combustion chamber to reduce nitrous fumes, 
sodium sulfide is added to remove Hg, and calcium hydroxide is added to neutralize 
acid components. Bag fabric filters are used to remove particulate matter. The latter 
material is the object of research called MSWI fly ash. During one week of regular plant 
operation, about 5 kg of fly ash was sampled once per shift, i.e. thrice daily. The 
material was mixed and quartered to receive subsamples (Stål 1972). 
 
Many of the methods applied to fly ash are standardized or well established, e.g. 
inductively coupled plasma mass spectrometry (ICP-MS) for elemental analysis, 
scanning electron microscopy (SEM), x-ray diffraction, and empirical modeling of data 
from experimental designs. They are described in the respective papers and the relevant 
literature is referred to. Only the key methods and their peculiarities are outlined in the 
following.  
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3.1 Carbonation of fly ash 
 
In 16 experimental runs, 10 g of fly ash was carbonated. The runs were varied according 
to a two-level full factorial design (Box et al. 1978), where the impacts of four factors 
were studied: 
 

• addition of water, 
• partial pressure of CO2, 
• temperature, and  
• time. 

 
The fly ash was used as received or mixed with 50 wt.-% of water. The material was 
placed in glass reaction tubes (figure 1). By applying a peristaltic pump, the total daily 
gas flow through the tubes was set at 2.2 l. The gas became saturated with moisture 
when a wash-bottle was passed. The water in the wash-bottle was put into chemical 
equilibrium with a reaction gas (open system) of air or air mixed with CO2, before 
running the experiments. During carbonation, the temperature was kept constant using 
laboratory ambient conditions (20°C) or an oven (60°C). The experiments were 
terminated after 4 or 40 days. The carbonated samples were crushed and homogenized 
with a pestle before leaching and thermal analysis. 
 
 

Peristaltic
pumpAir/CO2

Reaction tube with fly ash

Wash-bottle
with water

Temperature = const.

Tail-gas

 
Figure 1 Experimental set-up used for the carbonation of fly ash. 
 
 
3.2 Leaching tests 
 
3.2.1 Sequential extraction 
 
For metal speciation of solid wastes, a wet sequential extraction protocol in six leaching 
steps, originally designed by Tessier and co-workers (1979), was adopted from 
Calmano & Förstner (1983). Metal fractionation was achieved by using extraction 
conditions in increasing order of strength. The first leaching step was performed in an 
anaerobic environment at neutral pH. In the following steps, pH was successively 
lowered while the redox potential was shifted to oxidizing conditions. 
 
The extraction scheme partitioned the sample into six element fractions with increasing 
binding strengths, thus indicating the availability of the metals (table 1). 
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Table 1 Estimation of metal bonds in the different leaching fractions of the 
sequential extraction procedure. 

Extraction step Fraction 

I Exchangable cations 

II Carbonates 

III Easily reducible phases (Mn oxides, amorphous Fe oxides) 

IV Moderately reducible phases (amorphous & poorly crystallized Fe oxides) 

V Metals bound to organic matter and sulfides 

VI Residuals (e.g. silicates, crystalline Fe oxide) 

 
 
 
3.2.2 pHstat leaching 
 
The pHstat leaching procedure was adopted from Cremer & Obermann (1992). At an 
initial liquid-to-solid (L/S) ratio of 40 l kg-1, fly ash was leached under an atmosphere of 
water-saturated Ar at static pH conditions (pHstat) (figure 2). 1 M nitric acid was used as 
titrant and added by a computer-controlled automatic titrator. The titration levels were 
pH 8.3 and pH 4.5. After 12 h leaching time, the total titrant addition was recorded and 
the suspension was filtered (0.45 µm). Filtrates were analyzed using ICP-MS technique. 
 
 
 
 
 

Peristaltic
pump

Computer

Automatic 
titrator

TitrantTitration cell
with magnetic stirrer

and pH electrode

Wash-bottle

Argon

Off-gas

 
Figure 2 Experimental set-up used for the pHstat leaching. 
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3.2.3 Zero-headspace (pH0) leaching 
 
Zero-headspace (pH0) leaching assays at L/S 40 were performed on a laboratory roller 
mixer. Leaching time and sample treatment were identical to the pHstat method. The 
final pH of the leachate was determined. 
 
 
3.3 Thermal analysis (TA) 
 
TA is the collective name for a group of analytical techniques that change the 
temperature of a sample according to a controlled temperature programme. As a 
function of temperature, a physical property of the substance and/or its reaction 
products is measured (Skoog & Leary 1992).  
 
Two techniques were applied in this work, viz. thermogravimetry (TG) and differential 
thermal analysis (DTA). For both types of analyses, the samples were heated linearly 
with time up to 1 200°C under an atmosphere of air (figure 3). As a function of 
temperature, TG recorded the sample mass while DTA recorded the difference in 
temperature between the sample and a reference.  
 
Thermograms received from TG and DTA provide information about chemical 
reactions (e.g. oxidation and decomposition), physical processes (e.g. vaporization), 
sublimation, desorption, and thermal behavior (e.g. exothermic and endothermic 
reactions). 
 

Gas outlet

Balance

Heating element

Protective tube

Sample carrier

Vacuum seal

Thermostatic control

Evacuation system

Ar
Air

 

Figure 3 Thermal analyzer NETZSCH STA 409 C (NETZSCH 2001).  



Carbonation for fixation of metals in MSWI fly ash 
 

6 

Holger Ecke, Div. of Waste Science & Technology, LTU, 2001 

 
Variables Dummies

1  0  0  0 … 0
1  0  0  0 … 0
1  0  0  0 … 0
…
0  1  0  0 … 0
0  1  0  0 … 0
0  1  0  0 … 0
…
0  0  0  0 … 1
0  0  0  0 … 1
0  0  0  0 … 1

X matrix ⇒

O
bs

er
va

tio
ns

Predictors Responses

X matrix Y matrix⇒

O
bs

er
va

tio
ns

Variables

O
bs

er
va

tio
ns

X matrix

PCA PLS PLS-DA

Figure 4 Matrix design for different MVDA techniques. Each observation (in rows)
is formed by the variables (in columns). 

3.4 Multivariate data analysis (MVDA) 
 
MVDA is a discipline of statistics that may be seen as an extension of univariate and 
bivariate analyses. When multiple measurements are performed on, for example, one or 
several samples, individuals, objects, etc. under investigation (hereafter observations), 
MVDA considers multiple variables in combination. The relationships are formalized in 
a set of structural equations, the so-called model. Observations that are substantially 
different from the values estimated by the model are called outliers and can be 
identified.  
 
Principal component analysis (PCA) is an interdependence model, i.e. all variables are 
simultaneously analyzed as a single set in a data matrix X (figure 4). This technique is 
used to analyze interrelationships among a large number of variables. The information 
in the original X space is reduced to the minimum number of dimensions, i.e. of 
principal components, needed to describe the relevant information contained in the 
original observations (Wold et al. 1987, Wold 1989). 
 
Partial least squares (PLS) modeling is a dependence model that distinguishes between 
multiple predictor variables X and multiple responses Y (figure 4). The calculated 
model approximates the X space and predicts the Y space. Interrelationships amongst 
both data sets can be detected. Similar to PCA, it is aimed at a low dimensional model. 
 
When observations can be assigned to di- or multichotomous groups (e.g. MSW, 
organic waste, industrial waste), investigations are often aimed at understanding group 
differences or predicting the group to which an observation in case belongs (Hair et al. 
1992). Partial least squares discriminant analysis (PLS-DA) is based on the principles of 
PLS outlined above. The X space consists of predictor variables while a table of dummy 
variables is used as response variables matrix Y. The number of dummy variables is 
equal to the number of groups. The variables are set to one for observations of the 
corresponding group and zero for all others (figure 4). 
 
For interpreting results, principal components can be illustrated as co-ordination axes 
(Paper V). The loading plots (figures 7 and 8) show the relevance of the variables. The 
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farther the variables are located from the origin, the more important they are for the 
scattering of observations, i.e. the greater their impact on data variation. Variables, e.g. 
called A and B, have the same trends if they are located in close proximity to each 
other, i.e. a high concentration of A goes along with a high concentration of B and vice 
versa. If variables are placed at opposite ends with respect to the origin, they offer 
contrasting behaviors, i.e. a high concentration of A goes along with a low 
concentration of B and vice versa. In PLS loading plots, the factors (predictors) are 
represented by arrows (figure 8).  
 
 
4 DISCUSSION 
 
The handling of fly ash from MSWI is a matter of increasing concern in waste 
management. An evaluation of the state-of-the-art in fly ash treatment was the starting-
point for this thesis (Papers I & II). It outlines the possibilities and limitations of today's 
techniques. Based on a treatment-oriented characterization of typical MSWI fly ash 
(Paper III), carbonation was assessed as a novel stabilization method (Paper IV). Key 
methods adopted for the studies are discussed. 
 
 
4.1 State-of-the-art in fly ash treatment 
 
In spite of the need for MSWI fly ash treatment, no technique has gained wide 
acceptance. Today, much emphasis in research and development (R&D) is put on 
thermal treatment using electric, burner, or blast furnaces (Paper I). Compared with 
other treatment options, only thermal processes remove POP and can potentially reduce 
the mass of solid waste (table 2). Electric arc vitrification (figure 5A), for example, also 
lowers the risk of toxic metals release (Paper II). Environmentally relevant elements are 
solidified, stabilized, and/or separated. Regarding bottom ash (Paper II), the mobility of 
Cr, Cu, Zn, Pb, and Ca were reduced. In the vitrified slag, major fractions of these 
elements were found in moderately reducible phases or in the residual slag lattice. 
About three-fourths of the Pb and half of the Zn content were most likely removed 
through evaporation. On the other hand, the wear of furnace refractories probably 
caused total content increases of Al, Cr, Ni, and Cd. An overall assessment of the 
melting technique has to also take into account the metal-laden flue dust generated 
during melting. Due to the presence of mobile metal contaminants, this product might 
be highly toxic and might, therefore, require special treatment (Paper II). The major 
drawback of thermal treatment, however, is that it strains resources, amounting up to 
~500 US$ t-1 of operating costs (Paper I).  
 
Excluding the addition of water, cementitious stabilization and solidification increase 
the final waste mass by up to 40% (Paper I). Microencapsulation, which uses organic 
additives such as bitumen, paraffin, and polyethylene, requires expensive equipment 
and skilled labor (Chandler et al. 1997). Chemical stabilization with inorganic additives 
is still under development and assessment. Different additives such as phosphates 
(Eighmy et al. 1997), sulfides, lime (Reardon & Della Valle 1997), clays, and 
carbonates were tested.  
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Figure 5 Furnace types for electric melting systems: (A) electric arc furnace; (B) 
plasma arc furnace; (C) electric resistance furnace; (D) induction (Paper I). 

 
 
 
Leaching with acid is reported to be an economical treatment technique (~33 US$ t-1) 
for MSWI fly ash (table 2). Nevertheless, the number of facilities is low and in Japan 
there have no further units been built since 1988 (Paper I). The so-called acid extraction 
sulfide (AES) stabilization (Katsuura et al. 1996) has been in full-scale operation since 
1977. The process design comprises leaching with HCl at pH 6, sulfide precipitation at 
pH 8, and dewatering. The stabilized solid residue is destined for landfilling while the 
process water is post-treated for pH conditioning, removal of harmful contaminants, and 
salt recovery.  
 
In Denmark, a process based on the flushing of fly ash with water was tested in pilot-
scale, followed by carbonation of the solid residue with flue gas from waste incineration 
and precipitation of the supernatant with e.g. sulfides. Operation costs are estimated at 
~46 US$ t-1 (DRH 2000). However, there has been no scientific evaluation and 
publication of the process. 
 
 



Carbonation for fixation of metals in MSWI fly ash 
 

9 

Holger Ecke, Div. of Waste Science & Technology, LTU, 2001 

Table 2 Characteristics of fly ash treatment processes (Paper I). 100 ¥ equals 0.83 
US$ according to the interbank rate on June 17, 1999. 

 Treatment 

 Thermal Chelate Phosphate Cement Leaching 

Costs (103 ¥ t-1) 5-60 10-15 7-14 ∼4 4 
Metals Solidified, stabilized, 

separated  
Stabilized Stabilized Solidified, 

stabilized 
Separated 

PCDD/F Decomposition Remain in 
waste 

Remain in 
waste 

Remain in 
waste 

Remain in 
waste 

Utilization of 
waste 

Disposal, reuse possible Disposal Disposal Disposal Disposal 

Waste mass No change or decrease 1-5% 
increase 

10% 
increase 

5-40% increase No change 

 
 
 
4.2 Assessment of material and methods 
 
The incinerator Ålidshemverket was built at the end of the 1960s. Since that time, 
incineration and APC technology have improved. Today's incinerators apply several 
APC steps generating residues with varying mechanical and chemical properties, e.g. 
dry electrostatic precipitator dust or sludge from wet scrubber systems. The properties 
of APC residues are also affected by the properties of the waste incinerated, which 
alters permanently due to changing consumption habits, recycling systems, product 
requirements, etc. Prior to stabilization experiments, an important aspect was to 
characterize the fly ash from Ålidshemverket (Paper III). 
 
Regarding metal loading, the comparison with similar MSWI fly ash indicates that the 
waste used in this investigation was representative (Paper III). The total contents of 
major elements were within the minimum-maximum ranges of dry/semi-dry APC 
residues as compiled by the IAWG (Chandler et al. 1997). Only the content for Mg was 
somewhat higher. For elements at lower concentrations, the deviations from the IAWG 
data were less than one order of magnitude.  
 
The fly ash used was also homogeneous since the standard deviation for the sum of all 
elements was <1.5% (corrected for error propagation). Unidentified dry solids totalled 
2.6±1.5 wt.-%, possibly because of elements such as N and Se that were not analysed 
(Paper III). 
 
Two different leaching approaches were applied to assess the mobility of metals in 
particulate incineration residues, viz. a six-step wet sequential extraction procedure 
(Paper II) and a pHstat leaching (Papers III & IV). In contrast to the pHstat method, 
sequential leaching considers both pH and pe. Nevertheless, pHstat leaching was 
preferred for both the characterization of fly ash (Paper III) and the evaluation of 
carbonation (Paper IV). The crucial factors for this decision were three-fold: 
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Figure 6 Thermogram for the decomposition of fresh fly ash in air, illustrating both

the thermogravimetric (TG) analysis and the differential thermal analysis
(DTA) (Paper III). Positive ∆T peaks qualitatively indicate exothermic, 
negative ∆T peaks qualitatively indicate endothermic reactions. 

(1) pHstat leaching could easily be adopted to study the carbonate system. In solid-
liquid systems, the predominance of a carbonate species strongly depends on the 
pH (Appelo & Postma 1999); therefore, fly ash was leached at pHstat 8.3 
(carbonate alkalinity) and pHstat 4.5 (total alkalinity). The results were compared 
with pH0 leaching data, i.e. leaching without pH adjustment. 

 
(2) Under the prevailing experimental conditions, the impact of pe on the mobility of 

metals in fly ash was supposed to be negligible compared with the impact of pH. 
According to the applied sequential extraction protocol, redox is stepwise changed 
from reducing to oxidizing conditions. However, fly ash is generated in an 
oxidizing environment and carbonation was not supposed to reduce the oxidation 
state of the material. Van Herck & Vandecasteele (2001) confirm the assumption 
of the minor impact of pe in an experimental evaluation of a sequential extraction 
study on MSWI fly ash. 

 
(3) The buffer solutions used for sequential extraction are not strong enough to 

maintain the preset pH value when leaching fly ash. 
 
As an alternative to the two methods above, the leaching behavior can be assessed by 
extraction tests that are designed to make mechanistic models rather than operationally 
defined models, e.g. diffusion tests (e.g. (NEN 1995)) and column tests (e.g. (Nordtest 
1995)). Such tests usually resemble each other in that they are easy to perform. The 
disadvantage is that results are valid for only one setup of defined conditions. However, 
factors controlling metal mobility, for example, pH and pe, can vary significantly 
between different environments as well as over time. For some leaching protocols, the 
levels of such critical factors are not even defined. 
 
TA was successfully used to identify and quantify four volatile phases, viz. pore water, 
hydrated water, carbonates, and organics (Paper III) (figure 6). Evaporation of pore 
water was observed up to ~230°C. Hydrated water was liberated within broader 
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temperature limits, ranging from at least ~230°C to ~640°C. The combustion of 
organics occurred at ~400°C to ~500°C, i.e. within the temperature range of 
dehydration. However, the mass loss due to organics was estimated at <1.5 wt.-% 
compared with a total mass loss for wetted fly ash of up to about one-third at 550°C 
(Paper IV). Thus, it is inappropriate to determine the content of unburnt carbon in fly 
ashes by the LOI, though it is common practice. The LOI is even used as a measure of 
combustion effectiveness.  
 
Since CO2 and water addition affected the content of volatile phases, the specific 
mobility of elements in carbonated fly ash was based on the fixed solids (FS). FS was 
defined as the mass remaining after the evaporation of water, the oxidation of organics, 
and the decomposition of carbonates. 
 
For data evaluation, MVDA is a powerful tool (Papers III, IV, & V). By extracting a 
few principal components bearing the most dominant pattern of the data set, the results 
were displayed graphically in informative plots. Because all information was extracted 
simultaneously, several variables and their relationships were analyzed at the same time. 
With PLS, variables were even distinguished into predictors and responses (figure 4), 
which facilitated the study between cause and effect. MVDA was also tolerant for 
incomplete data sets. Compared with classical methods of statistics, MVDA reduced the 
amount of experiments and time needed for data interpretation when complex systems 
were examined. However, it is a so-called soft modeling method that is not firmly 
established and is so far lacking in well proven quantitative statistics such as 
significance level. 
 
 
4.3 Lab experiments and modeling 
 
The European Commission defines MSWI fly ash as hazardous waste because it 
contains hazardous components (EU 1991). However, the availability of pollutants 
depends more on surface accessibility and surface solubility than on the total content 
(Förstner 1986).  
 
During landfilling, pH is a major factor that significantly affects metal mobility 
(Lagerkvist 1995). In the long-term, the environment of landfilled fly ash might change 
from highly alkaline to moderately alkaline or even lower pH. Due to atmospheric CO2, 
proton activity increases by at least three orders of magnitude. If fly ash is co-disposed 
with organic waste, e.g. MSW, microbial respiration might cause a decrease in pH even 
to pH 4 – 5. The pHstat assay was used to study the influence of proton activity on the 
leaching of contaminants from fresh (figure 7) and treated fly ash (figure 8). The three 
levels of pH refer to the element availability for fly ash without pH adjustment (pH0), 
for fly ash at carbonate alkalinity (pH 8.3), and at total alkalinity (pH 4.5).  
 
pH0 leachates from fresh MSWI fly ash were compared with the strictest limit values 
for landfill leachate implemented in EU member countries, along with leachate 
concentrations at a Danish fly ash monofill (Paper III). The conclusion was that there is 
a need to treat MSWI fly ash because of increased values for pH, Pb, Zn, Cr, and 
possibly even Cd. Among the inorganic elements, Pb was the major pollutant followed 
by Zn. For Pb, the total content was 1.400±0.02 g (kg TS)-1 and for Zn, it was 
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Figure 7 PCA loading plot of the first and second principal components using data

from pHstat leachings at pH 4.5 and 8.3 and without any pH adjustment (pH0) 
(Paper III). 

 

6.997±0.131 g (kg TS)-1. The climax in Pb leaching is expected from the beginning of 
landfilling when the pH is high (figure 7). At high pH, the availability of Zn was low 
(2.73±0.23%). At pHstat 8.3 it was even lower (0.04±0.01%), but increased noticeably at 
pHstat 4.5 (56±2%) (figure 7). 
 
High pH values appeared in conjunction with high alkalinity. The carbonate alkalinity 
of fresh solid material was 7.34±0.17 eq (kg TS)-1 while the total alkalinity was 
10.57±0.02 eq (kg TS)-1. Through carbonation, the pH decreased from 12.6 to moderate 
alkaline levels close to pH 8.3 while the carbonate alkalinity was at the lowest ~0 eq (kg 
TS)-1). Due to the treatment, the availability of Pb and Zn decreased by up to two orders 
of magnitude. At a high level of carbonation, both metals were pH0-leached at a rate of 
~1 mg (kg FS)-1 (figure 9). Chemical equilibrium calculations indicated that the 
decrease in mobility of Pb was probably due to the formation of PbCO3 (Paper III). 
Also Zn forms carbonates, but under the prevailing conditions, it is likely that Zn(OH)2 
was the predominant species.  
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Figure 8 PLS loadings illustrated in three plots (Paper IV). Factors are set off with 

arrows. Notations for response variables: _0 means zero-headspace leaching, 
_C means pHstat leaching at pH 8.3. 
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At pHstat 8.3 the leachability of Pb in fresh MSWI fly ash was ~3 orders of magnitude 
lower than at pH0, while other metals were barely affected and remained at low levels 
(Paper III). Except for Al, carbonation led to an even more reduced availability at pHstat 
8.3, especially for the crucial metals Cd, Cr, Pb, and Zn (_C in figure 8). This 
observation proves that the carbonation accomplished a stabilization that could not only 
be attributed to a drop in pH, but also to a chemical redistribution. Although the 
addition of water initially increased the availability of Zn and Cd, the effect diminished 
with time. 
 
All of the studied factors affected the pH and metal mobility (figure 8); however, the 
overall importance of the factors decreased according to the following order: 
 

Partial pressure of CO2   >   Time   >   Temperature   ≈   Addition of water 
 
The results showed that high concentrations of CO2 (50 Vol.-%) and long treatment 
times (40 d) favored the carbonation and the stabilization of fly ash regarding pH, Pb, 
and Zn. The factors temperature and addition of water were of minor importance. 
However, this applies only to the factor intervals that were investigated. For instance, it 
is not possible to draw any conclusion concerning metal fixation at a concentration of 
CO2 greater than 50 Vol.-%.  
 
The impact of the treatment on the mobility of the two other key metals, Cr and Cd, was 
less promising (figures 8 and 9). Based on pH0 leachings (Cr_0 in figure 8), it was 
found that Cr was demobilized when water was added, but then remobilized with time. 
Both observations might be a result of the impact of a change in pe. The higher the pe, 
the higher the leachability of Cr because trivalent Cr (Cr(III)) was oxidized to the 
hexavalent state (Cr(VI)). The effect is critical because Cr(VI) is much more toxic and 
mobile than Cr(III) (Moore & Ramamoorthy 1984, WHO 1990). The addition of water 
possibly favored the chemical reduction of Cr(VI) whilst oxygen in the treatment gas 
caused a re-oxidation and, thus, a remobilization. This relief hypothesis was supported 
by chemical equilibrium calculations (Paper III), but needs to be tested thoroughly, e.g. 
with the help of metal speciation in fly ash leachate. In case of verification, the 
consequence regarding treatment and landfilling of fly ash is that reducing 
environments should be established to keep the mobility of Cr low. Aeration, in 
particular, should be avoided. Therefore, it might be inappropriate to carbonate fly ash 
using flue gas from incineration containing typically up to ~10 Vol.-% of oxygen.  
 
Most problematic, however, was Cd. Its pH0 leachability from fresh fly ash was low 
(1.2±0.3%), but increased ~10 times in conjunction with carbonation (figure 9). 
Nevertheless, in a landfill environment, ageing processes could counteract the 
mobilisation of Cd. Due to the addition of water, fly ash was hydrated and new minerals 
were formed (Paper III). In the medium-term, an important process might be the 
formation of calcium silicate phases that have the potential to retain Cd along with other 
environmentally relevant metals. The major mechanisms of fixation might be adsorption 
onto the silicate surface, incorporation into the crystalline matrix, and/or chemical 
binding (Paper III). In the medium- to long-term, silicates are accessible to 
decomposition that probably leads to the formation of clay (Zevenbergen et al. 1999). 
Because of the presence of multiple surface charges, the clay might be a very potent and 
sustainable metal trap (Parker & Rae 1998). Clays also exhibit a low hydraulic 
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Figure 9 Zero-headspace (pH0) leachability (mg (kg FS)-1) of the critical metals Cd, 

Cr, Pb, and Zn. The responses are illustrated as a function of the two most
important factors, i.e. concentration of CO2 and reaction time, using the PLS 
model (Paper IV). Constant factor levels: water addition 0.50 kg kg-1 and 
temperature 20°C. 

 
conductivity that could additionally lead to an in-situ solidification of fly ash. From x-
ray diffractograms, there is some indication that under common landfill conditions, 
mineral redistribution of MSWI fly ash was restricted due to a shortage of water (Paper 
III). However, these mechanisms have not been studied sufficiently for MSWI fly ash. 
Their potentially positive effects justify further investigations towards a better 
understanding and, possibly, technical application.  
 
Carbonation and, in particular, the addition of water changed the microscopic structure 
of fly ash from amorphous to crystalline phases (figure 10) (Paper III), which probably 
also affected the mechanical properties. Before carbonation is applied as a stabilization 
method, these effects should be examined and quantified to adapt landfill technology. 
Relevant mechanical properties might be the cohesion, the hydraulic conductivity, the 
field capacity, the density, and the slope stability. With this objective in mind, Meynaud 
(2001) started introductory studies in this field.  
 
At full-scale, carbonation might be conveniently performed as a pretreatment method, 
i.e. before the deposition of fly ash. Nevertheless, it might also be possible to treat 
previously landfilled fly ash, though homogeneous carbonation could be difficult to 
insure. As a source of CO2, landfill gas should be tested. Landfill gas is abstracted at 
many landfill sites, is a reasonable resource, and is characterized by a CO2 content of 
~50 Vol.-%, whilst the rest is mainly energy-rich CH4. Before this gas is used, it could 
be purified of CO2 through absorption in fixed bed filters of wetted fly ash while the fly 
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ash is carbonated. This technique, however, requires that both landfill gas and fly ash 
are available at suitable ratios. The potential of fly ash to bind CO2 yielded 44.6±4.7 
kg t-1 (Paper III), i.e. for each ton of fly ash, ~45 m3 of landfill gas laden with 50 Vol.-% 
of CO2 are needed. Thermal analyses (Paper III) showed that complete carbonation 
resulted in a total carbonate content of ~150 kg per ton of fly ash. 
 
Co-disposal of fly ash with CO2-generating putrescible refuse might be problematic 
because the carbonation process is difficult to control. Initially, carbonates are formed, 
but an excess of CO2 leads to a decomposition of carbonates and a remobilization of 
metals (Paper III & IV).  
 
The decisive factor for the stability of carbonated fly ash is the abundance of calcite 
(CaCO3), which buffers at moderately alkaline pH. Calcite is dissolved by acids such as 
H2CO3(aq). When the stock of calcite is depleted, fly ash then becomes vulnerable to 
proton attack, thereby significantly increasing the risk of metal emission. Also, 
atmospheric CO2 and acidic components in rain-water affect landfilled fly ash. At a 
landfill of fully carbonated fly ash located close to Umeå (Sweden), with one-third of 
evapotranspiration and an average in-situ temperature of 5°C, the decalcification rate 
was estimated at 0.13 mm yr-1 (Paper IV). At a CO2 content of 50 Vol.-%, however, the 
decalcification rate increased by more than 10 times (figure 11).  
 
Landfilled fly ash measuring 0.13 mm corresponds to ~195 g m-2 (Meynaud 2001). 
Based on the mobility of elements at pH 8.3 (Paper III) as well as the local conditions 
above, the following leachate concentrations could be attributed to decalcification: 
0.3 µg l-1 of Pb, 1.3 µg l-1 of Zn, 25 µg l-1 of Cr, and 1.3 µg l-1 of Cd. These figures are 
low compared with the strictest EU limit values of 500 µg l-1 of Pb, 2000 µg l-1 of Zn, 
100 µg l-1 of Cr, and 2.5 µg l-1 of Cd (Paper III). By increasing the CO2 content from 
atmospheric conditions to 50 Vol.-%, these metal concentrations can be expected to 
increase by one order of magnitude. In both cases, however, the values are probably 
overestimated because the assumptions are based on the worst case (fully carbonated 
and homogeneous fly ash, infiltration, and open system) along with secondary 
sequestration processes such as silicate formation not being taken into account.  
 
 

Figure 10 SEM images of the topographical feature of (A) raw fly ash and (B) fly ash 
aged in an abundance of water. Both images were taken with 20 kV 
acceleration voltage, 5 mm working distance, and identical magnification. 

10 µm (A) (B)
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Figure 11 Ca2+ concentration and pH in landfill leachate from carbonated fly ash as a

function of the negative logarithmic partial pressure of CO2 (pCO2) (Paper 
IV). The underlying chemical equilibrium calculations take into account (1)
the chemical composition of the local precipitation (Rickleå near Umeå,
Sweden), (2) redox equilibrium of the rain-water with atmospheric O2, (3) 
33% evapotranspiration with the respective increase in component 
concentration, and (4) an in-situ temperature of 5°C. 
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Figure 12 Water solubility (g kg-1) of fly ash at 25°C as a function of L/S ratio (-) and 

leaching time in days (d). 

 
Once the supply of calcite is depleted, the pH of the leachate decreases from slightly 
alkaline or neutral to acidic values involving the risk of increasing metal leaching. 
However, even at a hypothetical fly ash monofill height of 10 m and a high 
decalcification rate (1.3 mm yr-1), it would take ~7 700 yrs until the entire stock of 
calcite was used up. Slower dissolution of calcite results in an even longer period of 
time. Within this time frame, most likely overlapping the next ice age, metal 
concentrations are supposed to be at low levels. 
 
The total solubility of fresh fly ash in water was significantly (α=0.05) affected by the 
L/S ratio, the time, and the temperature (Paper III) (figure 12). The L/S ratio had the 
greatest impact. At L/S 500, about half of the material was dissolved. The total 
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dissolved solids were dominated by Ca, Cl, Na, and K. With the exception of Ca (figure 
8), this pattern might not change due to carbonation, i.e. also carbonated fly ash is 
supposed to generate leachate with high loadings of salts. Thus, fly ash landfills are 
expected to generate high ionic strength leachates for several hundreds of years, adding 
to the importance of finding a sustainable recipient. Seawater rich in alkali and earth 
alkali cations might be more suitable than fresh water. 
 
The leachate collection system of landfills is usually open to the atmosphere. For 
leachate from non-stabilized fly ash, this involves the risk of clogging because of 
carbonate precipitation (Hemmers et al. 1997). This kind of malfunction might be 
reduced considerably if the fly ash is carbonated. 
 
Considering the limitations above, carbonation is a promising approach for stabilizing 
metals in MSWI fly ash. The method is economical, robust, and has the potential to gain 
wide acceptance. However, a final assessment including both the technical and socio-
economical aspects is only possible if the identified gap in knowledge is filled. From a 
life-cycle point of view, maybe for some elements such as Cd, preventive rather than 
remedial measures provide the better option. 
 
 
5 CONCLUSIONS 
 
Fly ash from municipal solid waste incineration (MSWI) bears a significant pollution 
potential due to its high total content of environmentally relevant metals. In the future, 
the treatment of fly ash is supposed to be required prior to landfilling; however, no 
technique has gained wide acceptance yet. 
 
Carbonate stabilization is a new method that was tested at bench-scale on fly ash 
representative as dry/semi-dry air pollution control residue from MSWI. The 
concentration of CO2 in the gas phase was found to have the greatest overall impact, 
followed by the factors reaction time, temperature, and addition of water. The method 
was judged to be robust and economical and is recommended for further development.  
 
MSWI fly ash needs to be treated so as to lower the leaching of Pb, Zn, Cr, and possibly 
Cd. Before discharge into a recipient, the pH of the leachate must be lowered. 
 
Through carbonation, the mobility of Pb and Zn was reduced by about two orders of 
magnitude. The major factor controlling the fixation was the concentration of CO2 in 
the reaction gas. At a high level (50 vol.-%), the demobilization was most profound. At 
the same time, the pH of the waste was successfully lowered from 12.6 to a slightly 
alkaline level.  
 
Cr was demobilized when adding water to the fly ash, but it was remobilized with time. 
Water very likely facilitated chemical reactions towards a reduction and fixation of Cr. 
Remobilization probably depended on oxidizing conditions during the treatment, 
causing the formation of mobile and toxic hexavalent Cr (Cr(VI)). Both treatment and 
landfilling of MSWI fly ash should be performed in a chemically reducing environment.  
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Carbonation increased the availability of Cd, which requires extra attention in future 
research and development (R&D). There are good prospects that this undesirable effect 
can be halted by means of secondary processes such as silicate formation. 
 
Carbonation of fly ash sequestered CO2. The carbonation potential of MSWI fly ash 
corresponded to >40 kg CO2 t-1. 
 
During landfilling, long-term MSWI fly ash stability relies on the abundance of calcite. 
For a typical landfill in Sweden, the decalcification of completely carbonated fly ash 
was estimated at 0.13 mm yr-1. If the partial pressure of CO2 is higher than atmospheric 
conditions, the decalcification rate of fly ash increases. Co-disposal of pretreated MSWI 
fly ash with putrescible waste might lead to a decalcification that can be very difficult to 
predict and, thus, control because of the variable generation and distribution of CO2.  
 
Carbonation of fly ash reduces the potential for precipitation in and clogging of leachate 
collection pipes. 
 
Even carbonated fly ash is expected to generate leachate with high loads of Cl, Na, and 
K for several hundreds of years; therefore, fly ash landfills should be located close to 
saltwater recipients where possible. 
 
 
6 OUTLOOK 
 
During the course of this thesis, a number of questions, new hypotheses, links to other 
fields of research, and unsolved problems were identified. Following, some major topics 
of future R&D are outlined. 
 
Today, the LOI is used in determing the organic content of MSWI fly ash. However, 
this analytical method is erroneous up to one order of magnitude because of the impact 
of both mechanically and chemically bound water. A likewise robust, but more accurate 
method needs to be developed.  
 
A reasonable and practical source of CO2 is needed before carbonation is applied at full-
scale. Landfill gas might be a possible option, but it is not always available. CO2-rich 
flue gas is generated at all incinerators, but seems to be inappropriate due to the 
remaining oxidation capacity, which increases the risk of mobilizing Cr. However, the 
redox reactions that very likely control the mobility of Cr in MSWI fly ash are not well 
understood. Speciation experiments in combination with chemical equilibrium 
calculations could fill this gap.  
 
The rate of decalcification is one decisive factor that determines the long-term stability 
and denudation of carbonated MSWI fly ash. Based on the calculations in this work, the 
impact of the processes should also be estimated and quantified experimentally, in 
particular, with respect to the release of metals.  
 
Silicate formation and subsequent clay formation were identified as potentially 
additional sequestration processes for metals. Along with carbonation, their technical 
exploitation provides good prospects to economically improve the effectiveness of ash 
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stabilization, e.g. to solve the problem of increased Cd mobility. Possibly adapting 
today's landfill technology, e.g. by increasing the availability of water, can enhance 
mineral redistribution and thus stabilization. Such changes of the chemical properties of 
MSWI fly ash require additional R&D to also assess the impact on the mechanical 
properties.  
 
If the method to stabilize MSWI fly ash by carbonation sustains future critical 
examination, it is worth adapting it to other types of APC residues. Decisive factors that 
need to be studied are the type of (1) incinerator feed, (2) incineration technology, and 
(3) APC technology.  
 
Owing to its positive features, carbonation is entitled to conscientious consideration as a 
future option in APC residue treatment. Even if not widely established, it may yet 
become the best available technique on conditions requiring simplicity, robustness, and 
resource saving waste management. 
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7 LIST OF ABBREVIATIONS 
 
 APC..... air pollution control 
 Cr(III)..... trivalent chromium 
 Cr(VI)..... hexavalent chromium 
 DTA..... differential thermal analysis 
 EC..... European Commission 
 EU..... European Union 
 eq..... equivalent 
 FS..... fixed solids 
 IAWG..... International Ash Working Group 
 ICP-MS..... inductively coupled plasma mass spectrometry 
 LOI..... loss on ignition 
 L/S ratio..... liquid-to-solid ratio 
 MHW..... Ministry of Health and Welfare, Japan 
 MSW..... municipal solid waste 
 MSWI..... municipal solid waste incineration 
 MVDA..... multivariate data analysis 
 NEN..... Nederlands Normalisatie-instituut 
 PCB..... polychlorinated biphenyls 
 PCDD/F..... polychlorinated dibenzo-p-dioxins and furans 
 PCA..... principal component analysis 
 pe..... negative logarithmic electron activity 
 pH..... negative logarithmic proton activity 
 pH0 leaching..... zero-headspace leaching 
 pHstat leaching..... leaching at static pH 
 PLS..... partial least squares 
 PLS-DA..... partial least squares discriminant analysis 
 POP..... persistent organic pollutants 
 R&D..... research and development 
 SEM..... scanning electron microscopy 
 TA..... thermal analysis 
 TEQ..... toxic equivalent 
 TG..... thermogravimetry 
 TS..... total solids 
 US$..... US Dollar, currency of the United States of America 
 ¥..... Yen, currency of Japan 
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