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SUMMARY

Incineration residues contain both inorganic and organic material. The organic material may 
affect the mobility of pollutants in e.g. landfills or geotechnical constructions. Limit values of 
TOC (total organic carbon), determined according to European standard are stipulated to 
reduce the disposal of organic materials.  

The European standard methods to determine TOC and DOC (dissolved organic carbon) are 
evaluated. Factors controlling the mobility of DOC and its effect on metal mobility have also 
been studied. 

Determination of TOC according to European standard methods EN 13 137 and EN 1 484 
include those carbon fractions that are oxidized during combustion. The definition of TOC as 
total organic carbon is not equivalent with the analytical result. The European standards on 
the definition of TOC need revision. Both organic and elemental carbon are oxidized upon 
heating, and the analytical TOC is thus a sum of organic and elemental carbon present in the 
sample. Since elemental carbon comprise the major part of the analytical TOC in solid 
samples of incineration residues, such results will most likely be misunderstood. Revision of 
the standard method EN 13 137 is recommended to better suit incineration residues. 

The L/S ratio (the relationship between the mass of liquid and the mass of solid material), 
excessive carbonation (addition of CO2 until the pH in the solution was stable for 2.5 h) and 
extraction pH were the main factors controlling the mobility of DOC in incineration bottom 
ash. Up to ~60 weight-% of the TOC in the bottom ash could be mobilized by controlling 
these factors (i. e. by using them as parameters). Only a minor part of the TOC (~7 weight-%) 
in APC residues was extractable with water, indicating a high proportion of elemental carbon.  

Water-soluble organic compounds may affect the mobility of metals in several ways. The 
formation of DOC-metal complexes has a direct effect on the metal mobility. Biological 
degradation of organic material may also affect the metal mobility indirectly due to changes 
of pH and redox-potential.

The complexation capacity of DOC can be used in the development of washing as a pre-
treatment process of incineration residues. Excessive carbonation may be useful in a washing 
process to enhance the separation of metals. Further treatment-oriented investigations of 
bottom ashes and APC residues are recommended in the development of a washing process of 
the materials. 
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SAMMANFATTNING

Restprodukter från förbränning innehåller både oorganiskt och organiskt material. Det 
organiska materialet kan påverka rörligheten av föroreningar i exempelvis ett upplag. 
Gränsvärden för TOC (totalt organiskt kol), bestämd enligt europeisk standardmetod, är 
lagstadgade för att begränsa mängden organiskt material som deponeras.  

De europeiska standardmetoderna för bestämning av TOC och DOC (löst organiskt kol) har 
utvärderats. Även faktorer som styr rörligheten av DOC och dess effekt på metallmobiliteten 
har studerats. 

Analys av TOC i enighet med europeisk standard EN 13 137 och EN 1 484 omfattar de 
kolföreningar som under förbränning oxideras. Definitionen av TOC som totalt organiskt kol 
återspeglar inte analysresultatet. Den europeiska standard definitionen av TOC bör därför 
revideras. Eftersom både organsikt och elementärt kol oxideras vid förbränning kommer 
analysresultatet TOC bestå av dessa två. För restprodukter från förbränning motsvarar 
analysresultatet TOC i fast prover inte det organiska kol-innehållet, eftersom huvuddelen av 
TOC härrör från elementärt kol. Den europeiska standarden EN 13 137 bör revideras för att 
passa restprodukter från förbränning bättre.

L/S-kvot (massförhållandet mellan tillsatt vätska och fast material), karbonatisering i 
överskott (tills pH är stabilt under 2.5 h) och pH under extraktionen styr till stor del 
rörligheten av DOC i bottenaskor från förbränning. Upp till ~60 vikt-% av TOC i bottenaskor 
mobiliserades genom att kontrollera dessa faktorer. Endast en mindre andel av TOC (~7 vikt-
%) i rökgasreningsprodukter var lösligt i vatten, vilket tyder på en hög andel av olösligt 
elementärt kol. 

Metallers rörlighet kan påverkas av organiskt material på flera sätt. Bildandet av mobila 
DOC-metallkomplex har en direkt effekt på rörligheten. Biologisk nedbrytning av organiskt 
material påverkar metallmobiliteten genom förändringar av pH och redox-potential, samt 
bildandet av svårlösliga metallföreningar.  

Förmågan hos DOC att bilda rörliga komplex med metaller kan utnyttjas för att utveckla 
tvättning som behandlingsmetod av restprodukter från förbränning. Karbonatisering i 
överskott skulle kunna användas för att öka separationen av metaller. Ytterligare 
behandlingsinriktade studier av bottenaskor och rökgasreningsprodukter från förbränning 
rekommenderas för att utveckla tvättning som behandlingsmetod.  
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1 INTRODUCTION 

Organic carbon (OC) may affect the long-term behaviour of a landfill as the landfill evolves 
(Bozkurt et al., 2000; Farquar and Rovers, 1973; Lagerkvist, 1992). Further, dissolved 
organic carbon (DOC) may influence the mobility of pollutants in incineration residues when 
landfilled or used in geotechnical constructions (Belevi et al., 1993; Bruder-Hubscher et al.,
2002; Meima et al., 1999; Olsson, 2005; van Zomeren and Comans, 2004). In Sweden, 
~1.9×106 t of municipal solid waste (MSW) was incinerated in Sweden during the year 2003 
(RVF, 2004). ~15-20 weight-% of the incinerator feedstock remains as bottom ash and ~3-
5 weight-% as air pollution control (APC) residues. Beside an inorganic content, municipal 
solid waste incineration (MSWI) residues contain organic carbon compounds to some extent. 
The carbon content determined according to European standard EN 13 137 (CEN, 2001) as 
total organic carbon (TOC) in MSWI bottom ash and APC residues typically range from ~3 
up to ~40 g (kg TS)-1 (Chandler et al., 1997). TOC is normally found in lower amounts in 
APC residues than in bottom ashes.  

Although the term TOC implies only organic carbon, the analytical result is the sum of 
organic carbon (OC) and elemental carbon (EC) in the sample. The boundary between the 
definitions of EC and OC is vague and is operationally defined. Goldberg’s (1985) defintion 
of EC is used in this thesis: EC is an impure form of carbon generated by the incomplete 
combustion of biomass, with carbon content above 60% and a low ratio between hydrogen 
and carbon. This definition of EC includes both black carbon and soot. OC includes unburned 
organic matter and organic compounds formed during and after combustion (Rubli et al.,
2000; van Zomeren and Comans, 2003). EC and OC have different reactivity. EC is non-
reactive and has low solubility in water (Goldberg, 1985; Watson and Valberg, 2001), and 
may be regarded as inert in waste deposits (Bjurström and Ecke, 2005). OC in MSWI residues 
is reactive and may degrade biologically to form CO2 and CH4 (Rendek et al., in press; Zhang 
et al., 2004), as well as acts as a complexing agent for metals (Meima et al., 1999, van 
Zomeren and Comans, 2004) and persistent organic pollutants (POPs) (i.e. PCDD, PCDF, 
PCB, PAH) (Kim and Osako, 2004; Osako and Kim, 2004; Osako et al., 2002; Sakai et al.,
2000). The OC fraction in MSWI residues has been regarded as the maximum amount of 
potential reactive carbon concerning the effects on leaching of metals and POPs as well as 
biological degradation (van Zomeren and Comans, 2003). 
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1.1 Objective 

The objectives of this thesis are to evaluate the European standard methods for determination 
of TOC and DOC in incineration residues and to investigate the behaviour and effects of OC 
in MSWI residues. The following research questions are discussed: 

Do the European standard methods EN-13 137 and EN-1 484 measure what they 
claim to measure? 
What affects the mobility of OC in incineration residues?  
Can OC be used to control the metal mobility in incineration residues?  

Demarcation
This thesis focuses on the OC as such, not single organic compounds. Environmental threats 
of OC and metals are not discussed. 

2 MATERIAL AND METHODS 

2.1 Incineration residues 

The incineration residues used in this thesis are dry scrubber residue from an MSWI plant 
(Svensson et al., submitted), fly ash (CFB-FA) separated with a bag filter from incineration of 
wood and some minor fractions of paper and plastics in a circulating fluidized bed incinerator 
(Svensson and Ecke, submitted), and bottom ash (SGT-BA) from MSWI in a stoker grate type 
incinerator (Svensson and Ecke, submitted; Todorovi et al., accepted). The studied 
incineration residues were sampled at three different incineration plants in Sweden.

2.2 Isosaccharinic acid 

Calcium isosaccharinate (Ca(ISA)2) was synthesised using a combination of two methods 
(Vercammen, 2000; Whistler et al., 1963). The procedure is described in Svensson et al.
(submitted). 

2.3 Experimental design 

The leaching of DOC from SGT-BA and CFB-FA was investigated according to a 26-1

reduced factorial design with center points (Box et al., 1978). The controlled factors were 
treatment with ultrasonic radiation, carbonation, pH, liquid-to-solid ratio (L/S ratio), 
temperature and contact time (Svensson and Ecke, submitted; Todorovi et al., accepted). 
Carbonation was performed with the addition of CO2 until the pH in the solution was stable 
for 2.5 h (excessive carbonation). The L/S ratio is the relationship between the mass of liquid 
and the mass of solid material. 
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The effect of isosaccharinic acid (ISA) on the leaching of DOC and metals from the dry 
scrubber residue was investigated according to a 25-1 reduced factorial design with center 
points (Box et al., 1978), along with four other factors (L/S-ratio, temperature, contact time 
and atmosphere) (Svensson et al., submitted). 

2.4 Chemical analyzes 

The content of total solids (TS) was determined according to Swedish standard SS 02 81 13 
(SIS, 1981). 

Total organic carbon (TOC) was analyzed according to the European and Swedish standard 
method EN 13 137 (CEN, 2001). 

Total concentrations of Cd, Pb, Zn, Cr and Cu were analyzed using modified EPA method 
200.7 (ICP-AES). Prior to analysis, the samples were decomposed through a mixture of nitric 
acid, hydrochloric acid and hydrofluoric acid in a microwave oven. 

Leachates were analyzed for DOC and elements. DOC was determined according to the 
European standard method EN 1 484 (CEN, 1997). Elements were determined using modified 
EPA methods 200.7 (ICP-AES) and 200.8 (ICP-SMS). The pH in the leachate was also 
measured.  

2.5 Statistics 

The composition of the leachate was modelled using multiple linear regression (MLR) 
( =0.05) (Umetrics, 2001).  

In Svensson et al. (submitted), the modelling of the leached elements was performed in two 
steps to distinguish between the effect of pH and the effect of the controlled factors.

The generated empirical models were used to predict the leaching at different factor settings. 
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3 RESULTS AND DISCUSSION 

3.1 European standard methods EN 13 137 and EN 1 484 

The principle of the European standard methods EN 13 137 (determination of TOC in solid 
samples) and EN 1 484 (water analysis of TOC and DOC) is the conversion of carbon in the 
sample to CO2 by complete combustion (CEN, 1997, 2001). This analytical approach includes 
OC and EC, since both form CO2 when combusted. Defining TOC as total organic carbon
implies only the determination of the OC present in the sample. The method EN 13 137 states 
that the definitions are valid only for the standard and are not consistent with scientific 
definitions (CEN, 2001). Still, the definition of TOC is not representative of the analytical 
result. It is the oxidizable carbon fractions that are determined and not only the organic
fractions. Svensson et al. (manuscript) suggested that the definition of TOC as total oxidizable 
carbon is more representative for the analytical result of the methods described in the 
European standards EN 13 137 and EN 1 484. Further, the terminology in EN 1 484 gives 
dubious information regarding EC (Svensson et al., manuscript). EC is defined as a part of 
TIC but is stated to be determined as a part of TOC (CEN, 1997). 

Determining TOC in incineration residues according to EN 13 137 does not correspond to the 
content of OC, since EC comprise the major part of the analytical result TOC (Ferrari et al.,
2002; Svensson and Ecke, submitted; Svensson et al., manuscript). The standard method 
EN 13 137 need to be revised to better suit incineration residues. The contribution of EC to 
the analytical result in the water analysis of TOC and DOC, according to EN 1 484, may be 
negligible compared to the dissolved OC, since EC has low solubility in water (Goldberg, 
1985; Watson and Valberg, 2001). Further, the sample is filtrated prior to the determination of 
DOC and any particles containing EC are thus removed. Therefore, the analytical result DOC 
is representative of the dissolved OC in the solution. Still, the terminology used in the 
European standard methods EN 13 137 and EN 1 484 is misleading and a revision is thus 
recommended. 

EC is non-reactive and may be regarded as inert, whereas OC is expected to be reactive 
(Svensson and Ecke, submitted; Svensson et al., manuscript). Swedish and European 
regulations stipulate the determination of TOC according to the standard method EN 13 137 
for the acceptance of waste at landfills (European council, 2003; Swedish EPA, 2004). In 
Sweden, the importance of distinguishing EC and OC, especially in wastes where the majority 
of TOC is EC, has recently gained focus (Bjurström and Berg, 2003; Bjurström and Ecke, 
2005; Bjurström and Suér, 2005). Analysing the content of OC and EC in incineration 
residues separately is important. This to better understand the environmental impact and the 
behaviour of the residues as well as the effects they may cause in a waste deposit, when 
reused and also in pre-treatment applications. As per EN 13 137, using TOC as a limit value 
in regulations to classify waste at landfills or to estimate the landfill gas production may result 
in false decisions due to biased results. There is a need to develop an analysis method that 
determines the content of OC and EC separately. Other research fields may also benefit from 
an analytical method that distinguishes between OC and EC in environmental samples, e.g.
the climate research may improve due to less biased data. As suggested in Svensson and Ecke 
(submitted) and Svensson et al. (manuscript), thermogravimetry methods provides such an 
opportunity (Cadle et al., 1983; Fan and Brown, 2001; Ferrari et al., 2002; Rubli et al., 2000).
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3.2 Mobility of OC in incineration residues 

Incineration bottom ashes contain more water extractable organic compounds than air 
pollution control (APC) residues. Up to ~60 weight-% of the TOC in bottom ash can be 
extractable with water, compared to ~7 weight-% for APC residues (Svensson and Ecke, 
submitted). This agrees with findings from Ferrari et al. (2002) and Guimaraes et al. (2005), 
who observed the majority of OC in MSWI bottom ash to not be extractable with water or 
organic solvents. The contribution of EC to TOC in MSWI bottom ash varies with different 
bottom ashes but ~40 to 90 weight-% of TOC is expected to be EC (Ferrari et al., 2002; 
Svensson and Ecke, submitted). EC is the major constituent of TOC in APC residues and 
comprises at least 95 weight-% of TOC (Ferrari et al., 2002; Svensson and Ecke, submitted).  

To evaluate the factors affecting the leaching of DOC from incineration residues, a treatment-
oriented investigation was performed with six controlled factors (Svensson and Ecke, 
submitted). The investigated factors were treatment with ultrasonic radiation, excessive 
carbonation, pH, L/S ratio, leaching temperature and leaching time. Excessive carbonation 
resulted in a decrease in pH from initial alkaline values to slightly below neutral for both 
residues (Svensson and Ecke, submitted). The resulting empirical models describing the 
leaching of DOC from the two incineration residues had a high degree of explanation (R2).
This indicated that the investigated factors were the most important factors controlling the 
leaching of DOC from MSWI residues (Svensson and Ecke, submitted).  

The main factors controlling the leaching of DOC from the studied bottom ash were excessive 
carbonation, pH, L/S ratio and the interaction between excessive carbonation and pH. The L/S 
ratio and the interaction L/S ratio×time negatively affected the leaching of DOC from the 
bottom ash. These negative effects were superior to the positive effect of the interaction L/S 
ratio×temperature. Thus, at a constant contact time and leaching temperature, a lower L/S 
ratio resulted in a higher leaching of DOC from the bottom ash (Svensson and Ecke, 
submitted). Addition of water may cause the formation of minerals with high adsorption 
properties and low solubility (Belevi et al., 1992; Iribarne et al., 2001; Meima and Comans, 
1997; Meima et al., 2002; Murphy et al., 1990; Petrovi et al., 1999). Adsorption of organic 
compounds onto such minerals may explain the decrease of DOC leaching (Svensson and 
Ecke, submitted). The leaching of DOC from the bottom ash increased with pH (pH 7-12), 
which may be a result of the mobilization of organic acids similar to humic and fulvic acids. 
Humic and fulvic acids are soluble in alkaline conditions and possess complexing capacity 
(Aiken et al., 1985; Stevenson, 1982). DOC leaching in the bottom ash was observed to 
increase with excessive carbonation, an effect that was intensified with the higher extraction 
pH. This observed increase of DOC leaching might be the effect of changes in pH but also a 
possible degradation of minerals with adsorbed organic compounds (Svensson and Ecke, 
submitted). To control the mobilization of organic carbon from MSWI bottom ashes, 
emphasis should be placed on excessive carbonation, pH and L/S ratio. At a maximum, ~60 
weight-% of the TOC in the bottom ash was mobilized.  

Leaching of DOC from APC residues was mainly affected by pH and L/S ratio. Only 
~7.1 weight-% of TOC was available for mobilization, indicating a high content of EC 
(Svensson and Ecke, submitted). A high content of EC in the APC residue agrees with Ferrari 
et al. (2002), who observed EC as the major constituent of TOC in APC residues. In 
accordance with the bottom ash, the leaching of DOC from the APC residue increased with 
pH (pH 7-12). A higher L/S ratio increased the leaching of DOC from the APC residue. This 
observation, together with a positive temperature effect, was be explained by the dissolution 
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of low-soluble organic compounds (Svensson and Ecke, submitted). The effect of L/S ratio on 
the leaching of DOC from the bottom ash and APC residue contradicts each other. Bottom 
ashes and APC residues are complex materials with different properties and characteristics 
(Chandler et al., 1997), why an opposite effect of a factor is possible to occur. 

3.3 Effect of OC on the metal mobility 

Water-soluble OC in MSWI bottom ashes may enhance the mobility of metals by its 
complexation capacity (Belevi et al., 1993; Bruder-Hubscher et al., 2002; Meima et al., 1999; 
Olsson, 2005; van Zomeren and Comans, 2004). Further, OC can induce secondary reactions 
leading to conditions that in turn may affect the metal mobilization (Svensson et al.,
manuscript). OC present in MSWI bottom ashes may degrade biologically and chemically 
(Belevi et al., 1992; Dugenest et al., 1999; Ferrari et al., 2002; Pavasars, 1999; Rendek et al.,
in press; Zhang et al., 2004). The amount of formed CO2 from the biological degradation of 
MSWI bottom ash is high enough for a self-carbonation process of the material without any 
additional CO2 from the atmosphere (Rendek et al., in press). Carbonation is a natural 
weathering process of incineration residues and includes the uptake of atmospheric CO2 by 
the initial alkaline material, resulting in a formation of carbonates and a decrease in pH to 8-
8.5 (Bodénan et al., 2000; Chimenos et al., 2003; Meima and Comans, 1997; Meima and 
Comans, 1999). The carbonation of incineration residues may demobilize metals as metal 
carbonates (Ecke, 2001; Ecke et al., 2003; Meima et al., 2002; Todorovi  and Ecke, 2006a; 
Todorovi et al., accepted). According to Dugenest et al. (1999) and Rendek et al. (in press), 
self-carbonation improves the quality of bottom ashes. Biological degradation may also affect 
the pH and promote reducing conditions. pH is a chemical factor that influence the 
leachability of several metals. Reducing conditions are favourable for the formation of 
insoluble metal sulphides that decrease the metal mobility (Ecke, 2003a; Lagerkvist, 1992; 
Lagerkvist, 1995; van der Sloot et al., 1997). Both biological and chemical degradation of OC 
may generate organic compounds with low molecular weight (Belevi et al., 1993; Pavasars, 
1999). An alkaline (chemical) degradation of cellulose generates polyhydroxycarboxylic acids 
(Moreton, 1993), mainly isosaccharinic acid (ISA) (Askarieh et al., 2000; van Loon and 
Glaus, 1998; Pavasars, 1999). ISA is a water-soluble compound with low molecular weight. 
Low molecular weight compounds may form metal complexes (Belevi et al., 1993; van Loon 
and Glaus, 1998; Pavasars, 1999; Svensson et al., submitted; Vercammen et al., 1999). MSWI 
residues may initiate an alkaline degradation of cellulose-bearing wastes if these two 
materials are in contact with each other (Pavasars, 1999). 

APC residues are enriched in metals (Chandler et al., 1997) and any contact with OC bears 
the risk of an increased leaching of metals (Svensson et al., submitted). OC by itself and 
generated low molecular weight compounds may enhance the metal mobilization of APC 
residues (Belevi et al., 1993; Pavasars, 1999; Svensson et al., submitted). The formation of 
complexes between organic acids and metals increases the mobility of metals. ISA’s effect on 
metals was studied (Svensson et al., submitted). Complexation with ISA increased the 
leaching of Cu, whereas an alkaline pH was suggested to be responsible to the increased 
leaching of Pb and Zn (Svensson et al., submitted). Co-disposal of dry scrubber residue with 
cellulose-bearing waste at a ratio of 1:100 to 1:5 (based on weight) has the potential to 
increase the leaching of Cu from 2.0 to 46 weight-% in conditions similar to a covered and 
compacted landfill in northern Sweden (Svensson et al., submitted). The effect of an organic 
complexing agent on the mobility of Cu agrees with other studies (Bruder-Hubscher et al.,
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2002; Johnson et al., 1999; Meima et al., 1999; Olsson, 2005; van Zomeren and Comans, 
2004; Åberg et al., 2006). Based on experimental results and disregarding other factors than 
the solubility, the annual emission of  metals has the potential to increase by 17 t of Cu, 29 t 
Pb, 39 t Zn and 0.6 t Cr, if the annual generation of APC residues in Sweden is co-disposed 
with cellulose-based waste (Svensson et al., submitted).  

Based on a literature review, MSWI bottom ashes were found to contain enough OC to affect 
the mobility of metals from the ash itself or other materials (Svensson et al., manuscript), 
though the internal OC in APC residues did not affect the metal mobility (Svensson and Ecke, 
submitted; Svensson et al., manuscript). Additional investigations are needed to confirm these 
observations. To avoid an enhanced leaching of metals from APC residues, the material 
should not come into contact with cellulose-containing wastes, bottom ashes or other types of 
materials containing OC. Studies are needed to determinate the critical concentration of OC 
required to increase the mobility of metals from APC residues.  

Cr, Cu, Mo, Sb, Cl- and SO4
2- were identified as critical in the studied MSWI bottom ash with 

regard to meeting limit values for landfilling as inert waste (Todorovi et al., accepted). Pb, 
Zn, Cd and Cr were judged critical in the studied APC residue when compared with the 
strictest limit values for landfill leachates implemented in EU countries (Ecke, 2003b; 
Svensson et al., submitted). Thus, treatment processes of bottom ash and APC residue should 
focus on these elements. The critical elements could be separated from the waste matrix or 
stabilized within it. A washing process may separate contaminants and serve as a pre-
treatment of bottom ash prior to disposal to meet the regulatory criteria stipulated for 
landfilling as inert waste (Todorovi  and Ecke, 2006b; Todorovi et al., accepted). APC 
residues may be washed prior to stabilization/solidification (Derie, 1996; Mangialardi et al.,
1999; Nzihou and Sharrock, 2002; Svensson et al., submitted; Todorovi  and Ecke, 2006b). 
The L/S ratio is an important factor to consider in a washing process. When a liquid is used to 
treat (i.e. wash) a contaminated material, the washing process transfers contaminants from the 
solid phase to the solution. A low L/S ratio generates less leachate requiring treatment and is 
therefore desirable. 

Carbonation has been identified as a promising stabilization method of MSWI residues (Ecke 
et al., 2002; Ecke et al., 2003; Meima et al., 2002; Polettini and Pomi, 2004, Todorovi  and 
Ecke, 2006a). Moderate carbonation to calcite equilibrium (pH ~8.3) was proven to 
demobilize Cr, Cu, Mo and Sb from the studied bottom ash (Todorovi et al., accepted). The 
mobility of Cl- was not affected by moderate carbonation. Most water-soluble components of 
bottom ashes such as Cl- can be removed through washing, but the metal separation is 
relatively low (Chandler et al., 1997; Schneider et al., 1994). According to Sabbas et al.
(2003), washing alone may be insufficient to separate critical elements to meet regulatory 
limits. The washing treatment process may be combined with other processes to increase the 
effectiveness of a wet extraction. Sabbas et al. (2003) suggests ageing or chemical 
mobilization to possibly increase the efficiency of a washing process of bottom ashes. 
Excessive carbonation to pH ~6.4 enhanced the mobility of the identified critical metals and 
DOC in the bottom ash (Svensson and Ecke, submitted; Todorovi et al., accepted). In terms 
of bottom ash treatment, separation due to excessive carbonation was found to be more 
advantageous than stabilization using moderate carbonation (Todorovi et al., accepted). 
Excessive carbonation may be useful in a washing process to enhance the separation of 
critical metals from the bottom ash (Svensson and Ecke, submitted; Todorovi et al.,
accepted). The observation that leaching of DOC from bottom ash increased with decreasing 
L/S ratio is valuable if metals are to be separated through wet extraction (Svensson and Ecke, 



Controlling the mobility of organic carbon (OC) and its impact on metal transport from incineration residues 

Svensson, Division of Waste Science & Technology, LTU, 2006 8

submitted). The leached DOC from the bottom ash may be used as a complexing agent and 
thus increase the leaching of metals. By controlling the L/S ratio, excessive carbonation and 
extraction pH, the separation of metals and DOC from MSWI bottom ashes may be greatly 
controlled (van der Sloot et al., 1997; Svensson and Ecke, submitted; Todorovi et al.,
accepted). This aspect calls for further investigations to evaluate the effect of DOC on the 
metal mobilization contra the effect caused by pH. Additional treatment-oriented studies on 
bottom ashes are needed to further evaluate washing of the material.  

The usage of chelating agents in the chemical extraction processes of APC residues has been 
proposed (Hong et al., 2000; Laethem et al., 1994). The efficiency of metal extraction 
depends on pH, L/S ratio and the type of complexing agent as well as the type of metal that is 
to be separated (Sabbas et al., 2003). ISA as a complexing agent may be useful in a washing 
process of APC residues, either in-situ or as a pre-treatment method prior to 
stabilization/solidification (Svensson et al., submitted). The alkaline leachate from the APC 
residue might be used to promote a chemical degradation of cellulose. The main product from 
the alkaline degradation, ISA, may be used to enhance the separation of metals from the APC 
residue due to complexation. Pilot-scale studies to determine if leachates from APC residues 
are able to cause an alkaline degradation of cellulose should be conducted. The usage of OC 
from bottom ashes or other wastes as complexing agents to enhance the mobility of metals 
from APC residues needs to be investigated. Further, excessive carbonation may increase the 
leaching of metals from APC residues and additional investigations on the effect of metal 
mobility from APC residues due excessive carbonation are recommended. Moderate 
carbonation could be useful to achieve further stabilization after a washing process.
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4 CONCLUSIONS 

The definition of TOC as total organic carbon stated in the European standards EN 13 137 
and EN 1 484 is not representative of the analytical method described. The European 
standards on the definition of TOC need revision. A more suitable definition is total 
oxidizable carbon, since both methods are based on the oxidation of carbon to CO2. The 
definitions of total inorganic carbon (TIC) and TOC in EN 1 484 need further revision, 
because they provide dubious information regarding elemental carbon (EC). EC is defined as 
an inorganic carbon species, but is determined as an organic carbon (OC) species.

The analytical TOC determined according to the standard method EN 13 137 does not 
correspond to the OC in the studied incineration residues, bottom ash and APC residue. 
Revision of the standard method is recommended to better suit incineration residues. The 
analytical result DOC (dissolved organic carbon) determined in line with EN 1 484 for water 
analysis is representative of the dissolved OC in the solution.

To improve the understanding of carbon species in incineration residues and their effects, an 
analysis method to determine reactive OC and inert EC separately needs to be developed. 
Other research fields may also benefit from an analytical method that distinguishes between 
OC and EC in environmental samples. E.g. climate research may improve due to better data. 

To control the mobilization of OC from MSWI bottom ashes, the focus should be placed on 
L/S ratio, excessive carbonation (addition of CO2 until the pH is stable for 2.5 h) and 
extraction pH. These factors are expected to greatly affect the dissolution of OC from bottom 
ashes. The DOC leaching increases with excessive carbonation and increasing alkaline pH. At 
a constant contact time and temperature, the leaching of DOC from the bottom ash increases 
with decreasing L/S ratio. Up to ~60 weight-% of TOC in bottom ash is extractable with 
water, with the remaining part of TOC is expected to be inert EC. 

In APC residues, EC is the major constituent of TOC and comprises at least 95 weight-% of 
TOC. Leaching of OC from APC residues is mainly affected by pH and L/S ratio, but the 
major part of TOC is not available for mobilization. The DOC leaching from the APC residue 
increases with increasing alkaline pH and L/S ratio. 

Metal mobility is directly or indirectly affected by OC. The formation of DOC-metal 
complexes due to the complexing capacity of organic acids has a direct effect on the metal 
mobilization and might increase the leaching of metals. Indirect effects include changes in pH 
and redox-potential caused by a biological degradation of OC, the formation of stable metal 
phases such as carbonates and sulphides, and the production of low molecular weight 
compounds with complexing capacity. Biodegradation of the organic matter in MSWI bottom 
ash may cause a carbonation of the material. Moderate carbonation of bottom ash to calcite 
equilibrium was proven to demobilize Cr, Cu, Mo and Sb, all identified as critical elements of 
the investigated bottom ash.  

Chemical degradation of OC compounds may generate organic acids with the ability to form 
complexes with metals. APC residues are dependent on an external source of OC to affect the 
metal mobility. To avoid an enhanced leaching of metals from APC residues caused by 
complexation to organic acids, APC residues should not come into contact with bottom ashes, 
cellulose-bearing wastes or other types of materials containing OC. Investigations to 
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determinate the critical concentration of OC which is required to affect the metal mobility in 
APC residues by complexation are recommended. Also, further studies are needed to 
determine if MSWI bottom ashes contain enough OC to affect the leaching properties of trace 
metals from the material itself. 

Pre-treatment processes of MSWI residues need to be developed. A washing process could 
serve as a pre-treatment of bottom ash prior to disposal to meet regulatory criteria stipulated 
for landfilling as inert waste. Excessive carbonation may be useful in a washing process to 
enhance the separation of critical metals. The impact of DOC-metal complexes contra the 
effect of pH needs to be investigated. Isosaccharinic acid (ISA) derived from the alkaline 
degradation of cellulose may be useful in a washing process of APC residues, either in-situ or 
as a pre-treatment method prior to stabilization/solidification.

Further treatment-oriented investigations of MSWI bottom ash and APC residues are 
recommended in the development of a washing process of the materials. Important factors to 
consider in developing a wet extraction process to separate critical metals are the L/S ratio, 
the impact of alkaline pH, excessive carbonation and the complexing capacity of OC from the 
material itself or other sources. The usage of ISA, OC from MSWI bottom ashes or other 
wastes as complexing agents in a pre-treatment method of APC residues is another alternative 
to be explored. 
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ABSTRACT 

The carbon content of incineration residues is reviewed. The terminology, methods of 
analysis, content, fractions, properties and the effects on mobility of metals and persistent 
organic pollutants (POPs) are discussed.

Organic carbon (OC) consists of organic compounds. Elemental carbon (EC) is an amorphous 
form of carbon generated by the incomplete combustion of biomass. OC is reactive, while EC 
is considered as inert in landfill environments. OC and EC are oxidized upon heating and 
releases CO2.

TOC is defined as total organic carbon according to European standard methods EN 13 137 
and EN 1 484. However the TOC determined by analysis, is the total oxidizable carbon 
fractions in a sample, and includes both OC and EC. Besides the European standard methods, 
other methods of analysis are available to determine the carbon content, e.g. loss on ignition 
(LOI) and thermal analysis. Thermal analysis provides the best opportunity to determine OC 
and EC separately.

The carbon content determined according to European standard method EN 13 137 as TOC in 
MSWI bottom ash and Air Pollution Control (APC) residues typically range from ~3 up to 
~40 g (kg TS)-1. TOC in APC residues are normally found in lower amounts than in bottom 
ashes. Further, the inert EC comprise the major part of TOC found in MSWI residues. 

Water-soluble OC is reactive and can affect the mobility of metals and POPs due to 
complexation. Degradation of OC can further affect the metal mobility in several ways, e.g.
through changes of ambient pH and redox-potential, promote carbonation, etc.. Adsorption 
onto EC may demobilize POPs.  
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1. INTRODUCTION 

The incineration of municipal solid waste (MSW) generates residues, bottom ash and Air 
Pollution Control (APC) residues. Bottom ash either remains on the grate or falls through 
during combustion and accounts for 85-95% of all residues produced during incineration 
(Chandler et al., 1997). APC residues are collected through flue gas cleaning systems. Bottom 
ashes and APC residues have a high inorganic content and comprise carbon compounds up to 
a few percentages by weight. The content of persistent organic pollutants (POPs) such as 
dioxins is minor (Chandler et al., 1997). POPs are defined as toxic organic substances 
persistent to chemical, physical and biological degradation that may bio accumulate (Swedish 
EPA, 1996a). POPs include polychlorinated dibenzo-p-dioxin (PCDD), polychlorinated 
dibenzofuran (PCDF) (PCDDs and PDCFs are called dioxins), polychlorinated biphenyl 
(PCB), and polycyclic aromatic hydrocarbons (PAH), i.e. organic micro pollutants found in 
MSW incineration (MSWI) residues (Chandler et al., 1997). In Sweden, both types of 
incineration residues are mainly landfilled (RVF, 2004), with APC residues being after 
treatment.  

The carbon content of incineration residues is derived from incomplete combustion, unburned 
organic matter and carbon compounds formed during and after the incineration process 
(Ferrari et al., 2002; Goldberg, 1985). Incineration residues contain carbon fractions with 
different characteristics (Chandler et al., 1997). Dioxins are toxic, organic carbon is reactive 
and the character of “char” or elemental carbon is almost inert. Different types of carbon 
compounds are analyzed depending on the objective of the investigation. When discussing 
toxicity of MSWI residues, mainly dioxins of interest. Organic carbon fractions are the focus 
in investigations of biological degradation or complex formation. Several methods of analysis 
are available to characterize the carbon compounds present in solid samples and in solutions. 
Determination of various carbon fractions can be based on their different characteristics. A 
direct measurement is not necessary just as long as the analytical result correlate to the carbon 
fraction of interest. Speciation and content analysis are needed to understand the effects of 
carbon compounds in the short and long-term perspective. The environmental effects of 
carbon fractions depend on their properties. Evaluation of the properties of carbon fractions 
are thus necessary to perform to understand the environmental effects they may cause. 

1.1 Objectives 

The objective is to review the available literature on carbon in MSWI residues. The following 
questions will be discussed: 

Which terminology of major carbon fractions is appropriate to apply on incineration 
residues? 
Which are the commonly used methods of carbon analysis? Are they suitable for 
incineration residues? 
What are the carbon content and carbon fractions in incineration residues and 
incineration residues extracts? 
What are the intrinsic properties of the carbon fraction of incineration residues? 
How does the MSWI residue carbon interact with other materials in landfills?  
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1.2 Demarcation 

POPs and especially dioxins deriving from incineration have been studied extensively the past 
30 years (e.g. Addink and Olie, 1995; Bergkvist et al., 2005; Buser et al., 1978; Fängmark et
al., 1993; Johansson, 2003; Rappe et al., 1987; Wikström et al., 1996; Wikström and 
Marklund, 2000). Only a minor part of the present information of POPs in MSWI residues has 
been reviewed and is included in this work, namely effects on the mobility of POPs due to 
other carbon species. Further, describing the environmental effects caused by metals and 
POPs lies beyond the objective of this study. Biological degradation of organic matter will 
cause a loss of material. Mechanical problems in waste deposits or constructions due to loss 
of material are also excluded from the review. 

2. TERMINOLOGY 

Total organic carbon (TOC) is commonly used to represent the organic carbon fraction in 
solid samples, whereas dissolved organic carbon (DOC) is used in solutions. The objective is 
to clarify which definitions of carbon fractions are the most appropriate to use on incineration 
residues.

The total carbon (TC) content in incineration residues includes: 
Unburned organic material, called organic carbon (OC) 
Unburned material such as black carbon, carbon black, “char” or soot, called 
elemental carbon (EC) 
Inorganic carbon compounds such as carbonates, called total inorganic carbon 
(TIC)
Carbon compounds that can be oxidized to CO2, called total organic carbon (TOC)  

OC is carbon compounds included in the field of organic chemistry (hydrates, alcohols, 
synthetic and biological polymers). Carbon and hydrogen are the two principle elements in 
organic compounds, but other elements such as oxygen, nitrogen, sulphur, etc., may also be 
present (Grant & Grant, 1987). Van Zomeren & Comans (2003) and Rubli et al. (2000) 
considered OC to include unburned organic matter and organic compounds formed during and 
after combustion. EC is an impure form of carbon generated by the incomplete combustion of 
biomass (Goldberg, 1985). EC appears in many structural forms, such as the crystalline forms 
graphite and diamond, and the amorphous forms of coke and carbon black (McMurry, 1995). 
Watson & Valberg (2001) reported that black carbon and soot have very different physical 
and chemical properties and stressed the importance of distinguishing these two when 
discussing health effects. EC comprise a carbon content above 60%, hydrogen, oxygen, 
nitrogen and sulphur may also be present. Van Zomeren & Comans (2003) and Rubli et al.
(2000) considered EC as a product with high molecular weight and structure similar to 
graphite, generated through incomplete combustion. The atomic ratio between hydrogen and 
carbon is low in EC (0.25-1.6) (Goldberg, 1985), but high in OC (Bjurstöm & Suér, 2005). 
Upon heating, OC and EC are oxidized forming CO2 and water vapour. Due to its high 
content of hydrogen, OC will form considerable more amounts of water vapour than EC 
during combustion.  
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All compounds containing carbon are included in the term TC while TIC comprises inorganic 
carbon compounds (e.g. carbonates, CO2, CO) that cannot be oxidized. The European 
standard definition of TOC (EN 13 137) is the carbon compounds that is converted to CO2 by 
combustion and not liberated as CO2 when treated with acid (CEN, 2001). This determination 
of TOC includes OC and EC. Definitions in the standard may not be consistent with scientific 
definitions of TC, TOC and TIC (CEN, 2001). Currie et al. (2002) suggest TC to ideally 
comprise only OC and EC i.e. total non-carbonate carbon. Ferrari et al. (2002) suggested the 
usage of four carbon species (EC, water extractable OC, dichloromethane extractable OC, and 
non extractable OC) to be more appropriate than TOC in solid incineration residues. 

Up to this date, TOC is the common term representing the OC fractions in incineration 
residues. The definition of TOC as total organic carbon is inadequate, because it includes 
both OC and EC even though the term implies organic carbon only (CEN, 1997, 2001). As 
Bjurström & Berg (2003) suggested, a more appropriate definition of TOC would be total 
oxidizable carbon, since both of them can be oxidized to CO2. This term can be sometimes 
found in the area of water treatment (Bjurström & Berg, 2003). Attempts have been made to 
divide TOC in to the fractions OC and EC (Belevi et al., 1992; Ferrari et al., 2002; Rubli et
al., 2000), but no accepted usage of them exists. Even suggestions to further sub-divide OC 
have been proposed (Ferrari et al., 2002). The boundary between the definitions of EC and 
OC is vague and operationally defined. To gain an acceptance of the terms OC and EC clear 
definitions of them are needed. The definitions of the carbon fractions should be used with 
regards to the possible effects in landfills or reuse applications. Only the OC fraction is of 
environmental relevance, not the EC fraction (Bjurström & Ecke, 2005; van Zomeren & 
Comans, 2003). In this respect, recognising a clear difference between EC (including black 
carbon and soot) and OC is more critical than a difference between black carbon and soot (as 
Watson & Valberg (2001) suggested), due to the distinct different behaviour of EC and OC.

Appropriate definitions of the major carbon fractions in solid phase incineration residues are 
suggested as: 

TOC as total oxidizable carbon, i.e. total non-carbonate carbon (Bjurström & Berg, 
2003). TOC comprise OC and EC. 
EC as elemental carbon, i.e. EC is an impure form of carbon generated by the 
incomplete combustion of biomass, with carbon content above 60% and a low ratio 
between hydrogen and carbon (Goldberg, 1985). 
OC as organic carbon, i.e. OC includes unburned organic matter and organic 
compounds formed during and after combustion (van Zomeren & Comans, 2003; 
Rubli et al., 2000). 

In the European standard method for water analysis of TOC and DOC (EN 1 484), EC is 
included in the definition of TIC, but will be determined as TOC (CEN, 1997). The dissolved 
TOC is expressed with the term dissolved organic carbon (DOC), if the solution is filtered 
(<0.45 m) (CEN, 1997). DOC is operationally divided into six fractions: hydrophobic acids, 
bases and neutrals as well as hydrophilic acids, bases and neutrals (Leenheer, 1981, Thurman 
& Malcolm, 1981). DOC comprises soluble organic compounds such as organic acids. In soil 
sciences, organic acids consist of a complex mixture of polymeric compounds referred to as 
humic acid (HA) and fulvic acid (FA), i.e. fractions of humic substances. Christensen et al.
(1998) divided DOC from landfill leachate polluted groundwater into HA, FA and 
hydrophilic fraction. 
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European standard method EN 1 484 gives questionable information of EC: EC is defined as 
TIC but is also stated to be determined as TOC (CEN, 1997). The definitions used in 
EN 1 484 need to be revised and hence clearer, and thus make them less dubious. In solutions, 
the terminology of DOC as dissolved organic carbon is suitable. The contribution of EC to 
TOC and DOC may be negligible compared to the dissolved OC, since EC has low solubility 
in water (Goldberg, 1985; Watson and Valberg, 2001). The sample is also filtrated prior to the 
determination of DOC and any particles containing EC are thus removed. Therefore, the DOC 
is representative of the dissolved OC in the solution. The sub-division of DOC as HA, FA and 
hydrophilic fraction (Christensen et al., 1998) may be useful in more specific investigations 
of DOC’s properties.
Definitions of carbon compounds are operationally defined; by choosing method of analysis 
definitions of the terms are also chosen. The terminology is therefore closely related to the 
methods of analysis. It is thus important to describe the analytical procedure in investigations 
of incineration residues to understand which carbon fractions the definition includes.

3. METHODS OF CARBON CHARACTERIZATION 

The characterization of wastes, such as MSWI residues, is goal-oriented (Lagerkvist, 1995). 
Several analysis methods are available to characterize the carbon compounds present in solid 
samples and in solutions. Determinations of various carbon compounds can be based in their 
different characteristics. It is not necessary to have a direct measurement of the property of 
interest as long as the analysis result is representing the characteristics and correlations can be 
done.

Methods of analysis commonly used in investigations to determine and characterize the 
carbon content are presented below. The objective is to evaluate the common methods for 
carbon analysis and their suitability to be applied on incineration residues. The European 
standard methods EN 13 137 and EN 1 484 stipulated by European and Swedish regulations 
to determine TOC in MSWI residues is especially evaluated. 

Considered as the most common, LOI is a simple method to determine the OC content in a 
sample. LOI is the weight loss of a sample due to ignition at 550°C (ashes from incineration 
of biofuel) or 750°C (ashes from incineration of coal) (SS 18 71 87) (SIS, 1995). Different 
temperatures for ignition are used to relate LOI to the content of unburned material and not 
the release of inorganic carbonates (Bjurström & Berg, 2003). The sample is weighed before 
and after ignition and the weight loss relative to the dry weight is reported. The result is the 
content of all compounds released from the sample including OC, EC, TIC, water, volatile 
organic compounds (VOC), etc. (Ecke et al., 2003; Fan & Brown, 2001; Pavasars, 1999; van 
Zomeren & Comans, 2003). Ecke et al. (2003) concluded that LOI is inappropriate to 
determine the organic content in MSWI fly ash, since mechanically and chemically bound 
water may dominate the LOI. Fan & Brown (2001) found LOI to overestimate unburned 
carbon in coal fly ashes due to the release of VOC. Van Zomeren & Comans (2003) stated 
that LOI measurements in MSWI bottom ash were not precise enough for a quantitative
determination of OC. 

LOI is a simple method and the most common to determine the OC content in a sample 
though it has its drawbacks. Determination of OC with LOI is based on the weight loss of the 
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sample from heating and is not connected to a specific compound. Therefore, LOI is not an 
appropriate method to determine the OC content, as pointed out in several investigations 
(Ecke et al., 2003; Fan & Brown, 2001; Pavasars, 1999; van Zomeren & Comans, 2003). 

The European standard methods to determine TOC and DOC in water samples (EN 1 484) 
and in wastes, sludges and sediments (EN 13 137) are based on the principle of oxidation of 
OC to CO2 (CEN, 1997; 2001). According to EN 1 484, this can be done by combustion, 
adding an appropriate oxidizing agent or through UV radiation or some other kind of high-
energy radiation (CEN, 1997). The solution is filtered (<0.45 m) prior to analysis of DOC. 
Combustion is the oxidation method used in EN 13 137 (CEN, 2001). In both standard 
methods, acid treatment liberates TIC from the sample as CO2. TOC can be determined by 
either an indirect or a direct method (CEN, 2001). In the indirect procedure, TC is determined 
by combustion at 900-1 500°C in an atmosphere of oxygen. The temperature has to be high 
enough for a complete conversion of carbon to CO2 and the released CO2 is measured. 
Adding acid, e.g. phosphoric acid (H3PO4), to another sub-sample and measuring the released 
CO2 determines TIC. The released CO2 is measured by a suitable technique such as infrared 
spectrometry (IR), gravimetry, coulometry, conductometry etc. (CEN, 1997, 2001). TOC is 
calculated as the difference between TC and TIC. In the direct method, the sample is pre-
treated with acid to remove TIC. TC is then determined just as TC in the indirect method. The 
released CO2 corresponds to TOC directly. The indirect and direct procedure can be applied in 
the determination of TOC and DOC in water samples (CEN, 1997). TOC should be larger or 
at least the same order of magnitude as TIC if the indirect method is used in EN 1 484 (CEN, 
1997).

Determination of DOC in solutions according to EN 1 484 is representative to the dissolved 
OC. The impact of EC on the analytical DOC is considered to be negligible due to the low 
leachability of EC (Goldberg, 1985; Watson & Valberg, 2001) and the filtration prior to 
determination. 

In Sweden, bottom ash and APC residues with a TOC content of less than 18 weight-% is 
excluded from the prohibition of landfilling combustible and organic waste (Swedish EPA, 
2004). According to the criteria and procedures for the acceptance of waste at landfills 
(European council, 2003), the limit values for TOC are 30 g (kg TS)-1 (inert waste), 5 weight-
% (non-hazardous waste) and 6 weight-% (hazardous waste). The carbon content (TOC) is 
stipulated to be determined according to the European standard method EN 13 137 (CEN, 
2001; European council, 2003; Swedish EPA, 2004). According to Bjurström & Berg (2003), 
the underlying reason why an element is regulated with a limit value is an important issue to 
discuss when setting the limit. In the case of TOC, if the reason is connected to processes in 
waste deposits the concentration of OC should be minimized. This is reflected with the 
prohibition of landfilling organic material that is set due to the reactive properties of OC 
(Bjurström & Suér, 2005). The recommended method to use when comparing to limit values 
should therefore report the content of OC. In accordance with Bjurström &Berg (2003), the 
European standard determination of the organic content as TOC is unsuitable to apply on 
MSWI residues, since the analytical result includes OC and EC. The analytical TOC 
according to EN 13 137 is not representative of the true behaviour and characteristics of the 
carbon content in MSWI residues due to the high content of EC and the different reactivity of 
EC and OC (Ferrari et al., 2002; Goldberg, 1985; van Zomeren & Comans, 2003). However, 
determination of TOC according to EN 13 137 is a simple method of analysis when having 
the appropriate apparatus (for example TOC-element analyzer). The analytical TOC indicates 
the carbon content in the sample. It is thus important to be aware of that the analytical TOC is 
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the sum of EC and OC in the sample, and that for MSWI residues EC comprises for the major 
part (see section 4). 

To distinguish between different carbon compounds in a sample, such as OC and EC, accurate 
methods are needed. Thermal analysis (Cadle et al., 1983; Skoog et al., 1998) is one possible 
approach to such a sub-division of the carbon content. TA is a group of techniques where a 
physical property of a sample is measured as a function of temperature, while the sample is 
subjected to a controlled change in temperature (Skoog et al., 1998). Examples of TA are 
thermogravimetric analysis (TGA), differential thermal analysis (DTA) and differential 
scanning calorimetry (DSC). TGA is the most commonly used TA method to characterize OC 
and EC in MSWI (Fan & Brown, 2001; Ferrari et al., 2002; Rubli et al., 2000; van Zomeren 
& Comans, 2003). Different instruments for additional analysis can be used in connection to 
the TGA, e.g. mass spectrometry (MS). In TGA-MS, the evolved gas is analyzed with MS 
(Ferrari et al., 2002; van Zomeren & Comans, 2003). To determine EC quantitatively in 
MSWI residues, Ferrari et al. (2002) used a specially developed apparatus for pyrolysis-
oxidation and the subsequent gas analysis with gas chromatograph (GC) and non-dispersive 
infrared absorbance (NDIR). Rubli et al. (2000) developed this thermal analysis method 
further to qualitatively and quantitatively determine EC and OC. The pyrolysis-oxidation 
method developed by Ferrari et al. (2002) and Rubli et al. (2000) determines IC and OC upon 
heating in an inert atmosphere, while EC stays unaffected. EC is then oxidized in an 
atmosphere of oxygen. Bjurström & Berg (2003) pointed out that some OC may be converted 
to EC during the pyrolysis and thus affect the analysis of EC.

Several different methods to determine EC in soil and sediment samples are used in the area 
of geochemistry and soil science. Nguyen et al. (2004) have summarized the most commonly 
used methods for EC quantification and divided them into four groups, viz. microscopic, 
thermal/optical for aerosol, chemical oxidation and chemothermal oxidation. Currie et al.
(2002) have evaluated different methods and different laboratories to determine the carbon 
content in samples. No significant differences in the ratio EC/TC were observed when 
different laboratory teams used thermal oxidation, two step thermal oxidation and HNO3-
thermal oxidation methods (Currie et al., 2002). Gustafsson et al. (1997) developed a method 
to quantify soot carbon in dilute and complex matrices of natural sediments. Thermal 
oxidation at 375°C in an oxygen rich atmosphere removes OC, while acidification liberates 
IC. The remaining soot carbon is subsequently determined with elemental carbon analyzer 
(Gustafsson et al., 1997). The soot carbon method was tested against matrices with a known 
composition and was concluded to be suitable for quantifying dilute soot in natural sediments 
(Gustafsson et al., 1997). 

To understand and predict the short and long term behaviour of MSWI residues regarding its 
carbon content, a method of analysis needs to separate EC and OC. Thermal analysis 
techniques give the best opportunities to separate EC and OC based on their different 
reactivity (Currie et al., 2002). TGA-MS may especially be useful. In TGA-MS, the sample is 
heated according to a temperature program and the weight loss is recorded by the TGA. The 
MS simultaneously monitors the released gases for water vapour and CO2. Different carbon 
compounds are released from the sample at different temperatures. The usage of MS to detect 
the evolved gases corresponding to each weight loss simplifies the evaluation of carbon 
compound present in the sample. The combustion of OC releases CO2 and water vapour, 
whereas the combustion of EC mainly generates CO2.
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Sulfochromic oxidation (ISO 14 235) (ISO, 1998), as stipulated by the Swedish Road 
Administration (2004), is the method to use to determinate the organic content if another 
material than crushed rock is used in road construction. 

Chromatography is a group of widely used methods to separate and determine the organic 
content in solutions. In particular, adsorption chromatography with XAD-8 and XAD-4 resins 
are extensively used to isolate and characterize DOC in natural waters and landfill leachates 
but other chromatography methods are also used (Johansson et al., 2000; Leenheer, 1981; Ma 
et al., 2001; Malcolm & MacCarthy, 1992; Nanny & Ratasuk, 2002; Olsson, 2005; Pavasars, 
1999; Thurman & Malcolm, 1981; van Zomeren & Comans, 2003; van Zomeren & Comans, 
2004). The XAD resins separate organic compounds based on hydrophobic and hydrophilic 
differences. The isolation and fractionation of humic substances with XAD resins are 
normally followed by cation-exchange chromatography as a purification method. The usage 
of XAD resins are recommended by the International Humic Substances Society for 
characterization of humic substances in natural waters. Leenheer (1981) recovered 81% of 
DOC in natural water and wastewater using a series of XAD resins. Malcolm & MacCarthy 
(1992) isolated more than 85% of DOC in lake water using a combined XAD-8 and XAD-4 
procedure. Christensen et al. (1998), Ma et al. (2001) and Fan et al. (in press) separated HA 
prior to the XAD-8 resin. Separation of FA and the hydrophilic fraction were performed with 
XAD resins; FA was adsorbed in the resin while the hydrophilic fraction passed through 
unaffected.

Methods commonly used in literature to investigate the molecular structure of organic 
compounds in natural waters, waste waters, landfill leachates and MSWI residues include IR 
(Christensen et al., 1998; Fan et al., in press; Ferrari et al., 2002; Leenheer, 1981; Nanny & 
Ratasuk, 2002), nuclear magnetic resonance (NMR) (Lorenz et al., in press; Ma et al., 2001; 
Nanny & Ratasuk, 2002), high-performance size-exclusion chromatography (Christensen et
al., 1998; Ferrari et al., 2002; van Zomeren & Comans, 2004), ion exclusion and ion-pair 
liquid chromatography (Ferrari et al., 2002), and elemental analysis of major compounds (C, 
O, H, N) in isolated organic substances (Christensen et al., 1998; Ferrari et al., 2002; Ma et
al., 2001; Nanny & Ratasuk, 2002). IR and NMR are useful in investigations of functional 
groups, whereas size-exclusion chromatography may be used to investigate the molecular size 
distribution. 

Other methods of analysis to isolate DOC, characterize DOC, or both are ultrafiltration (Cai, 
1999; Hoffman et al., 1981), reverse osmosis (Serkiz & Perdue, 1990) and ultraviolet and 
visible absorption (Westerhoff & Anning, 2000). Mohammadzadeh et al. (2005) developed an 
analytical technique for the compound specific isotope 13C to analyze DOC. DOC compounds 
are separated with chromatography and measured with a total inorganic/organic carbon 
analyzer interface with an isotope ratio mass spectrometer.  

Adsorption chromatography with XAD-resins is the most common method to characterize 
DOC into HA, FA and hydrophilic fractions. IR and NMR are appropriate to analyze the 
functional groups of DOC. Other analytical techniques to characterize DOC are available but 
many have not yet been applied on incineration extracts. Several methods of analysis can be 
used to characterize the major organic fractions. To avoid misunderstandings of the analyzed 
carbon fraction, describing the analytical approach is important. This because the numerous of 
available methods, but also confusions or false interpretations may be avoided.
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Various extraction techniques are applied to investigate the carbon content MSWI residues, 
including POPs: extractions with water (Ferrari et al., 2002; van Zomeren & Comans, 2003), 
organic and inorganic solvents (Guimaraes et al., 2005), Soxhlet extraction (Pavasars, 1999; 
Johansson & van Bavel, 2003a), supercritical fluid extraction (SFE) (Dugenest et al., 1999a; 
1999b), accelerated solvent extraction (ASE) (Pavasars, 1999) and ultrasonic extraction 
(Korenková et al., in press). 

Ferrari et al. (2002) performed a sequential extraction procedure with water at pH 12, 7 and 4. 
Dried samples were subsequently extracted with organic solvent using Soxhlet equipment. 
Van Zomeren & Comans (2003) performed a leaching test of MSWI bottom ash with water at 
L/S ratio 5 for 24h to assess the leachable fractions of HA, FA and the hydrophilic organic 
carbon. Guimaraes et al. (2005) investigated organic and inorganic extraction solvents for TC 
extraction from MSWI bottom ash. Dugenest et al. (1999a, 1999b) performed SFE and hot 
solvent extraction (Sotex) to investigate the leachable fractions of OC of MSWI bottom ash. 
Pavasars (1999) and Johansson & van Bavel (2003a) performed Soxhlet extraction with non-
polar organic solvents to extract hydrophobic compounds from incineration residues. Pavasars 
(1999) also used ASE with non-polar organic solvents for the same purpose. According to 
Korenková et al. (in press), ultrasonic extraction is a suitable extraction method for an initial 
characterization of POPs in unknown fly ash samples because it extracts a large number of 
organic compounds.

There are no standardized extraction methods available to determine the leaching of carbon 
fractions. Thus, it is necessary to be clear when describing the extraction procedure in an 
investigation. Explaining the underlying reason to the choice of extraction method would also 
provide valuable information. Studies on factors controlling the extraction of OC are 
recommended. 

4. CARBON CONTENT AND FRACTIONS 

To understand the influence of organic components on the long-term behaviour of landfills, it 
is important to analyze its content and characteristics (Belevi et al., 1993; Rubli et al., 2000).

Reported values of TOC and LOI in MSWI residues are summarized in Table 1 (bottom ash) 
and 2 (APC residues). 
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Table 1 TOC and LOI at 550°C (g (kg TS)-1) in MSWI bottom ash.  
TOC LOI  Reference Comment 

15.6   Belevi & Moench, 2000  

~19   Dugenest et al., 1999b Determined with pyroanalysis. 

~6-17   Ferrari et al., 2002 Four different incineration plants.  

 50-90  Johansson & van Bavel, 2003b  

 ~90  Johansson, 2003  

38   Zhang et al., 2004  

12.7 ~32  van Zomeren & Comans, 2003 TOC determined with TGA-MS. 

12.5 ~41  van Zomeren & Comans, 2003 Aged 1.5 years in an open heap. 
TOC determined with TGA-MS. 

Table 2 TOC and LOI at 550°C (g (kg TS)-1) in MSWI APC residues.  
TOC LOI  Reference Comment 

16.2   Belevi & Moench, 2000 Electrostatic precipitator ash mixed 
with residues from spray dyer.  

~6.5-40   Ferrari et al., 2002 Boiler ash. Three different 
incineration plants.  

~3-26   Ferrari et al., 2002 Electro precipitator dust. Four 
different incineration plants.  

 6  Johansson & van Bavel, 2003b Estimation of organic matter.  

 ~1  Johansson, 2003 Fly ash. 

 931  Kim et al., 2002 Fly ash.  

422
 Osako & Kim, 2004 Fly ash.  

15   Osako & Kim, 2004 Fly ash.  

1 LOI at 650°C. 2 LOI at 600°C. 

Chandler et al. (1997) reported the TOC in MSWI bottom ash to vary between 20-
40 g (kg TS)-1 in well burned out bottom ashes. The TOC content in APC residues varies 
between ~3-17 g (kg TS)-1. Generally, LOI in MSWI bottom ash ranges between 20-
60 g (kg TS)-1 (Chandler et al., 1997). The LOI in MSWI APC residues is normally lower 
than in MSWI bottom ash. Typical values of LOI in APC residues range from ~10 to 
50 g (kg TS)-1 (Chandler et al., 1997). The content of TOC and LOI in APC residues depends 
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on the flue gas cleaning system. The TOC composition and the content of individual carbon 
species in MSWI bottom ash and APC residues were observed to be significantly different 
(Ferrari et al., 2002). Differences in TOC composition were also observed between bottom 
ashes from different incinerators, though this was not the case between APC residues from 
different incinerators (Ferrari et al., 2002). 

The TOC content is reported in most investigations. According to Bjurström & Berg (2003), 
providing general information of TOC and OC in ashes is of little use since reported 
quantities vary greatly. Different analysis methods, or insufficient methods and the different 
management at incineration plants are reasons for the wide range of reported TOC and OC 
values (Bjurström & Berg, 2003). It is important to describe the method of analysis to be able 
to compare TOC values reported in different residues. More information of the residue, such 
as composition of the feedstock and type of furnace, could provide valuable information in a 
comparison of difference in TOC content. 

The organic matter in MSWI bottom ash is reported to comprise 74% cellulose, 20% lignin, 
4% water-soluble organic compounds with low molecular weight, 2% water-soluble organic 
compounds with high molecular weight and 0.2% organic compounds extractable with 
organic solvents (Pavasars, 1999). According to Ferrari et al. (2002), TOC in MSWI APC 
residues mainly comprise EC (90-91%). EC was also reported to be the major fraction of 
TOC in bottom ash (57-86%). In accordance, van Zomeren & Comans (2003) reported EC to 
dominate TOC in fresh and aged MSWI bottom ash (~76%). The character of EC is more 
inorganic than organic (Bjurström & Berg, 2003). EC is non-reactive at temperatures in 
natural environments and has surface sorption properties (Goldberg, 1985). Even though EC 
is relatively inert, it is still important in biochemical processes. EC can serve as a sink in the 
global carbon cycle, adsorb organic pollutants and represent a significant fraction of carbon in 
natural soils (Bucheli & Gustafsson, 2000; Gustafsson et al., 1997; Kuhlbusch, 1998; Schmidt 
et al., 1999; Schmidt et al., 2001; Skjemstad et al., 1996). OC is reactive (Belevi et al., 1993; 
Farquar & Rovers, 1973; Kim & Osako, 2004; Lagerkvist, 1992; Meima et al., 1999; Osako 
et al., 2002; Osako & Kim, 2004; Rendek et al., in press; Sakai et al., 2000; Zhang et al.,
2004; van Zomeren & Comans, 2004;).  

Guimaraes et al. (2005) reported the DOC leaching potential to be ~50 mg l-1 from MSWI 
bottom ash (TC content of ~7 g C (kg ash)-1) at L/S ratio 20 and pH 7.4. According to 
Johansson et al. (2000), up to 6 weight-% of the organic matter in MSWI bottom ash is 
leachable with water. Van Zomeren & Comans (2004) reported DOC concentrations to vary 
between 15-214 mg l-1 in MSWI bottom ash extracts from leaching at L/S ratio 5 and native 
pH, depending on the incinerator and the age of the ash. 

Öman et al. (2000) reported a concentration of 49 mg DOC l-1 in leachate from landfill 
containing incineration residues. This is 10 times higher than TOC concentrations in natural 
waters in Sweden (~5 mg l-1) (Swedish EPA, 1996b; Öman et al., 2005).

The carbon content determined as TOC in MSWI bottom ash typically ranges from ~5 up to 
~40 g (kg TS)-1 (Chandler et al., 1997; Dugenest et al., 1999b; Ferrari et al., 2002; van 
Zomeren & Comans, 2003). In APC residues, the TOC content varies with type the of flue 
gas cleaning system, with reported values ranging between ~3-40 g (kg TS)-1 (Chandler et al.,
1997; Ferrari et al., 2002; Osako & Kim, 2004). The majority of TOC in both bottom ash and 
APC residues are non-reactive EC (Ferrari et al., 2002; van Zomeren & Comans, 2003). 
Furthermore, most OC is not extractable with water or with organic solvents (Ferrari et al.,
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2002; Guimaraes et al., 2005). Only a minor part of the TOC in MSWI bottom ash and APC 
residues are expected to be the reactive OC. 

Pavasars (1999) observed humus-like organic substances with a high-molecular weight 
accounting for ~23% of DOC in aqueous extracts from MSWI bottom ash. According to van 
Zomeren & Comans (2003), the OC fraction consists of ~40% HA and FA with the majority 
being more hydrophilic fractions. In leached samples of MSWI bottom ash, the DOC consists 
mainly of hydrophilic fraction, ~20% FA and only a minor amount of HA (van Zomeren & 
Comans, 2003; van Zomeren & Comans, 2004). Johansson (2003) and Olsson (2005) 
observed the hydrophilic fraction to be the largest fraction of DOC in aqueous extracts from 
fresh MSWI bottom ash. ~30% and ~15% of DOC were characterized as organic acids 
(Johansson, 2003; Olsson, 2005). In aged bottom ash, the fraction of organic acids had 
increased to ~50-70% of DOC (Johansson, 2003). Nanny & Ratasuk (2002) stated that 
hydrophobic acid and hydrophobic neutral fractions of DOC from landfill leachates differed 
greatly from those present in the natural environment. Christensen et al. (1998) observed the 
DOC in landfill leachate polluted groundwater to comprise of 60% FA, 10% HA and 30% 
hydrophilic fraction. The elemental compositions of HA, FA and the hydrophilic fraction 
were similar to humic substances from other origins (Christensen et al., 1998; Ma et al.,
2001). All three fractions of DOC contain considerable amounts of –COO- (carboxylate). The 
percentage of HA is higher in DOC from closed landfills compared to active landfills (Fan et
al., in press). According to Dugenest et al. (1999a, 1999b), the extractable organic 
compounds from MSWI bottom ash consist primarily of carboxylic acids, n-alkanes, steriods 
and phthalates. Ferrari et al. (2002) observed DOC in alkaline extracts from MSWI bottom 
ash to have a high content of aliphatic compounds and -COOH (carboxylic) groups. Other 
possible functional groups, such as alkyl, alkenyl, hydroxyl, ether, ester as well as nitro and 
halogen groups were suggested (Ferrari et al., 2002). Humic substances are a general category 
of heterogeneous, biogenic organic substances that occur naturally in the environment with a 
high molecular weight, resistance to degradation with and a colour of yellow to black (Aiken 
et al., 1985). Organic acids are molecules consisting of a carbon-to-carbon skeleton with at 
least one functional group capable of releasing a proton (Grant & Grant, 1987; Pittman & 
Lewan, 1994). The -COOH group is the most common functional group in naturally occurring 
organic acids (Pittman & Lewan, 1994). All humic substances contain –COOH and hydroxyl 
(–OH) groups (Aiken et al., 1985; Stevenson, 1994). FA has lower molecular weight than HA 
and predominate DOC in soil solutions. The molecular mass of FA ranges between 500-5 000 
Daltons, with that of HA typically ranging from 2 000 to 50 000 Daltons (Aiken et al., 1985). 
Organic acids with low molecular weight are rapidly produced and consumed by 
microorganisms. Both HA and FA are soluble at alkaline conditions, though HA is insoluble 
water at acidic conditions (pH below 2) (Aiken et al., 1985). The solubility of FA is 
independent of pH value. 

Organic compounds with characteristics similar to humic substances are found in MSWI 
bottom ash leachates and landfill leachates (Nanny & Ratasuk, 2002; Osako et al., 2002; 
Pavasars, 1999; van Zomeren & Comans, 2004). ~40 % of DOC are HA and FA, while the 
residual part of DOC is a hydrophilic fraction (Johansson, 2003; Olsson, 2005; van Zomeren 
& Comans, 2003; van Zomeren & Comans, 2004). DOC in bottom ash leachates and in 
landfill leachate polluted groundwater are not directly comparable with DOC derived from 
natural environments (Christensen et al., 1998; Nanny & Ratasuk, 2002; Olsson, 2005). 
Christensen et al. (1998) and Olsson (2005) stress the inclusion of all humic fractions (HA, 
FA and hydrophilic fraction) when evaluating the complexation capacity of DOC and 
transport of metals and POPs. Van Zomeren & Comans (2004) pointed out, however, that 
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natural HA and FA satisfactorily describe the enhanced leaching of Cu due to complexation to 
DOC.

Up to this day, information about characterization of DOC from APC residues extracts are 
missing. This might be due to the low leachability of the carbon fractions present in APC 
residues.

5. PROPERTIES OF CARBON FRACTIONS 

The effects caused by major carbon fractions depend on their properties. Degradability of 
organic carbon fractions and the ability to form complexes are reviewed.

5.1 Degradability of organic carbon 

The content of OC in MSWI bottom ash can serve as substrate for microorganisms and a 
biological activity is possible (Belevi et al., 1992; Dugenest et al., 1999a, Ferrari et al., 2002; 
Rendek et al., in press; Zhang et al., 2004). During biological degradation, compounds with 
low molecular weights were found to degrade faster than those with high molecular weight; 
long molecules could also be degraded into smaller ones (Belevi et al., 1993). Biological 
degradation of organic matter generates mainly CO2 and CH4 (Symons & Buswell, 1933) and 
leads to changes in pH and reducing conditions in waste deposits.

pH in MSWI bottom ash is buffered by Ca-containing minerals such as calcite (CaCO3)
(Johnson et al., 1995; Meima & Comans, 1997) (Eq. 1.). Adding CO2 in excess can degrade 
calcite (Eq. 2) and the pH buffer is consumed. 

CaCO3 + H+  Ca2+ + HCO3
-   (Eq. 1) 

CaCO3 + CO2 + H2O  Ca2+ + 2HCO3
-   (Eq. 2) 

Belevi et al. (1993) suggested that biological degradation of OC could accelerate the decrease 
in pH in MSWI bottom ash monofills. According to Johnson & Furrer (2002), the 
biodegradation of organic matter in MSWI bottom ash was found to have little impact on the 
reduction of the CaCO3 buffer. The authors suggested biodegradation to induce a carbonation 
of soluble bases and increase the buffer capacity within the first years (Johnson & Furrer, 
2002).

High molecular weight substances are not readily available for microorganisms. An alkaline 
degradation of compounds with high molecular weight generates low molecular weight 
compounds, which can be biodegraded. The rate of biological degradation of organic matter 
in MSWI bottom ash is suggested to be limited by the availability of low molecular weight 
compounds produced through the alkaline degradation (Pavasars, 1999). 

Incineration bottom ash can undergo biological degradation and forming enough CO2 to self-
carbonate without any additional CO2 (Rendek et al., in press). A biological degradation leads 
to changes in pH and redox-potential. A chemical degradation of bottom ashes might be 
possible, but the present information is limited to one investigation (Pavasars, 1999). The 
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biological degradation rate is suggested to be limited by the generation of biodegradable 
fractions from a chemical degradation. Studies on chemical degradation of bottom ashes are 
needed to evaluate its impact. No investigations about biological degradation of APC are 
available; this might be due to the low content of reactive OC in the residues. This statement 
needs to be confirmed.  

5.2 Complexation 

FA and HA contain functional groups of various types. The functional groups provide the 
ability to form complexes with metal ions (Aiken et al., 1985; Stevenson, 1994). Due to their 
heterogeneous nature, organic acids consist of several reactive complexing sites with affinities 
for binding trace elements (Stevenson, 1994). A complexing site is the precise place on a 
complexing agent where the metal ion is fixed (Buffle, 1988). The binding of Cu2+ may occur 
as weak complexes through a water bridge or electrostatic attraction to a charged -COO-

group. Strong complexes involve the formation of coordinate linkages to either -COO- only or 
combined to -COO- and phenolic –OH (Stevenson, 1994). Cu2+ is preferred to other cations 
for all polysaccharides with COO- sites (Buffle, 1988). Complexation initially occurs at strong 
binding sites, while the formation of weak complexes becomes more important as the stronger 
sites are saturated (Stevenson, 1994). Complexation to FA and HA are most likely to be 
significant for those cations forming carbonates and hydroxides, for example Hg2+, Cu2+ and 
Pb2+ (Stumm & Morgan, 1996). FA and HA can form both soluble and insoluble complexes 
with trace elements. HA normally forms more water insoluble complexes compared to 
complexes of the smaller FA (Stevenson, 1994).

Alkaline earth metals are effective in competing with trace metals for complexation with 
humic substances (Stumm & Morgan, 1996). The competition is a result of the strong 
attraction between alkaline earth metals and the -COO- groups, the most important site for 
metal complexation (Aiken et al., 1985). Inorganic ligands (chlorides, hydroxides and 
carbonates) can also compete for many trace metals. Higher alkalinity and salinity decreases 
the importance of HA and FA complexation (Aiken et al., 1985).

POPs can form complexes with major organic compounds (Aiken et al., 1985). The 
complexation depends on the type and concentration of POPs and humic substances as well as 
the aqueous chemistry, such as pH, temperature, ionic strength and salinity (Aiken et al.,
1985; Carter & Suffet, 1982; Schlautman & Morgan, 1993).

DOC in incineration bottom ash leachates contain functional groups (see section 4) and have 
thus the properties to form complexes with metals and POPs. The ability of the internal DOC 
to form complexes with metals have been confirmed for MSWI bottom ashes (Bruder-
Hubscher et al., 2002; Johnson et al., 1999; Meima & Comans, 1999; Meima et al., 1999; 
Olsson, 2005; Olsson et al., 2006; Pavasars, 1999; van Zomeren & Comans, 2004). 
Information about complexation of POPs due to the intrinsic OC is missing. No information 
of the complexing capacity of DOC deriving from APC is available. 
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6. INTERACTIONS BETWEEN CARBON FRACTIONS AND THE ENVIRONMENT 

The ability of the carbon fractions in incineration residues to degrade and form complexes 
with pollutants causes an interaction with the environment. Effects on mobility of metals and 
POPs are reviewed. Degradation of organic matter results in a loss of materials. Mechanical 
problems due to these losses are not included in this review. Also, environmental threat that 
POPs can pose lies beyond the objective of this literature study. 

The formation of DOC and metals complexes may affect the metal mobilization and the metal 
speciation (Aiken et al., 1985; Livens, 1991; Stevenson, 1994). In aquatic systems, the 
complexation of trace metals by humic substances may decrease the toxicity of the metal. The 
availability of a metal with very low solubility at the specific pH and Eh may increase due to 
complexation (Aiken et al., 1985; van der Sloot et al., 1997). Humic substances-metal 
complexes may also inhibit biological activity (Aiken et al., 1985). Complexation with HA 
and FA affects both the transport of organic pollutants and the availability to biota (Aiken et
al., 1985). 

MSWI bottom ashes contain OC that can be involved in metal complexation in the bottom ash 
(Belevi et al., 1993; Bruder-Hubscher et al., 2002; Meima et al., 1999, van Zomeren & 
Comans, 2004; Olsson, 2005; Olsson et al., 2006). Meima et al. (1999) observed that 95-
100% of the dissolved Cu was bound to DOC in leachates from both fresh (pH 10.5) and 
weathered (pH 8.2) MSWI bottom ash. The authors implied the availability of organic ligands 
to control the leaching of Cu from MSWI bottom ash. In another study by Meima & Comans 
(1999), complexation with DOC was suggested to control the solubility of Cu from fresh 
MSWI bottom ash. During weathering, the effect of complexation was no longer important 
(Meima & Comans, 1999). The sorption to amorphous Fe/Al minerals was suggested to be the 
mechanism controlling the leaching of Cu and other metals. Van Zomeren & Comans (2004) 
observed that 82-100% of the total dissolved Cu in leachate from MSWI bottom ash was 
bound in complexes with organic compounds at pH values between 6.6 and 10.6. They 
suggested that components resembling FA, present in the MSWI bottom ash leachate, were 
responsible for an increased leaching of Cu. Even though the HA and FA only account for a 
minor fraction of the TOC in the solid bottom ash, they affect the leaching of Cu (van 
Zomeren & Comans, 2003). Pavasars (1999) suggested that the complexation capacity of 
DOC in MSWI bottom ash to derive from humic-like organic substances and isosaccharinic 
acid (ISA), a product from alkaline degradation of cellulose. Complexation with ISA was 
observed to increase the leaching of Cu from MSWI dry scrubber residue (Svensson et al.,
submitted).  

DOC present in groundwater polluted by landfill leachate has the ability to form complexes 
with Cd, Ni, Zn, Cu and Pb (Christensen et al., 1996; Christensen & Christensen, 1999; 
Christensen et al., 1999; Christensen & Christensen, 2000). The effect of complexation on the 
metal mobility of Cd, Zn and Ni was observed to be low at DOC concentrations up to 250 
mg l-1 and would thus only be of minor environmental importance (Christensen et al., 1996). 
The complex formation of Cd, Ni and Zn increased with increased pH, for pH up to 8 
(Christensen & Christensen, 2000). Cu and Pb had a higher degree of complexation, more 
than 85% of the total Cu and Pb in the solution were bound to DOC even at relatively low 
DOC concentration (40 mg l-1) (Christensen et al., 1999). Furthermore, Christensen et al.
(1999) observed Cu to have a higher degree of complexation than Pb. According to Olsson 
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(2005), the hydrophilic fraction of DOC in MSWI bottom ash leachates has capacity for metal 
complexation similar to FA. The Cu complexation properties of DOC in MSWI bottom ash 
leachates may thus not be comparable to DOC in natural water (Olsson, 2005). In accordance, 
Christensen et al., (1998) stated that all humic fractions should be considered in evaluating 
metal complexation and the transport of metals (Christensen et al., 1998). 

Several studies have confirmed the complexation of Cu to organic compounds in bottom ash 
leachates to affect the mobilization of the metal (Bruder-Hubscher et al., 2002; Johnson et al.,
1999; Meima et al., 1999; Olsson, 2005; Olsson et al., 2006; van Zomeren & Comans, 2004). 
DOC in bottom ash leachates and in landfill leachate polluted groundwater are not directly 
comparable with DOC derived from natural environments (Christensen et al., 1998; Nanny & 
Ratasuk, 2002; Olsson, 2005). All humic fractions (HA, FA and hydrophilic fraction) should 
be included when evaluating the complexation capacity of DOC (Christensen et al., 1998; 
Olsson, 2005). 

Lassen & Carlsen (1997) concluded HA to have a distinct, but limiting effect on the solubility 
of PAH. The solubility of PAH in synthetic ground water increased by 42% with the addition 
of 50 mg l-1 of HA, though the overall the dissolution was minor (less than 10 µM). Sakai et 
al. (2000) reported a strong influence of HA on the leaching of PCDDs/PCDFs and PCBs 
from MSWI electric precipitator fly ash. Kim & Lee (2002) reported an increased solubility 
of PCDDs and PCDFs from MSWI fly ash with the addition of dissolved humic matter. 
Osako & Kim (2004) observed an increased leaching of dioxins with an addition of HA 
corresponding to 350 mg TOC l-1 in treated MSWI fly ash. According to Osako et al. (2002), 
dissolved colouring constituents (DCC) composed of humic matter have a strong affinity for 
hydrophobic organic pollutants (HOPs). DCC can enhance the leachability of PCDDs and 
PCDFs from MSWI fly residues. Osako et al. (2002) further observed no migration of HOPs 
in lysimeters filled with only fly ash, compared to lysimeters filled with a mixture of bottom 
and fly ash. They suggested that the DCC derived from the bottom ash enhanced the 
leachability of HOPs concentrated in the fly ash. Kim et al. (2002) observed an increased 
leaching of PCDDs and PCDFs with the presence of HA as well as at higher pH (pH 12). Kim 
& Osako (2004) observed an increased leaching of dioxins from MSWI residues with a more 
advanced humification and a relative good correlation to DOC in the leachates. They further 
suggested that humification generates DOC that binds highly chlorinated compounds as 
DOC-dioxins complexes. The leaching of dioxins expressed as a percentage were higher from 
lysimeters filled with a mixture of bottom and fly ash compared to lysimeters containing only 
fly ash (Kim & Osako, 2004).

Johansson & van Bavel (2003a) observed similar amounts of PAH in fresh and weathered 
bottom ash. This indicated PAHs to be strongly bounded to the ash and resulting in low 
leached amounts. Sakai et al. (2000) reported a 0.02% leaching of the total content of 
PCDDs/DFs in MSWI fly ash. In accordance, Ahlgren & Marklund (2001) reported a 
maximum leaching of dioxins of ~0.005% of the total amount in fly ash with water as 
extraction solution. Using different solvents may increase the leaching of dioxins. The authors 
stated that dioxins in MSWI residues to be fixed to particles, stable and have low solubility if 
the residues are handled properly. Black carbon (included in EC in this review) is an 
extremely efficient adsorbent (Koelmans et al., 2006). Sorption of POPs to black carbon leads 
to a fastening of these toxic compounds in sediments and soils. This results in less 
bioavailability of POPs (Bucheli & Gustafsson, 2000; Gustafsson et al., 1997; Koelmans et
al., 2006). 
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Investigations of complexation in bottom ashes focus on intrinsic OC and Cu. The available 
studies on APC residues and complexation have mainly focused on the leaching of POPs 
caused by an external source of OC and not from the material itself. MSWI bottom ashes 
contain enough OC to affect the leaching properties of Cu from the ash itself. APC residues 
depend on an external source of OC to affect the mobilization of metals and POPs in the ash. 
These statements need to be confirmed. Studies on complexation in bottom ashes due to an 
external source of OC and other metals than Cu would be interesting. Complexation of metals 
in APC residues is limited to one investigation (Svensson et al., submitted) and additional 
studies are recommended.   

APC residues are normally considered as hazardous waste and are enriched in metals and 
POPs. The content of POPs can be decreased with thermal treatment (Hagenmaier et al.,
1987a, Hagenmaier et al., 1987b; Ishida et al., 1998; Lundin & Marklund, 2005; Weber et al.,
2002). Care should be taken when landfilling APC residues with other materials containing 
organic matter due to the potential effect of OC on metal and POP mobilization. Pavasars 
(1999) reported alkaline degradation products of cellulose (ISA) to have complexation 
capacity for metals and Svensson et al. (submitted) observed an increased leaching of Cu 
from MSWI dry scrubber residue with the presence of ISA. Thus it may not be suitable to co-
landfill APC residues and cellulose-bearing waste. Osako et al. (2002) suggested OC deriving 
from MSWI bottom ash to affect the leaching of POPs from the fly ash if they are disposed of 
together. Korenková et al. (in press) observed that small but still environmentally significant 
amounts of POPs can be leached in water (4-9% of their total available amount). In contrast, 
Ahlgren & Marklund (2001) stated PCDD/PCDF to be tightly bound to particles in the MSWI 
residue. The risk of PCDD/PCDF leaching is low if the residues are disposed of without 
contact to other wastes in landfill cells designed for long-term disposal of hazardous wastes 
(Ahlgren & Marklund, 2001). Adsorption to low-soluble EC may also contribute to the low 
leaching of POPs from MSWI residues (Bucheli & Gustafsson, 2000; Gustafsson et al., 1997; 
Koelmans et al., 2006). A high content of EC in MSWI residues and especially in APC 
residues is favorable, since EC may retard the leaching of POPs. 

Organic complexing agents are involved in the chemical weathering of rocks and minerals, as 
they can transport metal cations in natural waters (Aiken et al., 1985; Stevenson, 1994). The 
role of OC in changes of the mineralogy of incineration residues needs to be evaluated 
further.

Biodegradation of OC may affect the mobility of metals in several ways. Besides forming 
CO2, biological degradation of OC also leads to changes in pH, reducing conditions and 
generates organic compounds with low molecular weight (Belevi et al., 1993). Chemical 
degradation (alkaline degradation) of organic material may also result in low molecular 
weight substances (Pavasars, 1999). Low molecular weight compounds may form complexes 
with metals (Belevi et al., 1993; Svensson et al., submitted). pH is a chemical factor 
influencing the leachability of many metals. Reducing conditions are favourable for the 
formation of insoluble metal sulphides, decreasing the metal mobility (Ecke, 2003a; 
Lagerkvist, 1992; Lagerkvist, 1995; van der Sloot et al., 1997). Atmospheric CO2 and CO2
formed during biological degradation may lead to a carbonation process of a waste body 
containing incineration residues. Rendek et al. (in press) and Dugenest et al. (1999a) regarded 
the self-carbonation to improve the bottom ash quality. Metals can be demobilized as metal 
carbonates formed due to carbonation (Ecke, 2001; Ecke, 2003b; Ecke et al., 2003; Meima et
al., 2002, Todorovi  & Ecke, 2006a; Todorovi  & Ecke, 2006b; Todorovi et al., accepted). 
Further, both metals and humic substances may adsorb to minerals, resulting in a decrease in 
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mobility (Buffle, 1988; Meima et al., 2002; Murphy et al., 1990; Petrovi et al., 1999; van der 
Sloot et al., 1997; Stumm & Morgan, 1996). Humic substances adsorbed to minerals 
increases the sorption capacity of metals to minerals (Petrovi et al., 1999).

In the short-term, OC present in the MSWI bottom ash may affect the bottom ash behaviour 
due to changes in pH, redox-potential, carbonation and complex formation (mainly with 
metals) (Belevi et al., 1993; Meima et al., 1999; Meima & Comans, 1999; Olsson, 2005; 
Olsson et al., 2006; Rendek et al., in press; van Zomeren & Comans, 2004; Zhang et al.,
2004). Accordingly, Bruder-Hubscher et al. (2001) and Ore et al. (submitted) observed 
leaching of TOC from MSWI bottom ash in road construction to be highest in the beginning 
and decrease within the first year. The characteristics of DOC in landfill leachates are 
expected to change with time. The percentage of HA is higher in leachates from closed 
landfills compared to active ones (Fan et al., in press). A higher percentage of HA may 
decrease the mobility of metals due to formation of water insoluble complexes (Stevenson, 
1994). OC may have an effect on the long-term behaviour of a landfill as it evolves (Bozkurt 
et al., 2000; Farquar & Rovers, 1973; Lagerkvist, 1992). In the long-term, the labile organic 
carbon content is not high enough to affect the behaviour of a MSWI bottom ash landfill 
(Zhang et al., 2004). Furthermore, Dugenest et al. (1999a) suggested biodegradation of the 
organic matter in MSWI bottom ash to reduce the organic content and its polluting character, 
and thus improved the bottom ash quality.  

7. CONCLUSION 

The standard definition of TOC as total organic carbon is inappropriate, since it includes 
organic carbon (OC) and elemental carbon (EC) even though the term implies organic carbon
only. The definitions of EC and OC are vague. Clear definitions of OC and EC need to be 
determined. Appropriate definitions of the major carbon fractions in solid phase incineration 
residues are suggested as: 

TOC (total oxidizable carbon), i.e. total non-carbonate carbon. TOC comprise OC and 
EC.
EC: an impure form of carbon generated by the incomplete combustion of biomass, 
with carbon content above 60% and a low ratio between hydrogen and carbon. 
OC: unburned organic matter and organic compounds formed during and after 
combustion. 

The definitions used in EN 1 484 needs to be revised since, it gives dubious information 
regarding EC: EC is defined as TIC, but is determined as TOC. The terminology of DOC as 
dissolved organic carbon is suitable. 

LOI have been the most common analytical method to determine the organic carbon content 
in materials, but has many drawbacks. LOI is not precise enough to represent the organic 
carbon fraction. The European standard (EN 13 137) determination of the organic content as 
TOC is unsuitable to apply on incineration residues, since TOC includes OC and EC. 
Determination of OC according to EN 13 137 in solid samples, knowing that the analytical 
result is the sum of EC and OC, gives a good approximation of the total carbon content. 
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Further, it is important to remember that EC comprises the major part of TOC in MSWI 
residues. To better understand the potential environmental effect of the carbon content in 
MSWI residues, a simple method to determine OC and EC separately needs to be developed. 
For such a purpose, thermal analysis and especially thermogravimetric analysis with mass 
spectrometry (TGA-MS) provide the best opportunities. Also, it might be valuable in other 
research fields to have an analytical method distinguishing between reactive OC and inert EC 
in environmental samples. The research area of climate may improve due to less biased data. 

Adsorption chromatography with XAD-resins is the most common method to divided DOC 
into humic acid (HA), fulvic acid (FA) and hydrophilic fractions. Several analytical 
techniques to characterize DOC are available and their suitability to be applied on incineration 
residues is to be evaluated. No standardized methods are available for carbon extractions.

The carbon content determined according to European standard EN 13 137 as TOC in MSWI 
bottom ash and APC residues typically range from ~3 up to ~40 g (kg TS)-1. TOC in APC 
residues are normally found in lower amounts than in bottom ashes. The inert EC comprise 
for the major part of TOC found in incineration residues and most of the OC is not 
extractable.  

DOC in MSWI bottom ash leachates and landfill leachates have characteristics similar to 
humic substances. ~40 % of DOC has the character of organic acids (HA and FA) while the 
residual part of DOC is more a hydrophilic fraction. All humic fractions (HA, FA and 
hydrophilic fraction) should be included when evaluating the complexation capacity of DOC. 
Information about characterization of DOC from APC residues extracts are missing.  

Incineration bottom ashes can undergo biological degradation. Information on chemical 
degradation of bottom ashes is limited and needs to be evaluated further. There are no 
available studies on degradability of APC residues. DOC deriving from incineration bottom 
ash has the properties to form complexes with metals and POPs. No information is available 
on the complexing capacity of DOC deriving from APC residues.

OC may affect the metal mobilization directly in terms of altering the metal leachability due 
to complexing capacity of organic acids. Indirect effects of OC include changes in pH and 
redox-potential due to biological degradation of OC. Formation of stable metal phases such as 
carbonates and sulphides may also affect the mobility of metals. MSWI bottom ashes contain 
enough OC to affect the leaching properties of metals from the ash itself. APC residues 
depend on an external source of OC to affect the mobilization of metals and POPs in the ash. 
Additional studies are needed to confirm theses statements. The risks of OC in MSWI 
residues are considered to be in short-term. The effects of EC are considered positive, since 
toxic POPs may adsorb to this low-soluble phase and thus decrease the mobility of POPs.  

The impact of OC as a complexing agent on the dissolution of minerals in incineration 
residues needs further investigations.  

Investigations on factors controlling the leaching of OC in MSWI residues, and investigations 
about the formation of DOC-metal complexation in incineration residues due to an external 
addition of OC are recommended as future research areas.  
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Abstract 

Dissolved organic carbon (DOC) may affect the transport of pollutants from incineration 
residues when landfilled or used in geotechnical constructions. The leaching of dissolved 
organic carbon (DOC) from municipal solid waste incineration (MSWI) bottom ash and 
air pollution control residue (APC) from the incineration of waste wood was investigated. 
Factors affecting the mobility of DOC were studied in a reduced 26-1 experimental design. 
Controlled factors were treatment with ultrasonic radiation, severe carbonation (addition 
of CO2 until the pH was stable for 2.5 h), L/S ratio, pH, leaching temperature and time.  

Severe carbonation, pH and the L/S ratio were the main factors controlling the mobility 
of DOC in the bottom ash. ~60 weight-% of the total organic carbon (TOC) in the bottom 
ash was available for leaching in water solutions. L/S ratio and pH mainly controlled the 
mobilization of DOC from the APC residue. ~93 weight-% of TOC in the APC residue 
was, however, not mobilized at all which might be due to a high content of elemental 
carbon.  

Using the European standard EN 13 137 for determination of the environmental relevant 
carbon fraction in MSWI residues is inappropriate. The content of elemental carbon may 
be high in MSWI residues. Further, the reactivity of elemental and organic carbon is 
different. Only the organic carbon fraction is of environmental relevance, not the 
elemental carbon fraction.  

Keywords: MSWI residue, bottom ash, APC residue, total organic carbon, elemental 
carbon, TOC. 
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1. Introduction 

Municipal solid waste incineration (MSWI) generates solid residues, such as bottom ash 
and air pollution control (APC) residues. Besides a high content of inorganic compounds, 
incineration residues also contain major carbon compounds deriving from incomplete 
combustion, unburned organic matter and carbon compounds formed during the 
incineration process (Ferrari et al., 2002; Goldberg, 1985; Rubli et al., 2000; van 
Zomeren & Comans, 2003). The carbon content in MSWI residues represents a few 
percentages by weight (Chandler et al., 1997). The disposal of organic material is 
regulated in Sweden according to the Ordinance on waste (SFS 2001:1063) and the 
Ordinance on landfilling (SFS 2001:512). Limit values of total organic carbon (TOC) are 
set in the criteria and procedures for the acceptance of waste at landfills (European 
council, 2003). The determination of TOC has to be performed according to the European 
standard EN 13 137 (CEN, 2001; European council, 2003; Swedish EPA, 2004).  

Until now, studies on TOC in MSWI residues were limited to a few investigations 
(Dugenest et al., 1999a; Dugenest et al., 1999a; Ferrari et al., 2002; van Zomeren & 
Comans, 2003). The focuses in these studies have been to identify and characterize major 
carbon compounds present in MSWI residues. Factors controlling the leaching of TOC 
from MSWI residues have not been investigated before. Dissolved organic carbon (DOC) 
may affect the transport of pollutants from incineration residues when landfilled or used 
in geotechnical constructions (Belevi et al., 1993; Bruder-Hubscher et al., 2002; Meima 
et al., 1999; van Zomeren and Comans, 2004). To fully understand the mobilization of 
pollutants from incineration residues, the factors controlling the leaching of DOC needs 
to be investigated. This is the first study whose aim is to describe and evaluate the 
leaching of major organic compounds, i.e. TOC present in MSWI residues.  

Objectives 

The objective of this investigation was to evaluate factors affecting the leaching of 
organic carbon in incineration residues aimed at controlled mobilization/demobilization 
of DOC. The following research question was discussed: 

Which factors control the leaching of DOC from SGT-BA and CFB-FA? 

The European standard method EN 13 137 stipulated by European and Swedish 
regulations to determine TOC in MSWI residues is also evaluated. 



2. Material and methods 

The studied incineration residues were sampled from two different incineration plants in 
Sweden. The studied MSWI bottom ash was sampled at an incinerator where the feed is 
mainly municipal solid waste (MSW) and some light industrial waste such as wood, 
rubber and plastics. The incinerator is a stoker grate type (SGT) and its annual capacity is 
~150×103 t. ~200 kg of magnetically separated MSWI bottom ash (SGT-BA) was 
sampled in a metal container from a 6-month old heap. 

The incinerator where the fly ash was sampled uses a circulating fluidized bed (CFB) and 
has an annual capacity of ~150×103 tonne. The feed is comprised of waste wood and 
some minor fractions of paper and plastics. The fly ash (CFB-FA) is separated in a bag 
filter after activated carbon and lime is added in a NID-reactor. Sand is circulated in the 
incinerator and the CFB-FA consists of ~30 weight-% of sand. The staff at the 
incineration plant sampled ~100 kg of CFB-FA once.  

Both the SGT-BA and the CFB-FA residue were quartered in the laboratory to obtain sub 
samples. These were stored in sealed buckets at ~4 C° until the experimental work 
started. 

2.1 Experimental design 

The experiments were performed according to a 26-1 reduced factorial design with center 
points (Box et al., 1978), resulting in a total of 38 runs for each ash. The controlled 
factors were treatment with ultrasonic radiation, severe carbonation, pH, leaching 
temperature, L/S ratio and leaching time (Table 1). Severe carbonation was performed 
with the addition of CO2 until the pH in the solution was stable for 2.5 h. 



Table 1 Factors and their levels used in the reduced 26-1 experimental design with 6 
centre points. 

Factor Unit Level 

  Low ( ) Intermediate (0) High (+) 

Severe carbonation  No  Yes 

L/S ratio l kg-1 5 12 20 

Time h 2 15 24 

pH  7 10 12 

Ultrasonic radiationa minutes 0 10 40 

Temperature °C 20 40 60 
a   Energy output of 100W at 42 kHz 

The SGT-BA and CFB-FA were suspended with a stirrer in 100 ml deionized water, 
according to a preset L/S ratio (Table 1). The suspensions were exposed to ultrasonic 
radiation (Branson DTH2510E, Branson Ultrasonics Corporation, Danbury, USA) at 42 
Hz and 100 W as a pre-treatment method. When a specified treatment with ultrasonic 
waves was less than 40 minutes, the suspension was kept at room temperature for the 
remaining time. Using a gas diffuser, the stirred suspensions were treated with technical 
CO2 gas for 2.5 h. As a reference, suspensions of SGT-BA and CFB-FA were treated 
according to the same protocol with the exception of the addition of CO2. The end-point 
pH of severe carbonated and non-carbonated leachate was recorded. The subsequent wet 
extraction of pre-treated SGT-BA and CFB-FA was performed using a TIM900 Titration 
Manager and an ABU901 Autoburette (Radiometer Analytical S.A., Copenhagen) 
running on the software TimTalk 9, LabSoft. To control the leaching pH, 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.

2.2 Analysis 

The total solids (TS) content of the untreated SGT-BA (n=9) and CFB-FA (n=5) were 
determined according to Swedish standard (SIS, 1981). 

TOC in the untreated SGT-BA and CFB-FA (n=5) was analyzed using a TOC-SSM-
500A (Shimadzu Corporation, Kyoto, Japan). The samples were pre-treated with 
concentrated HCl to remove the inorganic carbon (IC) content and then carbon was 
oxidized at 900°C to CO2. The formed CO2 was analyzed with NDIR (non-dispersive 



infrared absorbance). This analysis technique is in accordance with the European 
standard method EN 13 137 for determination of TOC (CEN, 2001). 

DOC in the leachates was analyzed using TOC-VCPH/CPN (Shimadzu Corporation, 
Kyoto, Japan). The total carbon (TC) content was determined by oxidation of carbon to 
CO2 at 680°C. To determine the IC content, H3PO4 was added to decrease the pH (<2) 
with the removal of CO2. The formed CO2 was analyzed with NDIR (non-dispersive 
infrared absorbance). TOC is the difference between TC and IC. DOC is the TOC in a 
filtered (0.45 m) sample. This analysis technique is in accordance with the European 
standard method EN 1 484 for water analysis of TOC and DOC (CEN, 1997). 

2.3 Statistics 

Mean values with standard deviations were calculated for the water content and TOC in 
the untreated SGT-BA as well as CFB-FA.  

The concentration of DOC in the leachate was modelled using multiple linear regression 
( =0.05) (Umetrics, 2001). The generated empirical models were used to predict the 
leaching at different factor settings.  

3. Results 

The water content in the untreated materials was determined to 0.848 ± 0.002 kg kg-1

(n=9) (SGT-BA) and 0.994 ± 0.000 kg kg-1 (n=5) (CFB-FA). TOC in the untreated solid 
materials was determined to 7.0 ± 1.3 g (kg TS)-1 (n=5) (SGT-BA) and 
6.6 ± 1.1 g (kg TS)-1 (n=5) (CFB-FA). 

Treatment with severe carbonation of the suspended SGT-BA resulted in a pH of 
6.4 ± 0.1 (n=19) in the suspension. For non-carbonated SGT-BA solutions the pH was 
11.2 ± 0.2 (n=19). Corresponding results from the suspended CFB-FA were: pH 6.7 ± 0.2 
(n=19) (severe carbonated) and pH 12.0 ± 0.3 (n=19) (non-carbonated). 



3.1 Empirical models 

Qualitative and quantitative empirical DOC leaching models from the SGT-BA and CFB-
FA were developed (Table 2 and Table 3). The degree of explanation (R2) for the 
empirical models was 87% (SGT-BA) and 76% (CFB-FA) (Table 2). 

Table 2 Qualitative model for the concentration of DOC in the leachates from SGT-BA 
and CFB-FA, significant factors ( =0.05) and interactions. (+) positive effect, (-) 
negative effect, (0) no effect. The data sets of DOC were log10-transformed. 

Factor SGT-BA CFB-FA 

L/S - + 

pH + + 

CO2 + + 

Temperature - 0 

L/S×time - 0 

L/S×temperature + 0 

L/S×pH 0 + 

Time×pH 0 + 

pH×CO2 + 0 

pH×temperature 0 + 

Temperature×CO2 - 0 

Ultrasonic radiation×temperature - 0 

R2 0.87 0.76 



Table 3 Quantitative models for the concentration of DOC in the leachates from SGT-
BA and CFB-FA, unscaled regression coefficients ( =0.05). The data sets of DOC were 
log10-transformed. 

SGT-BA CFB-FA  Factor 

-5.3×10-1 +2.5   

-3.0×10-2 -9.5×10-3 × L/S 

+4.6×10-2 -1.2×10-1 × pH 

-2.8×10-1

+2.8×10-1

+1.0×10-1

-1.0×10-1

×

×

CO2 (yes) 

CO2 (no) 

-9.3×10-3 -1.8×10-2 × Temperature 

+1.2×10-2 -3.8×10-2 × Time 

+1.2×10-2 0 × Ultrasonic radiation 

-1.3×10-3 0 × L/S×time 

+7.8×10-4 0 × L/S×temperature 

0 +4.3×10-3 × L/S×pH 

0 +3.9×10-3 × Time×pH 

+7.3×10-2 

-7.3×10-2

0

0

×

×

pH×CO2 (yes) 

pH×CO2 (no) 

0 +2.0×10-3 × pH×temperature 

-3.5×10-3

+3.5×10-3

0

0

×

×

Temperature×CO2 (yes) 

Temperature×CO2 (no) 

-2.9×10-4 0 × Ultrasonic radiation×temperature 

3.2 SGT-BA

Severe carbonation had the largest effect on the leaching of DOC from the SGT-BA. The 
second largest effect was the interaction between severe carbonation and pH, about two 
thirds of the effect of severe carbonation alone. Other factors, and factor interactions also 



affected the leaching of DOC from the SGT-BA (Table 2). They all equally affected the 
mobilization of DOC, about one-third of the effect of carbonation. Severe carbonation 
and pH and the interactions carbonation×pH and L/S ratio×leaching temperature had a 
positive effect on the mobilization of DOC. The remaining significant factors and 
interactions had a negative effect on the leaching of DOC.  

Ultrasonic radiation had a minor but positive impact on the leaching of DOC and 
contributed through the interaction ultrasonic radiation×leaching temperature. 

3.3 CFB-FA 

All significant ( =0.05) factors and interactions had a positive effect in the empirical 
model that described the leaching of DOC from the CFB-FA (Table 2). L/S ratio had the 
largest effect on DOC leaching, followed by the pH, severe carbonation and the 
interactions between pH×L/S ratio, pH×leaching time and pH×leaching temperature. The 
effect of pH was about two-thirds of the L/S ratio effect. Severe carbonation and the 
interactions between pH and L/S ratio, leaching time and leaching temperature all equally 
affected the mobilization of, about two-fifths of the effect of the L/S ratio. Treatment 
with ultrasonic radiation did not have a significant effect on the leaching of DOC from 
the CFB-FA.  

3.4 Predicted leaching 

The quantitative empirical models (Table 3) were used to predict the leaching of DOC 
from the SGT-BA and CFB-FA at different factor settings. 

The maximum leaching of DOC was 4.15 ± 1.85 g (kg TS)-1 (59 weight-% of TOC) for 
SGT-BA and 0.47 ± 0.22 g (kg TS)-1 for CFB-FA (7.1 weight-% of TOC) (Table 4). The 
maximum leaching of DOC from the SGT-BA occurred at L/S ratio 5, ultrasonic 
radiation for 33 minutes, severe carbonation, and subsequent leaching for 17.4 h at pH 12 
and 20°C. For the CFB-FA, the maximum leaching of DOC occurred at L/S ratio 20, 
including severe carbonation and subsequent leaching for 24 h at pH 12 and 60°C. The 
minimum leaching of DOC from the SGT-BA was 0.056 ± 0.021 g (kg TS)-1 (0.8 weight-
% of TOC) and occurred at L/S ratio 20, with ultrasonic radiation for 1.3 minutes, no 
carbonation and subsequent leaching for 23.5 h at pH 11.6 and 20°C (Table 4). The 
minimum leaching of DOC from the CFB-FA was 0.044 ± 0.022 g (kg TS)-1 (0.7 weight-
% of TOC) and occurred at L/S ratio 5, no carbonation and subsequent leaching for 2 h at 
pH 7 and 20°C. For the CFB-FA, at L/S ratio 20, severe carbonation and subsequent 
leaching for 24 h at pH 12 and 20°C, the leaching of DOC was 0.26 ± 0.12 g (kg TS)-1

(4.0 ± 1.8 weight-% of TOC).  



Table 4 Maximum and minimum mass specific leaching of DOC in the leachates from 
SGT-BA and CFB-FA at each specific factor settings. 

 Unit SGT-BA  CFB-FA 

  min max min max 

CO2 - no yes no yes 

L/S ratio l kg-1 20 5 5 20 

Time h 23.5 17.4 2 24 

pH - 11.6 12 7 12 

Ultrasonic minutes 1.3 33 - - 

Temperature °C 20 20 20 60 

      

DOC leaching g (kg TS)-1 0.056±0.021 4.15±1.85 0.044±0.022 0.47±0.22

DOC leaching weight-% 0.8±0.3 59±26 0.7±0.3 7.1±3.3 

4. Discussion 

The levels of the factors in the 26-1 reduced factorial design were chosen to span a wide, 
but still reasonable interval of values.  

During severe carbonation, CO2 was added in excess and the treatment resulted in a 
decreased pH in the suspensions from highly alkaline (11.2 ± 0.2 for SGT-BA and 
12.0 ± 0.3 for CFB-FA) to values slightly below neutral (6.4 ± 0.1 for SGT-BA and 
6.7 ± 0.2 for CFB-FA). 

The principle in the European standard EN 13137 to determine TOC in solid samples is 
to convert carbon in the sample to CO2 by complete combustion with oxygen in excess. 
The amount of CO2 formed is measured (CEN, 2001). Upon heating, organic carbon 
(OC) and elemental carbon (EC) are oxidized forming CO2. The analytical TOC 
according to EN 13 137 is thus the sum of OC and EC present in the sample. OC includes 
unburned organic matter and organic compounds formed during and after combustion 
(Rubli et al., 2000; van Zomeren & Comans, 2003). EC is an impure form of carbon 
generated by the incomplete combustion of biomass and includes both black carbon and 
soot (Goldberg, 1985). The analysis principle used to determine DOC in the leachates 



(European standard method EN 1 484) is the same as for TOC in the solid samples. The 
analytical result (DOC) is thus the sum of the dissolved OC and EC. However, since EC 
has very low solubility in water (Goldberg, 1985; Watson & Valberg, 2001) and the 
leachates were filtered before analysis, the contribution of EC to the measured DOC is 
regarded as negligible compared to the dissolved OC. 

In the empirical models, the significant factors and interactions between factors can have 
either a positive or a negative effect on the response (Umetrics, 2001). A positive effect 
increases the response, whereas a negative effect decreases it. Consistently, in this study 
positive effects of factors or interactions resulted in an increased leaching of DOC from 
the studied residues and vice versa.  

The empirical models (Table 2 and Table 3) are valid within the investigated factor 
intervals (Table 1). Qualitative models of the DOC leaching describe the effects (positive 
or negative) ( =0.05) of factors and factor interactions (Table 2). Quantitative models 
represent an equation that predicts the leaching of DOC at different factor settings (Table 
3). These equations have to be looked upon as a whole and not each factor individually, 
since all factors together predict the leached DOC from the residues. If a factor occurs in 
an interaction, its main effect has to remain in the quantitative model regardless if the 
factor is significant or not. This is the reason to include the main effect of the factors time 
and ultrasonic radiation in the quantitative model describing the DOC leaching from 
SGT-BA (Table 3). The factors alone have no effect ( =0.05) on the leaching of DOC, 
but they occur in factor interactions (L/S×time and ultrasonic radiation×temperature) 
(Table 2) and thus, their main effects need to remain in the quantitative model. Likewise, 
the factors time and temperature are included in the quantitative model of DOC leaching 
from CFB-FA even though they have no effect ( =0.05) (Table 2 and Table 3). 

The controlled factors explained the variation of DOC leaching from the two investigated 
residues very well. Both empirical models have a high degree of explanation (R2), 87% 
(SGT-BA) and 76% (CFB-FA) (Table 2). The controlled factors are thus the most 
important factors determining the DOC leaching from MSWI residues.  

4.1 SGT-BA 

MSWI bottom ash contains numerous mineral phases such as silicate minerals, oxides, 
soleplates and carbonates (Chandler et al., 1997; Freyssinet et al., 2002; Kirby and 
Rimstidt, 1993; Polettini and Pomi, 2004). Weathering reactions (e.g. hydrolysis, 
hydration, dissolution/precipitation, carbonation and mineral neo-formation) are causing 
mineralogical changes in the bottom ash (Belevi et al., 1992; Freyssinet et al., 2002; 
Iribarne et al., 2001; Meima and Comans, 1997; Todorovi  and Ecke, 2006a). Organic 
compounds are adsorbed onto different minerals (Buffle, 1988; Meima et al., 2002; 
Murphy et al., 1990; Petrovi et al., 1999; Stumm and Morgan, 1996). In natural 
environments, organic compounds can be adsorbed by Al, Mn and Fe-oxides (Tipping, 
2002). The L/S ratio and the interaction L/S ratio×time negatively affected the leaching 
of DOC from the SGT-BA. These negative effects were superior to the positive effect of 



the interaction L/S ratio×temperature. The overall effect of L/S ratio was negative at a 
constant leaching time and temperature. Addition of water may cause the formation of 
minerals with high adsorption properties and low solubility. Adsorption of DOC onto 
such minerals may decrease the leaching of DOC.  

The addition of CO2 in excess degrades ettringite, calcite, calcium silicate hydrates, 
calcium aluminosilicate hydrates and other mineral phases (Bodénan et al., 2000; Stumm 
and Morgan, 1996; Todorovi et al., accepted; Xiantou and Ruizhen, 1994). The 
degradation of minerals where organic compounds are adsorbed might have caused the 
observed increased leaching of DOC due to carbonation. When the mineral is dissolved 
the organic compounds are mobilized. pH had a positive effect on the mobilization of 
DOC, i.e. the higher the pH, the more TOC from the SGT-BA was released as DOC into 
the leachate. DOC consists of organic molecules with different characteristics and 
variations in, e.g. molecular weight and solubility (Aiken et al., 1985). Organic acids 
(humic and fulvic acids) are soluble in alkaline conditions (Aiken et al., 1985; Stevenson, 
1982). The positive effect of pH might be due to the mobilization of organic acids. 
Furthermore, at highly alkaline pH, Al-minerals and silicates dissolve (Stumm and 
Morgan, 1996). Organic compounds adsorbed on these minerals are mobilized when the 
pH is increased. Severe carbonation led to a decrease in pH from 11.2 ± 0.2 to 6.4 ± 0.1 
(n=19) in the SGT-BA suspension. The observed increase of DOC leaching due to severe 
carbonation and the interaction of severe carbonation and subsequent leaching at higher 
pH might be due to the changes in pH. The variation of pH may lead to the dissolution of 
organic compounds that might not have been mobilized if the pH was static. Meima et al.
(2002) observed a decreased leaching of DOC along with precipitation of Al-minerals 
during carbonation of MSWI bottom ash to pH ~8.3. According to Rendek et al. (in 
press), carbonation of bottom ash to pH ~8.3 did not affect the leaching of TOC. The 
results presented here are not directly comparable with those from Meima et al. (2002) 
and Rendek et al. (in press). They preformed carbonation to pH of pKcalcite, whereas the 
severe carbonation in this study reached a pH of ~6.4. Carbonation to pH ~8.3 may lead 
to the formation of carbonates and other minerals, though severe carbonation to pH ~6.4 
may cause a degradation of minerals (Stumm and Morgan, 1996). Therefore, the leaching 
conditions in this study and those in Meima et al. (2002) and Rendek et al. (in press) are 
not directly comparable, but may complement each other. 

Treatment with ultrasonic radiation had a minor, but positive effect on the leaching of 
DOC from the SGT-BA. Ultrasonic radiation can be used to enhance the leaching of 
organic pollutants (PCBs, PAHs, and PCDDs/DFs) from various types of samples 
(Luque-García and Luque de Castro, 2003). The content of organic pollutants in bottom 
ash is generally low, often within the range of 100 ng g-1 (Chandler et al., 1997; Dugenest 
et al., 1999a; Dugenest et al., 1999b). An increased leaching of organic pollutants due to 
ultrasonic radiation may not have been detected since the total content of organic 
pollutants in the ash might be at least 10 times lower than the measure precision of the 
apparatus for TOC and DOC determinations. Furthermore, an ultrasound bath was used 
for ultrasonic treatment. A disadvantage with ultrasound baths is the heterogenic 
distribution of ultrasound energy within the bath (Luque-García and Luque de Castro, 
2003). This decreases the experimental repeatability and reproducibility. The significance 



of the effect of ultrasonic radiation on DOC leaching is thus difficult to detect. This could 
be a reason why treatment with ultrasonic radiation only affected the DOC leaching in the 
interaction ultrasonic radiation×temperature.  

Severe carbonation and a subsequent leaching at high pH also favoured the mobilization 
of metals from the same SGT-BA, as studied here (Todorovi et al., accepted). DOC 
deriving from MSWI bottom ash has the ability to form complexes with metals (Belevi et 
al., 1993; Bruder-Hubscher et al., 2002, Meima et al., 1999, van Zomeren and Comans, 
2004). The complexation may affect the metal mobilization and metal speciation. 
Because the same conditions favoured the metal mobilization (Todorovi et al., accepted) 
and the leaching of DOC from the SGT-BA, the impact of complexation (between metals 
and DOC) on the metal mobility should be evaluated further. For example, complexation 
may be important in processes in a deposit, in the possible reuse of the bottom ash as a 
secondary construction material or in pre-treatment prior to landfilling. Emphasis should 
be put on Cu and Sb. Both elements were identified as critical in MSWI bottom ash 
(Todorovi et al., accepted) and both may form complexes with organic matter 
(Buschmann and Sigg, 2004; Meima et al., 1999).  

A maximum of ~60 weight-% of the TOC in the SGT-BA could be leached as DOC and 
a substantial part of the TOC was not mobilized. According to Ferrari et al. (2002), the 
most important carbon species in bottom ash is EC which has a low solubility in water 
(Goldberg, 1985; Watson and Valberg, 2001). Further, the majority of OC is not 
extractable with water either (Ferrari et al., 2002). The low leachability of TOC implies 
that EC and water non-extractable OC might be major constituents in the studied SGT-
BA.

A low L/S ratio is desirable in a washing process of wastes prior to reuse or landfilling 
(Todorovic and Ecke 2006b). When a liquid is used to treat (i.e. wash) a contaminated 
material, the washing process transfers contaminants from the solid phase to the solution. 
A low L/S ratio generates less leachate that requires treatment and is therefore desirable. 
If metals are to be separated from the SGT-BA through washing, information regarding 
the increased leaching of DOC with decreasing L/S ratio is valuable. The leached DOC 
from the SGT-BA may be used as a complexing agent and thus increase the leaching of 
metals. This aspect also calls for further investigations on the effect of DOC on the metal 
mobilization. To control the mobilization of TOC from the SGT-BA, important factors 
focus upon are the addition of CO2 and water as well as the extraction pH. By controlling 
these three factors, the mobilization of TOC from MSWI bottom ashes may be 
substantially controlled. Additional treatment-oriented studies on bottom ashes are 
needed to further evaluate washing of the material. 



4.2 CFB-FA 

All significant ( =0.05) factors and interactions positively affected the mobilization of 
DOC from the CFB-FA, i.e. the DOC leaching increased when changing the factor 
setting from a low to high level. L/S ratio and pH had the largest effects on the DOC 
leaching. Severe carbonation had only a minor impact on the mobilization of DOC from 
the CFB-FA.  

A higher L/S ratio increased the leaching of DOC from the CFB-FA. This observation, 
together with a positive temperature effect, might be explained by the dissolution of low-
soluble organic compounds. Some organic compounds with low solubility in water are 
possibly mobilized when the L/S ratio and temperature are increased. The effect of L/S 
ratio on the leaching of DOC from the SGT-BA and CFB-FA contradicts each other. 
Bottom ashes and APC residues are complex materials with different properties and 
characteristics (Chandler et al., 1997), why an opposite effect of a factor is possible to 
occur. The reasons for the positive effect of pH and severe carbonation on DOC leaching 
from the CFB-FA might be the same as for SGT-BA. At alkaline pH, organic acids are 
soluble (Aiken et al., 1985; Stevenson, 1982) and Al-minerals and silicates might 
dissolve (Stumm and Morgan, 1996), thus mobilizing adsorbed organic compounds. 
Severe carbonation caused a decrease in pH, from pH 12 ± 0.3 to 6.7 ± 0.2 and possibly a 
degradation of minerals with adsorbed organic compounds (Bodénan et al., 2000; Stumm 
and Morgan, 1996; Xiantou and Ruizhen, 1994). 

Although the factors had an effect on the mobilization of DOC from the CFB-FA, the 
overall leaching was minor, 7.1±3.3 weight-% at a maximum. Within the cleaning 
process of the flue gas, activated carbon is added, thus increasing the amount of EC in the 
CFB-FA. Determination of TOC according to EN 13 137 does not differ between OC and 
EC. As a consequence, only a minor part of the TOC in the CFB-FA was mobilized as 
DOC, indicating a high content of EC. EC is non-reactive at temperatures in natural 
environments (Goldberg, 1985). Based on this fact, assuming no other factor than 
temperature to affect the leachability of EC, EC was estimated to comprise 
~96.0 ± 1.8 weight-% of TOC in the CFB-FA. A high content of EC in the APC residue 
agrees with Ferrari et al. (2002), who also observed EC as the major constituent of TOC 
in APC residues. The majority of TOC in the studied CFB-FA is expected to be non-
reactive.

The effect on metal mobility of a low content of water-soluble OC might be negligible 
compared to other factors, such as an external source of organic matter or pH (van der 
Sloot et al., 1997). However, metals and organic pollutants may be demobilized due to 
adsorption to carbon components with high adsorption capacity and low solubility 
(Koelmans et al., 2006; Wang and Wu, in press), such as EC.  



4.3 Comparison of SGT-BA and CFB-FA 

Severe carbonation, the interaction of severe carbonation×pH and the L/S ratio mainly 
controlled the leaching of DOC from the SGT-BA. For CFB-FA, the factors controlling 
the leaching of DOC were mainly L/S ratio and pH. The empirical model describing the 
leaching of DOC from the SGT-BA includes more factors and factor interactions 
compared to the empirical model of the DOC leaching from the CFB-FA. Moreover, the 
qualitative effects of factors and factor interactions on DOC leaching from SGT-BA and 
CFB-FA differed. Untreated SGT-BA and CFB-FA contain TOC equally, but the 
maximum leached DOC from the SGT-BA was ~15 times higher than the maximum 
leached DOC from the CFB-FA. Both residues may contain a substantial amount of EC, 
but that of CFB-FA is expected to be even higher than SGT-BA, since activated carbon is 
added within the cleaning process of the flue gas. It is therefore, concluded that the types 
of carbon constituents contributing to the TOC and DOC content in the respective 
residues are differs, with SGT-BA containing more leachable organic compounds than 
CFB-FA. The major type of carbon constituent in CFB-FA might be EC. Ferrari et al.
(2002) also concluded the differing compositions of TOC in bottom ash and APC 
residues. Differences were also concluded to be significant between bottom ashes from 
different incineration plants, whereas no such difference was observed for APC residues 
(Ferrari et al., 2002).  

Additional analyses are needed to determine the content of EC and OC in both residues, 
because the analytical method used for TOC determinations (EN 13 137) does not 
distinguish between EC and OC. Thermal analysis could be used in such an investigation 
(Cadle et al., 1983; Fan and Brown, 2001; Ferrari et al., 2002, Rubli et al., 2000) and 
might give additional information on the properties of the carbon content in incineration 
residues.

4.4. European standard method for determining TOC in wastes, sludges and sediments 
(EN 13137) 

Swedish and European regulations stipulate the determination of TOC according to the 
standard method EN 13137 for the acceptance of waste at landfills (European council, 
2003; Swedish EPA, 2004). The standard method was used in the present study, and 
drawbacks of using the analysis method on MSWI residues were observed. The definition 
of TOC stated in the European standard EN 13 137 as total organic carbon (CEN, 2001) 
is inadequate because not only are organic carbon compounds analyzed as TOC, but also 
EC. The character of EC is more inorganic than organic (Bjurström and Berg, 2003). 
Another drawback is that the analysis result TOC gives biased information. A material 
with high content of EC, such as MSWI residues (Ferrari et al., 2002), results in a high 
content of TOC even though the OC content is low. EC is expected to be non-reactive 
and has low solubility in water (Goldberg, 1985; Watson and Valberg, 2001). Hence, 
only OC can be regarded as the environmentally relevant carbon fraction concerning 
leaching of metals and POPs as well as biological degradation (van Zomeren & Comans, 
2003). OC present in incineration residues is reactive, e.g. it may degrade biologically to 



form CO2 and CH4 as well as act as a complexing agent for metals (Belevi et al., 1993; 
Bruder-Hubscher et al., 2002; Meima et al., 1999; Rendek et al., in press; Zhang et al.,
2004; van Zomeren and Comans, 2004). Furthermore, the content of OC may affect the 
long-term behaviour of a landfill as it evolves (Bozkurt et al., 2000; Farquar and Rovers, 
1973; Lagerkvist, 1992). Therefore, applying the European standard EN 13 137 for 
determinations of TOC in wastes, soils and sediments is inappropriate on MSWI residues. 
The standard definition of TOC stated in the standard needs to be revised to represent the 
analysis result appropriately. The standard analysis method needs to be modified to 
represent the OC fraction in the sample better. 

Further studies to separate OC and EC are recommended to achieve a better knowledge 
of the characteristics and possible effects the carbon content present in incineration 
residues may pose, i.e. in waste deposits, as secondary construction materials or in pre-
treatment applications. Thermal analysis gives the opportunity to separate OC and EC in 
a sample; thermogravimetry methods could be especially useful (Cadle et al., 1983; Fan 
and Brown, 2001; Ferrari et al., 2002; Rubli et al., 2000).  

5. Conclusions 

The leaching of DOC from municipal solid waste incineration (MSWI) bottom ash and 
air pollution control (APC) residue from the incineration of waste wood was studied. The 
bottom ash was generated at a stoker grate type incinerator (SGT-BA) and the APC 
residue was generated at circulating fluidized bed incinerator (CFB-FA).  

The main factors controlling the leaching of DOC from SGT-BA were severe carbonation 
(addition of CO2 until the pH is stable for 2.5 h), pH, L/S ratio and the interaction severe 
carbonation×pH. Focus should be placed on these factors to control the mobilization of 
organic carbon from MSWI bottom ashes. L/S ratio and pH mainly controlled the 
mobilization of DOC from the CFB-FA. Carbon content in the two MSWI residues was 
concluded different. The SGT-BA contains more water extractable organic compounds 
compared to the CFB-FA. <7.1 weight-% of TOC present in the CFB-FA was available 
for leaching in water solutions, whereas up to ~60 weight-% of the TOC from the SGT-
BA could be mobilized. A high content of elemental carbon may be the reason for the 
low leachability of TOC from the CFB-FA. SGT-BA is also expected to contain 
elemental carbon to some extent. EC was estimated to comprise for ~96 weight-% of 
TOC in the CFB-FA.  

Applying the European standard method for determination total organic carbon (TOC) in 
wastes, soils and sediments (EN 13 137) is not appropriate on MSWI residues, due to a 
high content of elemental carbon present in the residues and the different reactivity of 
elemental and organic carbon. Only the organic carbon fraction is of environmental 
relevance, not the elemental carbon fraction. The European standard method is 
recommended to be revised to better suit MSWI residues. 



Further studies on bottom ashes are needed to evaluate the impact of DOC on metal 
mobility caused by complexation concerning to landfill processes, reuse, and washing 
processes prior to landfilling. Investigations to distinguish the organic and elemental 
carbon content in incineration residues are recommended to better understand the 
behaviour and possible effect the carbon content derived from MSWI residue may pose 
in different processes. Additional treatment-oriented studies on bottom ashes are needed 
to further evaluate washing of the material. 
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Abstract

Co-landfilling of incineration ash and cellulose might facilitate the alkaline degradation 
of cellulose. A major degradation product is isosaccharinic acid (ISA), a complexing 
agent for metals. The impact of ISA on the mobility of Pb, Zn, Cr, Cu and Cd from a 
municipal solid waste incineration dry scrubber residue was studied at laboratory using 
a reduced 25-1 factorial design. Factors investigated were the amount of calcium 
isosaccharinate (Ca(ISA)2), L/S ratio, temperature, contact time and type of atmosphere 
(N2, Air, O2). The effects of pH and Ca(ISA)2 as well as other factors on the leaching of 
metals were quantified and modelled using multiple linear regression ( =0.05). Cd was 
excluded from the study since the concentrations were below the detection limit. The 
presence of Ca(ISA)2 resulted in a higher leaching of Cu indicating complex formation. 
Ca(ISA)2 alone had no effect on the leaching of Pb, Zn and Cr. A secondary effect on 
the mobilization was predicted to occur since Ca(ISA)2 had a positive effect on the pH 
and the leaching of Pb, Zn and Cr increased with increasing pH. The leaching of Pb 
varied from 24 up to 66 weight-% of the total Pb amount (1.74 ± 0.02 g (kg TS)-1) in 
the dry scrubber residue. The corresponding interval for Zn (7.29 ± 0.07 g (kg TS)-1)
and Cu (0.50 ± 0.02 g (kg TS)-1) were 0.5 to 14 weight-% of Zn and 0.8 to 70 weight-% 
of Cu. Maximum leaching of Cr (0.23 ± 0.03 g (kg TS)-1) was 4.0 weight-%. At 
conditions similar to a compacted and covered landfill (4°C, 7 days, 0 Vol.-% O2) the 
presence of ISA can increase the leaching of Cu from 2 to 46 weight-% if the amount of 
cellulose-based waste increases 20 times, from the ratio 1:100 to 1:5. As well, the
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leaching of Pb, Zn, and Cr can increase from 32 to 54 weight-% (Pb), 0.8 to 8.0 weight-
% (Zn), and 0.5 to 4.0 weight-% (Cr) depending on the amount of cellulose and L/S 
ratio and pH value. Therefore, a risk ( =0.05) exists that higher amounts of metals are 
leached from landfills where cellulose-containing waste and ash are co-disposed. This 
corresponds to an additional 29 t of Pb and 17 of t Cu leached annually from a 
compacted and covered landfill in the north of Sweden. 

Keywords: complexation, MSWI dry scrubber residue, isosaccharinic acid, ISA, metal 
mobility.

1. Introduction 

Approximately 1×106 t of ashes are generated annually in Sweden, of which 0.45×106 t 
come from municipal solid waste incineration (MSWI) and 0.2-0.3×106 t from energy 
generation [1]. Furthermore, residues in the hundreds of thousands of tons containing 
cellulose are generated in the paper industry each year [2]. A combination of dry 
scrubber residue and cellulose-rich waste is common at many landfills accepting ashes. 
The dry scrubber residue itself contains unburned material, though admixtures of 
cellulose can also exist in the landfill if, for example, unburned material is disposed of 
due to insufficient capacity at the incineration plant. An interaction can occur if 
leachate from the dry scrubber residue comes into contact with cellulose material below 
or downstream from the dry scrubber residue. 

The initial pH value in MSWI dry scrubber residue is usually 12 [3-5]. MSWI dry 
scrubber residue contains also metals, usually in high amounts [6].  

Under alkaline conditions, peeling reaction or alkaline hydrolysis may degrade 
cellulose. During peeling reaction, glucose units are gradually eliminated from the 
reducing end of the cellulose chain. Products from peeling reaction are water-soluble 
compounds with low molecule weight [7]. Alkaline hydrolysis is the cleavage of 
glycosidic bonds in a cellulose chain [7] and is important for the further degradation of 
cellulose since it results in new reducing end-groups where the peeling reaction can 
take place [8, 9]. 

Products from the peeling reaction are polyhydroxycarboxylic acids [10], mainly 
erythro and threo isomers of isosaccharinic acid (ISA) [9, 11]. ISA comprises 70-85 
weight-% of the total mass of compounds produced [7]. Results from modelling the 
long-term alkaline degradation of cellulose reveal rapid degradation during the first 
years. Of the total cellulose, 15-25 weight-% had degraded after three years [7], 
possibly due to the high amount of reducing end-groups. After approximately five 
years, alkaline hydrolysis is the rate-limiting step, and a much slower reaction than the 
peeling reaction. The degradation might be completed after 150-550 years [7].  

At moderate pH values (pH<9), cellulose might undergo a mainly biological 
degradation, i.e. it is converted to carbon dioxide and methane, while the peeling 
reaction might be negligible. If high pH values persist, the microbiological activity may 
be very slow and the degradation of the cellulose matter may be dominated by non-
biological reactions such as the peeling reaction. 



Polyhydroxycarboxylic acids are complexing agents [7, 10-12]. The complexation of 
metal ions by polyhydroxycarboxylic acids can involve the carboxyl group, the 
hydroxyl group or a combination between them [10, 12]. Groups of hydroxyl are more 
important than carboxyl at high pH values due to their greater abundance and the 
complex formed depends on the number of hydroxyl groups as well as their position in 
the chain [10]. Information regarding complexation between ISA and metal ions is 
limited, with most being found in the literature about radioactive waste disposal [11-
13]. Information on speciation mainly concerns the formation of complexes between 
ISA and certain radionuclides of the elements thorium, europium and plutonium. 

1.1 MSWI dry scrubber residue and cellulose-based waste 

The alkaline dry scrubber residue can initiate an alkaline degradation of the cellulose-
based waste when both come into contact with each other, and eventually lead to the 
formation of ISA. ISA might form complexes with metal ions in the leachate from the 
dry scrubber residue and enhance the mobilization of metals.  

1.2 Objectives 

The MSWI dry scrubber residue was from Ålidshemverket in Umeå, Sweden. Focus 
was placed on the mobility of Pb, Zn, Cd and Cr since Ecke [3] identified them as 
critical in this matrix. Also the change in mobility of Cu was investigated since it easily 
forms complexes with organic substances [e.g. 14-16]. The objectives of this 
investigation were to answer the following research questions: 

Is there a risk of increased leaching of Pb, Zn, Cd, Cr and Cu from MSWI dry 
scrubber residue co-disposed with cellulose-laden waste? 
Can ISA from alkaline degradation of cellulose be used to separate the critical 
metals Pb, Zn, Cd, Cr and Cu from MSWI dry scrubber residue? 

2. Material and methods 

2.1 Dry scrubber residue 

The dry scrubber residue was sampled at the MSWI plant Ålidshemverket located in 
Umeå, Sweden. Air pollution control occurs in several steps. Ammonia is added into 
the combustion chamber to reduce nitrous gases and sodium sulphide is added to 
remove mercury while calcium hydroxide neutralizes acidic compounds. Bag fabric 
filters separate particulate matter, i.e. the dry scrubber residue studied in this research. 

MSWI dry scrubber residue totalling 50 litres was sampled once at Ålidshemverket. 



2.2 Isosaccharinic acid 

A combination of two methods was used to synthesise calcium isosaccharinate, 
Ca(ISA)2 [13, 17]. 

Lactose monohydrate weighing 100 g and 27.2 g of calcium hydroxide were dissolved 
in 1 litre of nitrogen-flushed water, while being gently heated in a water bath for a few 
minutes. After being stored at room temperature for three days in a sealed vessel, the 
mixture was boiled for six hours. During boiling, small amounts of water were added to 
keep the volume constant. The warm solution was filtered (0.45µm) and the filtrate was 
boiled again until the volume was reduced to ~180 ml. The solution was then allowed 
to cool slowly to room temperature. White crystals were precipitated. The solution was 
stored at 4°C for 8 hours and then filtered (0.45 µm) to separate the precipitates. The 
solid phase was rinsed with cold water, ethanol and acetone before it was dried 
overnight in an oven (75°C). This procedure generated ~12 g of Ca(ISA)2.

2.3 Experimental design 

The experiments were performed according to a 25-1 reduced factorial experiment with 
center points [18]. The factorial design resulted in a total of 38 runs. The five controlled 
factors were the amount of Ca(ISA)2, liquid-to-solid ratio (L/S), temperature (temp.), 
contact time (time) and atmosphere (atm.) (Table 1). The levels of the factors were 
choosen to include a wide but still reasonable span of values. 

Table 1 Factor levels of the two-level factorial design including centre points used 
to investigate the amount of leached critical metals and DOC as well as 
the pH as a function of Ca(ISA)2, L/S, temperature, time and atmosphere. 

Factor Unit Levels 

  Low Center High 

Ca(ISA)2 g (kg TS)-1 2 20 40 

L/S - 5 20 50 

Temp. °C 4 20 80 

Time days 0.2 3 7 

Atm. Vol-% O2 0 21 100

Ca(ISA)2, 100 ml of distilled water and dry scrubber residue were added to glass flasks 
of 200 and 250 ml in volume. Ca(ISA)2 was dissolved in the water before the dry 
scrubber residue was added. Aerobic conditions (atmosphere of 100 Vol-% O2) were 
obtained by continually adding O2 throughout the experiment; flushing the flasks with 
N2 before any additions yielded anaerobic conditions (atmosphere of N2, i.e. 0 Vol-% 
O2 ). The flasks were sealed and placed in either a water bath (80°C) or in a cold-
storage room (4°C). Flasks representing the centre points were kept open (atmosphere 
of air, i.e. 21 Vol-% O2) at room temperature (20°C). The flasks were continuously 
shaken during the experiments. The suspensions were filtered (0.45 µm) and the pH, 



metal concentrations and dissolved organic carbon (DOC) were determined in the 
leachate.

All plastics and glassware were acid washed before use. 

2.4 Analyses 

The total solids (TS) content of the fresh dry scrubber residue was determined 
according to Swedish standard [19] (n=7).  

The total concentrations of Cd, Pb, Zn, Cr and Cu in the fresh dry scrubber residue 
were analyzed at Analytica, Luleå (Sweden) using ICP-AES (n=3). Before analysis, the 
samples were decomposed through a mixture of nitric acid, hydrochloric acid and 
hydrofluoric acid in a microwave oven. 

Total organic carbon (TOC) in the dry scrubber residue (n=3) and in the Ca(ISA)2
(n=5) were analyzed using a TOC-SSM-500A (Shimadzu Corporation, Kyoto, Japan).  

The pH (n=38) in the leachate was measured using a pHC2011-8 electrode (Radiometer 
analytical S.A., Villeurbanne, Cedex, France). The metal concentrations in the leachate 
were analyzed using ICP-SMS and ICP-AES technique by Analytica, Luleå (Sweden). 
DOC was analyzed at CENOX (Sweden) according to Swedish standard [20]. 

2.5 Statistics 

Mean values with standard deviations were calculated for the water content, the total 
concentrations of metals and TOC in the fresh dry scrubber residue, TOC in Ca(ISA)2,
and the pH in the leachate.

The composition of the leachate (pH, Pb, Zn, Cr, Cu and DOC) was modelled using 
multiple linear regression ( =0.05) [21]. The pH value in the leachate was modelled 
against the controlled factors (Table 1), while the metal concentrations as well as DOC 
in the liquid phase were modelled against both the pH and the controlled factors. First, 
the impact of pH on the metal mobility was determined. Second, the residuals from the 
pH modelling were used to quantify the influence of the controlled factors on the 
mobilization of metals and DOC.  

The empirical models were used to predict the leaching at different factor settings. At 
each factor setting of interest, the leaching of the investigated metals and DOC as well 
as the pH caused by the studied factors were predicted. The predicted pH values were 
then used in the models describing the leachability of the metals and DOC caused by 
the pH. The predicted values from the two modelling steps were added and resulted in 
the totally leached Pb, Zn, Cr, Cu and DOC respectively. 



3. Results 

3.1 Fresh dry scrubber residue and Ca(ISA)2

The water content in the fresh dry scrubber residue was determined to 13.7 ± 0.5 g kg-

1(n=7). The total content of Pb was determined to 1.74 ± 0.02 g (kg TS)-1, Zn 
7.29 ± 0.07 g (kg TS)-1, Cr 0.23 ± 0.03 g (kg TS)-1 and Cu 0.50 ± 0.02 g (kg TS)-1

(n=3).

TOC in the dry scrubber residue was 8.7 ± 1.0 g (kg TS)-1 (n=3) while it was 
333 ± 4 g (kg TS)-1 (n=3) in the synthesised Ca(ISA)2.

3.2 Leachate 

Cd was eliminated from the evaluation, since all the concentration values were reported 
under the detection limit (<4.2 µg l-1). Two values for the Cr concentration were 
reported under the detection limit as well (<9 µg l-1). For the subsequent calculations, 
the values of the detection limit were used to represent the two unknown concentration 
values of Cr.

The pH in the leachates from the experimental runs was determined to 12.3 ± 0.2 
(n=38).

The leaching of Pb and Zn in the experimental runs were significantly ( =0.01) higher 
at pH values above 12.5 than pH values below 12.5. At pH values above 12.5, the 
leaching of Pb was 846 ± 129 mg (kg TS)-1 and the leaching of Zn was 
332 ± 189 mg (kg TS)-1 (n=10), compared to 430 ± 261 mg (kg TS)-1 leached Pb and 
93.6 ± 106 mg (kg TS)-1 (n=27) leached Zn at pH values below 12.5. For Cr, the 
leaching was significantly ( =0.01) higher at pH values above 12.2 (2.9 ± 2.0 mg (kg 
TS)-1) (n=28) than at pH values below 12.2 (0.61 ± 0.46 mg (kg TS)-1) (n=9). 



3.3 Empirical models 

The following empirical models were developed: (1) the effect of pH on the mobility of 
Pb, Zn, Cr, Cu and DOC in the leachate (Table 2), (2) the effect of the controlled 
factors on the variation of pH in the leachate (Table 3), (3) the effect of the controlled 
factors on the mobility of Pb, Zn, Cr, Cu and DOC in the leachate (based on the 
residuals from the modelling against the pH) (Table 3). The regression coefficient is 
representing the effect of each significant ( =0.05) factor. The empirical models are 
valid within the investigated factor intervals (Table 1) and pH varying between 
11.9 ± 0.1 up to 12.7 ± 0.1. 

Table 2 Empirical models for the concentration of critical metals (mg (kg TS)-1)
and DOC (g (kg TS)-1) in the leachate from the treated dry scrubber 
residue ( =0.05) against the uncontrolled factor pH. 

Term Response     

 [Pb] [Zn]a [Cr]a [Cu]a [DOC]a

Constant -1.1×104 -2.2×101 -2.2×101 -3.2×101 -1.8×101

pH +9.0×102 +1.9×100 +1.8×100 +2.7×100 +1.5×100

R2 0.36 0.47 0.51 0.38 0.24 
a Log10-transformed 

The degree of explanation (R2) for the modelling of the leaching of Pb, Zn, Cr, Cu and 
DOC against the pH varied from 0.24 (DOC) up to 0.51 (Cr) (Table 2).

The controlled factors explained the residuals of Pb, Zn and Cr fairly well, R2 values 
varied from 0.51 (Cr) up to 0.67 (Pb). The models of the residuals of Cu and DOC had 
both high R2 value (0.83 for Cu and 0.95 for DOC) (Table 3).

The modelling against the controlled factors accounted for 43 % (Pb), 28 % (Zn), 25 % 
(Cr), 51 % (Cu) and 72 % (DOC) of the explanation of the total variation in leaching of 
the investigated metals and DOC. Combining the two modelling steps 79 % of Pb, 
75 % of Zn, 76 % of Cr, 89 % of Cu and 96 % of DOC variations could be explained.

In both modelling steps, the data of Zn, Cr, Cu and DOC were log10-transformed, 
achieving a normal distribution of the data set. 

If a factor occurs in an interaction, its main effect has to remain in the model regardless 
if the factor is significant or not. This is the reason to include the main effect of the 
factor atmosphere in the model of the residual Zn. The factor alone had no effect 
( =0.05) on the residual Zn, but the factor atmosphere occurred in an interaction 
(L/S×atm) and thus, its main effect needs to remain in the model. Likewise, the factors 
Ca(ISA)2, temperature and contact time (in the model of residual Pb), temperature and 
atmosphere (in the model of residual Cr), contact time (in the model of residual DOC) 
as well as atmosphere (in the model of pH) were included in each respective model 
even though they had no effect ( =0.05).



Table 3 Empirical models for the concentration of critical metals (mg (kg TS)-1)
and DOC (g (kg TS)-1) as well as pH in the leachate from the treated dry 
scrubber residue ( =0.05) against the controlled factors. The models of 
Pb, Zn, Cr, Cu and DOC are based on the residuals from the modelling 
against the pH. 

Term Response      

 [Pb] [Zn]a [Cr] a [Cu] a [DOC] a pH

Constant +2.0×102 +1.5×100 -1.3×100 +8.1×10-1 +1.5×10-1 +12.09 

Ca(ISA)2 +1.5×100 b 0 0 +3.8×10-2 +1.7×10-2 +4.4×10-3

L/S 0 +1.9×10-2 +1.8×10-2 +9.2×10-3 +8.7×10-3 +8.4×10-3

Temp +1.6×100 b -1.5×10-4 +3.9×10-3 b -5.2×10-3 -9.9×10-3 -4.5×10-4

Time -3.0×100 b -7.7×10-2 +8.0×10-2 -6.2×10-2 -1.4×10-2 b -3.0×10-3

Atm -7.4×10-1 +7.0×10-3 b +8.2×10-3 b 0 -1.6×10-3 +7.0×10-4 b

Ca(ISA)2×L/S 0 0 0 -4.2×10-4 -1.8×10-4 0 

Ca(ISA)2×Temp -5.1×10-2 0 0 -3.0×10-4 0 -5.8×10-5

Ca(ISA)2×Time -5.7×10-1 0 0 0 +1.8×10-3 0 

Ca(ISA)2×Atm +3.2×10-2  0 0 0 -7.8×10-5 0 

L/S×Temp 0 0 0 +2.0×10-4 +1.7×10-4 0 

L/S×Time 0 0 0 0 -1.8×10-3 0 

L/S×Atm 0 -2.2×10-4 0 0 +6.8×10-5 -2.7×10-5

Temp×Time +2.4×10-1 0 0 0 +6.1×10-4 -2.9×10-4

Temp×Atm -1.9×10-2 -9.1×10-5 -1.6×10-4 0 0 0 

R2 0.67 0.53 0.51 0.83 0.95 0.89 

a Log10-transformed, b No significant ( =0.05) effect 



3.4 Factor effects 

The mobilization of the metals and DOC were positively affected by the pH (i.e. higher 
pH resulted in a higher mobilization of metals and DOC), according to each empirical 
model.

Atmosphere was the only factor that alone significantly affected the mobility of Pb, all 
other controlled factors affecting the mobilization occurred in interactions. The 
interactions of Ca(ISA)2×temperature and Ca(ISA)2×time as well as 
temperature×atmosphere had a negative effect on the leaching of Pb, while the 
interactions temperature×time and Ca(ISA)2×atmosphere affected the leaching of Pb 
positively. The leaching of Zn was affected by the negative impact of contact time, 
temperature and the interactions L/S×atmosphere and temperature×atmosphere. The 
factor L/S ratio was the only controlled factor with a positive effect on the mobilization 
of Zn. The factors L/S ratio and contact time showed a positive effect on the mobility of 
Cr. The interaction temperature×atmosphere affected the mobility of Cr negatively. In 
the case of Cu it were the factors Ca(ISA)2, L/S ratio and the interaction 
L/S×temperature that had a positive effect on the leaching, while temperature, contact 
time, Ca(ISA)2×temperature and Ca(ISA)2×L/S affected the mobility negatively. 

No factor or interaction was superior in the models describing the residual Pb and Zn. 
The L/S ratio had the largest effect on mobilization of Cr according to the model of 
residual Cr. Still, the effects of the controlled factors on the leaching of Pb, Zn and Cr 
were inferior to the effect of pH. The factor Ca(ISA)2 had the largest effect on the 
leaching of Cu, and the effect of the studied factors was superior to the effect of the pH.

Ca(ISA)2 had the largest effect on the DOC in the leachate, the pH had only a minor 
impact, but still significant ( =0.05), on the mobilization of DOC.  

The factors L/S ratio and temperature had the largest effect on the pH in the leachate. 
The factor atmosphere did not have a significant effect on the pH.

3.5 Predicted leaching 

The empirical models were used to predict the leaching of Pb, Zn, Cr, Cu and DOC at 
different factor settings. 

The maximum predicted leaching were 1140 ± 190 mg (kg TS)-1 (66 weight-%) of Pb, 
990 ± 470 mg (kg TS)-1 (14 weight-%) of Zn, 9.6 ± 4.8 mg (kg TS)-1 (4 weight-%) of 
Cr, 350 ± 210 mg (kg TS)-1 (70 weight-%) of Cu and 20 ± 9.0 g (kg TS)-1 of DOC. All 
the maximum predicted values of the investigated metals and DOC occurred at 
40 g Ca(ISA)2, L/S ratio 50, 4°C, 0.2 days of contact time and an atmosphere of 0 Vol-
% of O2. This factor setting also predicted the highest pH value, 12.7 ± 0.1. The lowest 
predicted leaching of Pb, Zn and Cr occured at the factor settings of 40 g Ca(ISA)2, L/S 
ratio 5, 80ºC, 0.2 days and an atmosphere of 100 Vol-% of O2. At this factor setting, the 
predicted pH was 12.0 ± 0.1 and 410 ± 240 mg (kg TS)-1 (24 weight-%) of Pb, 
36 ± 17 mg (kg TS)-1 (0.5 weight-%) of Zn as well as 0.72 ± 0.33 g (kg TS)-1

(0.3 weight-%) of Cr were predicted to be leached from the dry scrubber residue. The 
lowest predicted values of the leaching of Cu and DOC were 3.9 ± 2.1 mg (kg TS)-1



(0.8 weight-%) of Cu and 1.4 ± 0.60 g (kg TS)-1 of DOC, these occured at 2 g 
Ca(ISA)2, L/S ratio 5, 80ºC, 0.2 days and an atmosphere of 100 Vol-% of O2. At this 
factor setting, the pH was predicted to its lowest value, 11.9 ± 0.1.  

Predicted concentrations of the leaching of the investigated metals at conditions that 
can be related to a compacted and covered landfill in northern Sweden (4°C, 7 days, 
0 Vol.-% O2) varied from 560 ± 140 mg (kg TS)-1 up to 940 ± 190 mg (kg TS)-1 (Pb), 
60 ± 20 mg (kg TS)-1 to 620 ± 290 mg (kg TS)-1 (Zn), 1.1 ± 0.41 mg (kg TS)-1

to10 ± 4.5 mg (kg TS)-1 (Cr) and 9.2 ± 4.1 mg (kg TS)-1 to 230 ± 160 mg (kg TS)-1

(Cu), depending on the amount Ca(ISA)2 and L/S ratio. The pH was predicted to vary 
between 12.1 ± 0.1 and 12.7 ± 0.1, while the predicted DOC varied from 
2.6 ± 0.81 g (kg TS)-1 to 18 ± 6.0 g (kg TS)-1.

4. Discussion 

The leaching of Pb, Zn and Cr was significantly higher at higher pH values in the 
leachates from the experimental runs. This led to the procedure to first develop 
empirical models of the leaching of the metals and DOC against the uncontrolled factor 
pH and to second use the residuals in another modelling step against the controlled 
factors. The residuals from an empirical model are the un-modelled part, the mismatch 
between the observed and modelled values. Using the residuals from the models of 
metal mobility and DOC against pH, i.e. the variations that could not be explained by 
the pH alone, in a second modelling step gave the opportunity to distinguish the effect 
on metal and DOC mobilization caused by the pH and the effect caused by the factors.

About 50 % of the mobility of Zn and Cr could be explained by the pH alone. For Pb 
and Cu, the degree of explanation was lower, but still almost 40 % of the variations in 
mobility were explained by the pH alone. For the leaching of DOC, the pH explained 
about 25 %. All the investigated metals as well as the DOC were positively affected by 
the pH, meaning that a higher pH value would lead to a higher mobilisation of the 
metals and DOC. The controlled factors explained only about 25 % of the leaching of 
Zn and Cr which is less than the explanation of the pH. The pH and the controlled 
factors explained the leaching of Pb almost to the same extent, while the major part of 
the leaching of Cu and DOC were explained by the significant ( =0.05) controlled 
factors. The pH is thus more important for the leaching of Zn and Cr than it is for the 
leaching of Cu. Although the leaching of Zn and Cr was mostly affected by the pH, the 
controlled factors contact time, L/S ratio, temperature and atmosphere had a significant 
( =0.05) effect on the mobility of them. 

The factor atmosphere is included in the model of Pb as a main effect and in the models 
of Zn and Cr as an interaction with temperature. The impact of atmosphere was 
negative, meaning that reducing conditions may favour the leaching of these metals. 
Sulfur compound can form sulfides under anaerobic conditions. Metals may be bound 
as metal sulfides and thus be demobilized [22, 23]. The results presented in this study 
seem to contradict that statement since anaerobic conditions favoured the leaching of 
Pb, Zn and Cr. However, mechanisms controlling element mobility are not investigated. 
It is e.g. unknown if the sulfur content of the ash was sufficient to enable a sufficient 
sulfide formation or if maybe other remineralization processes mobilizing critical 
elements were dominating. In addition, the kinetics of the chemically and/or 



microbiologically catalyzed reactions are unknown for the investigated environment. 
Nevertheless, in a long-term perspective, the formation and degradation of metal 
sulfides can have an important role in the mobilization and demobilization of metals 
from landfills [23-25]. Leached Cr from air pollution control (APC) residues at 
reducing and alkaline conditions is mainly trivalent [26, 27]. These conditions also 
favoured the leaching of Cr in this presented study, which might also reduce the 
toxicity of the leachate since Cr(III) is less toxic than Cr(VI). 

The leaching of Cu and DOC followed the same pattern with respect to significant 
factors and their effect in the models of Cu and DOC. Ca(ISA)2 was the factor with the 
highest effect on the mobilization of both Cu and DOC. This is explained by the ability 
of Cu to form complexes with organic substances [e.g. 14-16]. In accordance with van 
der Sloot et al. [16], the importance of DOC-Cu complexes on the leaching of Cu was 
higher at L/S ratio 5 than at L/S ratio 50. The interaction between Ca(ISA)2 and L/S 
ratio had a negative effect on the leaching of Cu. The DOC-Cu fraction is about 2 
orders of magnitude higher than the free Cu concentration at pH values above 12 [16], 
which imply that all of the Cu in the leachate existed as complexes with ISA. 

The leaching of both Pb and Zn were higher ( =0.01) at pH values above 12.5 
compared to pH values between 11.9 and 12.5. Pb and Zn are known to form soluble 
hydroxides in alkaline solutions and thus have a high mobility at high pH values [16]. 
In a study of Christensen & Christensen [28], the pH dependence of complexation 
between DOC and Cd, Ni and Zn up to a pH value of 8 was investigated. The 
complexation between DOC and the metals was found to increase with increasing pH. 
The addition of Ca(ISA)2 had a positive effect on the pH in the leachate and a higher 
pH value led to a higher mobilization of Pb, Zn and Cr. The need of investigations on 
the impact of complex formation, caused by organic compounds, on metals with high 
leachability at alkaline conditions, i. e. above 12, is pointed out as future research areas 
in order to achieve more knowledge about their leaching properties. For such an 
investigation, pHstat leaching [29] may be useful.

A longer contact time and higher leaching temperature resulted in a lower mobilization 
of Zn and Cu. These negative impacts can be explained as a formation of stable 
secondary phases trapping metals. Water causes the hydration of the dry scrubber 
residue as well as the possible formation of calcium aluminosilicate hydrates [3]. This 
phase has the potential to retain metals both by bonding and adsorption [3, 30]. 

The concentration of DOC in the leachate depended mostly on the addition of 
Ca(ISA)2, considered reasonable since the addition of an organic salt should increase 
the concentration of DOC in the leachate. The solubility of the salt Ca(ISA)2 is 1.19 g 
in 100 g hot water [17]. Between 4 and 800 mg of the salt and 2 and 20 g of the dry 
scrubber residue were added to 100 ml of water (room temperature) and all of the salt 
should have entered into solution. According to Ferrari et al. [31], the dominant carbon 
species in fly ash is elementary carbon, while the majority of organic carbon is not 
extractable with water. Also, the TOC in the dry scrubber residue was ~40 times lower 
compared to that in Ca(ISA)2  (8.7 ± 1.0 compared to 334 ± 4 g (kg TS)-1). The leaching 
of DOC from the dry scrubber residue itself is therefore negligible compared to the 
addition from Ca(ISA)2.



The maximum and minimum values of the predicted leaching of Pb, Zn and Cr 
occurred at the same factor settings. The maximum predicted leached Pb, Zn and Cr 
coincided with the maximum predicted pH value, which stressed out the importance of 
pH on the leachability of these metals. When the predicted pH was at its lower values, 
~12.0, the leaching of Pb, Zn and Cr caused by the factors become more important for 
the total leached amount of the metals. The predicted leaching of Cr and Zn was overall 
minor, up to a maximum of 4 weight-% of Cr and 14 weight-% of Zn in the dry 
scrubber residue was predicted to be leached. The leaching of Pb was predicted to be 
fairly high, varying between 24 weight-% to 66 weight-% of the total amount of Pb in 
the dry scrubber residue. The predicted leaching of Cu was mainly determined by the 
addition of Ca(ISA)2 and pH affected the leaching of Cu only to a minor extent. For Cu, 
the predicted leaching varied from 0.8 weight-% up to almost 70 weight-% of the total 
amount of Cu in the dry scrubber residue.  

Evidence of the ability of ISA to form complexes is given elsewere [11-13] as well as 
the potential of complex formation between DOC and metals [e.g. 14, 15, 32-34]. 
According to the empirical models in this study, the higher the concentration of 
Ca(ISA)2 the more pronounced the leaching of Cu. Maximum leaching of Pb, Zn and 
Cr also occurred with the largest addition of Ca(ISA)2, this as a secondary effect caused 
by the increase in pH.

The complexation between metals and ISA as well as metals and DOC could also be 
affected by competition between the different metals and other elements present in the 
leachate. Ca2+ is one possible competitor for the critical metals at alkaline conditions 
[11, 12, 35]. Ca is an abundant element in the dry scrubber residue from 
Ålidshemverket [36]. 

3.1 Risks and opportunities in co-disposal of cellulose based wastes and MWSI dry 
scrubber residue

Pavasars [7] found that 15-25 weight-% of the cellulose is degraded under alkaline 
conditions (pH 13.4) during the first 3 years of treatment at room temperature and an 
L/S ratio of 200. ISA constitutes 85 weight-% of the products. Alkaline degradation of 
1 kg of cellulose results in ~200 g ISA. An addition of 40 g of Ca(ISA)2 (kg TS)-1 (high 
level) is represented by a co-disposal of cellulose-based waste and MSWI dry scrubber 
residue in a relationship of 1:5, whereas 2 g Ca(ISA)2 (kg TS)-1 (low level) is 
represented by a relationship of 1:100. 

A biological degradation of the cellulose and ISA is also possible. The dry scrubber 
residue can then undergo carbonation when CO2 is formed. Carbonation affects the 
metal mobility, where metals are initially demobilized by the formation of metal 
carbonates [3]. If CO2 is excessively added, a degradation of the metal carbonates is 
possible, thereby leading to an increase in metal mobility [3]. However, at high pH, 
microbiological activity can be inhibited and the effect due to carbonation is negligible.

As landfills evolve, different biological and chemical environments are established [23-
25]. During the anaerobic phase, sulfur compound can form sulfides and bind metals as 
metal sulfides, causing metal demobilization. The metal sulfides may oxidize when 



oxygen is intruding the deposits in the subsequent phase. Metal sulfide oxidation bears 
the risk of metal mobilization and metal leaching [22, 23].  

At conditions similar to a compacted and covered landfill in northern Sweden with 
waste containing cellulose and MSWI dry scrubber residue (4°C, 7 days, 0 Vol.-% O2), 
32-54 weight-% of the total amount of Pb and 2-46 weight-% of the total amount of Cu 
as well as 2.6-18 g (kg TS)-1 of DOC are mobilized depending on the pH as well as the 
availability of ISA and the L/S ratio. Zn and Cr risk to be leached to a minor extent (0.8 
to 8.0 weight-% of Zn and 0.5 to 4.0 weight-% of Cr) but since the amount of Zn in the 
MSWI dry scrubber residue is high (7.29 ± 0.07 mg (kg TS)-1) the total amount of 
leached Zn may be high. About 75×103 t of air pollution control residue is generated 
annually in Sweden [1]. If this amount is co-disposed with cellulose-based waste, an 
additionally of 17 t Cu, 29 t Pb, 39 t Zn and 0.6 t Cr can be leached annually. This 
assumes that the relationship between the cellulose-based waste and the dry scrubber 
residue increases 20 times from 1:100 to 1:5, an increasing L/S ratio from 5 to 50 as 
well as an increase in pH from 12.1 to 12.7. The change in pH is depending on the 
changes in the relationship between the cellulose-based waste and the MSWI dry 
scrubber residue as well as changes in the L/S ratio.

With metal mobility in mind, two aspects are of interest when cellulose-based waste 
and MSWI dry scrubber residue are co-disposed:

1. Metal demobilization: Biological degradation of the cellulose and ISA causes the 
formation of CO2, leading to the demobilization of the metals [3]. The metal mobility 
can also decrease due to potential bonding and adsorption on calcium aluminosilicate 
hydrates [3, 30] as well as the formation of metal sulfides [23-25].

2. Metal mobilization: The alkaline leachate from the MSWI dry scrubber residue can 
cause an alkaline degradation of the cellulose and thus the formation of ISA, which 
may in turn form complexes with metals from the dry scrubber residue and increase the 
metal mobility. Further, biological degradation of cellulose and ISA could lead to such 
a large addition of CO2 that metal carbonates degrade and metals are therefore 
mobilized [3]. In a long-term perspective, metal sulfides may be oxidized and result in a 
release of metals [22, 23]. 

The second scenario can be regarded as a risk in an existing co-disposal site. However, 
the knowledge can also be exploited to develop a pre-treatment technique for dry 
scrubber residue, e.g. with a combination of alkaline degradation of cellulose followed 
by a biological degradation. Prior to disposal, metals are separated from the ash matrix 
due to the complexation to ISA. In a subsequent step, carbon dioxide from biological 
degradation is used to stabilize the remaining content of metals in the ash matrix 
through carbonation.



5. Conclusions 

Co-disposal of municipal solid waste incineration (MSWI) dry scrubber residue with 
cellulose-laden waste bears the risk of an increased leaching of critical metals, in 
particular Cu, Pb and Zn. The leaching of contaminants in MSWI dry scrubber residue 
can be promoted by isosaccharinic acid (ISA), i.e. a product from the alkaline 
degradation of cellulose. 

In laboratory experiments, calcium isosaccharinate (Ca(ISA)2) had a positive effect on 
the leaching of Cu from MSWI dry scrubber residue ( =0.05). Ca(ISA)2 only had a 
minor effect on the leaching of Pb and it did not affect the leaching of Zn and Cr at all 
( =0.05). However, Ca(ISA)2 affected the pH value in the leachate positively and the 
leaching of Pb, Zn and Cr were increased with increasing pH.  

Cd was eliminated from the evaluation since all the values of the concentration were 
reported under the detection limit. 

Complexation with ISA caused the increased leaching of Cu, while the alkaline pH 
caused the increased leaching of Pb and Zn due to the formation of soluble hydroxides 
at high pH values.

In a landfill where cellulose-based waste and MSWI dry scrubber residue are co-
disposed, the alkaline degradation of cellulose may mobilize metals from the dry 
scrubber residue. For a compacted and covered landfill in northern Sweden, the 
leaching of Pb was estimated to increase from 32 to 54 weight-%, 0.8 to 8.0 weight-% 
for Zn, 0.5 to 4.0 weight-% for Cr and 2.0 to 46 weight-% for Cu when the relationship 
between cellulose-based waste and dry scrubber residue increased from 1:100 to 1:5 as 
well as an increased L/S ratio from 5 to 50. These changes also initiated an increased 
pH in the leachate from 12.1 to 12.7. This corresponds to an additional 29 t of Pb, 39 t 
of Zn and 17 t Cu leached annually in Sweden.  

The ability of ISA to form complexes can be used to develop techniques to separate 
metals from MSWI dry scrubber residue, either as a pre-treatment or in-situ. 

Further detailed studies on the mechanisms of complexation between DOC and metals 
from MSWI APC residues, at controlled and alkaline pH values are recommended. The 
laboratory results call for field investigations of the presence and impact of ISA in 
landfill leachates. This requires to first developing reliable methods to analyze ISA in 
complex matrixes such as landfill leachates. 
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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. 

Keywords: bottom ash, MSW, carbonation, leaching, metals





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). 



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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Figure 1 Experimental set-up to investigate the effect of severe carbonation on the release of 
components 30. Treatment factors (Table 2) were combined according to the reduced 26-1 factorial 
design with six centre points. 

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 * minutes 0 10 40 
Temperature °C 20 40 60 
* energy output of equipment was 100W, frequency of waves 42 kHz 



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 8. 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 9. 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) 10 was performed 
on the data from the availability testing. 

The Dutch diffusion test NEN 7345 11 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. 



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 12 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 .



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 

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). 
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Figure 2 Effect of moderate carbonation and solidification on the availability 9 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 
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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. 

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 11, 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. 

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 19.

 Solidified, as sampled Increase m
Average SD Component 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 



Table 5 Effect of moderate carbonation on negative logarithm of the mean effective diffusion 
coefficients (pDe) 11 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 

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. 

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. 

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 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. 
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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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 13,14. Since Pb and Zn could be demobilised by substitution in these neoformed 
minerals 13 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 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 11. Second, to assess the 
potentially leachable amount, milled material was tested using an availability test 9. 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 15, 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. 16 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 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 Guerrero17 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. 18 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 19.

Moderate carbonation was anticipated to considerably lower the mobility of carbonate formers 
such as Pb 20,21, a hypothesis that was disproved in the diffusion tests. pH changes in bottom ash 
were shown 19 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 21,22 might have a 
demobilizing effect. However, these processes are usually time consuming and much less 
controllable than carbonation. 

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 23. 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 24-27. 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 28,29. 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. 

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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