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SUMMARY 

About 66% of all heat energy generated in Sweden originates from the incineration of municipal 

solid waste and biofuels such as wood, cardboard and peat. In addition to heat energy, 

incinerators generate about 1.7 Mt of ashes each year, of which 500 000 t are air pollution 

control (APC) residues. APC residues from municipal solid waste incineration are usually 

landfilled whereas those from biofuel incinerators are used in roads, as soil fertilizers, and as 

amendments for stabilizing APC residues classified as hazardous waste. The physico-chemical 

properties of compacted APC residues are such that they could be viable alternatives to clay in 

landfill cover liners, and could also replace cement in cases where a solidified structure is 

desired. However, APC residues are classified as waste and their use may rise concern due to 

the release of harmful substances into the environment.  

This thesis examines the environmental impact of APC residues when used together with other 

waste materials (e.g. sewage sludge, bottom ash, compost) in a landfill cover. In addition, the 

suitability of APC residues as amendments for stabilizing contaminated soil and their effect on 

the stability of treated soil under landfill conditions was investigated.  

The environmental impacts of alternative landfill cover were evaluated by field and laboratory 

tests that examined two water streams: the landfill cover’s drainage water and its leachate. The 

drainage water that seeps above the landfill cover liner and is drained away from a landfill cover 

was contaminated with Cl-, N, TOC and the trace elements As, Cu, Mo, Ni, Se, Pb and Zn. This 

water stream will need treatment for at least three to four decades. The amounts of landfill cover 

leachate that percolated through the liner in the field test ranged from 3 to 30 l (m2 y)-1, which 

was below the legal limit on the leachate flow in non-hazardous waste landfills (<50 l (m2 y)-

1). Due to its quality and the small amount produced, the landfill cover leachate is expected to 

have low impact on the quality of the leachate from an entire landfill. 

Screening tests using three different APC residues and soils with low and moderate 

concentrations of organic matter demonstrated that treatment of contaminated soils with APC 

residues reduced the release of both As from the soil and Pb from the APC residues. Arsenic 

was immobilized due to the precipitation of Ca-As minerals, the substitution of SO4
2- by AsO4

3- 

in ettringite, and adsorption by portlandite and calcite. The treatment also caused some 

mobilization of Cr, Cu, Zn and dissolved organic carbon, but concentrations of these species 

were quite low compared to the leaching limit values for disposal in hazardous waste landfills. 

Unconfined compressive strength measurements showed that mixing 30% of APC residues with 

70% sandy soils yielded a blend with acceptable geotechnical stability for landfilling whereas 

organic soils needed more than 50% of APC residues to achieve the same solidification.  

The gradual decline in the pH of leachates from strongly alkaline to neutral was identified as 

the main factor that may affect the release of contaminants from the landfill cover and treated 

soil. However, the acid neutralization capacity of the studied APC residues was high, indicating 

that the trace elements in the landfill cover liner and treated soil can be expected to remain 

stable over the long term. Geochemical modelling indicated that clay minerals may precipitate 

within the APC residues over time, which could enhance the long term stability of immobilized 

elements while reducing the hydraulic conductivity of the liner and stabilized waste. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 

APC residues Air Pollution Control residues 

BA  Bottom ash 

BAPC Air Pollution Control residues originating from biofuel 

incineration  

BAPCLT LT soil treated with Air Pollution Control residue originating from 

biofuel incineration  

CAPC Air Pollution Control residues originating from coal incineration  

COD Chemical Oxygen Demand 

CSH Calcium Silicate Hydrate  

DOC Dissolved Organic Carbon 

DOM Dissolved Organic Matter 

FA   Fly ash 

FBI Sand from Fluid Bed Incineration 

IF Immobilization Factor 

LO Soil abundant in organic matter 

LOI Loss On Ignition 

L/S Liquid to Solid ratio 

LT Soil classified as sandy till 

MSW  Municipal Solid Waste  

MSWAPC Air Pollution Control residues originating from Municipal Solid 

Waste incineration 

MSWAPCLT LT soil treated with Air Pollution Control residues originating 

from Municipal Solid Waste incineration 

PCA Principal Component Analysis 

RDF  Refuse derived fuel 

S/S  Stabilization/Solidification 

TOC  Total Organic Carbon 

TS  Total Solids 

UCS  Unconfined Compressive Strength 

XRD  X-ray diffraction 
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1 Introduction and Background 

The energy consumption of Sweden’s district heating sector has increased about four-fold over 

the last four decades, from 14.6 TWh in 1970 to 66 TWh in 2011 (SEA, 2012). In 1985, oil and 

coal combustion produced about 65% of all heat energy in Sweden (SEA, 2012), but this 

proportion has since decreased steadily. In 2012, coal and oil accounted for only 10% of the 

country’s heat energy whereas the incineration of biofuels (e.g. wood, paper, cardboard and 

peat) and municipal solid waste (MSW) accounted for around 66%. This switch from fossil 

fuels to biofuels and MSW has affected the types and volumes of wastes generated during 

incineration.  

Typical wastes from biofuel and MSW incineration are bottom ash (BA), fly ash (FA) and air 

pollution control (APC) residues. The production of these waste materials in Sweden increased 

from 1.3 Mt in 2006 to about 1.7 Mt in 2012 (Engfeldt, 2007; SSA, 2012).  Given the volumes 

of ash produced by combusting different fuels, around 70% of these ashes were generated by 

MSW incineration (SSA, 2012).  

Bottom ash comprises material retained on furnace grates (grate ash) and material that passes 

through the grates (grate siftings). It is a heterogeneous mixture of slag, ferrous and non-ferrous 

metals, ceramics, glass and other non-combustibles (Kosson, et al., 1996; Wiles, 1996). APC 

residue and FA are wastes generated during the purification of the incinerator’s flue gas stream. 

Fly ash is defined as the particulate matter that is carried over from the combustion chamber to 

the heat recovery units and mechanically separated (e.g. by electrostatic precipitators or bag 

filters) before any chemical treatment of the flue gas stream (Chandler, et al., 1997; Kosson, et 

al., 1996). APC residue is a mixture of FA and sorbents (e.g. lime) that are added in acid gas 

cleaning systems such as dry, semi-dry or wet scrubbers. Since almost all incinerators in 

Sweden have some kind of facility for the chemical treatment of flue gases, APC residues are 

generated in much greater quantities than FA.  

About 500 000 t of APC residues are produced in Sweden annually and 50% of this is landfilled 

(Engfeldt, 2007). Most of the APC residues that are disposed of in landfills originate from MSW 

incineration. This waste stream is usually characterized as hazardous waste due to its high 

contents of chemical species such as Pb, Zn and Cl-. Fly ash and APC residues from biofuel 

incineration have been used as fertilizer in forests and agriculture, as amendments for stabilizing 

other APC residues classified as hazardous wastes, and as a construction material used in the 

building of, e.g., roads and landfill covers (SSA, 2012; Brännvall, 2013).  

A prerequisite for the use of APC residues in geotechnical constructions is that they should 

meet the same functional requirements as the materials they replace. This means that the APC 

residues must have similar geotechnical properties to conventional materials while also having 

a negligible impact on the environment through e.g. release of potentially toxic trace elements.  

1.1 Geotechnical properties of FA and APC residues 

The main geotechnical properties of APC residues that should be evaluated when considering 

their use as construction materials are their particle size distribution, compaction properties, 

hydraulic conductivity, plasticity, shrinkage and strength (Kumar and Stewart, 2003; Prashanth 

et al., 2001). Most of these properties are interrelated. For example, compaction is the simplest 
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and most effective way of increasing the density and compressive strength of construction 

materials, and of reducing their hydraulic conductivity. 

Particle size distribution. APC residues generally contain a higher proportion of fine material 

than FA (Chandler et al., 1997). The particle size distribution curves of APC residues presented 

by Chandler et al. (1997) indicate that they contain about 5-10% clay, 50-65% silt and 35-45% 

sand. Factors such as the proportion of fines in the fuel, the type of incinerator, changes in 

operating conditions and the presence of a heat recovery system strongly influence the particle 

size distribution of APC residues (Chandler, et al., 1997). 

Compaction. Uncompacted APC residues have densities between 0.65 and 0.75 t m-3 but well-

compacted APC residues can achieve densities of about 1.2 - 1.4 t m-3 at optimum water 

contents of 25 – 40% wet weight (w.w.) (Table 1). APC residues have about 20 – 30% lower 

compaction densities than clay, which might result in smaller settlements in a landfill due to 

the lower loads of the cover onto deposited waste.  

Hydraulic conductivity.  A well compacted APC residue has a hydraulic conductivity close to 

that of fine grained till or clay, i.e. <10-9 m s-1 (Table 1). The FA must be stabilized with lime 

at around 6-10% dry weight (d.w.) and gypsum (1% d.w.) or bentonite to achieve similar 

hydraulic conductivity to APC residues (Ghosh and Subbarao, 1998; Mollamahmutogly and 

Yilmaz, 2001). The addition of lime to stabilized FA and APC residues reduces their hydraulic 

conductivity by promoting the formation of pozzolanic reaction products, i.e. gelatinous 

cementitious compounds that block the pore channels (Ghosh and Subbarao, 1998; Prashanth, 

et al., 2001).  

Volume stability (Shrinkage and expansion). The shrinkage of material is caused by losses of 

moisture, which cause changes in volume. This seriously damages landfill cover liners. The 

reported shrinkage limits of FA (and APC residues) are higher than those of clay (Table 1), 

indicating that ashes have a lower shrinkage potential and less pronounced changes in volume 

than clays.  As such, APC residues should be more resistant to cracking and may thus be a better 

choice than clay as a liner material in dry or cold climates.  

Plasticity. Landfills containing degradable material are subject to settlements, which can cause 

crack formation in the landfill cover liner. The risk of cracking is lower if the liner exhibits 

plasticity. Clay is plastic provided that its water content is within a certain range; in the case of 

illite, this range extends from 35 to 60% w.w. (Das, 1998). Clay liners are thus highly resistant 

to cracking as long as they remain moist. FA is a non-plastic material. However, FA stabilized 

with lime (e.g. 10-20 %), bentonite or rubber (up to 10% d.w.) is more deformable and less 

susceptible to cracking than pure FA (Nhan et al.,1996; Cockca and Ylmaz, 2003). 

Comparatively little is known about the plasticity of APC residues, but it is expected to be 

similar to that of FA stabilized with lime.  

The shear strength of a material determines the slope stability of constructions made from that 

material. Clay has a very low friction angle (Table 1), which means that steeply sloped landfill 

cover liners built with clay may be unstable. The friction angle of APC residues is around three 

times greater than that of clay (Table 1), meaning that landfill cover slippage on steep slopes 

could potentially be suppressed by using APC residues in the cover’s construction.  



3 
Igor Travar, Waste Science & Technology, LTU, 2015 

Unconfined compressive strength (UCS).  Siliceous components in APC residues undergo 

chemical reactions with calcium hydroxide in the presence of moisture, forming a material that 

subsequently hardens and solidifies (Palmer, et al., 2000). Measurements of the unconfined 

compressive strength (UCS) can be used to quantify this solidification and the development of 

a monolithic structure. The solidification of APC residues increases their geotechnical stability 

and reduces their hydraulic conductivity. Unfortunately, it also reduces their plasticity, which 

is important for landfill cover liners. The solidification of APC residues depends on various 

factors including the operating conditions of the incinerator in which they were formed (e.g. its 

combustion temperature), their chemical composition (e.g. their contents of CaO, SiO2, and 

SO4, as well as the reactivities of these species), their curing temperature, and the duration of 

the curing process. For example, higher temperatures in the combustion chamber produce APC 

residues with more reactive SiO2 that undergo more extensive solidification. The amount of 

free lime in APC residues correlates positively with their UCS (Chandler et al., 1997). The 

solidification reactions in APC residues are slower than those in cement. For example, the UCS 

of APC residues took more than 130 days of curing at 20 °C to reach its ultimate value whereas 

cement normally attains its ultimate UCS much more quickly (Chandler et al., 1997; Brooks et 

al., 2000). In the case of constructions, such as landfill cover liner, the development of the 

monolithic structure under couple of months is acceptable. 

Table 1. Geotechnical properties of fly ash (FA), air pollution control (APC) residues and clay 

minerals (illite and montmorillonite). 

       FA/APC residues  Clay 

Compaction 

max. density, t m-3  1.22 – 1.43 (1)  1.6 – 2.1 (4,9) 

opt. moist. content, w.w.%  25 – 30 (1)  14 – 17 (4,8) 

Hydraulic conductivity, m s-1  10-7 – 10-10  (1,2)   10-9 – 3·10-12 (4,8) 

Shrinkage limit, w.w.-%  38 – 52 (5)  8.5 – 29 (4,8)  

Shear strength 
cohesion, kPa  34.1 (2)  56 – 124 (3,8) 

fiction angle, °  29.3 (2)  9.1 – 13.5 (3,8) 

Unconfined compression strength, MPa  1.1 - 2.5*(6,7,9)  0.4 – 2.1 (6,9) 

1 Chandler, et al.(1997), 2 Muhunthan, et al.(2004), 3 Keto (2004), 4 Das (1998), 5 Prashanth, et al.(2001), 
6McCarthy et al. (2014), 7 Cockca and Ylmaz (2004), 8 Pusch (2001), 9 Misra et al. (2005), *soil stabilized with FA 

and lime 

APC residues could potentially replace natural virgin substrates, such as clay, used in the 

landfill cover liner (or cement in cases where a solidified structure is desired). However, the 

environmental consequences of such usage, particularly with respect to the release of 

potentially toxic substances, should be known.  
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1.2 The release of trace elements from APC residues  

APC residues consist primarily of inorganic matter. Their major constituents are Ca, Na, K, Fe, 

Al, Si, S and Mn (Chandler et al., 1997). Most of the metals in APC residues are present as 

oxides (e.g. CaO, SiO2, Al2O3 and MgO), chlorides, sulphates and carbonates (Chandler et al., 

1997; Ecke, 2003; Wiles, 1996). Oxides of Ca, Fe, Al, Si, and Mn in APC residues have the 

potential to chemically immobilize potentially toxic trace elements such as, Cd, Cu, Pb and Zn 

(Bothe and Brown, 1999; Chandler et al., 1997; Komarek et al., 2013), and to develop a 

monolithic structure that encapsulates contaminants (Masick et al., 2011; Shirley and Black, 

2011). However, APC residues may also release potentially harmful substances (e.g. trace 

elements or Cl-) in contact with water.  

It is essential to determine the chemical composition, pH and acid neutralization capacity 

(resistance to acidification) of APC residues when evaluating their potential for releasing or 

immobilizing critical elements (e.g. Pb, Zn, Cu). All three of these factors together with the 

temperature and redox potential may influence the chemical stability of APC residues.  

The pH has been identified as the most important factor controlling the release of various trace 

elements from APC residues (Chandler et al., 1997). The pH values reported for FA and APC 

residues range from 7 to 11.3 and 12.1 to 12.5, respectively (Chandler et al., 1997). The acid 

neutralization capacity of APC residues is two to four times higher than that of FA and is 

positively correlated with their lime content. The change in the pH of APC residues over time 

depends mainly on the partial pressure of CO2 in the gas phase and water addition (Ecke at al., 

2003). Consequently, the fastest declines in the pH of APC residues are expected to occur in 

uncovered landfills with active landfill gas production. In addition, well packed APC residues 

with low hydraulic conductivity will be more resistant to carbonation and declines in pH.  

1.3 The use of APC residues in a landfill cover  

A landfill cover is a multilayer construction that serves to reduce the infiltration of precipitation 

into a landfill and the emission of landfill gas into the atmosphere. According to the Swedish 

legislation that deals with landfilling of waste (SFS, 2001), both non-hazardous and hazardous 

waste landfills must be covered after closure. The legislation also states that the amount of water 

infiltrating through a landfill cover must be less than 50 l (m2 y)-1 in non-hazardous waste 

landfills and 5 l (m2 y)-1 in hazardous waste landfills (SFS, 2001), corresponding to hydraulic 

conductivities of about 10-9 and 10-10 m s-1, respectively.  

Each layer of a landfill cover has an important function (Fig. 1). The gas drainage layer is placed 

above the waste. Its main function is to allow gas drainage and to level the foundation for the 

landfill cover. The liner serves to prevent infiltration of water into the landfill, as well as to 

prevent leakage of gas from the waste into the atmosphere. The drainage layer is placed above 

the liner to facilitate the discharge of infiltrating water from the landfill cover. The protection 

layer protects the liner from freezing, drying, and penetration of plant roots, and also stores 

infiltrated water. Finally, the vegetation layer is placed on the very top to support plant growth 

and prevent erosion.  
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Figure 1. Components of the landfill cover applied at Tveta landfill. The drainage water seeps 

through the layers above the liner. The landfill cover leachate is formed when drainage water 

percolates through the liner. 

Landfill covers are usually built with natural (e.g. gravel, sand, till and clay) and synthetic 

materials (e.g. geomembranes). Such materials are not always available at the landfill site and 

must be obtained elsewhere. In addition, the exploitation of virgin materials puts strains on the 

environment. Several materials that are currently regarded as waste (e.g. APC residues, sewage 

sludge, BA, and compost) could potentially be used in place of virgin materials when 

constructing landfill covers. However, their utilization in this way could lead to their content of 

toxic compounds being released into the environment.  

There are two water streams through which toxic compounds could potentially be released into 

the environment from landfill covers built using APC residues and other waste materials: the 

drainage water and the landfill cover leachate. The drainage water seeps through the layers 

above the liner and drains off from the landfill cover via the drainage layer into a ditch situated 

at the bottom of a slope (Figs. 1 and 2). The landfill cover leachate percolates through the liner 

into the landfill body and might affect the quality of the overall landfill leachate (Fig. 1).  

1.4 The use of APC residues for the treatment of contaminated soil  

Remediation of old industrial sites in Sweden commonly involves excavation of contaminated 

soil followed by transportation to a landfill site and treatment before final disposal. About 

870 000 t of excavated contaminated soil was characterised as hazardous waste in Sweden in 

2012 (SEPA, 2014). This volume was reduced to about 307 000 t due to soil treatment (e.g. by 

physical separation of uncontaminated from contaminated soil particles or by chemical 

extraction of contaminants). This waste stream made up 66% of the total amount of hazardous 

waste landfilled in Sweden (SEPA, 2014). However, contaminant separation is not always 

possible so other methods involving chemical or physical stabilization, or a combination of 

these, i.e. stabilization/solidification (S/S) (Dermont et al., 2008) are needed to reduce the 

release of potentially harmful compounds.  

Chemical stabilization involves the addition of amendment(s) to reduce the solubility of critical 

elements in contaminated soil without significantly changing the soil structure.  Chemical 
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stabilization of contaminated soil has been done with Fe salts, zerovalent Fe, synthetic Al(OH)3, 

Mn oxides, alkaline materials (e.g. lime), clay minerals and sulfur-containing materials (Moon 

and Dermatas, 2007; Kumpiene et al., 2008). However, As-contaminated soils stabilized with 

Fe or Mn amendments might not be stable in anaerobic landfills due to the reductive dissolution 

of Fe and Mn oxides, As desorption and As reduction from As(V) to the more mobile and more 

toxic As(III) (Kumpiene et al., 2009; Stuben et al., 2003). Therefore, alternative solutions are 

required for treated soil that is to be landfilled.  

The S/S approach combines chemical stabilization with encapsulation of contaminants in 

solidified material, which decreases the surface area exposed to leaching and increases the 

material’s resistance to variation in redox conditions. Cement, polymeric materials and fly ash 

alone or mixed with lime, quicklime or cement have been used for physical stabilization 

(solidification) of contaminated soil (Dermatas and Meng, 2003; Moon and Dermatas, 2007; 

Yoon et al., 2010; Qian et al., 2006; Singh and Pant, 2006). However, the use of cement, lime 

and clay for this purpose could be expensive. In addition, these amendments are needed in large 

quantities, which would increase the need for landfill volume. Because of their similar 

physicochemical properties, APC residues could be a useful alternative to cement in the 

treatment of contaminated soil. In addition, the APC residues from municipal solid waste 

incinerators are usually classified as hazardous waste and landfilled. Mixing two waste 

materials in such a way as to treat and stabilize one or both of them would avoid increasing the 

landfill volume required for their disposal and simultaneously minimize their potential 

environmental impact due to the release of toxic compounds.  

1.5 Leaching conditions in landfills  

The landfill environment is unique and differs from other environments where APC residues 

are used (e.g. roads, embankments). The degradation of organic matter in landfills causes the 

production of landfill gas and the release of heat. Differential settlement in a landfill may 

damage the cover, possibly leading to emissions of landfill gas, heat release (e.g. due to methane 

oxidation), and increased infiltration of water and ambient air into the landfill. Moreover, 

atmospheric precipitation, the design of the landfill cover components (e.g. the thickness and 

porosity of layers, the quantities and chemical compositions of the material used in the cover’s 

construction, and their degree of compaction), water infiltration and transport through the 

landfill, and the properties of the system for collecting landfill gas may all affect the pH, 

temperature, and redox potential in a landfill, and hence the release of contaminants from APC 

residues.  

The pH of the drainage water and leachate may decrease when CO2 from the landfill gas 

dissolves in water or because of carbonation and weathering reactions in APC residues (Ecke 

et al., 2003; Essington, 2004; Chrysochoou and Dermatas, 2006; Brännvall et al., 2014).  

Oxidizing conditions may prevail in landfills during active disposal, but reducing conditions 

are expected after landfill closure. Landfill gas that diffuses through the liner can create an 

anaerobic environment in the drainage layer and the lower part of the protection layer, while 

aerobic conditions may exist in the vegetation layer and upper parts of the protection layer 

(Figs. 1 and 2). However, over time, decreases in gas production together with damage of the 
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landfill cover and the potential infiltration of ambient air into the landfill via the gas collection 

system may re-establish oxidizing conditions.  

The temperature within the landfill tends to be higher than ambient air temperature because the 

decomposition of waste and exothermic reactions (e.g. hydration of alkaline and alkaline earth 

oxides, corrosion of metals and carbonation of portlandite) in APC residues give off heat 

(Sabbas et al., 2003). Seasonal variations, the age of landfilled waste, the depth and location of 

waste, the availability of moisture, the diffusivity of biogas and methane oxidation all have 

significant effects on landfill temperature profiles (Yesiller et al., 2005). In general, temperature 

in a landfill is expected to decrease over time due to the gradually decreasing rates of waste 

decomposition, landfill gas production, and methane oxidation. 

In summary, the release of contaminants from APC residues used in the landfill cover and as 

amendments for contaminated soil is a very complex process that is affected by multiple factors. 

Moreover, the APC residues undergo mineralogical transformations over time. The formation 

of new minerals (such as clays) in APC residues may affect the leaching of contaminants and 

the geotechnical properties of APC-containing materials (Chandler et al., 1997; Zevenbergen 

et al., 1999). 

The impact of APC residues used together with other waste materials (e.g. sewage sludge, BA, 

compost) in a landfill cover on the quality of drainage water and leachate is not well understood. 

The quality and volume of these water streams will probably affect the quality of the overall 

landfill leachate. Since the drainage water may be the largest water stream arising from covered 

landfills, it is important to assess its treatment needs and to monitor changes in its quality over 

time.  

The use of APC residues for chemical and physical stabilization of contaminated soil raises 

many questions related to the reactions between APC residues and soil, the quantities of APC 

residues required to achieve stabilization, the leaching of critical elements from the soil/APC 

residues, the mechanisms controlling the release of critical elements from the treated soil, and 

the influence of APC residues on the geotechnical properties of soil, among other things. 

Finally, it is not clear how the properties of the landfill environment such as its temperature, 

redox potential and pH affect the leaching of elements from APC residue-treated soil and from 

APC residues used in a landfill cover.  

2. The Scope of the Thesis  

The aim of this thesis is to evaluate the utilization of APC residues as (1) construction materials 

in a landfill top cover and (2) amendments for stabilising contaminated soil from an 

environmental perspective. The following questions are discussed:  

- What is the impact of APC residues when used together with other waste materials in a 

landfill cover on the leachate and drainage water quality?  

- How does the use of APC residues in the S/S treatment of contaminated soil affect 

physical and chemical properties of the treated soil? 

- How does the landfill environment affect the release of elements from landfill covers 

and disposed soil containing APC residues? 
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3. Materials and Methods 

3.1 Materials  

3.1.1 Landfill cover 

 

The APC residue (referred to as FA in Papers I and II) originated from a grate type incinerator 

burning refuse-derived fuel (RDF) such as paper, cardboard, plastic, wood, railway ties and 

wood chips. It consisted of ammonia injected into the combustion chamber, reacted and 

unreacted lime that had been added to the incinerator’s semi-dry scrubbers, and FA removed 

from the flue gas stream using an electrostatic precipitator and bag fabric filters.   

The bottom ash (BA) originated from two facilities i.e. one grate type and one stoker grate type 

incinerator. The grate type incinerator was supplied with RDF while the stoker grate type 

incinerator was supplied with municipal solid waste (MSW). The BA was air dried for several 

months, magnetic fraction was removed, and the remaining material was sieved into two 

fractions using a 10 mm mesh sieve before being used in a landfill cover.  

The sewage sludge consisted of anaerobically digested and dewatered municipal sewage sludge. 

The sludge was stored for as long as possible (at least several weeks, but sometimes several 

months) before being used in a landfill cover. 

Compost was obtained by composting food waste, garden and park waste. 

Detailed descriptions and chemical compositions of all materials used in the landfill cover are 

provided in Paper I. 

3.1.2 The stabilization/solidification of contaminated soil with APC residues 

Three types of APC residues were used for the S/S of two soil samples. The APC residues 

originated from the grate type incinerator supplied with MSW (MSWAPC) and fluid bed 

incinerators that received biofuel such as wood chips (BAPC) and a mixture of 90% coal with 

10% crushed olive kernels (CAPC). All APC residues were mixtures of FA removed with an 

electrostatic precipitator (BAPC) or a bag house filter (MSWAPC and CAPC) together with 

reacted and unreacted lime added during flue gas treatment in dry scrubbers. The APC residues 

were rich in CaO (Table 2). The MSWAPC was classified as hazardous waste due to its high 

concentrations of Pb and Zn.    

Contaminated soil samples derived from a sawmill site located at Lessebo, Sweden, where 

wood impregnation took place. Two soil samples were tested. The soil sample marked as LO 

was excavated from a depth of about 0 – 0.5 m while the soil sample marked as LT was taken 

from a depth 0.5 – 1.5 m. The LO soil was rich in organic matter, as indicated by its loss on 

ignition (LOI) of 14%. The LT soil was a sandy till (LOI = 5%). Both soils were heavily 

contaminated with As, Cr and Cu (Table 2). 
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Table 2. Concentrations of selected elements in APC residues and soils (average ± standard 

deviations (S.D.), n=3). 

Component 
APC residues Soil 

MSWAPCa CAPCb BAPCc LTd LOe 

Major constituents, (g (kgTS)-1) 

SiO2 103 ± 7 366 ± 64 460 ± 80   

CaO 329 ± 41 186 ± 24 258 ± 18 0.4 ± 0.1 1.0 ± 0.1 

MnO2 0.6 ± 0.1 1.2 ± 0.1 10.8 ± 1.2 0.1 ± 0.01 0.2 ± 0.02 

Minor constituents (mg (kg TS)-1)  

As 68 ± 7 28 ± 5 5 ± 0.5 2382 ± 209 5332 ± 709 

Cr 204 ± 54 59 ± 4 53 ± 15 1038 ± 111 3714 ± 395 

Cu 562 ± 32 55 ± 11 121 ± 32 743 ± 55 1386 ± 154 

Pb 1495 ± 105 32 ± 1 61 ± 5 19 ± 6 30 ± 8 

Zn 8445 ± 1555 164 ± 36 1260 ± 140 817 ± 86 3955 ± 392 

aMSWAPC = Air pollution control residue from municipal solid waste incinerator; bCAPC = Air pollution 

control residue from coal incinerator; cBAPC =  Air pollution control residue from bio fuel incinerator; dLT = 

soil with low content of organic matter; eLO = soil with high content of organic matter  

3.2 Methods 

3.2.1 Field experiment on landfill cover 

A landfill cover extending over four hectares was built from APC residues and other recycled 

materials at the Tveta landfill, 30 km southwest of Stockholm, Sweden (Papers I and II). The 

test area was divided into six parts, each of which had a landfill cover made from different 

mixtures of materials in different layers. Three of these areas (A1, A2, and A4) were selected 

for evaluation in this work (Fig. 1, Paper I). The areas were hydraulically separated from each 

other. 

The foundation of the landfill cover consists of bottom ash (BA) in A1 and A2, and sand from 

a fluid bed incinerator (FBI) in A4 (Fig. 1, Paper I). This layer is connected to the gas collection 

system in order to avoid the accumulation of landfill gas underneath the liner. The liner was 

built with APC residues in A1 (FA-L), a mixture of 90% BA (BA-L) and 10% Friendland clay 

in A2, and a mixture of 50% FA and 50% BA in A4. A coarse BA fraction (> 10 mm; BA-D) 

was placed in the drainage layer above the liner to collect and discharge the drainage water 

from the landfill cover. The protection layer was made from sludge and APC residues (FA-P) 

in A1 and the fine BA fraction (< 10 mm; BA-P) in A2 and A4. A layer of compost was placed 

on top of the landfill cover to avoid erosion and to promote the establishment of vegetation.  
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A part of the slope was levelled and surrounded with a berm to reduce runoff and to simulate a 

worst case scenario for the hydraulic conductivity of the liner (Fig. 3, Paper I). The leachate 

was collected with ten lysimeters (1×1 m2) made of glass-reinforced epoxy placed randomly 

over an area of about 100 m2 under the liner at the plateau in each subarea (Fig. 3, Paper I). The 

leachate samples were collected with a portable peristaltic pump.  

 

 

Figure 2. Cross section of the lower slope of a landfill cover with measurement equipment. 

The drainage water was sampled from wells installed in covered ditches at the bottom of the 

landfill slope (Fig. 2). These wells collected the drainage water from an area of about 2300 m2 

in A1, 2500 m2 in A2 and 1900 m2 in A4. Each well was equipped with a flowmeter to measure 

the volume of generated drainage water.  

Samples of the pore water from the bottom of the vegetation layer were collected on one 

occasion to evaluate influence of the vegetation layer on drainage water quality (Fig. 2). Rhizon 

pore water samplers (polymeric, 10 cm long, Ø 4.5 mm, medium pore size 0.1 µm, 

MacroRhizon, Eijkelkamp, Netherlands) were used to collect four samples from each of A1 

and A4. 

The temperature in the protection layer was measured using three vertical probes installed in 

each area (Fig. 2). Each probe had sensors at three depths: one at the bottom, one in the middle 

and one at the top of the protection layer. The temperature was also measured below the liner 

with four horizontal probes: one probe was placed at the top of the upper slope, one at the top 

of the lower slope, and two at the plateau of each subarea (Fig. 3, Paper I). 

3.2.2 Laboratory experiments of soil treatment  

The influence of APC residues on the S/S of contaminated soil was evaluated with two material 

mixtures consisting of 70% soil / 30% APC residues and 50% soil / 50% APC residues based 

on dry weight (d.w.). Leaching tests (specifically, the batch leaching and the diffusion test) and 

the solidification test were used to assess the S/S of soil with APC residues.  
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The soils, the APC residues and their mixtures were studied without any pre-treatment i.e. only 

fresh material was used. The soil/APC residue mixtures were mixed on a d.w. basis and the 

leaching tests were conducted immediately after mixing. Immobilization of elements was 

quantified in terms of the immobilization factor (IF), expressed in % of leached element. The 

IF was calculated using following equation 

IF = (1- (A / (x·B + y·C)) · 100   (Eq.1) 

where x is the fraction of APC residue in the mixture (i.e. 0.3 or 0.5), y is the fraction of soil in 

the mixture (i.e. 0.7 or 0.5), A is the soluble quantity of an element in the mixture of soil and 

APC residue in mg kg-1 d.w., B is the amount of that element released from the APC residue in 

mg kg-1 d.w., and C is the amount of that element leached from the soil in mg kg-1 d.w. An IF 

close to 0 indicates that the treatment causes a dilution effect, an IF>0 indicates immobilization 

of the element, and an IF<0 indicates its mobilization. 

The solidification and diffusion tests were performed after compaction of both soil/APC residue 

mixtures and APC residues on their own i.e. without mixing with soils. The APC residues were 

mixed with 23% distilled water on a d.w basis, which was based on the measured optimum 

water content for compaction of these APC residues. Soils were sieved to remove particles 

bigger than 4 mm in order to achieve better compaction. The APC residues were moistened and 

mixed with soils on a d.w. basis just before compaction. The solidified specimens were prepared 

in cylindrical moulds that were open at both ends (H=10 cm; ø 5 cm in the solidification test 

and H=5 cm; ø 4.5 cm in the diffusion test) using a modified Proctor hammer. Samples were 

compacted in three layers. The compaction energy was 246 kJ m-3, which was equal to the 

compaction energy applied during deposition of contaminated soil at the Högbytorp landfill 

site. The compacted samples were stored in a humid environment at room temperature for 28 

days, corresponding to the standard curing conditions for cement and concrete. The CAPC and 

BAPC were also cured for 90 days to evaluate their solidification over time. 

3.2.3 Evaluation methods 

Leaching tests  

Batch leaching test. One-step batch leaching test, according to the Swedish standard SS-EN 

12457-3 was conducted at an L/S of 10 l kg-1 to (1) characterize the recycled materials before 

their use in landfill covers (Paper I) and (2) screen various APC residues as amendments for 

stabilising contaminated soil prior to its disposal (Paper III).   

Column leaching test. Column leaching test according to the SIS-CEN/TS 14405 standard was 

performed in triplicate to evaluate changes in the drainage water quality over time (Paper II). 

Materials excavated from the middle of the protection layers of A1 and A4 were used in this 

test. The drainage water was sampled at cumulative L/S values of 1.8, 2, 3, 4.2, 7.3 and 19.  

Simulators.  Two cylindrical stainless steel containers with a volume of about 100 l each 

(Ø 39 cm, height 84 cm, Fig. 3) connected in series were used to simulate the development of 

the quality of the drainage water (Paper II). Washed gravel was placed at the bottom of the 

simulators to a height of about 30 cm to facilitate the discharge of the drainage water. Both 

simulators were filled with about 70 l (corresponding to 80 kg, TS=52%) of the sludge/BA-P 

mixture, which had been sampled before being used in the construction of the landfill covers. 
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The first simulator (S1) was open to the atmosphere while the second (S2) was hermetically 

sealed to simulate the upper and the lower parts of the protection layer, respectively. The 

irrigation scheme was designed to provide sufficient water for biological processes without 

flushing the material and to simulate periods with and without precipitation (intermittent 

wetting). The water balance in the simulators was about 12-15 times higher than in the field 

test. 

 

Figure 3. Design of the physical models (simulators) used to simulate the emissions from 

the protection layer material. 

 

pHstat leaching test. The APC residues, soil and mixtures of soil/APC residues were titrated 

with 1M nitric acid (HNO3) to maintain pH=7 or pH=4 at an L/S of 100 l kg-1 for 24 hours. This 

test was conducted to evaluate the release of contaminants from stabilized soil in the event of 

pH changes within a landfill, and to assess the stability of mineral phases that control the release 

of trace elements over time.  

Diffusion test. The LT soil, MSWAPC, BAPC, mixtures of LT/MSWAPC and LT/BAPC were 

leached in the diffusion test according to the NEN 7345 standard (Paper IV). This test was used 

to study the stability of trace elements (e.g. As, Cu and Cr) in soil treated with APC residues 

under landfill conditions. The diffusion test was performed in one liter hermetically sealed glass 

bottles (Fig 4a). Samples in their moulds were placed in glass bottles so that only the bases were 

exposed to the leachant (distilled water titrated with HNO3 to achieve an initial pH of 4). 

Sampling and addition of the leachant (400 ml in each leaching step) was done via a tube that 

was passed through the lid and a syringe that was connected to the tube via a three-way valve 

(Fig. 4a). Thirty such bottles were filled with air and the other 30 were emptied using a vacuum 

pump and their air was replaced with landfill gas. Fifteen of the air-filled bottles and fifteen of 

those filled with landfill gas were stored at a temperature of 60 ºC (Fig. 4b); the remaining 

bottles were stored at a temperature of 20 ºC. The leachates in each bottle were sampled after 6 

h, 24 h, 54 h, 4 days, 9, days, 16 days, 36 days and 64 days. All of the leachant was removed 

from the bottles during sampling, after which fresh leachant solution (and landfill gas to 

relevant bottles) was added. A mixture of carbon dioxide (CO2) and methane (CH4) in a ratio 

of 1:1 simulated landfill gas during the initial 2.25 days of the experiment. Between days 2.25 
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(54 h) and 4, only CO2 was used and, after day 4, a mixture comprising 55 % CH4, 25 % CO2 

and 20 % N2 gas was used.  

  

Figure 4. (a): (1) one liter glass bottle, (2) sample, (3) sampling tube, (4) valve spigot including 

connection for a syringe, (5) needle for sucking air from bottles and addition of landfill gas, (6) 

vacuum pump, (7) manometer; (b): bottles in the oven being heated at 60 °C. 

Unconfined compression strength 

The effect of APC residues on the solidification of stabilized soil was studied by means of the 

unconfined compression strength test. The main aim of this test was to (1) determine whether 

soil treated with APC residues will exhibit adequate geotechnical stability when placed in a 

landfill and (2) study the development of monolithic structure within the stabilized soil after 

treatment. The UCS test was performed using a stepless compression test machine (Wykeham 

Farrance) after the specimens were removed from their moulds. The UCS of a sample was 

defined as the maximum compressive stress applied to it before defects became apparent.  

Chemical analysis  

Total concentrations of elements in solid samples were determined by the accredited laboratory 

ALS Scandinavia using inductively-coupled plasma atomic emission spectrometry (ICP-AES) 

and ICP-SFMS after digestion using the ASTM methods D3683 and D3682 (Papers I, II and 

III). The dry weight and loss on ignition (LOI) were determined according to Swedish standard 

SS 028113 (SIS, 1981). 

The pH, electrical conductivity (EC) and redox potential (Eh) of eluates in the leaching tests 

(except in the simulator test) were measured after filtration through 0.45 µm membrane filters. 

The pH and Eh of water samples from the field test and simulators were analysed immediately 

after sampling, i.e. without filtration. The Eh (in V) was also calculated in the diffusion test 

using the following equations (Sposito, 1989): 
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pE = 14.9 - (5/4) pH + (1/8) log (NO3/NH4)  (Eq. 2) 

Eh = 0.059 pE     (Eq. 3) 

where pE is the material oxidizability, and NO3 and NH4 are activities that were approximated 

from the concentrations of these compounds in the eluates.  

The concentrations of metals, P and S in eluates and water samples were measured using ICP-

AES and ICP-SFMS (Papers I, II and III), and ICP-OES (Paper IV). The concentrations of Cl-

, NH4-N, NO3-N, dissolved organic carbon (DOC) and SO4
2- were determined 

spectrophotometrically.  

X-ray diffraction (XRD). The surfaces and cores of solid samples from the diffusion tests were 

analyzed by XRD to identify mineral phases that might control the release of critical elements 

and to study mineralogical changes through the solid samples. Solid samples were removed 

from the moulds after four months since the diffusion test was finished and dried at room 

temperature for 10 days. XRD measurements were then performed using a Siemens D5000 X-

ray diffractometer equipped with a diffracted beam graphite monochromator with Cu radiation. 

Characteristic peaks in the resulting XRD patterns were identified using High Score Plus ver. 

3.0 and the crystallography open database (COD).     

Geochemical modelling  

Visual Minteq 3.0 (Papers II and III) and Phreeq-C (Paper I) were used to (1) identify mineral 

phases that might control the release of critical elements from the recycled materials in a landfill 

cover or stabilized soil/APC residues, (2) evaluate the potential formation of clay minerals in 

the APC residues, (3) study the effect of organic matter on the release of trace elements and (4) 

investigate the effect of the partial pressure of CO2 on the chemistry of the drainage water.  

LeachXS. Data from the pHstat leaching tests were modelled using the Leach XS program to 

evaluate the stability of mineral phases that might control the release of critical elements. Leach 

XS has a database of results from leaching tests on various types of waste materials that can be 

used to predict the release of critical elements from materials of interest if environmental 

conditions change (e.g. if the pH changes over time). Leach XS also contains an extended 

Minteq database that is used to identify mineral phases that might control the leaching of 

elements. The sorption of elements by Fe-oxides was simulated using the model developed by 

Dzombak and Morell (1990), and Leach XS uses the Nica-Donnan model to simulate 

interactions between elements of interest, dissolved organic matter, and particulate organic 

matter. 

Multivariate data analyses  

Results from the screening and diffusion tests were evaluated by multivariate data analysis 

(MVDA) using the SIMCA P+ 11.5 software package developed by Umetrics AB (Sweden) 

(Eriksson, 2006). Principal component analysis (PCA) was applied to identify groups and 

differences/similarities between soils, APC residues and their mixtures, variation, and 

correlations between variables. The influence of temperature, redox potential and pH over time 
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on the leaching of elements in the diffusion test was studied by means of partial least squares, 

or projection to latent structures (PLS).   

 

4. Results and Discussion 

4.1 The release of elements from APC residues and other waste materials in a landfill 

cover  

The landfill leachate is formed when water derived from atmospheric precipitation percolates 

through the disposed waste. The leachate is usually contaminated and needs treatment before it 

can be discharged to a local recipient. Since the leachate may be contaminated over a long 

period of time (e.g. hundreds of years) (Belevi and Baccini, 1989; Kylefors, 2002), it is usually 

considered to represent the most negative influence on the environment that landfills give rise 

to. When a landfill cover is built, the amount of leachate released from the landfill will decrease 

because the infiltration of water into the deposited waste will be reduced. However, it is likely 

that the volume of landfill leachate will not be affected by the cover for a few years after its 

installation because leachate formation during this period will be governed by the initial water 

content of the deposited waste. The drainage water that penetrates through the liner (landfill 

cover leachate) will govern the volume of landfill leachate in the long term. The quality of a 

landfill leachate will depend on the leaching conditions that prevail in the landfill (in terms of 

e.g. pH, temperature, and redox potential), the waste composition, and probably the quality of 

the landfill cover leachate.   

Given the design of a landfill cover and assuming that hydraulic conductivity of the liner is low 

(Figs.1 and 2), the volume of drainage water will prevail compared to the leachate in the long 

term. This means that the drainage water will be the dominant water stream from covered 

landfills if the landfill cover is fully functional, i.e. if all of its components are functioning as 

designed. If the drainage water is contaminated, it could change the environment within the 

landfill and hence the overall quality of the landfill leachate. Thus, both the quantity and the 

quality of drainage water must be considered when evaluating the use of APC residues and 

other secondary construction materials (SCM) in a landfill cover.  

4.1.1 Quality and quantity of the drainage water  

The quality of drainage water depends on many variables including the design of landfill cover 

(e.g. the chemical composition of its constituent materials and the thickness of its layers), the 

interactions between its materials, the leaching conditions, the type of contact between the solid 

and liquid phases, and so on. The quantity of drainage water depends on the climatic conditions 

(e.g. precipitation, evapotranspiration), surface run-off and hydraulic conductivity of the liner.  

Analyses of the quality of the drainage water from the landfill cover with respect to the limit 

values on the concentrations of selected species indicated that it was contaminated with Cl-, N, 

TOC, and most of the studied trace elements (Mo, Ni, Se, Zn, Pb, Cu and As) (Tables 4 and 5, 

Paper I and Table 3). These contaminants were leached from the SCM used above the liner and 

from the surface of the liner. It is likely that the trace elements and Cl- in the drainage water 

derived from the APC residues and bottom ash, while the N and organic matter were released 
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from the sludge (as indicated by the LOI values presented in Table 2, Paper I). Comparisons of 

the drainage water from the field experiment and the simulators with the pore water sampled in 

the vegetation layer at a L/S of 2 l kg-1 showed that the compost released Pb, Cu and Zn into 

the drainage water (Tables 2 and 3, Paper II). However, the released amounts of trace elements 

were very low compared to their total amounts in the materials used to make the landfill cover 

(e.g. the mobilities of Cr and Pb were around 0.1 ‰ while that of Mo was around 90 ‰, Fig. 

6). This means that the trace elements were bound in stable mineral phases with low solubility 

under the leaching conditions that prevailed in the landfill cover. 

The rate of contaminant release from the APC residues differed between the layers above the 

liner and from the surface of the liner due to the type of contact between the solid and water 

phases. At an L/S of 2, the leaching curves for most of the studied elements in the laboratory 

tests were steeply sloped (Figs. 5 and 6), demonstrating that the soluble fractions of these 

elements were released rapidly, i.e. leaching was solubility controlled. This means that the 

drainage water was saturated with respect to the species of interest and that the drainage water 

was mainly contaminated due to leaching from layers above the liner.  

  

 

Figure 5. Cumulative mobilized fractions (%) of the total concentration of Cl- (a) and Ntot (b) 

from the material in the field, simulators and column tests as a function of L/S.  

The protection layer with its height of 1.5 m had the dominant impact on the drainage water 

quality (Paper II). The release of contaminants from the protection layer was governed by 

surface accessibility and solubility, as well as interactions between the materials.  The 

dissolution of organic matter from sludge in contact with alkaline ashes was probably 

responsible for the increased solubility of trace elements such as Cu, Ni and Pb because it would 

enable the formation of soluble complexes of these elements with dissolved organic matter 

(Meima and Comans, 1999; Meima et al., 2002, Djikstra et al., 2006). When the organic carbon 

concentration fell after the L/S reached 2-3 l kg-1 (as indicated by the measured TOC values 

shown in Fig. 8, Paper II), the leaching of Cu and Pb decreased considerably (Fig. 6). 
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Figure 6. Cumulative mobilized fractions (‰) of the total element concentrations in the field, 

simulators and column tests as a function of L/S.  
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The use of APC residues/sludge (in A1) instead of BA/sludge (in A4) resulted in less 

contaminated drainage water (Table 4, Paper I and Table 3). The APC residues usually have a 

larger specific surface area and hence a higher sorptive capacity than BA (Karlfeldt & Steenari, 

2007). Moreover, the APC residues may contain appreciable quantities of unburned carbon with 

properties similar to those of active carbon, giving it a high capacity for the adsorption of both 

inorganic and organic substances (Bjurström et al., 2014). As such, the use of the APC 

residue/sludge mixture instead of the BA/sludge mixture might be a better option for the 

protection layer.   

The release of elements from the liner surface was probably governed by a combination of 

solubility and diffusion-controlled leaching at the initial low L/S. In the long term, leaching 

from compacted structures such as the liner surface will be diffusion controlled (Kosson et al., 

1996). In general, the release of constituents from the liner is very slow, but it may occur over 

a long period of time compared to the granular layers above the liner. Diffusion of elements 

through the liner towards its upper surface might occur as long as concentration gradients exist 

in the liner. However, the dominant transport of the trace elements from the liner is orientated 

towards the landfill interior, i.e. to the leachate. When the percolation rate through the liner is 

low, contaminants diffuse towards the upper surface of the liner. A liner built with APC residues 

may thus only influence the quality of the drainage water via diffusion after dry periods.  The 

differences in element release between the laboratory tests and the field test indicated that the 

APC residues used in the liner might affect the quality of the drainage water with respect to Cl-

, Cd, Ni and Zn via the diffusion driven process (Figs. 5 and 6). The release of these elements 

from the liner to the drainage water is expected to be short-lived, i.e. it should only occur at low 

L/S values, when the soluble fractions of these elements are still present on the surface of the 

liner. Thus, it can be assumed that the APC residues used in the liner will have only minor 

effects on the long-term quality of the drainage water.  

The drainage water can be treated at local leachate treatment plant, assuming that this facility 

contains all components necessary for the treatment of the drainage water. Moreover, the 

treatment plant must provide enough capacity for the treatment of both the landfill leachate and 

the drainage water at the same time. Briefly, after the landfill cover is built, the leachate 

treatment plant will receive relatively constant volumes of the landfill leachate, but the 

additional volume of drainage water will put extra strain on the treatment plant. For example, 

an average of about 150 l (m2 y)-1 of drainage water could be expected at Tveta landfill (Paper 

I), meaning that the test area of 4 ha would generate around 6000 m3 y-1 of drainage water. This 

volume of the drainage water corresponded to about 50% of the leachate production from the 

same area at Tveta landfill. If the capacity of the leachate treatment plant to simultaneously 

treat both the leachate and drainage water were limited, the installation of the landfill cover 

should be adjusted to match the volumes of the drainage water and the gradually decreasing 

volume of landfill leachate over time. 
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Table 3. Concentrations of selected chemical species in the drainage water from the field, 

simulators and column tests at different L/S values, and the discharge limits for the local 

recipient at Tveta landfill. Italic numbers indicate values below the discharge limits. The rows 

labeled “Column A1” and “Column A4” present results for columns filled with the material 

used in the protection layers of A1 (sludge/FA) and A4 (sludge/BA), respectively. Those 

labeled “Field A1” and “Field A4” present the quality of the drainage water sampled during the 

field test from areas A1 and A4, respectively. 

Element NH4-N N-tot TOC As Cd Cr Cu Ni Pb Zn 

Unit mgl-1 mgl-1 mgl-1 µgl-1 µgl-1 µgl-1 mgl-1 µgl-1 µgl-1 µgl-1 

L/S = 1.8           

Field A4 0.7 286 224 21 5.1 5.3 1.4 379 4.8 315 

L/S = 2           

Field A1 0.2 130 256 3.6 2.9 1 0.7 560 1 2300 

Column A1 49 94 245 98 14 26 1.5 92 49 1105 

Column A4 548 650 245 52 6.8 21 9.7 150 135 1350 

Simulator 1 193 209 422 7.5 1.5 9 0.1 130 7 200 

Simulator 2 623 629 524 17 0.05 25 0.1 120 12 51 

L/S = 4.2           

Column A1 30 32 41 50 0.75 5 0.3 199 3.2 235 

Column A4 109 64 54 9.1 0.6 5.2 0.3 34 4.8 110 

L/S = 5.5           

Simulator 1 0.005 1 n.a. 1.2 0.9 1 0.1 96 2 738 

Simulator 2 92 119 n.a. 2 0.05 1 0.005 14 1.2 15 

           

Discharge 

limit 
5 10 12 10 0.2 15 0.009 30 2 30 

n.a. – not available 

It is not straightforward to determine the optimal treatment period for the drainage water 

because it depends on various factors that affect the release of elements (e.g. pH, temperature, 

redox potential, solid to water contact), as well as ageing reactions in the APC residues and BA 

(e.g. carbonation, precipitation/dissolution of minerals). The laboratory experiments showed 

that the concentrations of all contaminants in the drainage water decreased over time (Table 3, 

Figs. 5 and 6). For example, Cl- was washed out once the L/S exceeded 2-3 l kg-1 (Fig. 5), while 

the concentrations of trace elements were only reduced to acceptable levels at an L/S of 5.5 

(Table 3). Based on the results from the laboratory tests (e.g. leaching trends), the local 

discharge criteria (Table 3), as well as the initial L/S and its increase over time (about 0.17 l 

(kg y)-1), it was estimated that the drainage water would require treatment for at least three to 

four decades after the completion of a landfill cover (Paper II).  
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Biological treatment combined with chemical and physical treatment of the drainage water is 

needed to remove organic matter, N and metals (Paper II). These treatment methods are not 

suitable for removal of Cl-, which might be present in high amounts in the drainage water at 

low L/S values (Table 4, Paper I). The removal of Cl- from the drainage water is usually 

complicated and costly (requiring e.g. reverse osmosis). If Cl- is the only critical constituent, it 

may be possible to discharge the treated drainage water into the sea, assuming that it is 

reasonably close to the landfill.    

Pre-treatment of the APC residues and other SCM could reduce the required drainage water 

treatment period. The APC residues could potentially be pre-treated to extract or stabilize 

critical elements (Todorovic and Ecke, 2006) before the residues were used to construct the 

layers above the liner, in order to reduce their subsequent contamination of the drainage water. 

If such an approach is considered, the costs of pre-treating the APC residues should be 

accounted for. Therefore, a comprehensive feasibility study on the use of APC residues in a 

new landfill cover should consider benefits of using APC residues instead of virgin materials, 

the level of drainage water treatment required and the cost of that treatment, and the potential 

costs and benefits of pre-treating APC residues.  

4.1.2 Influence of APC residues on leachate quality and quantity 

Drainage water that penetrates through the liner reacts with materials used in the liner. The liner 

may release some of its constituents into the drainage water but may also adsorb elements from 

the drainage water. The latter process was reflected in the lower concentrations of Pb, Ni and 

Zn in the landfill cover leachate compared to the drainage water, which was attributed to the 

precipitation of metal hydro(oxides) and sorption by calcite and Fe/Al-hydro(oxides) (Table 6, 

Paper I). The release of liner constituents into the drainage water was demonstrated by the 

elevated concentrations of Cl-, Mo, As and Cu in the leachate collected below the liner (Tables 

4 and 5, Paper I). Furthermore, the liner can let through some species from the drainage water 

without retaining them. This is probably the reason for the elevated amounts of TOC and N in 

the leachate below the liner, which contained only minor concentrations of these species (Tables 

3 and 4, Paper I). Finally, chemical species in the drainage water can react with those present 

in the liner and increase their mobility beyond that expected for the liner itself. This is 

particularly relevant for metals having a high affinity for DOC, such as Cu (Chandler et al., 

1997; Meima et al., 1999). Therefore, the release of Cu from the liner might continue as long 

as DOC is provided by the drainage water or until all of the soluble Cu in the APC residues is 

depleted. 

The outflow from the liner in the vertical direction, i.e. the landfill cover leachate, will certainly 

have a different chemical composition to the drainage water. While passing through the bulk of 

the landfill, the cover leachate interacts with the disposed waste. This transforms it into the 

landfill leachate that is discharged from the landfill. Since the landfill leachate may change its 

composition and quality after a landfill cover is built, the leachate treatment plant should be 

adapted to accommodate the amounts and quality of the “new” landfill leachate. Thus, both the 

quality and the quantity of landfill cover leachate must be taken into account when evaluating 

the influence of landfill covers built with SCM on the overall landfill leachate.  
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The landfill cover leachate quantities collected by the lysimeters were between 3 (in A4) and 

30 l (m2 yr)-1 (in A1), i.e. around 2 - 20% of the assumed quantities of drainage water (Paper I). 

Both of these areas satisfied the legal requirements with regard to the total leachate production 

for non-hazardous waste landfills (<50 l (m2 yr)-1), and the leachate production in A4 was also 

below the limit for hazardous waste landfills (<5 (m2 yr)-1) (EU council, 2003).  

In the short term, it is expected that the landfill cover leachate will have little impact on the 

leachate from the entire landfill since the amount of leachate from the liner (3-30 l (m2 yr)-1) 

will be considerably lower than the amount generated from initial water content of the deposited 

waste, which is 270 l (m2 yr)-1 in the case of Tveta landfill. In the longer term, the liner could 

sustain damage, in which case leachate volumes would increase. However, it is expected that 

the readily leached species (e.g. Cl-, Mo, N, TOC) would have been depleted by this point, and 

that the secondary phases (carbonates and Fe/Al hydroxides) would keep other trace elements 

immobilized. Thus, the leaching of contaminants from the APC residues used in the liner is 

unlikely to have a major impact on the overall leachate quality. 

4.2 Chemical and physical stabilization of contaminated soil with APC residues  

4.2.1 Chemical stabilization of contaminated soil with APC residues 

Both EU landfill directive (2003/33/EC) and the Swedish Environment Protection Agency’s 

regulations on landfilling of waste (NFS 2004:10) prescribe leaching limit values for granular 

wastes at landfill sites. Wastes such as contaminated soil and APC residues must comply with 

these criteria before being deposited in a landfill to minimize the risk of forming leachates with 

high contaminant concentrations. Therefore, wastes must be treated before disposal in a landfill 

if their concentrations of soluble constituents are above these limit values. The batch leaching 

tests performed on contaminated soils (LO and LT) and MSWAPC showed that they released 

about 2.5 times more As and around 5.5 times more Pb, respectively, than the corresponding 

leaching limit values for granular waste at hazardous waste landfill sites. Thus, the 

contaminated soils and MSWAPC could not even be deposited in landfills for hazardous waste 

without at least some pre-treatment.    

The MSWAPC would be unsuitable for the stabilization of contaminated soil if the 

concentrations of leached Pb after treatment remained above the levels prescribed by the landfill 

directive. Therefore, the successful treatment of contaminated soil with APC residues implies 

that components of the contaminated soil and the APC residues stabilize one-another in a way 

that reduces the solubility of critical elements such as As and Pb in the mixture. The mutual 

chemical stabilization of these wastes is governed by interactions between them that do not 

depend on the presence of additional non-waste amendments.  

Screening tests using two As-contaminated soil samples and three different APC residues 

showed that APC amendment enhanced the immobilization of soluble As in contaminated soils 

(Fig. 7). The concentrations of leached As from soils treated with APC residues were below the 

limit values for hazardous waste landfills. In addition, the level of As leaching from LT soil 

mixed with 50% APC residues was close to the limit value for landfill sites that deal with non-

hazardous waste. Expressed in terms of the immobilization factor (IF), the immobilization of 

elements varied between 39% (LO soil treated with 30% BAPC) and 93% (LT soil treated with 

50% BAPC), showing that the reduced release of As was not an effect of dilution, i.e. it was 
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not related to the lower volumes of contaminated soil in soil/APC mixtures. The immobilization 

of As correlated positively with the amount of added APC residue and its Ca content. For 

example, the MSWAPC contained 30 – 75 % more CaO than the other APC residues (Table 2) 

and was generally the most effective at immobilizing As. Based on the geochemical modelling 

results and mineral composition analyses, the immobilization of As in treated soil was due to 

the precipitation of Ca-As minerals such as calcium arsenate (Ca3(AsO4)2:4H2O), weilite 

(CaAsO4) and johnbaumite (Ca5(AsO4)3(OH) (Table 4 in Paper III, Figs. 6 and 7 in Paper IV, 

and Fig. 8). The formation of these minerals has been previously observed in soils treated with 

lime or fly ash by Moon et al. (2004), Moon and Dermatas (2007), and Vandecasteele et al. 

(2002). Moreover, the formation of mineral ettringite (Ca6Al2(SO4)3(OH)12·26H2O) in 

MSWAPC (Fig. 8) could cause As immobilization via the substitution of SO4
2- with AsO4

3- 

(Aubert et al., 2007; Chrysochoou and Dermatas, 2006; Cornelis et al., 2008). Finally, As could 

also be immobilized by adsorption onto portlandite (Ca(OH)2) (Table 4, Paper III, Fig. 8), 

calcite (Fig. 8), or calcium silicate hydrate (CSH) phases (Roman-Ross et al., 2002; Yokoyama 

et al., 2004; Cornelis et al., 2008). While CSH was not detected in this study, it could form over 

time by mineralization as has been observed in hydrated and aged APC residues (Bayusenoa 

and Schmahlb, 2011; Brännvall, 2013). The APC residues induced formation of these new 

mineral phases incorporating As, demonstrating the potential of this waste material for soil 

treatment prior to landfilling.  

Although amendment with APC residues was effective at promoting As immobilization in both 

of the studied soils, the extent of immobilization depended on content of organic matter in the 

soil. The APC residues immobilized about 10 – 40% less As in organic soil than in sandy soil 

(Fig. 4 in Paper III). Both As and dissolved organic matter have predominantly negative surface 

charges, which makes them competitors for the same (positively charged) sorption sites (Wang 

and Mulligan, 2009). This may explain the reduced degree of As immobilization observed in 

the presence of organic matter. Therefore, soils abundant in organic matter (e.g. compost) will 

need to be amended with larger quantities of APC residues to achieve the same As 

immobilization efficiency as soils with lower organic matter contents.  

The treatment of contaminated soils with APC residues also had positive effects on Pb 

immobilization (Fig. 7). The release of Pb from soil/APC mixtures was 60 – 99 % lower than 

that from APC residues alone (Fig. 3, Paper III). This decline in Pb release was probably due 

to the hydration of the APC residues and subsequent precipitation of Pb(OH)2, which was 

identified in BAPC and CAPC through geochemical modelling (Table 4, Paper III). Dissolved 

Pb can also become immobilized by adsorption to negatively charged soil particles and/or Fe/Al 

hydro(oxides). These findings demonstrate that the contaminated soils and the APC residues 

had synergistic effect on one-another when mixed, promoting the simultaneous immobilization 

of As and Pb. The treated mixtures of contaminated soil and MSWAPC were suitable for 

disposal in hazardous waste landfills without further processing.   
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Figure 7. PCA score plot (t[1]/t[2]) and loading plot (p[1]/p[2]) for the first and second 

principal components showing the results of the leaching test. The concentrations of elements 

in the eluates were recalculated to mg kg-1 and then modelled. The PCA generated two principal 

components: component 1 explained 52% and component 2 explained 15% of the variance in 

the original data (R2 of the model = 0.67).  

In addition to immobilizing critical elements such as As and Pb, the treatment of contaminated 

soil with APC mobilized organic matter, Cu and Cr from all soil/APC residues, and Zn from 

soil/MSWAPC and soil/BAPC (Figs. 3 and 4 in Paper III and Fig. 7). However, the 

concentrations of these elements in the leachates remained well below the leaching limit values 

for hazardous waste landfills (e.g. 5 – 30 times lower for Cu and 15 – 60 times lower for Cr). 
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Figure 8. XRD analysis of MSWAPCLT in the core (IN) exposed to gas (G) and air (A) 

(minerals: Anhydrite (CaSO4) (A), Bassanite (CaSO4×0.5H2O) (B), Calcite (CaCO3) (C), 

Calcium arsenate  (Ca5H2(AsO4)3×5H2O) (C5), Ettringite (Ca6Al2(SO4)3(OH)12·26H2O) (E),  

NaCl (N), Portlandite (Ca(OH)2) (P), Quartz (SiO2) (Q), Weilite (CaAsO4) (W)).  

 

APC residues are highly alkaline materials (pH=10-13) and, when mixed with soil, can 

solubilize soil organic matter (Richards et al., 2000; Xiao et al., 1999). This in turn may 

mobilize elements with a high affinity for dissolved organic matter such as Cu (Meima et al., 

2002; Dijkstra et al., 2006; McBride et al., 1999). A strong positive correlation between these 

variables is apparent in Fig. 7. Thus, the use of APC residues for soil immobilization should be 

considered cautiously for soils that have high Cu contents and are rich in soluble organic matter.   

The mobility of Cr can also be negatively affected by the high alkalinity of APC residues. While 

alkaline conditions may induce the precipitation of chromium hydroxide (Cr(OH)2) and 

substitution of sulfate ions by chromate ions in ettringite (Dermatas and Meng, 2003), they can 

also enable the oxidation of the rather stable Cr(III) to the more mobile and toxic Cr(VI). This 

process is facilitated by the presence of high levels of Mn oxides (Moon et al., 2004). The 

BAPC examined in this work contained one order of magnitude more MnO2 than MSWAPC 

(Table 1), and soil/BAPC mixtures released one to three orders of magnitude more Cr in the 

diffusion test than soil/MSWAPC mixtures. Thus, APC residues with low MnO2 concentrations 

should be considered for soils with elevated Cr concentrations. As such, MSWAPC appears to 

be the best of the studied APC residues for stabilizing both As and Cr in contaminated soils.  

Leaching of Zn from APC residues is usually associated with pH and is lowest at pH=10 (van 

der Sloot, 1996; 2001). Thus, the immobilization of Zn in soil/APC residues depended on the 

final pH values of the mixtures (Fig. 4 and Table 4, Paper III).  

A summary of identified mechanisms that might control the release of critical elements from 

mixtures of soil and APC residues is presented in Table 4. 
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Table 4. Summary of identified mechanisms controlling the immobilization/release of critical 

elements from soil stabilized with APC residues.  

Element Immobilization Mobilization References 

As Precipitation of Ca-As minerals 

(e.g. calcium arsenate, 

johnbaumite, weilite); 

substitution of  SO4
2- with AsO4

3- 

in ettringite; adsorption of As by 

portlandite (Ca(OH)2), calcite 

(CaCO3) and CSH phases 

Organic matter in soil hinders 

As immobilization by 

competing for the same 

adsorption sites.  

1, 2, 3, 4, 5, 

6, 7, 8, 9, 

10, 11, 12, 

23 

Cr Precipitation of Cr(OH)2 and 

substitution of sulfate ions by 

chromate ions in ettringite. 

Decrease of pH towards neutral. 

MnO2 in the APC residues 

oxidizes Cr in soil and 

increases its mobility.  

 

1, 12, 13  

Cu The mobility of Cu will be 

reduced when soluble Cu is 

depleted or when pH drops 

toward neutral. 

Formation of complexes with 

DOC. 

 

12, 14, 15, 

16  

DOC Decrease of pH towards neutral 

values will reduce the release of 

DOC. 

Alkaline pH increases DOC 

in soils. 

17, 18 

Pb Adsorption onto negatively 

charged soil particles, insoluble 

organic matter and/or Fe/Al 

hydro(oxides), precipitation of 

Pb(OH)2. 

Decrease of pH below 9 

might mobilize Pb. 

17, 18, 20, 

22, 26 

Zn Decrease of pH to about 10, 

adsorption onto insoluble organic 

matter in soil, precipitation of 

Zn(OH)2 and carbonates. 

Highly alkaline pH (e.g. above 

10) and decrease of pH below 

9 might mobilize Zn.  

17, 19, 21, 

24, 25, 26 

1Moon et al., 2004; 2Moon and Dermatas, 2007; 3Vandecasteele et al., 2002; 4Aubert et al., 2007; 5Chrysochoou 

and Dermatas, 2006; 6Cornelis et al., 2008; 7Roman-Ross et al., 2002; 8Yokoyama et al., 2004; 9Lin et al., 2004; 
10Buschmann et al., 2006; 11Liu and Cai, 2010; 12Kumpiene et al., 2008; 13Dermatas and Meng, 2003; 14Meima et 

al., 2002; 15Dijkstra et al., 2006; 16McBride et al., 1999; 17Richards et al., 2000; 18Xiao et al., 1999; 19Ecke et al., 

2003; 20Meima and Comans, 1999; 21Chandler et al., 1997; 22Meima and Comans, 1997; 23Wang and Mulligan, 

2009; 24van der Sloot, 1996; 25van der Sloot et al., 1996; 26van der Sloot et al., 2001 
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4.2.2 Solidification of contaminated soil with APC residues 

In addition to the chemical immobilization of critical elements in the treated soil, solidification 

of the soil/APC residues will further reduce the release of critical elements. Solidification 

reactions in the APC residues are expected to modify the soil matrix in the same way as e.g. 

cement or fly ash by reducing the specific surface area of the solidified wastes and giving them 

properties of monolithic materials (Dermont et al., 2008; Voglar and Lestan, 2010; Kogbara et 

al., 2013). Solidification decreases hydraulic conductivity and improves the geotechnical 

stability of the treated soil in a landfill.  

The compression test showed that the solidification of soil/APC residue mixtures depends on 

the chemical composition of both materials, the amount of APC residue in the mixture and the 

curing time (Fig. 9).  

 

 

Figure 9. The unconfined compressive strengths of the APC residues and the soil/APC 

residue mixtures (in kPa) measured after 28 days’ curing time 

The UCS of CAPC and BAPC was about 7-8 times higher than that of MSWAPC (Fig. 9). This 

was unexpected because the Ca/Si ratio in the MSWAPC was about 3 (Table 1), which is close 

to that reported for Portland cement (e.g. Janz and Johansson, 2002). The swelling of MSWAPC 

that was visually observed in the solidification and diffusion tests might be detrimental for the 

stability of the solidified materials. Material expansion during hardening of ashes is commonly 

observed during the formation of ettringite due to its expansive properties (Chrysochoou and 

Dermatas, 2006). Although ettringite might have positive effects on the immobilization of As 

and Cr in the treated soil (chapter 4.1.1), an increased volume of small voids between solid 

particles might increase the hydraulic conductivity of solidified waste.  Nevertheless, the 
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mixtures of MSWAPC and LT soil showed less swelling than pure MSWAPC. These mixtures 

contained 30% - 50% of MSWAPC and soil, which probably mitigated the expansion of 

MSWAPC. This finding suggests that soil mixed with MSWAPC will exhibit less volume 

expansion than MSWAPC alone, reducing the risk of crack formation in landfilled waste.   

The presence of organic matter in soil was found to negatively affect solidification of the soil 

(Fig. 9). This means that soils abundant in organic matter must be treated with comparatively 

large quantities of APC residues to achieve appreciable improvements in compressive strength. 

For example, organic soils (LO) had to be mixed with more than 50% of APC residues to 

achieve the same UCS as soils with low organic matter contents (LT) stabilised with 30% of 

APC residues. Soils with low organic matter contents (5% in our study) can be adequately 

treated solely with APC residues since the UCS of these mixtures was above 345 kPa 

(calculated on the basis of typical overburden pressures in a landfill), which is a suitable 

strength for geotechnical stability of stabilised materials in a landfill (LaGrega et al., 2001). 

Organic soils must be combined with more than 50% APC residues to reach the required UCS 

after 28 days. However, based on the development of the UCS in the APC residues, it can be 

assumed that even organic soil treated with 50% APC residues will develop sufficient 

compressive strength in the landfill site after several  months. 

The solidified soil/APC residues can be expected to develop their full compressive strength 

over an extended time period.  The compression tests showed that the UCS of APC residues 

had not completely developed after 28 days and that the ultimate UCS was probably not reached 

even after 90 days. This was attributed to slow solidification reactions in the APC residues and 

the low amount of CO2 available for carbonation of CSH phases (Janz and Johansson, 2002; 

Malviya and Chaudhary, 2006). The presence of portlandite in soil/APC residues exposed to 

landfill gas in the diffusion test (Fig. 8) indicated incomplete carbonation and solidification of 

the APC residues. Thus, curing periods of more than 28 days are needed when evaluating the 

solidification of soil treated with APC residues. 

4.3 Influence of the landfill environment on the release of elements from a landfill cover 

and from disposed soil stabilized with APC residues  

Factors, such as pH, redox potential and temperature might be different in various parts of a 

landfill including its cover. Therefore, the leaching conditions might also be very different 

within landfill cover components, as well as in the landfill interior, which might affect the 

release of contaminants from the APC residues. For example, the vegetation layer and upper 

parts of the protection layer of a landfill cover are exposed to atmospheric conditions (and thus 

to variations in atmospheric precipitation and temperature) to a greater extent than the liner is. 

The landfill interior, where biogas is produced, has a dominant influence on the disposed waste 

and lower parts of the liner. In addition, the APC residues themselves undergo mineralogical 

transformations that also effect the release of elements from the landfill over time.  

pH 

The absorption of CO2 from the landfill gas or ambient air by APC residues in the presence of 

water results in their carbonation. This process has considerable potential to lower the pH of 

the APC residues (Ecke et al., 2002). Carbonation of the APC residues together with the 

degradation of organic matter in the sludge caused the pH of the drainage water to decrease 
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from highly alkaline to about neutral over time (Fig. 4, Paper II). The pH of the landfill cover 

leachate varied between 8.8 and 12.4 without any clear trends, indicating that the carbonation 

of the APC residues in the liner was incomplete (Paper I). Similar findings were obtained in the 

diffusion test, where the pH of soil/APC residues was positively related to the amount of CO2 

in the landfill gas. The increase in the pH of the soil/APC residues when the percentage of CO2 

was reduced (after day 4 in Fig. 1, Paper IV) likewise indicated incomplete carbonation and 

demonstrated the high buffer capacity of the APC residues. Therefore, the gradual decline of 

the pH in a landfill will depend not only on the amount of water and CO2 available for 

carbonation, but also on the buffer capacity of the APC residues.  

Decreases in pH may result in instability of mineral phases and increased release of 

contaminants from APC residues and treated soil. For example, the pH-stat test and modelling 

of leaching behaviour showed that the release of As from soil/MSWAPC mixtures would reach 

its minimum at pH=12 and increases as the pH decreases towards neutral (Fig. 10a). In addition, 

geochemical modelling of predominant mineral phases showed that calcium arsenate 

(Ca5(AsO4)3(OH)) could precipitate but would not be stable below pH=8.5 (Fig. 10b). Weilite 

would also dissolve in soil/MSWAPC at pH=8.5 (Figs. 1 and 4, Paper II). This indicates that 

the Ca-As minerals would be unstable in a landfill if the pH dropped to circumneutral values. 

In such cases, mobilization of As from stabilized soil to the landfill leachate is expected. In the 

case of DOC, Cu, Pb, Zn and Cr, the carbonation and the pH decrease from highly to moderately 

alkaline values will have positive effects on immobilization of these elements in the treated soil 

(Table 4). 

  

  

Figure 10. (a) The release of As from a soil/MSWAPC mixture (MSWAPCLT) based on the 

results of the pH-stat test (dots) and modelling (dashed line) (b) partitioning of As between 

solid and liquid phases based on geochemical modelling.  

The presence of portlandite, calcite and ettringite at the end of the diffusion test (Fig. 8) 

indicates that the APC residues had high buffer capacities, i.e. resistance to pH changes 

(Johnson et al., 1995; Brännvall et al., 2014). Hyks et al. (2009) reported that portlandite can 

be completely depleted in fly ash above L/S values of 75–125 l kg-1, which corresponds to two 

thousand years of leaching in a landfill. The pH change of stabilized soil is mainly related to 
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the carbonation of APC residues, which might be very limited at modern European landfills.  

Stabilized waste is disposed of in separate landfill cells where biogas production is negligible 

and carbonation occurs with the aid of CO2 from the atmosphere or decomposition of the waste 

itself. Installation of a landfill cover reduces the percolation of rainwater and prevents diffusion 

of air into the landfill body, further hindering the carbonation of the disposed APC residues. 

Modelling based on the results of the pH-stat test (Fig. 11) indicated a long term stability of the 

treated waste, and that it may take several millennia (assuming carbonation with landfill gas) 

or millions of years (assuming carbonation via the water phase alone) until pH of 7 is reached 

in a landfill. During this time, new minerals could be formed in the APC residues due to 

weathering reactions that might change the mobility of critical elements.   

 

Figure 11. The titration curves of APC residues (MSWAPC and BAPC) and mixtures of soil 

and APC residues (BAPCLT and MSWAPCLT). 

Temperature 

The temperature affects chemical equilibrium between the solid and liquid phase and hence the 

release of elements from the landfill cover and stabilized soils. The temperature of the studied 

landfill cover was affected by the ambient air temperature as well as the heat release from the 

landfill interior, and varied between 17 and 27 °C at the bottom and 2-30 °C at the top of the 

protection layer (Fig. 5, Paper II). These variations affected the release of readily soluble 

elements such as Cl-, which increased by about 30-50% due to the higher temperature in the 

upper part of the protection layer during the summer (Fig.5, Paper II).  

In the landfill interior, where treated soil is disposed of, temperatures up to 90 °C can be 

expected due to the heat generated during hydration reactions, the corrosion of metals and the 

carbonation of portlandite in the APC residues (Klein et al., 2001; Sabbas et al., 2003). Trace 

elements Cr, Cu and As were more soluble (20-260% for As, 50-500% for Cr and 25-175% for 

Cu) at 60 °C than at 20 °C in the diffusion test (Paper IV). Therefore, reducing the temperature 
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in a landfill will reduce the release of Cl- and trace elements from APC residues and other waste 

materials into the drainage water and leachate over time. If the liner gets damaged at landfills 

where biogas is produced, the gas may migrate to the upper parts of the landfill cover, causing 

the temperature to increase due to methane oxidation. In such cases, an increased release of 

trace elements from the APC residues to the drainage water could be expected.   

Redox potential  

The redox potential may affect the speciation and solubility of elements in materials used in a 

landfill cover and in the stabilized soil. Generally, lower pH values and higher redox potentials 

increase the mobility of metal cations (Essington, 2004). In contrast, the mobility of oxyanions 

such as As usually increases under alkaline conditions and when the redox potential is low 

(Masscheleyn et al., 1991). Therefore, the release of metal cations from alkaline materials, such 

as soils treated with APC residues, is expected to decrease in a landfill under reducing 

conditions, while the solubility of oxyanions may increase in the low redox potential 

environment.  

The penetration of landfill gas from the deposited waste upwards through the liner may create 

a redox gradient in a landfill cover, with more reducing conditions in the lower parts of the cap. 

Consequently, the release of elements from a given material might be quite different over the 

depth of cover profile due to the varying redox conditions. The higher concentrations of NH4-

N and Ntot observed in the drainage water from the second simulator (S2) compared to the first 

(S1) were a result of the lower redox potential as well as limited nitrification/denitrification 

processes. In addition, Ni, Cd and Zn were immobilized in S2 due to reducing conditions 

prevailing in this simulator (Table 3 and Fig. 6). Therefore, reducing conditions in the lower 

parts of the protection layer may result in longer periods with high N release into the drainage 

water, accompanied by reduced releases of Ni, Cd and Zn. A shift to aerobic conditions in the 

landfill cover would cause nitrification and hence reduce the concentrations of N in the drainage 

water while increasing the release of metal cations.  

Both the degradation of organic material and the hydration of disposed APC residues can 

generate reducing conditions in a landfill interior. Simulations of the landfill environment 

during the diffusion test gave unexpected results, however. The samples stored under the 

landfill gas atmosphere had higher redox potentials than those exposed to ambient air (Fig. 1, 

Paper IV). Calculations of the redox potential using the redox pair NH4-NO3 (Eq. 2 and 3) 

yielded similar results to those obtained in the diffusion test. In addition, they revealed that the 

pH was the dominant variable that determined the redox potential. The oxidizing conditions 

observed in the samples exposed to the landfill gas were thus due to APC residue carbonation 

and the associated decrease in pH. While the low redox potential in the samples stored under 

the ambient atmosphere was a result of alkaline pH and hydratization of APC residues with the 

consequent release of H2 to the gas phase. 

The diffusion test also showed unexpected results in terms of the leaching of As. Higher redox 

potentials were associated with stronger As release (Figs. 2 and 3, Paper IV), which was 

contrary to the results reported in the literature (e.g. Pantsar-Kallio and Manninen, 1997; 

Corwin et al., 1999; Kumpiene et al., 2009). This indicates that the stability of As was governed 
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by pH-sensitive processes such as the carbonation of APC residues and the precipitation of new 

mineral phases (e.g. Ca-As minerals, ettringite, portlandite, calcite) rather than the redox 

potential. The same result was obtained by geochemical modelling, which indicated that the 

dissolution of calcium arsenate and ettringite was not sensitive to variations in the redox 

potential (Paper III). These results imply that changes in redox conditions will have little effect 

on the release of As to the landfill leachate from wastes stabilized with APC residues as long 

as pH remains stable.  

Mineral transformations in the APC residues in the long term 

The ageing of APC residues will lead to mineralogical changes that affect their physical 

properties and the leaching of contaminants. Geochemical modelling indicated that apart from 

the precipitation of carbonates and Fe/Al (hydro)oxides, formation of several clay minerals (e.g. 

kaolinite, imogolite, halloysite and illite) in the APC residues used in the landfill cover was 

possible (Table 6, Paper I and Table 4, Paper II). These minerals can contribute to the 

immobilization of trace elements in the liner and in stabilized soil in the long term (Kumpiene 

et al., 2012; 2013; Meima and Comans, 1999; 2002; Zevenbergen et al., 1994; 1996; 1999). In 

addition to the immobilization of trace elements, carbonation of the APC residues and 

precipitation of clay minerals will reduce hydraulic conductivity of the liner and thus less 

leachate production over time (Maurice and Lagerkvist, 1998; Chandler et al., 1997).  

Over several hundred years, oxidizing conditions are expected to develop in a landfill due to 

the depletion of the substrates for microbial degradation in the deposited waste and the potential 

erosion of the landfill cover. This means that favourable conditions for Fe/Al (hydro)oxides and 

metal carbonates  to remain stable will prevail. However, mobilization of trace elements from 

the APC residues may occur if environmental conditions change towards acidic pH values that 

promote the dissolution of the element-binding mineral phases. This scenario cannot be 

excluded, but it is less likely to occur in a hundred (or even a thousand) years in a landfill due 

to the high buffer capacity of the APC residues.   

A brief summary of the studied factors and their influence on the release of critical elements 

from the APC residues in a landfill cover and from treated soils is presented in Table 5. 
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Table 5. Factors influencing the release of elements from a landfill cover built with APC 

residues and from disposed soil/APC residues. 

Factor Immobilization of elements Mobilization of elements References 

pH Alkaline pH keeps Ca-As 

minerals stable in a landfill. 

APC residues have a high 

resistance to pH changes. It 

may take several hundred or 

thousand years before the pH 

drops close to neutral. 

Carbonation of the APC 

residues will seal the liner 

pores and decrease the release 

of critical elements. 

Carbonation of the APC 

residues decreases the 

pH. If pH drops below 

8.5, Ca-As minerals will 

dissolve and As can be 

mobilized.  

1,2,3,4 

Temperature The release of trace elements 

such as Cr, Cu and As will 

decrease with decreasing 

temperature in a landfill. 

Heat sources such as 

methane oxidation in a 

landfill cover might 

increase the release of 

trace elements and Cl- to 

the drainage water and 

leachate. 

5 

Redox 

potential 

Reducing conditions 

immobilize Ni, Cd and Zn and 

hinder nitrification in a landfill 

cover. Oxidizing conditions 

reduce the release of As from 

APC residues in a landfill 

cover. 

 

The redox potential has 

little influence on the 

mobility of As from soil 

stabilized with the APC 

residues as long as pH 

remains stable in the 

alkaline range. 

6,7,8 

Mineral 

transformation 

Precipitation of carbonates, 

Fe/Al (hydro)oxides, and 

several clay minerals in the 

APC residues will immobilize 

trace elements, reduce 

hydraulic conductivity of the 

liner and stabilized soil. 

Mobilization of trace 

elements from the APC 

residues may occur if pH 

change towards acidic 

values that promote the 

dissolution of Fe/Al 

hydro(oxides) and metal 

carbonates. 

9, 10, 11, 

12, 13, 14, 

15 

1Brännvall et al., 2014; 2Hyks et al., 2009; 3Maurice and Lagerkvist, 1998; 4Chandler et al., 1997; 5Petrucci, 1985; 
6Pantsar-Kallio and Manninen, 1997; 7Corwin et al., 1999; 8Kumpiene et al., 2009; 9Kumpiene et al., 2012; 102013; 
11Meima and Comans, 1999; 122002; 13Zevenbergen et al., 1994; 141996; 151999 
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5. Conclusions 

A landfill cover built with the APC residues and other secondary construction materials (sewage 

sludge, bottom ash, compost) fulfilled the legal requirements for non-hazardous waste landfills 

with regard to the quantity of leachate that percolated through the liner (<50 l (m2 y)-1). Since 

the amounts of leachate percolating through the landfill cover were very low, the leachate from 

the cover will have a low impact on the overall leachate quality from the entire landfill.  

The drainage water that percolated through the layers above the liner and was drained away 

from a landfill cover contained elevated concentrations of  Cl-, N, TOC and trace elements As, 

Cu, Mo, Ni, Se, Pb and Zn. The Cl- and trace elements in the drainage water originated from 

the APC residues and bottom ash while the N and TOC derived from the sewage sludge and 

compost. This means that the drainage water must be treated to remove these contaminants 

before it can be discharged to the recipient. The leaching trends showed that the drainage water 

will need treatment for at least three to four decades.  

The selection of materials for the protection layer of the landfill top cover is crucial since this 

layer determines the quality of the drainage water. The use of APC residues instead of bottom 

ash in the protection layer is preferable because it resulted in less contaminated drainage water.   

Based on the geochemical modelling, trace elements were bound in stable mineral phases in the 

APC residues, which resulted in their very low mobility. Furthermore, precipitation of metal 

hydroxides and carbonates, and sorption by Fe/Al hydro(oxides) contributed to the retention of 

trace elements in a landfill cover. 

The APC residues efficiently stabilized As in contaminated soil. Immobilization of As was 

related to the precipitation of Ca-As minerals (e.g. calcium arsenate, weilite, johnbaumite), 

substitution of SO4
2- with AsO4

3- in ettringite, and adsorption by portlandite and calcite. The 

effectiveness of immobilization of As in treated soil was directly proportional to the amount of 

CaO in the APC residues.  

Another positive effect of the treatment was the reduced solubility of Pb from the APC residues 

after mixing with soils. Thus, the APC residue from incineration of municipal solid waste, 

which in most cases is considered as hazardous waste, can be successfully used for the treatment 

of As-contaminated soil. Leaching of critical elements indicate that the soils stabilized with 

APC residues can be disposed in landfills for hazardous waste.  

A negative effect of the treatment of As-contaminated soil with APC residues was the 

mobilization of Cr, Cu, DOC and Zn. However, the leached concentrations of these elements 

were low compared to the leaching limit values for disposal in hazardous waste landfills.  

Organic matter in soil had negative effects on both the chemical (immobilization of As) and the 

mechanical (solidification of the soil/APC mixtures) properties of the treated waste. Thus, soils 

abundant in organic matter need more APC residues than sandy soils to reach the same 

immobilization efficiency and solidification effects. About 30% of APC residues mixed with 

sandy soil was enough to ensure the geotechnical stability of the treated soil in a landfill, while 

organic soils needed more than 50% of APC residues to exhibit the same solidification as sandy 
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soils. Thus, the amount of APC residues should be optimized whilst considering possible 

positive and negative effects on the mechanical and chemical stability of the treated waste. 

The pH was more important than the temperature and the redox potential for the release of 

contaminants from the landfill cover and treated soil, and was identified as the main factor 

affecting stability of the mineral phases that controlled the release of trace elements. The buffer 

capacity of the studied APC residues towards acidification was high, indicating that the trace 

elements in the liner and treated soil can be expected to remain stable over the long term 

(approaching hundreds or even thousands of years). Indication of possible precipitation of clay 

minerals in the APC residues is expected to enhance the long term stability of immobilized 

elements while also reducing hydraulic conductivity of the landfill cover and the treated waste. 
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6. Outlook 

Monitoring of the quality and quantity of the drainage water and landfill cover leachate in the 

field test should continue. Such observations will give useful information about the durability 

of the landfill cover and the release of critical elements in the future.  

Accelerated ageing of the APC residues should be simulated in the laboratory to study the 

transformations of the solid matrix over time. The results of these ageing tests should be used 

to evaluate the stability of mineral phases in the landfill environment and to predict the 

formation of new minerals that may control the release of critical elements in the future. 

Pre-treatment of the APC resides could be useful at landfills where the leachate treatment plant 

would have to be upgraded to remove contaminants that would not be present if APC residues 

were not used in the construction of the landfill cover or for the stabilization of contaminated 

soil. Pre-treatment of the APC residues might modify their physicochemical properties such as 

their compaction or hydraulic conductivity, or the precipitation of mineral phases. In particular, 

appropriate pre-treatment of APC residues should make it possible to minimize their release of 

critical elements without adversely affecting their physical properties such as hydraulic 

conductivity or solidification behaviour. 

The stability of treated soils in landfill environments should be investigated further. Transitions 

from oxidized to reduced environments and vice versa should be simulated in the laboratory to 

evaluate the stability of critical elements in the treated soil when leaching conditions change in 

a landfill. 

Finally, the development of a monolithic structure in stabilized soil should be studied more 

extensively because it could substantially enhance the immobilization of critical elements and 

geotechnical stability of treated soil in a landfill. Hydraulic conductivity tests can be used to 

observe the development of the monolithic structure and to assess the amounts of leachate that 

can be generated when infiltrating water percolates through the treated soil.   
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