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24.1 INTRODUCTION
Waste incineration based on mass-burn technology is currently the most commonly adopted method
for the thermal treatment of municipal solid waste. Waste incineration further allows the recovery of
energy from the waste, thereby providing significant savings with respect to environmental impacts
(Fruergaard and Astrup, 2011; Vehlow, 2012, 2015). Modern municipal solid waste incinerators are
typically equipped with effective flue gasecleaning systems able to comply with the stringent air
emission criteria employed in most countries (European Commission, 2006). As flue gas cleaning
technologies improve, allowed air emissions can be assumed to be further lowered in the future. This
renders the solid residues from the incineration processes the primary emission route for many con-
taminants out of the incineration plants. Consequently, the overall environmental profile of a waste
incineration plant is to a large extent related to the quality and management of solid residues such as
bottom ashes (BAs), fly ashes (FAs), and air pollution control (APC) residues. Of these residues, BAs
are generated in the largest amounts (150e300 kg t�1 of waste incinerated, with an average of
200 kg t�1) and are at the same time the residues with technical properties most suited for use. From an
environmental and management point of view, it is therefore essential to optimize BA processing to
reduce landfilling of the residues and enhance utilization.

Over the past 2 decades, numerous studies have addressed aspects related to understanding the
technical and environmental properties of incinerator BA as well as defining the suitable conditions
for recycling. Investigations have focused on the leaching behavior (Meima and Comans, 1999,
1998; Meima et al., 2002; Polettini and Pomi, 2004; van Zomeren and Comans, 2004; Johnson et al.,
1995; Dijkstra et al., 2006a; Freyssinet et al., 2002; Dijkstra et al., 2008), geochemical reactions
(Meima and Comans, 1997; Eusden et al., 1999; Piantone et al., 2004; Astrup et al., 2006),
weathering aspects (Meima and Comans, 1999, 1998; Polettini and Pomi, 2004; Freyssinet et al.,
2002; Meima and Comans, 1997a; Piantone et al., 2004; Chimenos et al., 2000; Zevenbergen et al.,
1996; Zevenbergen and Comans, 1994; Zevenbergen et al., 1998), upgrading and stabilization
methods (Meima et al., 2002; Meima and Comans, 1998; Cheeseman et al., 2003; Bethanis, 2004;
Arickx et al., 2006; van der Sloot et al., 2001; Crannell et al., 2000; Van Gerven et al., 2007), uti-
lization options (Aberg et al., 2006; Onori et al., 2011a; Filipponi et al., 2003; Polettini et al., 2009,
2005a; Giampaolo et al., 2002; Pera et al., 1997; Pecqueur et al., 2001; Dabo et al., 2009; Olsson
et al., 2006; Vegas et al., 2008; Cioffi et al., 2011; Triffault-Bouchet et al., 2005; Tang et al., 2015;
Forteza et al., 2004) and pilot/full-scale experiences (Aberg et al., 2006; Dabo et al., 2009; De Windt
et al., 2011; Hjelmar et al., 2007; François and Pierson, 2009). Internationally, the individual in-
vestigations to some extent reflect varying concerns and priorities in individual countries, but also
provide an important knowledge base for improving BA management. Worldwide, current man-
agement of BA varies to a considerable extent: In some countries ashes are primarily landfilled
without treatment and in other countries the ashes are treated extensively before use in construction
works. The basic characteristics and problems related to BA and its processing are, however,
generally similar across countries and regions. In this sense, huge potentials for building on existing
knowledge and research experiences exist with a potential to provide improved solutions for BA
management and use in the future.

The current chapter focuses on both state-of-the-art and innovative techniques for the treatment and
reuse/recycling of incinerator BA. Based on a review of existing research, an outline of common
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characteristics of waste incineration BA as well as a discussion of important BA processing options
with focus on effects on leaching are presented. The chapter further outlines important environmental
aspects to be considered in relation to BA management and use.

24.2 BOTTOM ASH CHARACTERISTICS
This section provides an overview of BA characteristics, mineralogy and leaching behavior, and also
includes identification of the constituents generally considered most critical from an environmental
point of view.

24.2.1 PHYSICAL CHARACTERISTICS
Mass-burn incinerator BA typically consists of noncombustible or unburned materials collected at the
outlet of the combustion chamber. BA is typically collected in a quenching tank with water but may
also be collected dry. Water quenching of BA serves two main purposes: cooling of the material while
preventing tertiary air from entering the combustion chamber. Compared with dry discharge, water
quenching has the major drawbacks of causing the agglomeration of particles and the formation of
glassy constituents along with a high water content of the ash discharged, which are both believed to
affect the potential for metal recovery negatively (Meylan and Spoerri, 2014; Berkhout et al., 2011;
Rem et al., 2004; De Vries et al., 2012) (see subsequent discussion for further details on practical
implications).

For practical reasons, incinerators often combine BAwith grate siftings (the fine materials passing
through the grate) and in some cases also with the boiler ashes (the coarse fraction of particles carried
over by the flue gas from the combustion chamber, which is collected in the heat recovery section).
Although waste incinerators receive varying mixtures of waste input and the ash-handling options may
differ, BAs often share common characteristics. Ash characteristics are affected considerably by the
incinerator technology (eg, fluidized-bed incineration versus grate-fired incineration). Because grate-
fired mass-burn incineration is the most widespread and most robust technology for mixed municipal
solid waste, only this technology is discussed in the current chapter.

Fresh, untreated BA contains all of the solids remaining after the incineration process (including
in some cases grate siftings and boiler ashes, as mentioned earlier). The constituents of BA can be
classified as noncombustible materials (waste glass, soil minerals, metals, and metal alloys) and melt
products (glasses, silicate minerals, and oxide minerals) (Meima and Comans, 1997b). The mineral
fraction of the BA is typically light to dark gray and is a granular material (although it may also
contain large fused lumps). The particle size distribution is typical of well-graded materials and
generally conforms with that of sandy gravel, with a content of 40-mm oversize particles commonly
below 5% by total mass (Tang et al., 2015; Forteza et al., 2004; Heinrichs et al., 2012; Izquierdo
et al., 2011; Arm, 2004; Allegrini et al., 2014), as well as a low portion of fines (<63 mm) (Izquierdo
et al., 2011).

In addition to the mineral fraction (which usually accounts for 50e75% of the total mass Berkhout
et al., 2011; �Syc et al., 2015; Chimenos et al., 1999; Hu and Bakker, 2015; Sormunen and Rantsi,
2015), BA also contains a number of other components including ferrous metals (FeM) (iron and steel,
5e13% on average), nonferrous metals (NFeM) (mainly aluminum and stainless steel), and heavy
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nonferrous metals (HNFeM) (mainly Cu and Zn, 2e5%), relict glass and ceramic particles (15e30%),
and unburned organic matter (0.2e5%) (Berkhout et al., 2011; Heinrichs et al., 2012; Izquierdo et al.,
2011; �Syc et al., 2015; Chimenos et al., 1999; Muchová and Rem, 2006; Holm et al., 2015). It has been
reported in numerous studies that the content of such major components is largely variable concerning
the grain size of the BA particles (Berkhout et al., 2011; Allegrini et al., 2014; Muchova et al., 2008),
which also strongly affects the recovery potential of valuable fractions.

With regard to the recycling potential of BA, both the mineral and the metal fractions are
potentially valuable. The former can be reused as an aggregate or be embedded in other materials
such as cement, concrete or asphalt in a number of engineering applications, whereas the latter can
be reused in the metal industry. Metals can be present in BA as metal scraps, either as metal particles
physically adhering to the mineral fraction or as metallic species incorporated into the mineral
structure. Obviously, the recovery of the different metal constituents requires increasingly larger
efforts depending on the degree of their interaction with the mineral fraction.

24.2.2 CHEMICAL CHARACTERISTICS
24.2.2.1 Inorganic Content
The inorganic content of BA varies among incinerators, depending on the type of waste received, the
incinerator technology, and the operating conditions of the incinerator (Hyks and Astrup, 2009).
However, the contents of alkali metals, alkaline earth metals, and heavy metals typically vary within
certain ranges regardless of the origin. Table 24.1 shows the typical elemental composition ranges as
derived from various literature sources. In the table, the elemental constituents are grouped into the
following categories: (1) major elements; (2) elements of potential environmental concern (ie,
recognized as toxic or hazardous elements); (3) rare earth metals; (4) platinum group metals; and
(5) other precious and critical elements. The last three groups of constituents have attracted consid-
erable attention in the scientific literature (Allegrini et al., 2014, 2015; Muchová and Rem, 2006;
Muchova et al., 2008; Funari et al., 2015; Morf et al., 2013) from the perspective of defining the overall
resource recovery potential of incinerator BA.

Quantitatively, Al, Ca, Cl, Cu, Fe, K, Mg, Na, P, Pb, S, Si, and Zn are important inorganic con-
stituents. As explained later in relation to ash mineralogy, in particular Al, Ba, Ca, K, Mg, S, and Si are
important constituents of major solid phases controlling ash chemistry and pH. On the other hand, it is
generally acknowledged that the total metal content of the ash is not related to the potential envi-
ronmental impact exerted by the material in their use or the disposal site. Metals are typically
considered of concern once they are released into the environment by leaching (see later discussion
regarding the leaching properties).

As for the metal recovery potential from BA, the total economic value of the main recoverable
metals estimated on the basis of their respective concentration ranges (Table 24.1); market prices are
reported in Fig. 24.1. The reported values indicate that, as observed in previous investigations
(Allegrini et al., 2014; Funari et al., 2015; Morf et al., 2013), the concentration of most rare earth
elements as well as platinum group and other precious metals, although often of the same order of
magnitude as their content in the upper continental crust, is generally much lower than that typical of
concentrated ores and therefore is too low to justify any potential recovery option. Also, the real
economic value of BA would be affected by the actual recovery yield, selectivity, and degree of
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Table 24.1 Observed Ranges for Elemental Content of
Bottom Ash From Different Literature Sources (Allegrini
et al., 2014; Funari et al., 2015; Morf et al., 2013; Chandler
et al., 1997; Sabbas et al., 2003; Bayuseno and Schmahl, 2010;
Chung et al., 2007; Fujimori et al., 2004, 2005; Jung and
Osako, 2007; Kida et al., 1996; Zhang et al., 2001; Zhao et al.,
2008)

Element
Concentration Range (mg/kg)
(Minimum to Maximum)

Major elements

Al 14,000e79,000

Ca 8600e170,000

Fe 3100e150,000

K 660e16,000

Mg 240e26,000

Mn 7.7e3200

Na 2200e42,000

P 440e10,500

Si 4300e308,000

Elements of potential environmental concern

As 0.12e190

Ba 69e5700

Cd 0.3e70

Cu 190e25,000

Cr 20e3400

Mo 2.5e280

Ni 7e4300

Pb 75e14,000

Se 0.05e10

Sn 2e470

Tl 0.0077e0.23

V 16e120

Zn 10e20,000

Rare earth elements

Sc 1.3e22

La 2e30

Ce 11e51

Pr 1.1e10

Nd 4.0e37

Sm 0.93e5

Eu 0.25e2.6

Gd 0.88e5

Continued
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purity of the extracted metals that can be attained through hydrometallurgical extraction processes
(Allegrini et al., 2014). The data in Fig. 24.1 show that, as similarly pointed out by Morf et al. (2013),
most (about 85%) of the total economic value of BA is in fact associated with few elements,
including Al, Si, Cu, Cr, Ni, and Au (assuming for this metal the upper value for the concentration
range in Table 24.1). This provides some useful indications about the fact that there is little economic

Table 24.1 Observed Ranges for Elemental Content of Bottom
Ash From Different Literature Sources (Allegrini et al., 2014;
Funari et al., 2015; Morf et al., 2013; Chandler et al., 1997;
Sabbas et al., 2003; Bayuseno and Schmahl, 2010; Chung
et al., 2007; Fujimori et al., 2004, 2005; Jung and Osako, 2007;
Kida et al., 1996; Zhang et al., 2001; Zhao et al., 2008)dcont’d

Element
Concentration Range (mg/kg)
(Minimum to Maximum)

Tb 0.18e3

Dy 0.54e3

Ho 0.11e0.45

Er 0.31e2

Tm 0.01e0.18

Yb 0.31e5

Lu 0.02e0.23

Platinum group metals

Pt 0.074e0.53

Pd 0.03e1.8

Ir 0.00072e0.0075

Rh <0.030

Ru <0.0175

Other precious and critical elements

Ag <0.29e36.9

Au <0.11e2.2

Sb 7.6e430

Be 1.2e6

Co 6e350

Ga 7.8e24

Ge 0.78e2.7

In <1.7

Nb 2e14

Ta 2.5e14

W 10e320
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incentive to recover other metals than the ones mentioned, unless the recovery methods can be
applied at very low additional costs.

24.2.2.2 Organic Content
Organic carbon is a relevant constituent of BA, because it has been extensively reported to have the
capability, even at low concentrations, of affecting the leaching behavior of a number of inorganic
components. According to van Zomeren and Comans (van Zomeren and Comans, 2009), carbon may
be present in BA in different forms (Fig. 24.2). Specifically, total organic carbon is speciated between
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FIGURE 24.1

Estimated total economic value of metals in BA.
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FIGURE 24.2

Carbon speciation in MSWI BA.

Adapted from van Zomeren and Comans (2009).
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elemental and organic carbon species (van Zomeren and Comans, 2009; Rocca et al., 2013), which
exhibit different properties in terms of water solubility and stability. Owing to its chemical structure,
elemental carbon has an extremely low solubility and high stability, and may contribute to adsorption
between organic micropollutants and particle surfaces (van Zomeren and Comans, 2009; Cornelissen
et al., 2005). Conversely, organic carbon includes soluble, and less biologically stable, organic
compounds (humic and fulvic acids, along with the so-called “hydrophilic organic compounds” such
as carbohydrates) as well as an insoluble fraction, which cannot be extracted even under acidic or basic
conditions. The portion of humic and fulvic acids, along with the hydrophilic organic compounds, that
can be leached out from the solid matrix is found in solution in the form of dissolved organic carbon
(DOC), which thus represents an aggregate parameter. Several studies have pointed to the role of DOC
in the enhanced leaching of heavy metals from municipal solid waste incineration (MSWI) BA (van
Zomeren and Comans, 2004; Chandler et al., 1997; Meima et al., 1999). It has been demonstrated that
humic and fulvic acids are present in incinerator BA (van Zomeren and Comans, 2004; Dijkstra et al.,
2008; Arickx et al., 2007) and possess a high complexing capacity for heavy metals, including, eg, Cu
above all (Arickx et al., 2007, 2010; Milne et al., 2003; Yao et al., 2010; Hyks et al., 2009; Olsson
et al., 2007).

To highlight the short- and long-term behavior of BA, the potential microbial activity also should
be taken into account. By measuring the biodegradable organic carbon (BOC) through respiration
tests, some researchers (Rendek et al., 2006a) found that this was linearly correlated with DOC, and
suggested that a link between leachable and biodegradable organic carbon exists, although evidence of
correlation between total organic carbon (TOC) and BOC or DOC was not evidenced.

24.2.2.3 Mineralogy and Geochemical Characteristics
The mineralogical composition of BA is well established as being capable of dictating the chemical
and leaching properties of the material. BA mineralogy is also known to change with time as a result
of the chemical and mineralogical transformations occurring during weathering, which comprise
numerous interrelated processes such as hydrolysis, hydration, dissolution/precipitation, carbon-
ation, complexation with organic and inorganic ligands, oxidation/reduction, surface complexation,
surface (co)precipitation, sorption, ion exchange, formation of solid solutions and others (for further
details see, eg, Sabbas et al. (2003)). As a result of mineralogical alterations, the basic properties of
BA, including pH and acid neutralization capacity, are also expected to change, in turn affecting
leaching.

Because of the importance of these issues, a number of studies have focused on the mineralogical
characteristics of incinerator BA (Eusden et al., 1999; Kirby and Rimstidt, 1993), in some cases also
investigating the influence that aging may exert on them (Piantone et al., 2004; Zevenbergen et al.,
1996, 1998; Bayuseno and Schmahl, 2010; Wei et al., 2011). From a mineralogical point of view,
incinerator BA is recognized to be a multicomponent material with a partially amorphous character.
The commonly detected components have different characteristics in terms of chemical composition
and mineralogical association, and typically include a low-density slag or melt phase which often also
incorporates metal impurities, as well as a vitreous phase with variable quantities of crystals and glassy
material. A rough distinction is often made between refractory components (including highemelting
point solids contained in the original material, which remain unchanged or only partially melted upon
combustion) and newly formed glassy and crystalline products. As reported in Table 24.2, silicates
(quartz), aluminosilicates of Ca and Na (melilite minerals such as gehlenite and akermanite, feldspars,
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Table 24.2 Overview of Main Mineralogical Composition of Fresh and Weathered Bottom Ash

Mineral Formula

Presence in Bottom
Ash

ReferencesFresh Weathered

Refractory components

Quartz SiO2 � � Eusden et al. (1999), Zevenbergen et al. (1998), Kirby and
Rimstidt (1993), Bayuseno and Schmahl (2010), Baciocchi
et al. (2010)

Feldspar minerals (K,Ca,Na)(Al,Si)4O8 � Eusden et al. (1999)

Biotite K(Mg,Fe)3AlSi3O10O22(OH)2 � Eusden et al. (1999)

Olivine (Mg,Fe)2SiO4 � Eusden et al. (1999), Bayuseno and Schmahl (2010)

Pyroxene Ca(Mg,Fe)Si2O6 � Eusden et al. (1999), Bayuseno and Schmahl (2010)

Newly formed products

Melilite-group
minerals:

Ghelenite
Akermanite

Ca2Al2SiO7

Ca2(Mg,Fe)Si2O7

� � Eusden et al. (1999), Zevenbergen et al. (1998), Kirby and
Rimstidt (1993), Wei et al. (2011), Baciocchi et al. (2010)

Spinel-group
minerals:

Magnetite
Hercynite

Fe3O4

FeAl2O4

� � Eusden et al. (1999), Zevenbergen et al. (1998), Bayuseno and
Schmahl (2010), Wei et al. (2011)

Hematite Fe2O3 � � Piantone et al. (2004), Zevenbergen et al. (1998), Kirby and
Rimstidt (1993), Baciocchi et al. (2010)

Feldspar minerals (Ca,Na)(Al,Si)4O8 � Eusden et al. (1999)
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Wollastonite CaSiO3 � Eusden et al. (1999), Wei et al. (2011)

Chromite FeCr2O4 � Eusden et al. (1999)

Lime CaO � Eusden et al. (1999)

Portlandite Ca(OH)2 � Wei et al. (2011), Baciocchi et al. (2010)

Ca carbonates:

calcite, vaterite CaCO3 � � Piantone et al. (2004), Zevenbergen et al. (1998), Kirby and
Rimstidt (1993), Baciocchi et al. (2010)

Sulfates:

Anhydrite
Gypsum
Aluminocopiapite

CaSO4

CaSO4,2H2O
Al2/3Fe4(OH)2(SO4)6,20H2O

� � Polettini and Pomi (2004), Piantone et al. (2004), Zevenbergen
et al. (1998)

Ettringite Ca6Al2(SO4)3(OH)12,26H2O � � Polettini and Pomi (2004), Piantone et al. (2004), Zevenbergen
et al. (1998), Bayuseno and Schmahl (2010)

Weddellite CaC2O4$2H2O � Piantone et al. (2004)

Hydroxides:

Goethite
Gibbsite

FeOOH
AlOOH

� � Piantone et al. (2004)

Ca silicate
hydrates

C-S-Hetype phases � Piantone et al. (2004), Bayuseno and Schmahl (2010)

Zeolites � Piantone et al. (2004), Bayuseno and Schmahl (2010)

Clay-group
minerals

� Piantone et al. (2004), Zevenbergen et al. (1998), Bayuseno and
Schmahl (2010)

Corundum Al2O3 � � Polettini and Pomi (2004), Bayuseno and Schmahl (2010)

Muscovite-group
minerals

� Bayuseno and Schmahl (2010)
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pyroxene minerals, olivine, pseudowollastonite, alite, and belite), metal oxides (magnetite and
corundum), hydroxides (portlandite), sulfates (anhydrite, gypsum, and ettringite), carbonates (calcite
and siderite), as well as metallic inclusions encapsulated in the melt phase are recognized as the most
common phases in BA.

It has also been reported (Zevenbergen and Comans, 1994; Zevenbergen et al., 1998; Bayuseno and
Schmahl, 2010; Wei et al., 2011) that weathering causes mineralogical alterations on different time
scales. At the initial stages of the process, changes in mineralogy are mainly related to the alteration, at
a relatively fast rate, of Ca-rich solids in the strongly alkaline environment which is established, with
consequent precipitation of carbonate minerals (see subsequent discussion for additional details) and
Al (oxy)hydroxides such as ferrihydrite and gibbsite, as well as dissolution of ettringite with gypsum
formation. At later stages of the process, mineralogical changes are instead dominated by slow
alteration of the silicate-based glassy components, which are comparatively more resistant to the
external environmental conditions. The alteration of the glassy phase is also believed to result in
mainly new amorphous or poorly crystalline phases, which are formed as Ca, Al, and other elements
are released during the dissolution reactions. Reported products of glass weathering include hydrated
silicates, aluminates, and sulfates (hydrocalumite, C-S-Hetype phases, gypsum, clay minerals, and
zeolites).

24.2.2.4 Leaching Behavior
Risks associated with the transfer of potentially hazardous components from BA to groundwater,
surface water, and soil are recognized to be determined by their leaching potential rather than by
their total content in the solid material (Dijkstra et al., 2006a). As a consequence, comprehensive
information on the leaching behavior of BA is of paramount importance to evaluate the potential
environmental impacts of the material correctly under the intended use scenarios or during final
disposal. At the European level, it is commonly acknowledged that the estimation of contaminant
release from waste materials should be based on the results of multiple standardized leaching tests,
the objective of which is to address different aspects of contaminant release under a wide range of
environmental conditions. To this aim, specific standard leaching procedures have been developed in
the different countries; in Europe, testing procedures have been defined by the standardization
committees CEN/TC 292: “Characterisation of waste” and CEN/TC 351: “Construction products:
Assessment of the release of dangerous substances.” Of course, the amount of information required
to estimate the extent of contaminant leaching from the waste matrix is a function of the target one
wishes to attain through a leaching test (characterization testing with an in-depth evaluation of the
underlying mechanisms governing leaching, compliance testing to verify whether a waste material is
suitable for certain purposes, and quality control testing to evaluate, eg, the variability in the waste
characteristics).

It is well established that no correlation exists between the leaching of elements (except for
highly soluble salts) from predominantly inorganic waste materials such as incinerator BA and
their respective total content in the ash (Hyks and Astrup, 2009; Saveyn et al., 2014). Leaching has
also been found to be poorly dependent on both the incinerator operating conditions and the
composition of the waste input to the incinerator (Hyks and Astrup, 2009). Thus, with the exception
of elements associated with highly soluble salts such as Na, K, and Cl, for which leaching is
determined by their availability and is therefore directly related to their total content in the material
(Hjelmar, 1996), the leaching behavior of major and trace elements in BA is largely dominated by the
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dissolution/precipitation reactions of common mineral phases (Meima and Comans, 1997, 1999;
Meima et al., 1999) as well as (particularly for weathered BA) by the interaction of elements with
reactive surfaces (mainly Fe and Al [hydr]oxides) and complexing components (organic matter)
(Meima and Comans, 1998; Dijkstra et al., 2006b, 2008; Meima and Comans, 1998; Dijkstra et al.,
2002). A brief overview of the main geochemical processes governing the leaching of individual
elements/components from the BA matrix is provided in Table 24.3.

Several countries have developed criteria or regulations to define the conditions for reuse of waste
materials (including incinerator BA) in different applications. In some cases, both unrestricted and
restricted reuse scenarios are identified on the basis of both the total content of contaminants in the ash
and their leaching behavior. Because the leaching test procedures required to evaluate the suitability of
waste materials for use generally differ among countries, the limit values are likewise different
depending on the specific evaluation approach adopted (Table 24.4). However, irrespective of the
individual criteria adopted, there is some general agreement that, among the contaminants of potential
environmental concern, Cu, Mo, Sb, Cl, and SO4 may represent critical substances with respect to the

Table 24.3 Overview of Geochemical Processes Reported to Control Leaching of Major and
Minor Elements or Components From Quenched Noncarbonated Municipal Solid Waste
Incineration Bottom Ash (Meima and Comans, 1999, 1998; Dijkstra et al., 2006a; Dijkstra et al.,
2008; Meima and Comans, 1997a, 1998; Meima et al., 1999; Hjelmar, 1996; Dijkstra et al., 2002;
Cornelis et al., 2006, 2008, 2012)

Element Controlling Mechanism

Ca, SO4, CO3 Solubility control by ettringite and gypsum/anhydrite
Solubility control by calcite/monohydrocalcite

Al Solubility control by gibbsite, amorphous Al(OH)3 or amorphous Al silicates

Fe Solubility control by ferrihydrite

Mg Solubility control by brucite or magnesite

Si Solubility control by wairakite, amorphous SiO2 or amorphous Ca-Al-silicates

Na, K, Cl Solubility control by availability of corresponding salts

Mo Solubility control by powellite

Sb Solubility control by Ca antimonates
Incorporation into ettringite

Cu Organic complexation by fulvic acids.
Solubility control by tenorite/Cu(OH)2
Sorption control by amorphous Al minerals

Pb Solubility control by cerussite or Pb(OH)2.
Sorption control by amorphous Al minerals.
Organic complexation

Zn Solubility control by zincite, Zn(OH)2 or ZnSiO3.
Sorption control by amorphous Al minerals

Cd Solubility control by otavite.
Sorption by amorphous Al silicates

Others (Mn, Ba, V) Solubility control by MnO(OH), barite and Pb2V2O7
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potential environmental impacts from BA use (Sormunen and Rantsi, 2015; Saveyn et al., 2014; De
Wijs and Cleven, 2008). For this reason, if BA is intended to be reused in civil engineering applica-
tions, dedicated efforts should be devoted, eg, through appropriate BA pretreatment, to improve the
environmental profile of the material with major regard to those specific contaminants. The specific
effects of the individual treatment options on the leaching behavior of critical contaminants are out-
lined in the subsequent sections. As will be noted later in the chapter, the various treatment processes
available act differently on modifying the leaching of the various potentially harmful components;
therefore, careful selection of the type of treatment applied should be conducted with a view to
meeting the standards required for use.

24.3 BOTTOM ASH PROCESSING
The processing methods that have been proposed and are in some cases routinely applied to incinerator
BA have two main purposes: the separation of valuable fractions (basically, the mineral and metal
fractions) to be reused in different applications and improvement in their technical and environmental
behavior to meet the requirements set by technical standards for the use and regulatory thresholds for
the reduction of potential environmental impacts.

The following provides an overview of the most important processing and treatment techniques
applied to BA. The techniques are discussed with respect to their recycling potential as well as their
potential effects on the leaching behavior of the material.

Table 24.4 Summary of Criteria and Regulations of Different European
Countries for Assessment of Suitability of Waste Materials to Use (Saveyn
et al., 2014)

Country Applied Criteria
Leaching Test
Procedure Required

Austria Total content þ leaching EN 12457-4

Belgium (Flanders) Total content þ leaching CEN/TS 14405

Czech Republic Total content þ leaching EN 12457-4

Denmark Total content þ leaching EN 12457-1

Finland Total content þ leaching EN 12457-3
CEN/TS 14405

France Total content þ leaching EN 12457-2 and 4
CEN/TS 14405

Germany Total content þ leaching EN 12457-2
DIN 19528

Italy Leaching EN 12457-2

The Netherlands Total content þ leaching CEN/TS 14405

Spain (selected regions) Leaching EN 12457-4
DIN 38414-S4

Sweden Total content þ leaching CEN/TS 14405
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24.3.1 EXTRACTION AND SEPARATION
24.3.1.1 Integrated Scrubbing
The common use of quenching tanks for BA cooling provides an opportunity to separate a large
portion of the readily soluble components (mainly chloride and, to a lesser extent, sulfate salts) through
integrated scrubbing. The relatively high temperatures (about 70�C) in the quenching tank contribute
to create the conditions for a high rate of dissolution. If relatively clean surplus water is added and/or
the contact time between water and the incineration residues is increased, a reduction of more than
50% in readily soluble salts can be achieved (Zwahr, 2004). However, regarding the leaching of
metals, integrated scrubbing is not expected to result in a significant improvement with a view to use,
because as mentioned earlier, most metal contaminants display solubility- rather than availability-
controlled leaching.

24.3.1.2 Mechanical Separation
Mechanical separation of BA components has become a routine practice in several incineration plants,
especially in northern Europe, and together with aging represents the most widely adopted treatment
method of incineration BA. As outlined in the previous sections, BA is increasingly recognized as a
source for high-value materials, which justifies the considerable economic drive to enhanced recovery
of BA fractions. It has been shown (Berkhout et al., 2011) that the value of NFeM recovered from BA
alone is sufficient to cover the costs of the entire treatment sequence for the production of the recycled
mineral fraction. The environmental benefits of recycling of BA fractions are obviously associated
with the reduced consumption of natural resources and avoided emissions from the primary industrial
production processes. For instance, the production of secondary Al from recycled metal scraps requires
approximately 6% of the energy demand of Al production from virgin materials, which amounts to
about 45 kWh kg�1 of metal (Hu and Rem, 2009). Lifecycle assessment (LCA) studies of BA recovery
showed that the related savings in greenhouse gas emissions are on the order of 100e400 kg CO2 t

�1

BA processed, depending on the assumptions adopted and the specific conditions considered (Allegrini
et al., 2015; Boesch et al., 2014), with a major contribution of Al (>50%) and Fe (35%) recovery.
However, potential toxic impacts of BA recycling may be critical, mainly owing to Fe scrap recovery
(Allegrini et al., 2015), although it was also observed that this may be the result of an overestimation of
contaminant release by the adopted inventory of process emissions.

Enhanced recovery of metals from BA is also expected to result in benefits in terms of the technical
performance of the separated mineral fraction for use as an aggregate or mineral addition in cement,
concrete or asphalt mixtures in construction applications, because diverting metallic constituents may
avoid documented detrimental effects in the usage site (Allegrini et al., 2015), including the oxidation
of metallic Al with associated H2 production and expansion or cracking phenomena in concrete
products caused by the formation of ettringite.

Separation of the metal and mineral fractions of BA is usually accomplished through an often
complex treatment sequence which combines traditional processing and classification units (sieve
separation, crushing, impact crushing, attrition liberation, magnetic separation, eddy current sepa-
ration, air classification, hydraulic separation, and aging) with more advanced classification tech-
niques (optical separation, magnetic density separation, X-ray classification, and electrodynamic
fragmentation) (Berkhout et al., 2011; Holm et al., 2015). Most commonly, dry processing is applied
(Holm et al., 2015; Hu et al., 2009), although wet-processing techniques have been proposed
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(Berkhout et al., 2011; Hu and Bakker, 2015; Muchová and Rem, 2006; Muchova et al., 2008; Hu and
Rem, 2009) to overcome the negative effects of the high moisture content in the ash that is thought to
impair the recovery of NFeM and improve the separation of the light organic fraction which tends
to adhere to the metal particles. Application of combined dry and wet separation techniques has led to
full-scale implementations, particularly in The Netherlands (e.g. Keulen et al., 2016).

The need to combine multiple processing units in BA treatment plants stems from the fact that
although recovery yields for ferrous scraps in excess of 80% are commonly achieved (Meylan and
Spoerri, 2014; Allegrini et al., 2014; Muchová and Rem, 2006), efficient recovery of NFeM is
considerably more sensitive to the feed material characteristics, requiring in particular an accurate
control of the grain size range of the material streams fed to the metal separation units (European
Commission, 2006; Heinrichs et al., 2012; Allegrini et al., 2014; Holm et al., 2015; Hu and Rem, 2009;
Hu et al., 2009). In particular, the finer fractions are known to contribute significantly to the inventory
of HNFeM in BA (Allegrini et al., 2014; Hu and Bakker, 2015; Muchová and Rem, 2006; Hu et al.,
2009; Biganzoli et al., 2013; Muchova, 2010; Grosso et al., 2011). To this aim, in modern BA sep-
aration plants, multiple size fractions are usually processed in parallel (Rem et al., 2004; De Vries
et al., 2012; Heinrichs et al., 2012; Allegrini et al., 2014; �Syc et al., 2015; Hu and Bakker, 2015; Holm
et al., 2015; Muchova et al., 2008; Hu and Rem, 2009; Hu et al., 2009; Biganzoli et al., 2013; Muchova,
2010). It has been suggested (Heinrichs et al., 2012) that an optimized feed to eddy-current separation
should have a ratio of 3 between the upper and lower diameters of the particle size range.

An overview of the treatment layout of different BA processing plants aimed at separating various
fractions (typically, mineral fraction, ferrous scraps, and NFeM, either combined or individually), with
details (when available) on the related recovery rates, is provided in Table 24.5.

24.3.1.3 Extraction With Water, Acids, and Chelating Agents
Slurry-phase extraction of metal contaminants from BA using various extracting agents has been
proposed as a means to improve the leaching behavior of the mineral fraction in view of its use as an
aggregate material. Washing with water is the simplest process that can be applied to remove soluble
constituents from BA. The L/S ratio and residence time in the BA quenching tank are such that the
thermodynamic equilibrium of the dissolution processes is seldom attained. Thus, after quenching BA
will still contain residual soluble components which can be further extracted through a water washing
treatment. Because of the alkaline nature of BA, the pH of fresh BAewater suspensions is typically in
the range 9.5e12, which corresponds to the solubility minimum for most metal species. For this reason
and through the fact that the leaching of most metals is solubility-controlled (leaching is determined by
the solubility of certain minerals present), the efficiency of trace metal removal from BA through water
washing is typically relatively low. Hence, this and the treatment is mainly applied to remove major
components that are soluble, such as chloride, Na, and sulfate. However, the less soluble sulfate
minerals may not dissolve completely upon water washing, which makes the treatment generally
unsuitable to improve the leaching characteristics of BA at the level required by regulation for reuse.

Enhanced sulfate solubilization yields have been reported using NaHCO3 or CO2 in the washing
solution, owing to the precipitation of Ca as carbonate in place of sulfate forms. However, it has also
been reported that assisted water washing produced a permanent effect on sulfate leaching in only a
few cases (Astrup, 2007).

In some cases, water washing displays appreciable dissolution yields for Cu, and to some extent Cr
and Pb, although it was also observed that the attained removal is inadequate to reduce leaching below
the regulatory limits (Astrup, 2007). The application of assisted water washing using, eg, CO2 to lower
the pH has been reported to allow for the extraction of a number of trace metals including Cu, Ni, and
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Table 24.5 Overview of Processing Schemes Applied for Bottom Ash Recovery and Information
on Related Recovery Yields (When Available)

Type of
Technology

Type and Number of
Separation Units

Separated Size
Fractions

Target Streams
(and Recovery
Efficiencies) References

Dry Sieving (2)
Manual sorting (1)
Magnetic separation (3)
Eddy-current separation (1)

>250 mm
45e250 mm
<45 mm

FeM
NFeM (29%)

Heinrichs et al.
(2012)

Dry Sieving (4)
Magnetic separation (6)
Air classification (1)
Eddy-current separation (3)

>32 mm
16e32 mm
6e16 mm
<6 mm
(discarded)

Mineral fraction
FeM
NFeM (75%)

Heinrichs et al.
(2012)

Wet Sieving (3)
Hydrocycloning (2)
Magnetic separation (1)
Eddy-current separation (3)

>45 mm
16e45 mm
4e16 mm
0.25e4 mm
<0.25 mm

Mineral fraction Holm et al.
(2015)

Dry Impact crushing (1)
Manual sorting (1)
Attrition liberation (1)
Sieving (4)
Magnetic separation (5)
Eddy-current separation (4)

>60 mm
18e60 mm
5e18 mm
2e5 mm
<2 mm
(discarded)

Mineral fraction
FeM
NFeM
Stainless steel
Metal oxides

Holm et al.
(2015)

Dry Sieving (4)
Manual sorting (1)
Attrition liberation (1)
Magnetic separation (5)
Eddy-current separation (4)

>300 mm
45e300 mm
8e45 mm
<8 mm

Mineral fraction
FeM
NFeM

Holm et al.
(2015)

Wet Wet screening (4)
Hydrocycloning (1)
Washing separation (1)
Thickening (1)
Magnetic separation (1)
Eddy-current separation (1)
Magnus separation (1)

>2 mm
0.045e2 mm
<0.045 mm

Mineral
fractions (sand,
gravel)
NFeM (58%)
Al (67%)
Cu/Zn (38%)

Rem et al.
(2004)

Dry Sieving
Impact separation (Advanced
dry recovery, ADR) (1)
Wind sifting (1)
Magnetic separation
Eddy-current separation

>20 mm
Others
<2 mm

Mineral fraction
FeM
Al (66%)
NFeM

De Vries et al.
(2012), Hu et al.
(2009)

Dry Sieving (4)
Manual sorting (1)
Magnetic separation (3)
Eddy-current separation (4)
Air classification (2)

>150 mm
50e150 mm
10e150 mm
50e100 mm
20e50 mm
4e20 mm
<10 mm
<4 mm

Mineral fraction
FeM
NFeM

Biganzoli et al.
(2013)

Continued
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Zn (Polettini et al., 2005b). On the other hand, although some removal was attained for selected
contaminants, CO2-assisted water washing has been observed to have a negative impact on the
leaching characteristics, enhancing the release of Cr, Cu, Mo, and Ni (Polettini et al., 2005a,b), likely
owing to an indirect effect exerted by a decrease in pH.

Other chemical extraction processes have been proposed which involve the use of inorganic acids
including hydrochloric, nitric, or sulfuric acid as well as aqua regia, chelating agents including
nitrilotriacetate, ethylenediamine-tetraacetate, diethylentriamine-pentaacetate, and saponins, but these
have been mainly proposed for fly ash and APC residues for heavy metal recovery and detoxification
of the material. Van Gerven et al. (2007) investigated different organic solutions to upgrade BA quality

Table 24.5 Overview of Processing Schemes Applied for Bottom Ash Recovery and Information
on Related Recovery Yields (When Available)dcont’d

Type of
Technology

Type and Number of
Separation Units

Separated Size
Fractions

Target Streams
(and Recovery
Efficiencies) References

Wet Screening (4)
Wind sifting (1)
Magnetic separation (3)
Eddy-current separation (2)
Magnetic density separation (1)
Jigging (1)
Shaking table separation (1)
Dewatering (1)

>20 mm
6e20 mm
2e6 mm
0.1e2 mm
<0.1 mm

Mineral
fractions (sand,
gravel)
FeM (83%)
Al (83%)
NFeM (73%)
HNFeM
Precious metals
Light organics

Hu and Bakker
(2015),
Muchová and
Rem (2006),
Muchova et al.
(2008), Hu and
Rem (2009)

Wet Wet screening (3)
Hydrocycloning (1)
Washing separation (1)
Dewatering (1)
Eddy-current separation (1)
Wet eddy-current separation (2)
Kinetic gravity separation (1)
Magnus separation (1)
Magnetic separation (1)
Density separation (1)

>20 mm
6e20 mm
2e6 mm
0.1e2 mm
<0.1 mm

Mineral
fractions (sand,
gravel; 76%)
FeM (77%)
Al (29%)
NFeM (82%)
HNFeM
Precious metals
Light organics

Muchova (2010)

Dry Screening (6)
Manual sorting (1)
Magnetic separation (4)
Crushing (1)
Eddy-current separation (3)
Inductive sorting system (1)

>50 mm
16e50 mm
8e16 mm
2e8 mm
<2 mm

Mineral fraction
FeM (85%)
NFeM (61%)
Al (62%)
Cu (61%)

Allegrini et al.
(2014)

Dry Screening (3)
Magnetic separation (3)
Eddy-current separation (5)
Table separation (3)
Cyclone separation (1)

>5 mm
0.7e5 mm
0.1e0.7 mm
2e8 mm
<2 mm

Mineral fraction
FeM (85%)
NFeM (61%)

Meylan and
Spoerri (2014)

FEM, ferrous metals; NFEM, nonferrous metals.
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and found that 0.2 M ammonium citrate gave the best results in terms of metal removal and leaching of
contaminants from the treated material. The extraction process involved one to three extraction steps at
L/S ¼ 5 for 1 h followed by one to three distilled water washing steps at L/S ¼ 5 for 1 h each to
remove the excess of chelating agent. Although three-stage extraction enhanced metal removal from
BA, metal leaching from the final residue was not always positively affected by the increase in the
extraction steps. Increasing the number of washing stages after extraction was more effective toward
improving the leaching behavior of treated BA, and the combination of a single-step extraction with
three washing stages using water reduced the leaching of regulated metals below the corresponding
Flemish limits.

Other authors (Anjum et al., 2013) studied bioleaching to extract metals from BA using Aspergillus
niger metabolites under the combined effect of ultrasonic radiation. The acidic metabolites of the
microbial species (particularly citric acid and oxalic acid) promoted the leaching of a number of metals
(Al, Fe, and Zn) from the ash matrix.

The environmental burdens of chemical extraction are evident (Reijnders, 2005). Substantial inputs
of chemicals are needed for alkaline, acid, and organic extraction. Acid leaching of BA to use the
metals is not recommended because substantial amounts of acid are needed to gain a low pH and high
L S�1, and the leaching/precipitation is a time-consuming, multistage procedure. Furthermore, sub-
sequent selective extraction of the liquid solution for potential recovery of the extracted metals is
energy-consuming. When nondegradable chelating agents are applied, the treatment of the residual
effluent will be problematic.

24.3.2 CHEMICAL PROCESSES
A number of BA processing options involve some level of chemical alteration of the solid matrix. The
chemical reactions involved may bind and immobilize specific elements, but may also solubilize
others. These chemical reactions may either occur naturally upon interaction with the environment or
be purposely induced as a part of an industrial process.

The principle of chemical treatment of BA stems from consideration of the material’s chemical
reactivity (particularly under alkaline conditions), which has been well documented by several studies
(Meima and Comans, 1999; Johnson et al., 1995; Meima and Comans, 1997; Zevenbergen et al., 1996,
1998; Zevenbergen and Comans, 1994; Comans and Meima, 1994). This results from the fact that the
high-temperature solids formed during the combustion process become thermodynamically unstable
as soon as BA is readily cooled from the furnace temperatures down to ambient conditions during
quenching. The complex series of chemical and mineralogical transformations that arise is referred to
as natural weathering and is composed of numerous interrelated processes such as hydrolysis, hy-
dration, dissolution/precipitation, carbonation, complexation with organic and inorganic ligands,
oxidation/reduction, surface complexation, surface (co)precipitation, sorption, ion exchange, forma-
tion of solid solutions, and others (Sabbas et al., 2003).

The purpose of chemical processing of BA is to intentionally induce and accelerate the natural
alteration processes of the major mineral phases of the material simultaneously so that adequate
stabilization is attained within technically reasonable time frames of hours to weeks or months.
Chemical processing may be applied as a pretreatment before use or final disposal. When use is the
intended destination for BA, chemical treatments are applied to allow for the development of en-
gineering properties and leaching characteristics that render BA more suited for the application in

24.3 BOTTOM ASH PROCESSING 625



mind. In the case of landfill disposal, chemical processing of BA may still be applied for the material
to attain the “final storage quality” (Hjelmar, 1996) before landfilling, thus minimizing the technical
requirements for leachate collection and treatment (Sabbas et al., 2003).

In the following, the mechanisms involved in the main chemical processes available for BA are
critically reviewed, to derive a comparison of the results that can be obtained from application of the
different treatment methods.

24.3.2.1 Natural Aging and Weathering
Natural aging of BA by means of stockpiling under atmospheric conditions is considered to be a cost-
effective and simple stabilization treatment step to be applied, possibly in combination with additional
processing, before use or disposal. For this reason, a stockpiling period of a couple of weeks to several
months before use is typical practice in several countries (see e.g. Astrup, 2007).

Weathering reactions proceed naturally in incinerator BA upon contact with atmospheric agents
including water, O2 and CO2, and basically mimic the mineralogical alteration processes docu-
mented for soils of volcanic origin (Zevenbergen and Comans, 1994; Zevenbergen et al., 1998).
Although it is well established that natural weathering leads to the formation of thermodynamically
stable phases or phase assemblages (Meima and Comans, 1999; Johnson et al., 1995; Meima and
Comans, 1997; Zevenbergen et al., 1996, 1998; Zevenbergen and Comans, 1994; Meima and
Comans, 1998; Comans and Meima, 1994; Pfrang-Stotz et al., 2000), completion of the chemical
and mineralogical transformations is expected to occur within time frames on the order of hundreds
to thousands of years. Nevertheless, it has been shown that a certain degree of BA stabilization can be
attained when the material is stockpiled for periods ranging from some weeks to a few months.
Within such relatively short periods, mineralogical alterations and pH changes may modify the
leaching-controlling mechanisms altering the release of major ions and trace elements from BA.

However, a number of studies still indicate that stockpiling is not always adequate for the quality
standards required for BA use to be attained, which implies the need for additional treatment for
specific contaminants (eg, Cu, Cr, Mo).

Natural weathering may also induce the formation of cementitious phases, which act as binders and
confer BA improved mechanical properties (compressive strength and elasticity modulus). This has
been observed to occur particularly in the short term (first 2 weeks of aging) and has been ascribed to
the presence of portlandite (Chimenos et al., 2005). For longer weathering periods, when ettringite and
amorphous Al (hydr)oxides become the most relevant neo-formed phases along with minor amounts of
gypsum, calcite, and Ca silicate aluminate hydrates, mechanical properties are only slightly improved.
Compaction of freshly quenched BA before natural weathering also can affect mechanical behavior,
improving stiffness and compressive strength (Chimenos et al., 2005). However, detrimental effects,
including the formation of gel from the oxidation of metallic aluminum at high pH and concurrent
hydrogen gas evolution, as well as ettringite formation and hydration of Ca and Mg oxides, may cause
BA expansion phenomena. Typically, the largest volume increase is observed during the first days of
weathering and is mainly due to lime hydration.

A number of authors (Freyssinet et al., 2002; Piantone et al., 2004; Pfrang-Stotz et al., 2000)
investigated the fate of major elements during short-term natural aging of BA and concluded that the
main mineralogical transformations include hydration of oxides (CaO, MgO, and Al2O3), precipitation
of Ca carbonates such as calcite and vaterite, formation of Ca silicate hydrates, conversion of anhydrite
into various sulfate forms (bassanite, ettringite, and gypsum), as well as progressive transformation of
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crystalline Fe species (from magnetite to maghemite to hematite). Additional mineral phases have also
been identified during natural weathering of BA, including metal oxides, oxy-hydroxides, quartz, and
oxalates, as well as zeolite species and aluminum hydroxides polymorphs (bayerite-gibbsite-nord-
strandite) (Meima and Comans, 1999, 1997a; Piantone et al., 2004; Zevenbergen et al., 1996). The
relative amount of these phases is related both to the duration of the aging period and the extent of
contact between solid particles and atmospheric agents.

The occurrence of exothermic reactions during weathering results in temperature changes of BA
that may also affect the kinetics of other processes. During BA maturation in heaps, temperature has
been observed to range from 15 to 20�C higher than ambient temperature to even higher temperature
differentials, up to 40�C (Freyssinet et al., 2002).

BA maturation also involves organic matter degradation, but neither methane nor organo-
halogenated compounds or volatile organic compounds (VOCs) were identified, probably because
of the low TOC content of BA. However, the occurrence of organic matter biodegradation is indicated
by the O2 depletion over time, as observed by a number of authors (Freyssinet et al., 2002).

Investigation of leaching of major ions indicates a rapid washout of chlorides, a reduction in Ca
leaching owing to the changes in the corresponding solubility-controlling species, as well as pro-
longed leaching of sulfates (Meima and Comans, 1999; Freyssinet et al., 2002; Baranger et al.,
2002). An initial increase in the release of Na, K, and Mg may also be observed, which is likely
related to chloride mobilization, cation exchange mechanisms, or dissolution of aluminosilicate
minerals (Zevenbergen and Comans, 1994). In experiments by Freyssinet and colleagues (Freyssinet
et al., 2002), dissolution of NaCl, KCl, and MgCl2 was relatively rapid, so that about 80% of the
chloride species was dissolved within a stockpiling period of 5 months, whereas Meima and Comans
(1999) observed low leaching of Na, K, and chlorides for aging periods longer than 6 weeks.
However, the results from Pfrang-Stotz and coworkers (Pfrang-Stotz et al., 2000) disagreed with
such findings, because they indicated no significant changes in K and chloride leaching after
3-month weathering compared with fresh BA.

Leaching of Ca was reported to be controlled initially by portlandite (Freyssinet et al., 2002;
Chimenos et al., 2003); for longer aging periods, gypsum, and ettringite controlled Ca leaching, with a
decrease in Ca release resulting in the lower solubility of such phases compared with portlandite; at
later stages of weathering, calcite becomes the solubility-controlling mineral for Ca (Meima and
Comans, 1997).

Changes in Ca-controlling phases are reflected by pH evolution over time, with a decrease in pH as
soon as portlandite is converted into other minerals. However, pH changes also depend on particle size.
Chimenos et al. (2003) observed that whereas larger gravel particles (>6 mm), which typically have
lower Ca contents, had an initial pH of <11, which was not appreciably affected by weathering,
smaller gravel particles (2e6 mm) had an initial pH of about 12 and decreased to approximately 11.3
within the first 4 weeks of aging, and then further to about 10 after 3 months. Surprisingly, the study
also showed that the 2-mm undersize fraction displayed some slight decrease in pH after only 4 months
of stockpiling; this disagrees with other findings of Arickx et al. (2006), which indicated a decrease in
pH from 12.1 to 10.7 for the BA sand fraction (0.1e2 mm) after 3 months of natural weathering.

Sulfates are reported to be retained over longer time scales compared with other species, and
leaching has been observed to be governed by either ettringite or gypsum, depending on the degree of
weathering. The increase in sulfate leaching over time observed by some investigators is likely related
to the progressive dissolution of ettringite caused by carbonation, because sulfate concentrations as
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high as 1000 mg L�1 were measured in the leachate from 15- to 18-month stockpiled BA (Freyssinet
et al., 2002; Baranger et al., 2002).

The kinetics of Si minerals dissolution from weathered BA is slowed by the precipitation of
secondary silicate phases at alkaline pH; Si leaching decreases over time during natural weathering,
likely because of the transition of unstable minerals to more stable (crystalline) phases (Freyssinet
et al., 2002). However, it was reported (Chimenos et al., 2003) that for appreciable changes in Si (and
Al) mobility from BA to occur, weathering periods of more than 2 weeks are required.

Changes in mineralogical composition and major ions leaching from BA during natural weathering
have variously been reported to alter heavy metal mobility. Reductions in Zn, Cu, Pb, Cr, and Ni
release were observed during 3-month stockpiling (Meima and Comans, 1997a; Arickx et al., 2006;
Pfrang-Stotz et al., 2000). Some authors (Freyssinet et al., 2002) indicated that among various mineral
phases, carbonates are responsible for Pb and Zn entrapment; other neo-formed phases such as oxides,
phosphates, and sulfates may also display some metal-bearing capacity with respect to Cr, As, and Pb.
The occurrence of heavy metals in solid solutions with newly formed minerals (such as calcite) may
also have a role (Piantone et al., 2004).

Natural weathering has been found to reduce the leaching of Pb and Zn below the limits established
by the Flemish regulation for the use of granular materials in construction applications (Arickx et al.,
2006), and some studies even report leachate concentrations below the analytical detection limits
(Meima and Comans, 1999).

Although Cu leaching is positively affected by natural aging, Cu has been reported to be a critical
element in view of BA use. Changes in Cu leaching over time have been related to both pH changes
and organic matter degradation (Meima and Comans, 1997; Arickx et al., 2006), which also occurs to
various degrees depending on the particle size as a function of the initial TOC content. It was shown
that, although after 3-month aging the gravel fraction of BA complied with the Flemish limits for Cu in
view for use, the sand fraction still displayed unacceptable Cu release (Arickx et al., 2006), pre-
sumably due to the high residual DOC concentrations in the material.

For typical oxyanion-forming metals (Cr, Mo, and Sb), natural weathering appears to exert mainly
a mobilization effect, although the governing mechanisms have not been yet fully elucidated.

24.3.2.2 Forced Carbonation
Carbonation of BA has a major role in modifying the mineralogical characteristics and leaching
behavior of BA. Whereas carbonation occurs naturally during weathering, accelerated carbonation has
also been studied as an efficient method to control the leaching behavior of some metal contaminants,
although it may also have some contrasting effects, depending on the contaminant of concern (see
subsequent discussion).

Macroscopically, the effect of carbonation is a general decrease in pH from the initial alkaline
range typical of fresh BA (about 10.5e11.5) to values (about 8.3) dictated by pH control by calcite
(Meima et al., 2002; Polettini and Pomi, 2004; Arickx et al., 2006; Polettini et al., 2005b; Baciocchi
et al., 2010; Cornelis et al., 2006, 2012). Changes in pH reflect a number of mineralogical alterations,
with new mineral phases being formed and others disappearing. Calcite precipitation leads to
decreased Ca leaching owing to the lower solubility of Ca carbonate forms compared with ettringite,
which typically governs the leaching behavior of Ca from freshly quenched BA. Ettringite dissolution
upon carbonation has also been proposed as the reason for the increased release of sulfate from
carbonated BA (Meima et al., 2002; Polettini and Pomi, 2004; Bodénan et al., 2000; Fernández Bertos
et al., 2004).
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As for the other major elements, Al is known to precipitate mainly as amorphous Al(OH)3, Si as
amorphous aluminosilicates, and sulfate as gypsum or anhydrite (Meima and Comans, 1999, 1997a;
Meima et al., 2002; Dijkstra et al., 2006b).

The influence of accelerated carbonation on trace contaminant leaching from MSWI BA has been
the subject of several literature studies. In general, the overall effect of carbonation is the result of
multiple mechanisms, including pH changes, precipitation of metal carbonates, and interaction with
newly formed minerals, which in turn depend on both carbonation conditions and the mineralogy of
the starting material. In the examined literature studies, different leaching test methods were applied,
with the consequence that the mechanisms affecting leaching are accounted for differently, which
complicates the interpretation of the experimental results in general terms. A schematic overview of
the ranking of the effects of carbonation on contaminant mobility from BA as observed in various
experimental studies is provided in Table 24.6.

24.3.2.3 Chemical Binding
Most chemical processes studied for BA treatment aim to decrease the mobility of (mainly) trace
metals and are therefore regarded as stabilization processes. The principle of chemical stabilization is
to induce the formation of low-solubility mineral phases which possess thermodynamic and
geochemical stability under either use or disposal conditions.

Among the chemical binding processes which deserve major attention, the addition of chemical
additives capable of increasing the sorptive properties of BA promotes the immobilization of trace
metals.

The use of Al(III) and Fe(III) salts and other sorbing compounds (steel slag, apatite, allophane, and
bauxite) was tested with the aim of reducing the leaching of trace metals from BA (Meima and
Comans, 1998; Polettini et al., 2005b; Comans et al., 2000), because of their recognized role in trace
contaminant binding, especially for weathered BA (see earlier discussion). Pure Al(III) and Fe(III)
salts were capable of immobilizing cationic metals (Cu) (Comans et al., 2000) and oxyanion-forming
metals (Mo, Cr, and Sb) (Meima and Comans, 1998; Polettini et al., 2005b). As expected, metal
binding was found to be pH dependent; neutral to alkaline pHs favored cations whereas lower values
favored (oxy)anions. However, a concomitant mobilization effect was observed for other trace metals
such as Ni and Zn, and also for a number of major cations including Ca, Mg, and Na (Polettini et al.,
2005b). It should be noted that the addition of Al(III) and Fe(III) salts does also imply an increased
leaching of chlorides or sulphates since these salt are mainly added in the form of Al or Fe chloride or
sulphate.

Other authors (Crannell et al., 2000; Polettini et al., 2005b) studied the addition of soluble phos-
phate to reduce trace metal leaching from BA. Stabilization treatment produced a strong reduction in
leaching of Pb and Cu and had a positive (although less relevant) effect on Cd and Zn (Polettini et al.,
2005b). Leaching curves as a function of pH for phosphate-treated BA were below those of the un-
treated material for Cd, Cu, Ni, Zn, and Mo, confirming the stability of the corresponding solubility-
controlling minerals under varying pH conditions. However, a mobilization effect of the applied
process toward Pb was observed (Polettini et al., 2005b).

24.3.3 THERMAL PROCESSES
Thermal techniques involve heating the ashes to about 1000-1500�C to promote changes in the
physical and chemical characteristics. In most cases, thermal processing give the treated material
improved characteristics in view of both use and final disposal. Final products have a reduced volume
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Table 24.6 Reported Effects of Carbonation on Contaminant Mobility From Bottom Ash

Contaminant Leaching Test Method Effect References

Metals

Ba EN 12457 (LS 10) w Bodénan et al. (2000)

EN 12457 (LS 10) Y Arickx et al. (2006), Van Gerven et al. (2005)

NEN 7343 (column) Y Arickx et al. (2006)

Cd EN 12457 (LS 10) Y Rendek et al. (2006)

Cr EN 12457 (LS 10) [ Bodénan et al. (2000), Van Gerven et al. (2005), Rendek
et al. (2006b)

EN 12457 (LS 2) [ Polettini et al. (2005b)

EN 12457 (LS 10) w Polettini et al. (2005b)

NT Enviro 003
(availability)

Y Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) Y Todorovic and Ecke (2006)

Cu EN 12457 (LS 10) Y Arickx et al. (2006), Van Gerven et al. (2005)

EN 12457 (LS 10) w Bodénan et al. (2000)

NEN 7343 Y Arickx et al. (2006)

EN 12457 (LS 2) [ Polettini et al. (2005b)

EN 12457 (LS 10) [ Polettini et al., 2005b

WTC ANC w Polettini and Pomi (2004)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) Y Todorovic and Ecke (2006)

NEN 7345 (diffusion) [ Todorovic and Ecke (2006)

— Y Meima et al. (2002)

TS 14497 (pH-stat) Y Dijkstra et al. (2006b)

Mo EN 12457 (LS 10) w Bodénan et al. (2000), Van Gerven et al. (2005)

EN 12457 (LS 10) Y Arickx et al. (2006)

NEN 7343 (column) Y Arickx et al. (2006)

EN 12457 (LS 2) w Polettini et al. (2005b)

EN 12457 (LS 10) [ Polettini et al. (2005b)

NT Enviro 003
(availability)

Y Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) Y Todorovic and Ecke (2006)

d [ Meima et al. (2002)

TS 14497 (pH-stat) Y Dijkstra et al. (2006b)

Ni EN 12457 (LS 10) w Arickx et al. (2006)

NEN 7343 [ Arickx et al. (2006)

EN 12457 (LS 2) [ Polettini et al. (2005b)

EN 12457 (LS 10) [ Polettini et al. (2005b)
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Table 24.6 Reported Effects of Carbonation on Contaminant Mobility From Bottom
Ashdcont’d

Contaminant Leaching Test Method Effect References

Pb EN 12457 (LS 10) YY Bodénan et al. (2000), Fernández Bertos et al. (2004),
Bone et al. (2003)

EN 12457 (LS 10) Y Arickx et al. (2006), Rendek et al. (2006b)

NEN 7343 (column) Y Arickx et al. (2006)

WTC ANC YY Polettini et al. (2005b)

NT Enviro 003
(availability)

[ Todorovic and Ecke (2006)

NEN 7345 (diffusion) [ Todorovic and Ecke (2006)

Sb EN 12457 (LS 10) [ Arickx et al. (2006), Cornelis et al. (2006), Van Gerven
et al. (2005)

NEN 7343 (column) [ Arickx et al. (2006)

NT Enviro 003
(availability)

Y Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) Y Todorovic and Ecke (2006)

V EN 12457 (LS 10) Y Arickx et al. (2006)

NEN 7343 (column) Y Arickx et al. (2006)

Zn EN 12457 (LS 10) Y Arickx et al. (2006), Polettini et al. (2005b), Bodénan
et al. (2000), Fernández Bertos et al. (2004)

NEN 7343 (column) Y Arickx et al. (2006)

EN 12457 (LS 2) [ Polettini et al. (2005b)

WTC ANC Y Polettini and Pomi (2004)

NT Enviro 003
(availability)

[ Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) [ Todorovic and Ecke (2006)

Anions

Chloride EN 12457 (LS 10) w Fernández Bertos et al. (2004)

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NEN 7345 (diffusion) w Todorovic and Ecke (2006)

Sulfate EN 12457 (LS 10) [ Meima and Comans (1999), Bodénan et al. (2000),
Fernández Bertos et al. (2004)

EN 12457 (LS 10) [

NT Enviro 003
(availability)

w Todorovic and Ecke (2006)

NT Enviro 003
(availability)

w[ Todorovic and Ecke (2006)

NEN 7345 (diffusion) [ Todorovic and Ecke (2006)

d [ Meima et al. (2002)

Organics

DOC TS 14497 (pH-stat) YY Dijkstra et al. (2006b)
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and mechanical properties suitable for engineering applications together with negligible leaching of
constituents compared with the original residues (Chandler et al., 1997). Reduced leaching, in
particular, is the result of the immobilization of lithophilic metals by means of chemical or physical
mechanisms and the removal of volatile compounds as a consequence of vaporization.

The possibility of achieving these goals relies on process variables such as temperature, treatment
duration, and the chemical composition of the material to be treated; in particular, this needs to be
optimized in terms of the content of glass-formers (SiO2 and Al2O3), melting (Na2O and K2O), and
stabilizing agents (CaO, MgO, ZnO, and PbO), which can be achieved using appropriate additives. The
presence of interfering substances such as chlorides, sulfates, and alkalis, is of concern, as well.

Vitrification, melting, and sintering are the major options for thermal treatment, and they differ
principally in the characteristics of the treated material rather than the process itself (Chandler et al.,
1997; Sabbas et al., 2003).

24.3.3.1 Vitrification/Melting
During vitrification, a mixture of ashes with glass-forming materials and melting/stabilizing oxides is
processed at 1000e1500�C to form a homogeneous liquid phase. The molten material is then cooled to
generate a single-phase glassy product. Virgin materials such as silica and calcium carbonate, or glass
scraps may be used as process additives, and their quantity may vary from 20% to 70% by weight of
the total feed.

Immobilization of contaminants is achieved via chemical bonding and encapsulation mechanisms.
Chemical bonding is of concern when considering certain metals (network formers) able to substitute
Si-forming covalent bonds with oxygen atoms in the silica network, or ions (network modifiers) able to
bind elements of the glass network ionically. Encapsulation occurs during cooling of the molten
material, when constituents are surrounded by a glassy layer without chemical interaction with the
silica networks (Chandler et al., 1997).

Melting processes are operatively similar to vitrification, but without the addition of glass-forming
materials. As a consequence, products from melting are not homogeneous and may contain multiple
crystal phases, a separate molten metal phase, or inclusions of unmolten feed. Specific metal phases
thus can be separated from the molten product and possibly recycled.

BA vitrification is already a proven treatment technology, mainly owing to its suitable chemical
composition. While BA may be thermally treated together with fly ash and APC residues, combined
vitrification and melting of both residue types may require previous removal of soluble salts and
further treatment of the flue gases.

24.3.3.2 Sintering
Sintering involves heating the ash, either alone or mixed with additives, to temperatures below the
melting points of the main constituents, close to those achieved during incineration in the combustion
chamber (typically around 900�C). This results in the diffusion transport of material across particle
surfaces so that a number of reactions occur between different chemical phases and physical bonding
of particles. As a consequence of particle bonding and chemical phase reconfigurations, many con-
stituents are incorporated into a stable matrix.

Thermal treatment at relatively low operating temperatures has the multiple objectives of pre-
venting the loss of volatile species from the material, limiting energy consumption, and reducing
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treatment costs. For such reasons, sintering is probably the most important thermal process for BA. A
number of studies have shown application of the process for the production of ceramic materials
(Cheeseman et al., 2003; Bethanis, 2004). The perspectives of reusing sintered ash are based on ev-
idence of improvement gained in different important properties upon treatment: The material gains
higher strength and density as well as lower porosity, and heavy metal mobility can drastically be
reduced.

The process can be implemented in a dedicated unit, eg, in a rotary kiln placed downstream of the
combustion chamber or integrated in the combustion unit itself.

24.3.4 UTILIZATION OPTIONS
BA may be used in construction either directly as a filler, embankment or foundation material or as an
aggregate in other materials such as cement, concrete, or asphalt mixtures. Most research regarding the
use of binders to treat BA has been carried out in relation to solidification and stabilization with the
purpose of immobilizing the contaminants in a monolithic matrix through chemical stabilization and
physical encapsulation. The focus was therefore originally to minimize leaching, but attention has
increasing been addressed to the potential use of BA-containing products for construction purposes.

In the following, the most common options and applications for BA use are described.

24.3.4.1 Use as Unbound/Bound Aggregate
BA may be used in construction for different applications mainly involving an aggregate in either
unbound or bound forms (ie, added in mixtures with a binder such as cement or asphalt) for the
construction of layers of roads, harbor areas, parking lots, and others (Aberg et al., 2006; Dabo et al.,
2009; Vegas et al., 2008; Forteza et al., 2004; De Windt et al., 2011; Hjelmar et al., 2007; François and
Pierson, 2009; Astrup, 2007) and for the formulation of structural cement or concrete products
(Filipponi et al., 2003; Giampaolo et al., 2002; Pecqueur et al., 2001; Cioffi et al., 2011; van der Wegen
et al., 2013; Crignon et al., 1999). While unbound applications are well established in several countries
such as Denmark, Belgium, Germany, Sweden, Taiwan, The Netherlands, and Japan, the application of
BA as an aggregate in concrete products has also gained interest, although the final technical properties
of the products may be of concern.

A road is typically constructed of a number of layers of compacted materials, with progres-
sively increasing quality from bottom to top. The layers generally include (from the surface to the
lower course) a surface layer (usually made of asphalt), two subsurface layers (a base and a
subbase course) made up of either unbound granular compacted materials or cement-bound ma-
terials, and a subgrade course, which is the native soil underneath the constructed road. The upper
pavement layers are designed to support high, localized loads and are subject to greater wear than
the underlying layers. As a result, the use of BA and other recycled aggregates in road construction
is usually meant for the lower layers of road pavement (Hill et al., 2001) (the base, or preferably, the
subbase courses).

Whereas BA conforms to traditional technical requirements prescribed for the construction of
granular road base and subbases courses (Forteza et al., 2004; Becquart et al., 2009), it may fail in
fulfilling the requirements prescribed for aggregate in concrete base layers, mainly because of to its
poor abrasion resistance (Forteza et al., 2004).
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Concerning the environmental behavior of BA in the constructed road site, the predominant
effects are related to the dissolution of salts and associated leaching mainly of Na, K, and chloride
(Aberg et al., 2006; François and Pierson, 2009; Izquierdo et al., 2008; Birgisdóttir et al., 2006). As
for metal contaminants, whereas some studies suggest that they are not of environmental concern
(François and Pierson, 2009) especially after the initial stage of road operation (Dabo et al., 2009),
other researchers (Aberg et al., 2006; Izquierdo et al., 2008) indicated that Cu and/or Cr may be
leached in higher amounts compared with the use of natural aggregates, and may be problematic in
terms of compliance with environmental protection criteria, although it was also noted (De Windt
et al., 2011) that the environmental performance of the road is strongly site-specific and may
considerably vary from one installation to another. LCA studies on the use of BA in road con-
struction (Birgisdóttir et al., 2006) indicate that the environmental impacts with and without BA are
comparable to one another.

As far as BA reuse in bound cement-based forms is concerned, a major challenge is the potential for
swelling of structures containing BA, with associated extensive cracking or formation of pop-outs
(Pecqueur et al., 2001; Crignon et al., 1999; Alkemade et al., 1994; Müller and Rübner, 2006;
Saikia et al., 2015). Such expansion has been associated with the oxidation of metallic aluminum
(resulting in the generation of hydrogen gas and an increase in volume) and the formation of ettringite
(through the reaction of calcium sulfates, calcium oxides, aluminum oxides, and water, resulting in a
mineral of increased volume), hydration of lime and magnesium oxide (resulting in an increase in
volume), and alkali-silica reactions (reaction of alkali hydroxides from cement with silica from the
glassy particles in the BA, generating a swelling gel). Aluminum oxidation appears to be more
important with respect to the expansion of BA mixed in cement and concrete applications (Pecqueur
et al., 2001; Crignon et al., 1999; Müller and Rübner, 2006; Saikia et al., 2015). Removal or inacti-
vation of metallic aluminum has been suggested as a potential option to overcome these swelling
effects. Metallic aluminum may be oxidized by immersing the BA in an alkaline solution (Pera et al.,
1997; Alkemade et al., 1994; Saikia et al., 2015) or by wet grinding (Bertolini et al., 2004). Improved
removal of Al particles by eddy current separation is also a possibility. Aging and exposure to at-
mospheric air have been shown to decrease the reactivity of metallic Al in incineration ashes (Laenen
et al., 2002; Ginés et al., 2009).

Besides the problem of expansion, the overall physical and mechanical quality of cement/concrete
mixtures containing BA is lower than that of cement/concrete mixtures with natural aggregate: lower
compressive and flexural strength (Pera et al., 1997; Dyer et al., 2000; Paine et al., 2000; Juric et al.,
2006), higher water absorption (Pera et al., 1997; Dyer et al., 2000), and lower performance with
respect to freezeethaw cycles (Dyer et al., 2000). In many cases, however, the technical properties of
the cementitious products still meet the required prescriptions. On the other hand, by appropriately
controlling BA properties including particle density, metallic Al content, sulfate and alkali concen-
tration, and loss on ignition, high-performance products can be obtained (van der Wegen et al., 2013;
Keulen et al., 2016). In other cases, it may be possible to find less demanding applications for the
produced construction materials, eg, specific lightweight concrete and other low-strength materials
(Halliday and Dhir, 2002; Qiao et al., 2008).

Although the use of BA in cement-based applications is essentially a solidification/stabilization
technique, leaching of heavy metals often remains a problem. Cai et al. (2004) reported that leaching
from concrete-bound BA increased, compared with the reference concrete sample, by a factor of 50 for
Cu and a factor of five for Cd, Pb, and Zn, whereas no increase was observed for Cr and Ni. Other
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authors (Tang et al., 2015; Saikia et al., 2015; Jansegers, 1997) reported that whereas the leaching of
most contaminants is maintained well below the regulatory limits, Cu, Cr, Mo, Sb, Se, chloride, and
sulfate may be problematic, probably because of the negative influence of the fine BA fraction on the
hydration process of cement (Tang et al., 2015). Soluble salts have another leaching problem: K, Na,
chloride, and sulfate cannot be immobilized by the hydrate system and are readily released by leaching
(Dyer et al., 2000; Cai et al., 2004). Leaching of salts during the life cycle of the product is unwanted
because it increases porosity, decreasing strength, and it leads to salt precipitates on the monolith
surface, which often poses aesthetic problems. Again, for dedicated purposes the leaching problem
should be remediable through pretreatment.

24.3.4.2 Use as a Pozzolanic Admixture
In principle, considering the typical relative content of the major oxides SiO2, CaO, and Al2O3, BA
may display some pozzolanic behavior in the presence of Ca(OH)2. However, the pozzolanic activity
of raw BA is low compared with other typical pozzolanic materials including coal fly ash and silica
fume. This is likely the result of the mineralogical characteristics of the amorphous silicate and
aluminosilicate phases in BA, the structure of which is probably not easily broken up by the OH� ions
released by portlandite. Some researchers have focused on activating BA with different methods
(mechanical, chemical, or thermal activation) to improve the pozzolanic properties, to use BA as a
substitute for other pozzolanic admixtures (Polettini et al., 2009, 2005; Bertolini et al., 2004; Lin et al.,
2008; Lin and Lin, 2006). Among the chemical activation methods investigated, it appears that the use
of 2% CaCl2 results in improved mechanical properties of Portland cementeBA mixtures, whereas
Na- and K-based activators do not seem to be capable of producing similar strength enhancement
(Polettini et al., 2005b, 2009). However, it is highly probable that the efficacy of a given chemical
activation method depends on the specific mineralogical properties of BA. Thermal activation also
enhanced the chemical reactivity of BA in cementitious systems, with sintering and vitrification
pretreatments promoting pozzolanic reactions (Lin et al., 2008; Lin and Lin, 2006). Another way to
improve the pozzolanic properties of BA is to combine it with other incinerator ashes or mineral
additions (Bertolini et al., 2004; Cai et al., 2004).

24.3.4.3 Use as Aggregate in Asphalt Mixtures
In the United States, solidification in bituminous structures has been extensively investigated in
demonstration projects (Eighmy et al., 1997). In one project, for instance, 7% of bitumen was blended
with an aggregate mix of 50% natural aggregate and 50% BA (Musselman et al., 1994). The BA-based
pavement was covered by a 2.5-cm wearing surface. After 2 years of field monitoring combined with
laboratory testing, it was concluded that the BA-containing mixture had the same physical properties
as an asphalt mixture with 100% natural aggregate, although the first required more bitumen to
decrease the porosity of the resulting product (Karpinsky et al., 2000). In a European study (Eymael
et al., 1994), between 4.5% and 6.6% bitumen and up to 50% of BAwas used. Leaching of inorganic
contaminants was below the detection limits for all BA mixtures. Physical tests resulted in a maximum
practicable load of 25% BA. Other authors (Huang et al., 2006) showed that although the technical
performance (mainly in terms of durability) of asphalt mixtures to be used in road construction ap-
plications worsened in the presence of BA, their environmental behavior was acceptable in terms of
both metal leachability and leachate toxicity. A study by Hassan (2005) reported that optimized asphalt
mixtures met criteria for use as a bituminous surface or base road courses and satisfied moisture
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susceptibility and raveling potential test limits. Toraldo et al. (2013) showed that stabilized BA could
be used in asphalt mixtures for road pavements and fulfilled required specifications for both technical
properties and leaching behavior.

24.4 CONCLUSIONS AND RECOMMENDATIONS
Although it may appear advisable to pursue the highest level of use of BA, this is not always the most
sustainable solution overall. BA processing, treatment, and recycling should be assessed according to a
holistic perspective, which in turn should evaluate not only the direct advantages of the intended
application, but also the emissions related to the ash treatment itself (and for provision of the energy,
resources, materials, etc., used in the treatment processes) as well as potential downstream environ-
mental savings and burdens.

Mechanical separation of metal constituents from BA should be performed in all cases where the
environmental value of metal recycling is considerable and the separation process contributes to
improving the properties of other ash fractions (for instance, separation of metallic Al which may
otherwise be detrimental to the use of the mineral fraction).

Considering that all fractions of the bulk ash materials need to be managed, it may not necessarily
be advisable to separate specific size fractions, unless this significantly improves the properties of the
remaining material or enhances the recovery of valuable metals. On the other hand, extraction of easily
soluble salts may be preferable, because washing with water is a relatively simple process that may be
applied directly in the quenching tank and improve the leaching properties of the final BA. Chemical
extraction of metals cannot be recommended if the purpose is to stabilize the ashes (because chemical
extraction processes often extract only parts of the metal content); however, if the purpose is to recover
metals, these processes could be relevant, provided they are selective for the target elements and can be
applied at reasonable costs.

As for the stabilization options for the mineral fraction of BA, natural aging may be employed
simply by outside storage of the material for several months, which indicates that the benefits of
carbonation and weathering can be achieved with relatively little effort. Forced carbonation may
facilitate more complete stabilization with a lower final pH (and thereby potentially lower leaching of
some heavy metals); however, careful consideration of the effects on leaching of oxyanions is advised.

Chemical binding of problematic heavy metals may be considered an option in some cases;
however, this type of process should generally be considered, eg, combined with washing treatments
and not necessarily applicable as a separate option.

Thermal treatment offers the benefits of improved mechanical properties, reduced volume and
metal leaching, as well as the destruction of organic compounds. However, thermal techniques also
involve significant energy consumption and the potential loss of volatile metals (which emphasizes the
need for flue gas treatment and the generation of secondary APC residues) and are generally not
economically competitive over other BA-processing options unless high-value products can be
obtained.

Enhanced mechanical separation of valuable BA constituents (mineral fraction, FeM, and NFeM)
appears to be relatively robust with respect to the achieved separation yield and the degree of purity of
the recovered metal fractions.
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Combinations of various processing techniques (eg, mechanical separation and natural weathering
combined with specific treatment of individual grain size fractions) may be recommended to improve the
technical properties and environmental behavior of BA components, particularly in view of their use.
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Birgisdóttir, H., Pihl, K.A., Bhander, G., Hauschild, M.Z., Christensen, T.H., 2006. Environmental assessment of
roads constructed with and without bottom ash from municipal solid waste incineration. Transportation
Research Part D: Transport and Environment 11, 358e368. http://dx.doi.org/10.1016/j.trd.2006.07.001.

Bertolini, L., Carsana, M., Cassago, D., Quadrio Curzio, A., Collepardi, M., 2004. MSWI ashes as mineral ad-
ditions in concrete. Cement and Concrete Research 34, 1899e1906. http://dx.doi.org/10.1016/j.cemconres.
2004.02.001.

Bone, B.D., Knox, K., Picken, A., Robinson, H.D., 2003. The effect of carbonation on leachate quality from
landfilled municipal solid waste (MSW) incinerator residues. In: Christensen, T.H., Cossu, R., Stegmann, R.
(Eds.), Proc. Sardinia 2003, Ninth Int. Waste Manag. Landfill Symp. CISA, Cagliari, Italy.

Chimenos, J., Fernández, A., Nadal, R., Espiell, F., 2000. Short-term natural weathering of MSWI bottom ash.
Journal of Hazardous Materials 79, 287e299. http://dx.doi.org/10.1016/S0304-3894(00)00270-3.

Cheeseman, C.R., Monteiro da Rocha, S., Sollars, C., Bethanis, S., Boccaccini, A.R., 2003. Ceramic processing of
incinerator bottom ash. Waste Management 23, 907e916. http://dx.doi.org/10.1016/S0956-053X(03)00039-4.

Crannell, B.S., Eighmy, T.T., Krzanowski, J.E., Eusden, J.D., Shaw, E.L., Francis, C.A., 2000. Heavy metal
stabilization in municipal solid waste combustion bottom ash using soluble phosphate. Waste Management 20,
135e148. http://dx.doi.org/10.1016/S0956-053X(99)00312-8.

Cioffi, R., Colangelo, F., Montagnaro, F., Santoro, L., 2011. Manufacture of artificial aggregate using MSWI
bottom ash. Waste Management 31, 281e288. http://dx.doi.org/10.1016/j.wasman.2010.05.020.

Chimenos, J., Segarra, M., Fernández, M., Espiell, F., 1999. Characterization of the bottom ash in municipal solid
waste incinerator. Journal of Hazardous Materials 64, 211e222. http://dx.doi.org/10.1016/S0304-3894(98)
00246-5.
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