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Thermal treatment of refuse derived fuel (RDF) in waste-to-energy (WtE) plants is considered a promis-
ing solution to reduce waste volumes for disposal, while improving material and energy recovery from
waste. Incineration is commonly applied for the energetic valorisation of RDF, although RDF gasification
has also gained acceptance in recent years. In this study we focused on the environmental properties of
bottom ash (BA) from an RDF incineration (RDF-I, operating temperature 850–1000 �C) and a RDF gasi-
fication plant (RDF-G, operating temperature 1200–1400 �C), by evaluating the total composition, miner-
alogy, buffering capacity, leaching behaviour (both at the material’s own pH and as a function of pH) of
both types of slag. In addition, buffering capacity results and pH-dependence leaching concentrations of
major components obtained for both types of BA were analysed by geochemical modelling. Experimental
results showed that the total content of major components for the two types of BA was fairly similar and
possibly related to the characteristics of the RDF feedstock. However, significant differences in the con-
tents of trace metals and salts were observed for the two BA samples as a result of the different operating
conditions (i.e. temperature) adopted by the two RDF thermal treatment plants. Mineralogy analysis
showed in fact that the RDF-I slag consisted of an assemblage of several crystalline phases while the
RDF-G slag was mainly made up by amorphous glassy phases. The leached concentrations of major com-
ponents (e.g. Ca, Si) at the natural pH of each type of slag did not reflect their total contents as a result of
the partial solubility of the minerals in which these components were chemically bound. In addition,
comparison of total contents with leached concentrations of minor elements (e.g. Pb, Cu) showed no
obvious relationship for the two types of BA. According to the compliance leaching test results, the
RDF-G BA would meet the limits of the Italian legislation for reuse and the European acceptance criteria
for inert waste landfilling. RDF-I BA instead would meet the European acceptance criteria for non hazard-
ous waste landfilling. A new geochemical modelling approach was followed in order to predict the leach-
ing behaviour of major components and the pH buffering capacity of the two types of slags on the basis of
independent mineralogical information obtained by XRD analysis and the bulk composition of the slag. It
was found that the combined use of data regarding the mineralogical characterization and the buffering
capacity of the slag material can provide an independent estimate of both the identity and the amount of
minerals that contribute to the leaching process. This new modelling approach suggests that only a lim-
ited amount of the mineral phases that control the pH, buffering capacity and major component leaching
from the solid samples is available for leaching, at least on the time scale of the applied standard leaching
tests. As such, the presented approach can contribute to gain insights for the identification of the types
and amounts of minerals that control the leaching properties and pH buffering capacity of solid residues
such as RDF incineration and gasification bottom ash.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction integrated waste management strategies currently adopted by
Thermal treatment of municipal solid waste (MSW) in waste-
to-energy (WtE) plants is one of the essential components of the
ll rights reserved.

: +39 06 72597021.
most developed countries. In this context, thermal treatment of
specifically processed MSW in order to increase its homogeneity
and calorific value and thus denominated refuse derived fuel
(RDF), is being progressively applied with the aim of increasing en-
ergy recovery and employ technologies characterized by a lower
environmental impact (Dalai et al., 2009; Bosmans and Helsen,
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2010). RDF is produced by sorting, size and weight-based separa-
tion and shredding of commingled MSW. It is therefore character-
ized by a relatively constant size distribution and composition,
mainly consisting of high caloric waste fractions like paper and
cardboard (50–60% wt.), plastics (20–30% wt.), along with textiles
and rubber (10–15% wt.). Therefore, thermal treatment of this type
of waste can lead to quite stable operating conditions (treatment
temperature in particular), as well as a more homogenous quality
of the resulting gas products as compared to MSW (Consonni et al.,
2005; Bosmans and Helsen, 2010) and hence may allow to employ
more advanced technologies than those adopted for WtE treatment
of commingled waste. Currently, thermal treatment of RDF in ded-
icated plants, or together with MSW in co-combustion facilities, is
applied in 17 of the 53 thermal treatment plants in operation in
Italy (ISPRA, 2009). Following the indications of recent environ-
mental legislation to favour technologies that allow to reduce the
volumes of waste for final disposal while enhancing material and
energy recovery, the treatment capacities of WtE plants employing
RDF are expected to increase in the future, especially in Italy and in
other European countries such as Germany, as indicated by Haker
et al. (2010). Incineration in water-cooled grate combustors at
temperatures around 850–1000 �C with air, which is the most
adopted technology for WtE treatment of MSW, is commonly ap-
plied also for the energetic valorisation of RDF (Jannelli and Minu-
tillo, 2007). On the other hand, in recent years, RDF gasification in a
high temperature (1200–1400 �C) fluidized bed reactor applying
sub-stoichiometric oxygen concentrations, has also gained accep-
tance due to its higher potential energy recovery efficiency and
lower production of NOx and SOx emissions compared to inciner-
ation (Belgiorno et al., 2003; Bosmans and Helsen, 2010; Castaldi
and Themelis, 2010). However, as reported by Giugliano et al.
(2008), higher operating costs must be considered for this ad-
vanced waste management technology.

Regardless of the type of thermal treatment technology
adopted, WtE plants generate a number of solid by-products,
among which the most abundant is bottom ash (BA), which ac-
counts generally for 10–20% wt. of the feedstock (e.g. Polettini,
2009). In many European countries (e.g. Denmark, The Netherlands
and France) the reuse of BA from MSW incineration (MSWI) plants
as an aggregate substitute for natural materials in construction
applications is commonly practiced if the residues present suitable
technical properties. In other countries BA is generally landfilled as
a non hazardous waste as there is no specific legislation regulating
its utilization conditions. More information on the current status of
BA management practices in the EU may be found in the literature
(see e.g. Polettini, 2009).

However, given the non negligible content of potentially toxic
components such as metals in this type of material, concerns exist
whether the reuse of BA may exert adverse environmental effects.
Therefore, several studies have extensively addressed the leaching
behaviour of contaminants from MSWI BA when reused as a sec-
ondary construction material, for both short and long term scenar-
ios (e.g. Dijkstra et al., 2002; Kosson et al., 2002; Ecke and Aberg,
2006).

As a result of the quite recent development of RDF thermal
treatment technologies, relatively few studies have focused up to
now on the technical and environmental properties of RDF inciner-
ation and gasification BA. Beneficial utilization of RDF incineration
BA as a fine aggregate in concrete, cement blends or in landfill cov-
er construction seems to be feasible from a technical point of view,
as high compressive strength has been observed for this residue in
specific application scenarios (Chang et al. 1999; Onori et al.,
2011). Although there is no comprehensive study on the leaching
behaviour of these types of BA, Travar et al. (2009) have indicated
relatively high leaching concentrations of soluble salts (Cl� and
SO2�

4 ) from RDF incineration bottom ash, while Baciocchi et al.
(2010) indicated Pb, Cr and Cu as the most critical contaminants
leached from freshly quenched RDF incineration BA. The physical
and geotechnical characteristics of RDF gasification BA have been
also indicated as suitable for reuse in specific applications, as e.g.
in road constructions. However, recent studies regarding the leach-
ing behaviour of fresh and weathered gasification BA showed that
Cu, Cr, Mo and Ni concentrations may hinder the reuse of this type
of thermal treatment residues (Sivula et al., 2010; Gori et al., 2011).
Anyhow, it should be noted that there is little information on the
fundamental physical and chemical mechanisms that control the
leaching behaviour of the BA produced from either type of RDF
thermal treatment technology.

The purpose of this paper is to assess and compare the environ-
mental properties of RDF incineration and gasification BA on the
basis of their total composition, mineralogy, leaching of major
components as a function of pH and buffering capacity. It is well
known in fact, that these properties play an important role in
determining the leaching behaviour of a material in a specific
application scenario and should, hence, be attentively examined
before focusing on the leaching concentrations of trace contami-
nants (Meima and Comans, 1997). The long-term pH development
of BA in a specific scenario depends in fact on the buffering capac-
ity of the slag matrix, which is in turn determined by its mineral-
ogy (Johnson et al., 1995). In addition to the leaching properties of
major components, the leaching of trace elements at the natural
pH of the slags was also analyzed and the results were compared
with regulatory limits for disposal or re-use, as a first indication
for evaluating the reusability of the two types of BA. The leaching
mechanisms involved in the release of minor elements will be ad-
dressed instead in a following paper. It is believed in fact that a
fundamental study on the environmental properties of bottom
ash generated from specific RDF thermal treatment technologies
is necessary for establishing environmentally and economically
sound management practices.
2. Materials and methods

2.1. Bottom ash sample preparation

About 100 kg of freshly quenched BA were sampled from two
thermal treatment plants: (1) a RDF incinerator (RDF-I) equipped
with a grate-type combustion chamber and (2) a RDF gasification
plant (RDF-G) equipped with a high temperature gasifying and di-
rect melting reactor. The two types of BA were homogenized
through a quartering procedure following a standardized method-
ology (Italian norm UNI 10802:2004), in order to obtain represen-
tative samples for the experimental analyses. Coarse metallic and
ceramic fragments (d > 5 cm) were manually removed. The BA
was oven-dried at 60 �C to constant weight and sieved in order
to analyze its grain size distribution. From this analysis, the frac-
tion presenting a grain size ranging from 0.425 to 12 mm, making
up more than 90% wt. of both types of slag, was selected as the
most representative in terms of grain size and employed for the
subsequent analysis. In addition, characterization analysis per-
formed on the fraction with d < 0.425 mm (results not shown) indi-
cated that there were no substantial differences in the main
properties and specifically in the leaching behaviour of these sam-
ples compared to the 0.425–12 mm size fraction.
2.2. Composition analysis

The characterization of the main composition of the two types
of BA included the determination of the loss on ignition, total or-
ganic carbon content, bulk concentration of major and trace com-
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ponents, carbonate content and mineralogical composition of each
material.

The loss on ignition (LOI) at 1000 �C was evaluated following
the ASTM C25 procedure. The Total Organic Carbon (TOC) content
of the BA samples was measured with a TOC-5000A Shimadzu ana-
lyzer. The bulk chemical composition of each type of BA was ob-
tained after lithium tetraborate digestion of the slag samples at
1050 �C and dissolution of the molten material in a 10% HNO3 solu-
tion. The total content of major (Ca, Si, Al, Mg, Na, Fe, K and Mn)
and trace elements, including metals (Zn, Cu, Pb, Ni and Cd) and
oxyanion-forming metalloids (Cr, Mo, Sb, As and V) were deter-
mined by atomic absorption spectroscopy (AAS), employing a Per-
kin Elmer AAS equipped with a graphite furnace and a hydride
generation system, or alternatively by inductively coupled plasma
atomic emission spectroscopy (ICP–AES). The BA contents of chlo-
rides (Cl�) and acid soluble sulfates (SO2�

4 ) were measured respec-
tively by dissolution of the samples with hot deionised water and
titration of the resulting solutions with AgNO3, and by dissolution
of the samples with 3% HCl solutions followed by spectrophoto-
metric analysis of the produced solutions. The carbonate (CO2�

3 )
content of the slag was investigated using a Dietrich–Frülingh cal-
cimeter, which involved acidification (HCl) of the samples and sub-
sequent measurement of the evolved gas volume. All the
measurements were carried out in triplicate. The qualitative min-
eralogical characterization of the two types of BA was determined
by X-ray powder diffraction (XRD) analysis using a Philips Expert
Pro diffractometer equipped with a copper tube operated at
40 kV and 40 mA. Diffraction patterns were collected over a 2 The-
ta range from 5 to 85�, employing an angular step of 0.02� and a
count time of 2 s.
Table 1
Bulk chemical composition for the RDF-I BA and the RDF-G BA. Data are presented as
mean values ± standard deviation.

RDF-I BA RDF-G BA

Values (%) ± s.d. (abs. v.)
LOI 5.1 ± 0.2 <0.01
TOC 0.35 ± 0 0.02 ± 0

Major components: concentration (g/kg d.m.) ± s.d. (abs. v.)
Ca 258.4 ± 6.1 227.9 ± 21.5
Si 205.4 ± 6.6 154.2 ± 26.4
Al 63.5 ± 3 137.6 ± 5.9
Mg 19.1 ± 0.8 12.9 ± 1.2
Na 54.2 ± 0.9 4.6 ± 0.1
Fe 26.8 ± 1.2 6.7 ± 1.6
K 4.2 ± 0 0.5 ± 0.02
Cl� 48.7 ± 2.6 0.6 ± 0.1

SO2�
4

2.4 ± 0.1 0.4 ± 0.03

CO2�
3

103.3 ± 5.8 <0.5

Trace elements: concentration (mg/kg d.m.) ± s.d. (abs. v.)
Zn 4209.6 ± 121.2 44.4 ± 11.3
Cu 3848.2 ± 417.9 1158.6 ± 237.4
Pb 986.9 ± 111.7 21.4 ± 3.8
Mn 530.1 ± 37.6 322.4 ± 7.2
Cr 326 ± 14.4 1441.9 ± 38.7
Ni 141.8 ± 16.5 162.9 ± 62.2
Sb 133.6 ± 6 1.3 ± 0.3
Mo 26.6 ± 2.8 <0.5
As 4.6 ± 0.5 1.2 ± 0.2
V 2.2 ± 0.6 <1.5
Cd <0.02 <0.02
2.3. Leaching experiments

To evaluate the potential release of main and trace components
from the two types of BA, related to disposal or secondary material
reuse scenarios, a combination of different characterisation and
compliance leaching tests were employed. A batch compliance
leaching test at the material’s own pH was carried out according
to the European standard EN 12457-2. In short, BA with a particle
size reduced to below 4 mm was leached with distilled water at a
liquid to solid (L/S) ratio of 10 l/kg, under continuous stirring for
24 h. After measuring the pH of the solutions, these were filtered
through 0.45 lm pore size filters and eluate concentrations of dif-
ferent inorganic contaminants were determined by AAS and ICP–
AES. In addition, leachate concentrations of Cl� and SO2�

4 were ana-
lysed by titration with AgNO3 and spectrophotometric analysis,
respectively. The dissolved organic carbon (DOC) content of the ob-
tained solutions was measured with a Shimadzu TOC-V CPH ana-
lyzer. Eluate concentrations of specific elements were compared
with the limit values established for inert waste landfilling re-
ported in Annex II of the European Landfill Directive (2003/33/
EC). In addition, leachate concentrations were compared with the
limits set by the Italian legislation for the reuse of non hazardous
waste (Italian Environmental Ministry, 1998), although these lim-
its currently do not specifically apply to BA from WtE plants.
Leaching tests were carried out in duplicate.

The pH dependence leaching test was performed according to
the CEN/TS 14429 standard procedure on the two types of BA for
pH values ranging from 2 to 12.5. In short, analytical-grade nitric
acid (HNO3) or sodium hydroxide (NaOH) was used to adjust the
pH in parallel batch leaching tests. Each suspension was equili-
brated at a final L/S ratio of 10 l/kg for 48 h and after measuring
its final pH value, was filtered through 0.45 lm pore size filters
and subsequently analysed by AAS and ICP–AES, of which only
the concentrations of major elements are reported and discussed
in this study. Cl� and SO2�
4 concentrations were also analysed using

the same methods adopted for the batch compliance leaching tests.

2.4. Geochemical modelling of major components

In this work we focused on understanding the leaching behav-
iour of the major components (Ca, Si, Mg, Al, Fe, SO2�

4 and CO2�
3 )

of both types of BA. Previous studies on MSWI BA have demon-
strated in fact that these substances play a major role in governing
leachate pH (e.g. Meima and Comans, 1997; Dijkstra et al., 2008).
The modelling approach is largely similar to that described in Dijk-
stra et al. (2008) to which the reader is referred for details. In short,
the measured total contents of major components were used as
initial estimates for the reactive amounts of elements needed as in-
put for the speciation modelling framework ORCHESTRA (Meussen,
2003) included in the LeachXS database/expert system (http://
www.leachxs.com/lxsdll.html). The XRD results obtained in the
present study were used as a starting point to select the set of min-
eral phases to take into account in the modelling approach. Where
considered appropriate, based on the results of previous studies
regarding MSWI BA (e.g. Dijkstra et al., 2006), other mineral phases
were also considered, as indicated below. Unless noted otherwise,
equilibrium mineral solubility and solution speciation was calcu-
lated using thermodynamic data from the MINTEQA2 3.11 data-
base and subsequent additions/corrections made in previous
publications (Allison et al., 1991; Dijkstra et al, 2008 and refer-
ences therein).
3. Results and discussions

3.1. Bottom ash composition

Table 1 shows the results of the total chemical composition for
the RDF-I and the RDF-G bottom ashes. The LOI at 1000 �C mea-
sured for the RDF-I BA corresponded to about 5% wt., which was
mainly associated to inorganic phases, since TOC analysis showed
that only 0.35% wt. of the samples could be associated to unburned

http://www.leachxs.com/lxsdll.html
http://www.leachxs.com/lxsdll.html
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organic matter. No LOI or TOC was detected instead for the RDF-G
BA, due to the type of thermal treatment applied in the plant (melt-
ing at 1200–1400 �C).

Regarding the elemental composition of the two types of BA, the
results exhibited in Table 1 show that the total content of major
components such as Ca, Si, Al and Mg was fairly similar, indicating
that the concentration of these elements in the slag depends
chiefly on the characteristics of the feed waste, which in both cases
was RDF. These results are in good agreement with those of Rendek
et al. (2007) that demonstrated that the quality of the waste input
to MSW incineration plants significantly affected the bulk content
of major elements in the resulting BA. Significant differences in the
elemental composition of the two types of BA were however ob-
served for inorganic carbon, salts-forming components (Na, K, Cl�

and SO2�
4 ), metals (mainly Zn and Pb), as well as oxyanion forming

metalloids (Sb and Mo). The RDF-I BA showed to be relatively en-
riched in the above mentioned phases compared to the RDF-G BA
with concentration values of at least 1 or 2 orders of magnitude
higher, probably owing to the operating temperature adopted in
the second type of plant that possibly increased the volatilization
of elements such as e.g. Zn, Pb and Sb. In this perspective, the pro-
cess technology applied for the thermal treatment of RDF appeared
to exert a great influence on BA quality. A significantly (about a fac-
tor of 5) higher concentration of Cr was measured instead in the
RDF-G BA compared to the RDF-I BA. This result might be corre-
lated to the partial deterioration of the refractory material coating
the gasification reactor walls which, as reported by plant person-
nel, contains chromium oxides. Overall, the bulk chemical compo-
sition of major components (Ca, Si and Mg) and trace contaminants
(Pb, Cu and Zn) for the two samples showed a good agreement with
the data reported in previous studies regarding bottom ash origi-
nated from RDF incineration (Travar et al., 2009; Baciocchi et al.,
2010) and gasification plants (Gori et al., 2011).

Qualitative mineralogical characterization of the BA by XRD
analysis revealed that the RDF-I BA contained a variety of crystal-
line phases (Fig. 1a). The most intense diffraction peaks corre-
sponded to gehlenite (G: Ca2Al2SiO7) and calcite (C: CaCO3). The
presence of the latter component is consistent with direct mea-
surement of CO2�

3 (see Table 1) and could have been originated
from the partial natural carbonation of the hydrated Ca-bearing
phases during the storage of this type of BA; the following hy-
drated phases were in fact detected in RDF-I BA: hydrocalumite
(H: Ca4Al2Cl2O6�10H2O) and portlandite (Ca: Ca(OH)2). A significant
content of several silica-containing phases, namely: quartz (Q:
SiO2), anorthite (An: CaAl2Si2O8) and akermanite (Ak: Ca2MgSi2O7),
as well as hematite (He: Fe2O3) were also identified by XRD analy-
sis. The main crystalline phases detected in this study were also re-
ported by Baciocchi et al. (2010) for different size fractions of the
same type of BA. The XRD diffractogram for RDF-G BA showed a
consistent amorphous glassy matrix which was deduced from
Fig. 1. XRD pattern for RDF-I BA (a) and RDF-G BA (b) (Legend: H = Hydrocalumite (
F = Forsterite (Mg2SiO4); An = Anorthite (CaAl2Si2O8); Q = Quartz (SiO2); G = Gehlenite
(Fe2O3); M = Magnetite (Fe3O4)).
the evident hump in the diffractogram measured in the 2 Theta
range from 10 to 40 (Fig. 1 b). Therefore, only a few crystalline
phases were identified in this type of BA, namely akermanite and
magnetite (M: Fe3O4). These results are consistent with those of
Gori et al. (2011) which also indicated the prevalence of glassy
phases in gasification BA.

3.2. Leaching characterisation at natural pH

The pH values of the two types of BA determined from the batch
compliance leaching test were significantly different: 12.4 for RDF-
I BA and 10.3 for RDF-G BA. The alkaline pH resulting for RDF-I BA
was correlated to its higher Ca-leaching (about 2 orders of magni-
tude) compared to RDF-G BA (Fig. 2 a), which might indicate (near)
equilibrium dissolution of portlandite (Ca(OH)2) at pH >12 (Meima
and Comans, 1997; Polettini and Pomi, 2004). Hence, although, as
shown in Table 1, the total Ca content of the two types of BA was
similar, Ca leaching concentrations varied considerably owing to
the different mineralogy of the two types of slag.

In addition, higher concentrations of salts-forming components
(Na, K, Cl�), metals (mostly Pb, Cu and Zn), as well as oxyanionic
metalloids (mainly Sb and Mo) were measured in the eluates of
RDF-I BA compared to those of RDF-G BA. The higher leaching of
salts-forming components was directly correlated to their total
content in the first type of BA (see Table 1), as also indicated (for
Cl� in particular) in previous studies on MSWI BA (Rendek et al.,
2007; Hyks and Astrup, 2009). In the case of more reactive ele-
ments, e.g. Pb, Cu and Zn, comparison of total contents (exhibited
in Table 1) with leaching concentrations showed no obvious corre-
lations for the two types of BA. As will be investigated further be-
low, differences in the leaching concentrations of these metals for
the two types of slag were probably also due to the different nat-
ural pH of the samples, since the solubility of these elements is
strongly dependent on pH, as indicated in previous studies on
MSWI BA (e.g. Meima and Comans, 1997). The leached concentra-
tions of Pb, Cu and Zn reported by Travar et al. (2009) for RDF-I BA
were at least 1 order of magnitude lower compared to our results
for the same type of BA. These differences can possibly be related
to the lower pH (10.2) of the slag tested in the previous study,
which was partly aged upon 1 year exposure to the atmosphere.
In general, in fact, ageing and reduction of a very alkaline pH value
result in a lower leaching of the above mentioned contaminants
that present an amphoteric behaviour(e.g. Chimenos et al., 2003;
Dijkstra et al., 2006; Hyks and Astrup, 2009). However, to confirm
this hypothesis, pH-dependent leaching analysis of these relatively
new materials is required.

The leaching results determined at the natural pH of the two
types of BA were compared with the European acceptance criteria
for inert waste landfilling (2003/33/EC) and the Italian limits for
the reuse of non hazardous waste (Italian Environmental Ministry,
Ca4Al2Cl2O6�10H2O); Ca = Portlandite (Ca(OH)2); S = Di-calcium Silicate (Ca2SiO4);
(Ca2Al2SiO7); C = Calcite (CaCO3); Ak = Akermanite (Ca2MgSi2O7); He = Hematite



0

2

4

6

8

10

12

14

-4 -2 0 2 4 6 8 10 12 14 16 18 20

pH

ANC/BNC  (meq/g d.m.)

RDF-I BA RDF-G BA

own pH values

Fig. 3. Acid/base neutralization capacity (ANC/BNC) curves for RDF-I BA and RDF-G
BA samples.

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

Ca Na Cl- K Si Al Mg Fe SO42- DOC

(m
g/

kg
)

Major components
(a)

(b)

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

Zn Pb Cu Cr Mo Ni Sb Cd Mn As

(m
g/

kg
)

Trace elements

RDF-I BA RDF-G BA

non-hazardous LFD

inert LFD

reuse

Fig. 2. Leaching test (EN 12457-2) results of major components (a) and trace
elements (b) for RDF-I BA (pH = 12.4) and RDF-G BA (pH = 10.3). The acceptance
criteria for inert waste landfilling (inert LFD) and non-hazardous waste landfilling
(non-hazardous LFD), as well as Italian requirements for reuse (reuse) are also
reported when relevant.

S. Rocca et al. / Waste Management 32 (2012) 759–768 763
1998). From this comparison it emerged that RDF-G BA would
meet both the Italian legislation requirements for reuse and the
European acceptance criteria for inert waste landfilling. RDF-I BA
instead would meet the requirements for non hazardous waste
landfilling, since eluate concentrations of Cl�, Zn, Pb, Cu, and Sb ex-
ceeded the European acceptance criteria for inert waste landfilling
(Fig. 2). Furthermore, for RDF-I BA samples eluate concentrations
of Cl�, Pb and Cu resulted above the Italian limits for reuse.

It should be noted however, that the results of the compliance
leaching tests are not able to reproduce the complete picture of
the emissions related to a real landfill or reuse scenario, as released
concentrations vary over time and are influenced by key factors such
as the L/S ratio and pH. To assess the long-term environmental emis-
sions of these types of materials in any type of application, pH devel-
opment is an important parameter to investigate because it may
exert important consequences in terms of emissions of contami-
nants. In addition, as previously mentioned, the solubility of the ma-
jor mineral phases involved in the leaching process is linked to the
acid neutralization capacity of the material. For these reasons and
in order to provide a more fundamental characterization of the slag
materials, pH dependent leaching tests and associated geochemical
modelling of major component chemistry was also performed.

3.3. pH-dependence leaching characterisation

3.3.1. Acid/base neutralization capacity
The ANC/BNC curves derived from the pH-dependence leaching

test are shown in Fig. 3. The two types of BA displayed a remarkable
difference in the acid neutralization capacity below pH 12, which
may be attributed to their different mineralogical composition, as
indicated by the results of XRD analysis (see Fig. 1).

An increase in acid addition corresponded to a gradual decrease
of the pH of the eluates of RDF-I BA from values above 12 to 4, with
a total acid buffering capacity of about 6 meq H+/g d.m. These re-
sults were ascribed to the significant content of hydrated phases,
such as calcium hydroxide and hydrocalumite, calcium silicate-
containing phases, as well as of calcium carbonate/bicarbonate de-
tected for this type of slag by XRD analysis. A similar ANC behav-
iour was found in a previous study on the same type of RDF
incineration BA (Baciocchi et al., 2010).

For the RDF-G BA instead, the addition of a small amount of ni-
tric acid (<0.01 meq H+/g d.m.) resulted in a rapid drop of the pH of
the eluates (from 12 to 5) followed by an extensive buffering
capacity at pH values between 3 and 4. 5. This behaviour was cor-
related to the mineralogy of the slag, characterized by a lack of
(rapidly soluble) alkaline crystalline phases and a predominance
of amorphous glassy phases that are typically characterized by a
buffering capacity at pH 4. These results proved consistent with
those reported by Gori et al. (2011).

This finding is highly relevant, as the pH of MSWI BA has gener-
ally been indicated to be buffered at alkaline pH field-site condi-
tions due to its content of mineralogical phases such as ettringite
and calcite (Meima and Comans, 1997). From the above discussed
results, however, RDF-G BA, may be expected to exhibit a different
behaviour due to its negligible acid buffering capacity, resulting in
a decrease of pH to values of 7 or lower, induced by the conditions
imposed by the local environment (e.g. for rainwater pH 5-6; for
soils pH 3 to 8; Lindsay, 1979), with possible consequences on
the leaching behaviour of the slag. The solubility of many contam-
inants, such as amphoteric metals for example, increases consider-
ably at pH values below 6, hence, to evaluate the leaching
behaviour of RDF-G BA in an application scenario, it may be more
correct to consider the eluate concentrations obtained at acidic pH
values instead of those resulting at the natural pH of the material.

3.3.2. pH-dependent leaching properties of major components
As a possible result of the different mineralogical composition

and ANC of the two types of BA, differences were observed in the
pH-dependent leaching curves of Ca, Si, Mg, Al, Fe and SO2�

4 ,
reported in Fig. 4. As a reference, in Fig. 4 also the mean, upper
and lower 95% confidence interval limits obtained from a compiled
dataset contained in the LeachXS database/expert system based on
leaching concentrations of 15 samples of MSWI BA of worldwide
origin are reported. MSWI bottom ash is an important reference
material since extensive information on the leaching behaviour
of this type of ash is currently available (e.g. Dijkstra et al.,
2006). The graphical comparison reported in Fig. 4 is believed to
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provide a valuable way to evaluate whether the leaching proper-
ties of RDF BA are similar or differ significantly from those of MSWI
BA. The results of the compliance leaching test at the natural pH of
the two samples are also included in the graphs as single points, in
order to evaluate if these concentrations match those derived from
the pH dependent leaching test.

The differences between the leaching behaviour of RDF-I and
RDF-G BA are evident for Ca, Mg, Si, Fe and to a lesser extent for
Al and SO2�

4 . In particular, RDF-I BA exhibited significantly higher
leaching concentrations of Ca and Mg compared to the average val-
ues obtained for MSWI BA, whereas RDF-G BA showed a much low-
er release of these elements. The leaching curves of Si, Fe and Al
obtained for RDF-I BA were quite similar to those determined for
MSWI BA, while lower concentrations were measured for RDF-G
BA. SO2�

4 concentrations for both RDF incineration and gasification
BA samples were roughly 1 order of magnitude lower than those of
average MSWI BA samples in the entire pH range considered.

In general, leaching results obtained with the EN 12457-2 test
at the natural pH for the two BA samples showed a good match
with those derived from the pH dependence leaching tests at a cor-
responding pH value, although lower Ca and SO2�

4 concentrations
were measured for the RDF-G BA in the batch test at natural pH.
These differences are probably related to the slower leaching kinet-
ics of these particular components from the glassy RDF-G samples,
since for the pH dependence leaching tests a longer equilibration
time was applied (48 h instead of 24 h).

3.4. Geochemical modelling of major components

Based on the above discussed results, it can be hypothesized
that the noteworthy differences in the leaching behaviour of
RDF-I and RDF-G BA is either of a chemical origin, i.e. due to differ-
ent mineral composition and solubility, and/or of a physical origin,
i.e. kinetically hindered dissolution of mainly amorphous glassy
phases. Equilibrium geochemical modelling was hence performed
to further investigate the factors that lead to the lower leaching
concentrations in the eluates of RDF-G BA as compared to those
of RDF-I BA.

As a first start, a geochemical model was set-up independently
from the measured leaching data. To this end, a limited set of min-
erals indicated in Table 2 as Dataset 1, based solely on the miner-
alogical composition of the BA from XRD analysis (Fig. 1), was
selected. In this list of phases also halite (NaCl) and anhydrite
(CaSO4) were included, since they were assumed as plausible



Table 2
Estimated amounts of mineral phases considered as a starting point for the modelling approaches (Datasets 1 and 2) applied for RDF-I BA and RDF-G BA.
Results are reported in g/kg of dry bottom ash.

Minerals Chemical formula RDF-I BA RDF-G BA

DATASET 1 DATASET 2 DATASET 1 DATASET 2

Calcite CaCO3 167.2 167.2 – –
Portlandite Ca(OH)2 33.3 16.7 – –
Hydrocalumite Ca4Al2Cl2O6 10H2O 5.6 5.6 – –
Quartz/Silica SiO2 168.3 16.8 264.4 26.4
Gehlenite Ca2Al2SiO7 219.4 109.7 – –
Akermanite Ca2MgSi2O7 54.5 27.3 136.4 68.2
Anorthite CaAl2Si2O8 27.8 13.9 – –
Amorphous Al(OH)3 Al(OH)3 – – 390 390
Di-calcium silicate Ca2SiO4 155.1 77.5 – –
Forsterite Mg2SiO4 40.8 20.4 – –
Hematite Fe2O3 36.7 – – –
Magnetite Fe3O4 – – 9.3 –
Ferrihydrite Fe(OH)3 – 24.6 – 4.3
Anhydrite CaSO4 3.3 3.3 0.5 0.5
Halite NaCl 79 79 0.9 0.9

Total 991 559 801.5 490
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solubility controlling phases for Na and SO2�
4 for both types of BA

on the basis of the findings of previous studies on MSWI BA (Mah-
ieux et al., 2010; Bayuseno and Schmahl, 2010). Amorphous Al and
silica were also taken into account in the model prediction for RDF-
G BA, based on the results of a previous study on MSW pyrolysis/
melting slag (Saffarzadeh et al., 2006). The amounts of each min-
eral phase, reported in Table 2 in mol/kg dry BA, were estimated
so that the resulting concentrations of major components (re-
ported in Table 3), calculated from the chemical formulas of the
minerals, matched or were just below the respective measured to-
tal concentrations reported in Table 1. The calcite content was
independently estimated from the carbonate content of the
samples.

Using the assumed set of minerals and the estimated total con-
centrations of major components, geochemical modelling was per-
formed to predict the experimental leaching data of the BA
samples. Measured concentrations and model predictions for these
components are shown in Fig. 5 (Dataset 1).The modelled leaching
curves obtained for Ca, Mg and Al for RDF-I BA showed an adequate
match with measured leaching data. However, the predicted ANC/
BNC curve for this type of BA increasingly overestimated the exper-
imental behaviour for pH values below 11. In the case of the RDF-G
BA, Dataset 1 led to inadequate model predictions for Ca, Mg, Si
and Fe concentrations. Furthermore, the predicted ANC/BNC
proved also in this case higher than the measured data. Based on
this important finding, it is plausible to infer that a lower amount
of pH buffering mineral phases than those assumed in Dataset 1
was active in the leaching processes of both types of slag.
Table 3
Total amounts of major components for RDF-I BA and RDF-G BA in the modelling
approaches (Datasets1 and 2) resulting from the estimated amounts of minerals given
in Table 2). Results are reported in g/kg of dry bottom ash.

Components RDF-I BA RDF-G BA

DATASET 1 DATASET 2 DATASET 1 DATASET 2

Ca 244 156.8 40.3 20.2
Mg 19 9.7 12.2 6.9
Si 151.5 44.4 151.7 26.4
Al 49.1 24.8 135 135
Fe 25.7 12.8 6.7 2.2

SO2�
4

2.3 2.3 0.4 0.4

CO2�
3

100.2 100.2 0 0

Cl� 48.6 48.6 0.5 0.5
Na 31.1 31.1 0.3 0.3
Consequently, a second set of mineralogical data (Dataset 2)
was hypothesized as shown in Table 2, and analyzed by geochem-
ical modelling to try to obtain an optimal description of the buffer-
ing capacity and of the leachate composition of the two types of
BA. In this dataset, the effect of a lower content of mineral phases
presenting pH buffering capacity on the predicted ANC and leached
concentrations was investigated. In addition, for some elements
such as Fe and Mg, different mineral phases were considered as
illustrated in Table 2. For RDF-I BA, half of the amount of the main
pH buffering minerals considered in Dataset 1 (portlandite, gehle-
nite, akermanite, forsterite and dicalcium silicate) excluding cal-
cite, the amount of which was independently measured, and
hydrocalumite, which was found to play only a minor role in the
pH buffering capacity, was considered. Amorphous silica was con-
sidered as a more soluble surrogate mineral for quartz and its con-
tent was reduced by a factor of 10. In the case of RDF-G BA, the
amounts of akermanite and silica were similarly reduced by a fac-
tor of 2 and 10, respectively in Dataset 2, since only a small portion
of the available concentrations of Ca, Al, Mg and Si seemed to be
reactive in the leaching processes. Additional choices with respect
to the mineral assemblages were also made in Dataset 2 for both
types of BA to achieve a better description of leachate composition.
In particular, for both samples, brucite (Mg(OH)2) was allowed to
precipitate as it was indicated as a solubility controlling phase
for Mg leaching from MSWI BA (Dijkstra et al., 2006), whereas
the leaching of Fe was assumed to be controlled by the precipita-
tion of ferrydrite (Fe(OH)3) instead of that of relatively insoluble
phases such as hematite (Fe2O3) and magnetite (Fe3O4), following
the work of Dijkstra et al. (2006).

Modelling results obtained considering Dataset 2 are also shown
in Fig. 5 while Fig. 6 gives an overview of the amount of the miner-
alogical phases that were allowed to precipitate in Datasets 1 and
2 for both types of BA. The reduced amounts of pH buffering miner-
als, as well as the estimated availabilities of cations and anions as-
sumed in Dataset 2 allowed a better fitting of the measured ANC/
BNC curve for both types of slags. For RDF-I BA, improved model
descriptions were also obtained for Ca, Mg, Al and Fe based on the in-
put parameters selected in Dataset 2. In addition, the leaching of
CO2�

3 , for which data were taken from Dijkstra et al. (2008) since a
similar concentration at natural pH was found (26 mg/kg at pH
12.3), was likely consistent with precipitation of calcite at pH >7.
For RDF-G BA, the leachate concentrations of Fe and Al were ade-
quately predicted by the minerals selected in the second dataset.
In both RDF-I and RDF-G BA, predicted concentrations of SO2�

4 were
undersaturated with respect to anhydrite (CaSO4).
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The inadequate match between the model curves and the
experimental data for Si, for the two types of BA considering both
datasets, suggests that the precipitation/dissolution of different sil-
icate phases than those considered in this work may occur in BA
leachates (Meima and Comans, 1997). Adequate model fits were
found for phases such as laumontite and wairakite for MSWI BA
(Dijkstra et al., 2006, 2008) but the presence of these minerals in
the RDF-I and RDF-G BA could not be independently confirmed.
It is however clear that Si showed a different pH dependent leach-
ing behaviour than (amorphous) glass that is abundantly present in
both types of BA samples. Even though the virtual absence of acid
neutralizing capacity of the RDF-G BA sample was well matched by
the model, the modelling predictions of Ca and Mg concentrations
were still well above the measured data for this type of BA. Equilib-
rium with the selected mineral phases could not adequately ex-
plain in fact the exceptionally low leaching concentrations



0

1

2

3

4

5

6

0 2 4 6 8 10 12 14

m
ol

  p
re

ci
pi

ta
te

/k
g

pH

Calcite
Hydrocalumite
Anorthite
Anhydrite
Akermanite
Gehlenite
Quartz
Hematite
Portlandite
di-Calcium silicate
Forsterite
Halite

RDF-I BA(a)

0

0.5

1

1.5

2

0 2 4 6 8 10 12 14

m
ol

 p
re

ci
pi

ta
te

/k
g

pH

Calcite
Hydrocalumite
Anorthite
Anhydrite
Akermanite
Gehlenite
am. SiO2
Ferrihydrite
Portlandite
di-Calcium silicate
Forsterite
Halite

RDF-I BA(b)

0

1

2

3

4

5

6

0 2 4 6 8 10 12 14

m
ol

 p
re

ci
pi

ta
te

/k
g

pH

Am. Al(OH)3

Magnetite

Akermanite

Anhydrite

am. SiO2

Halite

RDF-G BA(c)

0

1

2

3

4

5

6

0 2 4 6 8 10 12 14
m

ol
 p

re
ci

pi
ta

te
/k

g
pH

Am. Al(OH)3

Ferrihydrite

Akermanite

Anhydrite

am. SiO2

Halite

RDF-G BA(d)

Fig. 6. Amount of precipitated/dissolved mineral phases in the modeling prediction based on Dataset 1 (a, c) and Dataset 2 (b, d) as a function of pH for the RDF-I and the RDF-
G BA samples. Results are expressed as mol/kg BA.

S. Rocca et al. / Waste Management 32 (2012) 759–768 767
determined for these elements. It must be noted that modelled
mineral assemblages and mineral amounts, in particular those that
have been inferred from the same measured data that were being
modelled (e.g. ANC/BNC in Dataset 2), may suffer to some extent
from non-uniqueness, i.e. different choices in mineral assemblages
may provide similar model results as indicated also e.g. by Oreskes
et al.(1994). Notwithstanding this intrinsic model uncertainty, it is
reasonable to conclude that the extremely low buffering capacity
and low leaching of major components determined for the RDF-G
BA may be explained by the presence of significantly lower
amounts of mineral phases available for leaching as compared to
the other type of BA. In addition, it must be pointed out that, as
previously mentioned, leaching test results can be influenced by
kinetic effects related to the time interval for which these tests
are carried out (e.g., Dijkstra et al., 2006) and this may be particu-
larly true in the case of the glassy RDF-G BA matrix. Apparently, a
large part of the major components was virtually fixed in the glass
phases formed at high temperature.

4. Conclusions and implications for further research

The environmental properties of two specific types of bottom
ash were investigated in this study: RDF incineration (RDF-I, oper-
ating temperature 850–1000 �C) and RDF gasification (RDF-G,
operating temperature 1200–1400 �C) BA. The experimental re-
sults showed that the total content of major components was fairly
similar for both types of bottom ash and possibly related to the
characteristics of the RDF feedstock. However, significant differ-
ences in the contents of trace metals and salts were observed for
the two BA samples, probably as a result of the different operating
conditions (i.e. temperature) of the RDF thermal treatment tech-
nologies from which the BA originated. Consequently, the mineral-
ogy of the RDF-I ash consisted of an assemblage of several
crystalline phases while the RDF-G ash was mainly characterized
by amorphous glassy phases.

Given the similar total Ca concentrations, differences in the pH
values of the RDF-I BA (12.4) and the RDF-G BA (10.3) were related
to the different Ca concentration values determined from the batch
leaching tests (EN 12457-2). These results indicate that there was
no direct correlation between the total content of elements such as
Ca and their leaching concentrations that are mainly controlled by
the solubility of the mineral phases to which these components are
chemically bound in the slag matrix. On the other hand, a clear cor-
relation between the bulk contents of non reactive salts-forming
components (mainly Cl�) and their leaching concentrations was
found for both samples. The leaching of some metals (e.g. Pb, Zn
and Cu) from the RDF-I BA at the native pH proved higher in com-
parison to RDF-G BA due to the different pH and mineralogy of the
samples. In general, a more alkaline pH lead to higher solubility of
these contaminants. Furthermore, differences in leaching of con-
taminants between the two types of slag may also be partly related
to kinetic effects since the leaching availability of major compo-
nents from the glassy matrix of the gasification BA proved limited
compared to that of the incineration slag, at least within the time-
frame of the performed tests. According to the compliance leaching
test results, the RDF-G BA would abide the limits of the Italian leg-
islation for reuse and the European acceptance criteria for inert
waste landfilling. On the other hand, for RDF-I BA leaching concen-
trations of Zn, Pb, Cu, Cl� and Sb exceeded the European accep-
tance criteria for inert waste landfilling, while complied with
those set for non hazardous waste landfilling. However, the RDF-
G BA presented a significantly lower acid buffering capacity com-
pared to the RDF-I sample. This finding is relevant as it is expected
that the pH of RDF-G BA could be relatively quickly neutralized as a
function of the conditions of the local environment pertaining to
the selected disposal or reuse scenario. Different pH conditions
could hence potentially lead to different conclusions regarding
the environmental impact of RDF-G BA for a specific management
option.

In this study a new geochemical modelling approach was fol-
lowed using independent mineralogical information from XRD
analysis and the measured total contents of the major components
to predict the leaching behaviour, as well as the pH buffering
capacity of the two types of slag. It was found that the combined
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analysis of the mineralogical characteristics and of the buffering
capacity of the ash can be used to adequately obtain an indepen-
dent estimate of both the type and the amount of minerals that
contribute to the leaching process. This new modelling approach
suggests that only a limited fraction of the minerals that control
pH, buffering capacity and major component leaching from the
samples are available for leaching, at least on the time scale of
the applied standard leaching tests. As such, the presented ap-
proach can contribute to extend knowledge regarding the types
and amounts of minerals that control the leaching properties and
pH buffering capacity of solid residues such as RDF incineration
and gasification bottom ash.

Given the results of this study, it is believed important to inves-
tigate the pH development and the subsequent emission of con-
taminants from BA under field conditions (i.e. in contact with
rainwater and atmospheric CO2) to further assess the environmen-
tal properties of these materials under specific application scenar-
ios. In addition, leaching kinetics need to be investigated in more
detail, particularly for RDF-G BA, as the glassy matrix of this mate-
rial may limit the availability of metals for leaching.
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