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Municipal solid waste incineration bottom ash fractions �4 mm are the most contaminated ones in terms
of potentially toxic elements (PTEs). In order to estimate potential environmental impacts, it is important
to understand the association of the PTEs with the mineral phases. Large area phase mapping (SEM/EDX)
using ‘‘PhAse Recognition and Characterization - PARC” software in combination with quantitative X-ray
powder diffraction has been used to characterize amorphous and crystalline BA phases for the first time.
The results show that one of the main incineration products was melilite and an amorphous phase with a
melilitic composition. The ratio of crystalline to amorphous melilite was 1:2. They formed an inhomoge-
neous layer around BA particles and contained a high percentage of the PTEs, i.e., Cu, Zn, Ni and Cr. Other
major sources of PTEs (especially Ni and Cu) were iron oxides produced during incineration and the
weathering products, such as calcite and ettringite (Cu and Zn). After extensive characterization of BA,
a sequential extraction procedure (SEP) was performed, which exposed bottom ash to different chemical
environments designed to dissolve specific phases and release their PTEs into solution. The extracted
solutions and solid residues generated from the extraction procedure were analyzed to identify the asso-
ciation between PTEs and dissolved phases of BA. By combining SEP results with information obtained via
large area phase mapping it is shown that SEP can be used for studying the association of PTEs with the
phase that cannot be investigated with XRD/EDX, such as organic matter and Fe-Mn-hydrous oxides.
Furthermore, according to SEP results a high percentage (40–80 wt%) of each investigated PTE can be con-
sidered immobile and not susceptible to leaching in the environment.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In order to maximize the utilization of secondary raw materials
such as ashes from thermal processes, several legislations and poli-
cies are being implemented across the European Union (EU
Commision, 2014; Soil Quality Decree, 2007). Bottom ash (BA) is
one of the major by-products obtained during municipal solid
waste incineration (MSWI) in waste-to-energy plants
(Landsberger et al., 1993). BA has been recycled to develop adsor-
bents (Chiang et al., 2014), mesoporous silica (Alam et al., 2018),
zeolites (Penilla et al., 2003), ceramics (Bourtsalas et al., 2015)
and building materials (Caprai et al., 2017). A recent Dutch initia-
tive (Greendeal-GD076, 2012) restricts the use of BA in protective
applications that require periodic monitoring and sets the ambi-
tious target of recycling 100% of BA by 2020. However, the reuse
of the BA is hindered by the presence of potentially toxic elements
that can leach into the environment.

BA is a complex inorganic mixture containing melt products,
glass, ceramics, unburned organic matter, silicates and metallic
components (Bayuseno and Schmahl, 2010; Chimenos et al.,
2000; Eusden et al., 1999; Speiser et al., 2001; Zevenbergen et al.,
1994). The heterogeneous mix is formed during incineration when
the material is burned to at least 850–1000 �C, followed by
quenching in water in case of wet-discharge (Directive
(2000)/76/EC, (2000)). Due to recent improvements in treatment
technologies, a significant portion of BA can be recycled and used
in different applications. However, BA fractions below 4 mm are
usually separated because they are highly contaminated with PTEs
e.g., Pb, Zn, Cu, Cr, Sb, Mo (Chimenos et al., 1999) and inorganic
salts, e.g., chlorides and sulfates (Chen and Chiou, 2007). The leach-
ing characteristics of BA as a function of particle size were investi-
gated extensively and it is established that the BA fractions
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(�4 mm) are the most contaminated ones (Wiles, 1996). However,
there is little information regarding the phase composition of the
smaller size fraction of BA and their potential for retaining/releas-
ing the contaminants is not clearly understood. This is especially
true for the amorphous content of BA that is rarely quantified or
analyzed with regard to chemical composition. It is, however, an
important factor to take into account, since the amorphous content
is at least partially made up of amorphous slag formed during the
quenching and a potential source for PTEs. Due to the abundance of
contaminants in this fraction of BA, it is crucial to understand its
complete phase chemistry (crystalline and amorphous) and PTEs
associated with it.

Generally, the PTEs such as Cu and Sn in BA are considered to be
in oxide form because of the prevalent oxidative environment dur-
ing the incineration process (Arickx et al., 2008; Wei et al., 2011).
However, the high leaching potential of the BA fraction (�4 mm)
cannot be fully explained only on the basis of oxides. Additionally,
the role of mineral constituents that can incorporate or adsorb PTEs
is often overlooked during leaching and speciation studies (Cornelis
et al., 2005; Piantone et al., 2004; Van Caneghem et al., 2016).
Therefore, it is important to investigate the association of PTEs with
BA phases by combining microanalysis and indirect experimental
methods such as sequential extraction procedures (SEPs). Few stud-
ies have applied SEPs to determine the association of PTEs in BA by
examining the extraction solution generated through the dissolu-
tion of targeted mineral phases (Bruder-Hubscher et al., 2002;
Yao et al., 2012; Yao et al., 2010). SEP works by creating different
chemical environments (Nirel and Morel, 1990) under which speci-
fic mineral phases are dissolved to determine PTEs associated with
them. However, the changes in the mineral composition of the resi-
dues after the extraction are rarely investigated to confirm the asso-
ciation of PTEs with the targeted phases.

The heterogeneous mineralogy of BA and the association of PTEs
with specific phases is challenging to investigate. Therefore, a
novel multi-method approach consisting of energy dispersive x-
ray spectroscopy (EDX) large area phase mapping (Schollbach
et al., 2016; van Hoek et al., 2016) and quantitative X-Ray diffrac-
tion (XRD) was used for the identification and quantification of BA
phases (both crystalline and amorphous). The spectral imaging (SI)
dataset was subsequently analyzed using the software PARC
(PhAse Recognition, and Characterization) to determine phase
composition and spatial distribution for the first time. Moreover,
to assess the association of the contaminants with specific phases,
SEP was performed using the BCR protocol (Rauret et al., 1999).
After every selective dissolution step, the extraction solutions
and solid residues were analyzed. The analysis of the extracted
solution, as well as the quantification of mineral changes after
every step of SEP provides information about the phases that dis-
solved during the extraction and the PTEs released in the solution.
The SEP data combined with spectroscopic methods validate the
association of the PTEs with the mineral phases present in the
�4 mm fraction of waste incineration BA.

2. Experimental section

2.1. Materials

MSWI bottom ash with a particle size below 4 mm was pro-
vided by Heros Sluiskil, the Netherlands. This stream was sepa-
rated from the BA because of its high content of PTEs. Prior to
separation of this fraction, the BA was water quenched and then
weathered for 6 weeks at the plant site without removing ferrous
and non-ferrous metals. On the basis of our previous investigation,
the BA (�4 mm fraction) was separated into three different frac-
tions, namely, S (�0.125 mm), M (0.125–1 mm) and L (1–4 mm)
(Alam et al., 2017). The size distribution has been reported
elsewhere (Alam et al., 2016). Before sieving, the material was
dried at 105 �C until constant weight.

2.2. Mineralogical and chemical analyses

Chemical analysis of all three BA fractions was carried out with
X-ray fluorescence spectrometry (XRF; PANalytical Epsilon 3, stan-
dardless) using fused beads. Total organic content (TOC) was mea-
sured with the Behr CS30HT Coulometric carbon/sulfur analyzer at
550 �C. XRD measurements for the untreated and size-separated
BA fractions were performed with a Bruker D4 equipped with a
LynxEye detector. All other samples were measured using a PANa-
lytical X’Pert Pro with an X’Celerator detector. Both devices had
fixed divergence slits with an opening of 0.5� and 0.04 rad soller
slits. The range of 5–120� 2Theta was measured with Co-Tubes
(Ka1 1.7901 Å, Ka2 1.7929 Å). A step size of 0.02 was used with
both devices. Phase identification was carried out with X’Pert
HighScore Plus 2.2 (PANalytical) using the ICDD PDF-2 database,
while the quantification itself was done with TOPAS 4.2 (Coelho,
2018). The crystal structures for the quantification were taken
from the ICSD database (FIZ Karlsruhe). Prior to measurements,
samples were milled below 10 lm. In all cases, 10 wt% of Si was
added to the original samples as an internal standard for the quan-
tification of the amorphous content (Gualtieri, 2000).

Quantitative Rietveld analysis was performed on the three BA
fractions S, M and L that were separated from the original below
4 mm BA fraction. Since both M and L showed very similar compo-
sition and behavior during SEP, only S and M will be discussed fur-
ther. Additionally, the quartz content of the BA fractions was
determined independently using DSC (Mettler Toledo; DSC822e)
and used as an internal control for Rietveld quantification. The
thermal transition for a-b inversion of quartz at 573 �C was mea-
sured with a heating and cooling rate of 10 �C min�1. After two
cycles of heating between 500 and 600 �C, the cooling peak was
used for quantification (Hendrix et al., 2017). The quartz content
measured via DSC was 15 wt% for the M fraction and 7 wt% for
the S fraction, which was in good agreement with the values deter-
mined via Rietveld quantification if the general inhomogeneity of
BA is taken into account. The quartz contents in the S and M frac-
tions determined via quantitative XRD were 15.7 and 6.6 wt%,
respectively. In subsequent SEP steps, quartz becomes enriched
in the residue due to the dissolution of other phases. However, it
can be assumed that the original quartz contents in the S and M
fractions remained unchanged because it is not reactive under
the SEP conditions. The quantification results were scaled accord-
ingly to the constant quartz content.

Scanning electron microscopy (SEM) measurements combined
with X-Ray microanalysis (EDX) were performed on the original
BA (below 4 mm) fraction. The sample was prepared by mounting
it in epoxy (Struers EpoFix) and polished to a flat surface without
the use of water. It was then coated with about 10 nm of carbon.
The spectral imaging (SI) data sets were acquired for the PARC
analysis using a JEOL JSM-7001F SEM equipped with two 30 mm2

SDD detectors (Thermo Fisher Scientific) and NORAN-System7
hardware with NSS.3.3 software. The SEM accelerating voltage
was 15 kV, the beam current 6.2nA and the step size of the mea-
surement 1 lm. The SIs were acquired for a total of 402 SEM image
fields. Each field contained 512 � 382 data points with a total mea-
suring area of 5.5 � 3.5 cm2. The PARC software enables the group-
ing of elemental spectra taken from each measured pixel with EDX
according to elemental peaks above a predefined threshold and its
mutual ratio (Fig. 1). These groups can then be represented as
color-coded phase maps (van Hoek et al., 2016). From PARC analy-
sis thirty-six different phases were identified, of those, only phases
above 0.3 area% were further analyzed. They were twenty in total
and accounted for 98.2% of the area measured. The area% can be



Fig. 1. Examples of a cumulative EDX spectrum of calcite, melilite and quartz phase from MSWI bottom ash generated with PARC.
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recalculated to wt% using the density of the mineral phases. For the
phases that could not be identified, an average raw density of 2.9 g/
cm3 was used that is the reported density for melilite (Teichert
et al., 1982). This value was chosen because melilite-like phases
made up a significant part of the unidentified phases as discussed
in Section 3.1.

The column-leaching test was performed to assess the leaching
of PTEs from BA in accordance with NEN 7383:2004. The contents
of chlorides and sulfates in the leachates were determined with
high performance liquid chromatography (HPLC) according to
NEN-EN-ISO 10304-1.
2.3. Sequential extraction procedure

Sequential extractions protocols were designed for determin-
ing the PTEs contents of different phases making up the soil
and sediments that generally present a lower acid buffering
capacity as compared to alkaline residues. In this study, a stan-
dardized extraction procedure that is BCR (the Community
Bureau of Reference, now the European Union ‘Measurement
and Testing Programme’) was selected (Rauret et al., 1999) and
combined with several complementary analytical methods (SEM,
PARC and XRD) to study the association of PTEs with the BA
phases. Moreover, BCR sequential extraction protocol find appli-
cation in other materials, such as incineration ashes (Yu et al.,
2013) and mine tailings (Davidson et al., 2005). The specificity
of BCR in term of targeting the intended phase can be assessed
by using a combination of the analytical methods after each
extraction step.

SEP was performed on size-separated fractions of BA. The
reagents (analytical grade from Sigma-Aldrich) used in each step
and phases that were expected to dissolve, in parenthesis, are as
follows:
1. Exchangeable ions and acid extractable phases (carbonates):
160 ml of 0.11 M acetic acid (HOAc, pH = 2.85) was added to
4 g of BA. The resulting mixture was left shaking at 40 rpm
overnight, at room temperature. Afterwards, the supernatant
was separated by centrifugation at 3000g for 20 min. The resi-
due from the extraction was washed with 20 ml MiliQ water
by shaking for 15 min and separation by centrifugation.

2. Reducible phases (Fe-Mn-oxyhydroxides): The residue from the
previous extraction step was mixed with 160 ml of 0.5 M
hydroxylammonium chloride solution (acidified with 2 M
HNO3). Subsequently, after the extraction, solid residues were
separated and washed according to the procedure specified in
step 1.

3. Oxidizable phases (sulfides, organic matter): Hydrogen perox-
ide (40 ml, 8.8 M) was added in small aliquot to the residue
from the second step and the mixture was left for 1 h at room
temperature. Later, the same mixture (in a loosely capped bot-
tle) was digested at 85 �C and after 1 h sample heated to near
dryness. This digestion was performed twice. Subsequently,
200 ml of ammonium acetate (pH was adjusted to 2.0 by adding
HNO3) were added to the residue. Afterwards, extraction and
separation were performed with the same procedure described
in step 1.

4. Residual (silicates, well-crystallized oxides): The residue from
the previous extraction was digested with aqua regia according
to the ISO 11466 protocol. Additionally, aqua regia extraction
was performed on original size-separated fractions of BA to
obtain the pseudo-total content of PTEs.

The supernatants from the extraction steps were filtered
(0.2 mm PTFE filter) and acidified with 0.2% (v/v) of 15 M HNO3.
These extraction solutions were analyzed with either inductively
coupled plasma-optical emission (ICP-OES; Varian 730-ES) or
flame-atomic absorption spectroscopy (FAAS; Thermo Scientific
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iCE 3000 series). All extractions were performed four times and the
contents of PTEs were normalized to the dry mass of BA and pre-
sented in ppm. The solid residues from the extraction steps were
dried at 60 �C for the duration of 48 h to minimize the changes
in mineral composition due to the drying.
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3. Results and discussion

3.1. Mineralogy of MSWI bottom ash

In order to arrive at a concise mineralogical description of the
BA, the phase quantification from PARC (Table 1) was combined
with the results from XRD-Rietveld analysis (Table 2). The PARC
method was used to identify the phases present in BA (�4 mm),
their quantities as well as their average chemical compositions.
The results pertain to both the M and S fractions. The PARC phases
were then assigned to minerals based on chemical composition
and information obtained by XRD. If they could not be identified
then a name was given based on their composition using cement
notation (Table 1). They were most likely amorphous in nature or
present in very small amounts that were not detectable via XRD.

XRD analysis showed the presence of mineral phases that were
not visible in PARC. Among them were the sulfate-containing
phases ettringite and gypsum (Table 2), which are weathering
products of BA (Eusden et al., 1999). They were not visible in PARC
as individual phases likely due to their small particle size. The EDX
resolution is inherently limited at 15 kV to about 1 lm. However,
the local phase environment for SO3 was identified with PARC,

because the phases CA-S
�

and the CA-S
�

contained 23.8 and
17.2 wt% of SO3 (Table 1), respectively. This SO3 content most likely
originated from gypsum and ettringite embedded in these phases.
Ettringite has been observed in BA before (e.g., Alam et al., 2017)
and forms in the presence of gypsum and reactive aluminum at
high pH (Hampsoim and Bailey, 1982).

In general, PARC gave a good overview of the chemical hetero-
geneity of BA as shown in Fig. 2. Most grains consisted of a rela-
tively homogenous core surrounded by an inhomogeneous layer
containing smaller particles (Figs. 2 and 3a). This layer was the
result of the incineration process that creates slag, which coats big-
ger particles and binds smaller particles together (Fig. 2, area C3).
This layer along with BA particles was subjected to water quench-
ing and was further modified during the weathering. Based on the
PARC results, this layer appeared to be mostly comprised of meli-
lite (14.1 area%) and the phases CAS 1 (5.6 area%) and CAS 2 (2.7
area%), which were also close to melilite in composition.

Overall melilite was the predominant PARC phase (14.1 area%;
13.1 wt%) in the sample. Its presence was confirmed via XRD-
Rietveld analysis, albeit in a much smaller amount (4.7 wt%). The
difference was likely due to the fact that with PARC both amor-
phous and crystalline melilite phases were recognized (but not dis-
tinguished), while XRD only detects the crystalline form. Melilites
are a group of minerals that form solid solutions with several end
members and can incorporate a large number of different PTEs in
their crystal structure (Deer et al., 1986) (Table 3). The most impor-
tant end members in the group are akermanite (Ca2MgSi2O7) and
gehlenite (Ca2Al2SiO7). Melilites crystallize out of the alkaline Ca-
rich melt that is produced during incineration of MSWI (Eighmy
et al., 1994). Fig. 3c shows the SEM image of melilite that crystal-
lized together with spinel. Due to the rapid quenching after incin-
eration part of the melt also forms amorphous phases with a
melilite like composition. Although in a pure CaO-MgO-Al2O3-
SiO2 system temperature of at least 1385 �C are necessary for meli-
lite formation (Osborn and Schairer, 1941), the temperature inside
an MSW incinerator is generally only around 850–1000 �C with
localized variations. The difference can be explained by the incor-



Table 2
Comparison between the phase quantification of the original �4 mm BA fraction determined via PARC and XRD (weighted average of the S, M and L fraction).

Phases PARC average (area%) PARC average (wt%) Density (g/cm3) Rietveld average (wt%)

Melilite 14.1 13.1 2.9 4.7
Plagioclase 3.5 2.9 2.6 5.7
Calcite 8.8 7.6 2.7 13.5
Zeolite – – – 0.1
Pyroxene 1.2 1.3 3.5 4.2
Ettringite – – – 0.2
Gypsum – – – 0.2
Halite – – – 0.8
Apatite 1.6 1.6 3.2 6.5
Quartz 12.6 10.7 2.7 12.5
Rutile – – – 1.3
Hematite – – – 3.8
Spinel – – – 8.9
Wuestite – – – 1.5
FeOx

a 12.2 20.3 5.2 14.2
Amorphous 45.9b 42.5 2.9 36.1

a Sum of Hematite, Magnetite and Wuestite for Rietveld results.
b Sum of remaining Phases for PARC results.

Fig. 2. PARC result for the original below 4 mm BA fraction; this figure includes a grid reference for orientation using numbers (left side) and letters (top side). Markings in a
box numbered as 3a–3c identify the areas of the SEMmeasurements shown in Fig. 3. Phases that could be identified as minerals were given the appropriate mineral name, the
other phases were named based on their most common oxides using cement chemistry notation (C-CaO, S-SiO2, A-Al2O3, F-Fe2O3, S

�
-SO3).
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poration of sodium and iron that are known to reduce the melting
temperatures drastically (Deer et al., 1986). This was confirmed by
the composition of the melilite in the investigated BA, that was
(Ca1.7Na0.23K0.07)(Al0.55Fe0.22Mg0.18)(Si1.45Al0.54)O7 based on PARC.
The results of PARC analysis also indicated that a significant
amount (i.e., 10–15% of the total content) of Cr, Ni, Cu, Zn was con-
tained in melilite (Table 4).

The most common phases besides melilite in this BA were
quartz (12.6 area%; 10.7 wt%) and calcite (8.8 area%; 7.6 wt%).
Quartz is inert during incineration and mechanically resistant, so
it was present as relatively large particles with clearly defined bor-
ders (Fig. 2, area D4). Quartz can be natural in origin since it is a
common mineral on the earth’s surface. It is also extensively used
in building materials. Calcite is also a common industrial and nat-
ural mineral, as well as a weathering product of BA (Chimenos
et al., 2000). Larger particles of calcite as part of natural sandstone
could be seen in Fig. 2 (area B1) and Fig. 3a, which indicate the
variable temperature during incineration leading to incomplete
calcination. In addition to that, smaller grains of calcite were
observed dispersed throughout the sample that were a product
of weathering reactions (Fig. 2, area A3 and A4). The amount of cal-
cite detected via Rietveld-analysis was much higher (13.5 wt%)
possibly due to the presence of many calcite grains smaller than
1 lm that were formed during weathering. Calcite is able to incor-
porate a number of PTEs in its crystal structure (Table 3) and based
on PARC data it was associated with Ni in particular (Tables 1 and
4). Studies showed that this metal can be incorporated into the
crystal structure of calcite (Lakshtanov and Stipp, 2007).



Fig. 3. SEMmicrographs of BA particles showing (a) a natural piece of sandstone surrounded by incineration residue. (b) piece of apatite embedded in incineration residue (c)
mix of spinel and melilite (d) chemical composition of the points analyzed with EDX: 1 – calcite, 2 – quartz, 3 – CS phase, 4 – apatite, 5 – FePb alloy, 6 – spinel, 7 – melilite,
8 – spinel.
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Another mineral group present in BA were the iron oxides, i.e.,
hematite, magnetite, and wuestite that could not be differentiated
using PARC, only via XRD. They were labeled together as FeOx and
made up 12 area% (Fig. 2, area F3) or 20.3 wt% due to their high
density. While iron oxides occur naturally, their origin in BA is pri-
marily from the metallic scrap iron (Fe0) present in MSW and the
FeOx are produced during incineration (Wei et al., 2017). Magnetite
is part of the spinel mineral group that can have a highly variable
composition that may include many PTEs, while hematite can also
incorporate Al, Ti or Ni (Table 3). In fact, the FeOx phase contained
22.1 wt% of Ni and 22.1 wt% Cu that likely originated from the Fe0

(Table 1). Different iron hydroxides can also be present in BA
(Dijkstra et al., 2006; Meima and Comans, 1998) but they tend to
be of low crystallinity with small particle sizes making detection
with PARC or XRD unlikely (Bigham and Nordstrom, 2000).

Two other phases could only be identified via PARC. One was
present as round, porous spheres (named S in Table 1) similar to
fly ash particles (Fig. 2, area F3 and C1) (7 area%). These spheres
had a silica content of around 68 wt% and likely represent inciner-
ation residues of rubber or plastics containing silica as a filler. The
other phase was industrially produced glass (soda-lime glass) with
5.1 area% (Fig. 2, area A2). It was easily distinguishable by its
homogenous composition and microstructure. The glass particles
locally show edges that were partially reacted, while others were
unreacted, illustrating the temperature variations during the incin-
eration process.

Feldspar with a plagioclase composition (3.5 area%) and pyrox-
ene (1.1 area%) were also present in smaller quantities and identi-
fied via both PARC and XRD. They are both common natural
minerals and potential incineration products (Eighmy et al.,
1994). Pyroxenes and diopside (MgCaSi2O6) in particular, are
known to occur together with melilites in alkaline Ca-rich melts
(Deer et al., 1986). Pyroxene is known to incorporate appreciable
amounts of PTEs (Deer et al., 1997) (Table 3) and had a nominal
composition of (Ca0.77Na0.41)(Mg0.53Fe0.21Al0.26)Si1.99O6 based on
PARC data. The presence of pyroxene with a diopside structure
was also confirmed by XRD measurements. Furthermore, apatite
was present in 1.6 area%. A particle of it can be seen in Fig. 3b.
Based on its microstructure, it did not form during the incineration
or weathering but possibly originated from animal or fish bones
that were part of the MSW feed (Palmer et al., 2008).

The overall quantitative composition of the BA fractions S
(�0.125 mm) and M (0.125–1 mm) determined by the Rietveld
method is given in Figs. 4 and 5. The phase composition for the L
fraction (1–4 mm) is provided in Appendix A (Fig. A2). The main
difference between the S and M fraction was the presence of ettrin-
gite (4.1 wt%), gypsum (5.4 wt%) and a chabazite type (CHA) zeolite
(2.1 wt%), which were only present in the S fraction. These are the
weathering products formed from the layer of slag that covers the
BA particles and are easily separated from bigger grains during
transport and sieving due to their low mechanical resistance and
brittle nature. The weathering phases tend to accumulate in the
S fraction, increasing the calcite content. Quartz showed the oppo-
site behavior, the S fraction contained 6.6 wt%, while the M fraction
contained 15.7 wt% of quartz. The iron oxides showed the same
behavior as quartz in the S and M fractions; they contained 6
and 13.3 wt%, respectively. The amorphous content of the two frac-
tions was very similar, 34.9 wt% for the S and 34.2 wt% for the M
fraction.

3.2. Comparison of PARC and XRF

In order to evaluate the internal consistency of the PARC data,
the data was used to calculate the bulk chemical composition of



Table 3
Mineral phases identified via XRD in the BA along with the ICSD number of the crystal structure used for the Rietveld refinement. The chemical formula, source and ions that can
be incorporated in the crystal structure of the minerals are also given (chemical species in bold are most frequently found).

Mineral Formula Substitution Source

Apatite
(1707)

X5YT3 X = Ca, K, Na, Mn, Ni, Cu, Co, Zn, Pb, Sb
Y = OH�, F�, Cl�

T = PO4
3�, CO3

2�, SO4
2�, SiO4

4�AsO4
3� (Hughes and Rakovan, 2002)

Bone material from vertebrates and fish

Calcite
(20179)

XCO3 X = Ca, Mg2+, Fe2+, Sr2+, Mn2+, Ba2+, Cd2+, Zn2+, Cu2+, Co2+, Ni2+(Lakshtanov and
Stipp, 2007; Railsback, 1999)

Weathering product

Cristobalite
(153886)

SiO2 Metastable, used as filler in plastics and
ceramics, inert1

Corundum
(92628)

Al2O3 Common in paints and coatings, inert1

Ettringite
(251756)

X6[Y2(OH)12�24 H2O]
[T3�nH2O]

X = Ca2+, Cu2+, Co2+, Ni2+, Pb2+, Na+

Y = Al3+, Si4+, Fe3+, Cr3+, Mn4+, Ti4+

T = SO4
2�, OH�, Cl�, CrO4

2�, SiO4
4�(Gougar et al., 1996)

Weathering product

Gypsum
(27875)

CaSO4�2H2O Weathering product

Halite
(240598)

NaCl Incineration/weathering product

Hematite
(56372)

X2O3 X = Fe3+, Al3+, Ti, Ni2+ Incineration product

Melilite
(7697)

X2Y(T2O7) X = Ca2+, Na+, K+, Sr2+, Ba2+

Y = Al3+, Fe2+/3+, Mg2+, Si4+, Co, Cu, Zn, Mn2+

T = Si4+, Al3+, Fe3+

(Pöllmann, 2010; Wiedenmann et al., 2009)

Incineration product

Plagioclase
(87656)

XY4O8 X = Na+, Ca2+, K+, Ba2+

Y = Si4+, Al3+(Carpenter, 1994)
Incineration product, common natural
mineral

Pyroxene
(64978)

XYT2O6 X = Fe2+/3+, Mg2+, Al3+, Cr3+, Ti3+/4+, Mn2+, Zn2+, Ni2+

Y = Ca2+, Na+, Mg2+, Mn2+, Na+, Li+

T = Si3+, Al3+, Fe3+

(Deer et al., 1986)

Incineration product, common natural
mineral

Quartz
(93974)

SiO2 Common natural and industrial mineral,
inert1

Rutile
(74532)

TiO2 Common in paints and coatings, inert1

Spinel
(98087)

XY2O4 X = Fe2+/3+, Mg2+, Zn2+, Mn2+, Ni2+, Cu2+, Pb2+, Co2+, Cd2+

Y = Al3+, Fe3+, Cr3+
Incineration product

Wuestite
(27237)

FeO Incineration product

Zeolite
(34172)

X(AlO2)n(SiO2)1-
n�mH2O

X = Ca2+, K+, Na+, Ba2+, Sr2+ Weathering product

1 Not affected by the MSWI conditions.
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the BA sample and the results were compared to XRF results
(Table 5). XRF results for each individual fraction are provided in
Appendix A (Table A1).

In general, the bulk chemical composition calculated from the
PARC data and the one obtained via XRF were in good agreement.
Due to the high heterogeneity of the BA, some variation in the
results was expected, especially since the area that could be mea-
sured with PARC was limited. The biggest differences between the
PARC and XRF results were noted for the SiO2 content (8.6 wt%)
and Fe2O3 (7.7 wt%) as shown in Table 5. The PARC analysis showed
that both quartz and the iron oxides present in BA form larger par-
ticles due to their mechanical resistance. They were therefore par-
ticularly susceptible to statistical variation which explains the
discrepancy. The XRF measurements were also done using fused
beads, which accounts for lower amounts of Na2O, Cl and SO3.
The Sb2O3 content could not be measured via PARC due to the
overlap of the Sb La and the Ca Ka lines that were used for
quantification.

The leaching of PTEs and other contaminants from the original
BA (�4 mm) obtained using a column test is provided in Table 6
along with the limits for the granular building material for use in
the open environment (Soil Quality Decree, 2007). This fraction
of BA contained a large number of leachable contaminants, how-
ever, only Cu, Mo and chlorides were above the limit. The contents
of Zn, Ni, Cr, Pb and Sb were under the limit but previous studies
(Alam et al., 2017, 2016) indicate that leaching of these elements
commonly exceeds the limit for use in non-isolated applications.
3.3. SEP results

3.3.1. Exchangeable fraction (F1)
In the first step of SEP (F1), carbonates and acid soluble salts

were the intended targets. The mineral composition of the solid
residues S and M recovered from the F1 extraction step are
denoted as S-F1 and M-F1 in Fig. 4a and b, respectively. The partial
dissolution of the weathering phases, e.g., calcite, gypsum and zeo-
lite was observed during F1. Moreover, ettringite is easily affected
by changes in the physiochemical environment and was com-
pletely dissolved (Fig. 4a: bar S-F1). The incomplete decomposition
of calcite that was observed in S can be attributed to the fact that
the added acid was not sufficient to dissolve all of its initial calcite
content. This indicates the inadequacy of the SEP BCR protocol
(Rauret et al., 1999) while dealing with samples rich in carbonates,
which was in line with the literature, where soils with high content
of carbonates were studied with the BCR protocol (Sulkowski and
Hirner, 2006). In addition to the targeted phases, small amounts
of plagioclase, apatite, melilite and spinel were also dissolved. Dur-
ing F1, the amorphous contents of S and M increased by 2.9 and
9.1 wt%, respectively. It is likely that dissolution of the crystalline
phases resulted in the formation of new amorphous phases.

The PTEs (Zn, Cu, Ni, Cr, Pb and Sb) released during the F1
extraction step for S and M are presented in Fig. 6a and b, respec-
tively. The PTEs extracted from the L fraction during SEP are pro-
vided in Appendix A (Fig. A4). The concentration of PTEs
extracted during F1 from the S fraction were Zn: 817, Cu: 76, Ni



Fig. 4. The crystalline composition, determined via quantitative XRD, of the original
bottom ash fractions and of the residues after each SEP step, (a) S fraction
(� 0.125 mm) and (b) M fraction (0.125 – 1 mm). For example, S-F0 refers to the
composition of the original S fraction and S-F1 to the residue of the small fraction
after the first step F1 from SEP, etc. The amorphous content is not shown in the
graph and can be found in Fig. 5.

Table 5
Comparison between the chemical compositions of the original BA � 4 mm obtained
from the PARC and XRF results. The total contents of PTEs released during SEP,
(obtained by calculating the weighted average of PTEs released from S, M and L
fraction) are also presented. All values given below are in wt%.

Oxides PARC average XRF average PTE’s average extracted via SEP

Na2Oa 2.3 0 –
MgO 2.0 2.38 –
Al2O3 9.4 12.97 –
SiO2 32.8 41.36 –
P2O5 1.3 1.73 –
SO3

a 2.7 1.24 –
Cla 1.0 0.08 –
K2O 0.7 1.16 –
CaO 22.3 20.99 –
TiO2 0.9 1.47 –
V2O5 0.0 0.01 –
Cr2O3 0.1 0.10 0.04
MnO 0.1 0.16 –
Fe2O3 22.6 14.91 –
NiO 0.1 0.03 0.02
Cu2O 0.2 0.36 0.73
ZnO 0.5 0.69 0.60
Sb2O3

b – 0.15 –
Rest 0.7 0.21 –

a The differences in Na2O, Cl and SO3 are due to the preparation of XRF samples as
fused beads.

b Sb2O3, could not be determined with PARC because of the overlap of the Sb La
and the Ca Ka lines.

Fig. 5. The composition of the S (� 0.125 mm) and M (0.125 – 1 mm) fractions
before SEP (S-F0 and M-F0) and after each SEP step. Mass loss was calculated based
on the assumption that total quartz content remains unchanged.

Table 4
Percent distribution of PTEs (wt%) in the PARC phases from the BA fraction (�4 mm), calculated based on the content of PTE in each mineral phase and their respective amount
present in BA.

PTE FeOx Calcite Melilite Quartz Feldspar Apatite Pyroxene Glass Spheres CAS 1 CAS 2 CAS 3 CAS-SO4 F-CAS CS 1 CS 2 FS A CA-S
�

AS SUM

Cr 9.8 5.0 15.2 3.7 2.3 1.8 2.2 7.6 4.5 4.2 3.1 6.1 1.0 1.3 11.7 12.6 0.9 3.4 1.7 1.8 100
Ni 22.1 17.4 10.1 6.2 1.9 3.8 2.8 1.9 2.8 4.5 1.1 3.0 1.2 0.8 6.5 6.3 1.1 2.8 2.7 1.2 100
Cu 22.1 7.9 10.3 3.3 3.7 1.6 2.4 3.9 10.0 5.6 1.5 4.5 0.9 1.5 1.7 8.5 1.7 3.5 3.7 1.8 100
Zn 12.6 7.2 13.9 2.5 4.4 1.3 2.6 3.0 5.5 8.2 4.0 5.6 0.7 0.7 3.1 9.7 0.8 5.0 2.4 6.8 100
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and Cr: 4 ppm each. On the other hand, contents of PTEs in the
supernatant from the M fraction were significantly higher, Zn:
1909, Cu: 269, Ni: 4 and Cr: 10 ppm. However, the opposite was
expected due to the significantly higher absolute content of the
PTEs (Fig. 6) and specific surface area of the S fraction. The higher
content of PTEs from the M fraction can be explained by the
respective amount of FeOx phases (hematite, spinel and wuestite)
that was present in the S and M fractions, 6 and 13.3 wt%, respec-
tively. As explained earlier (Section 3.1.) FeOx was more concen-
trated in the bigger size fractions of BA (fraction M) due to its
mechanical resistance and contained the majority of Zn, Cu and
Ni (Table 4), which led to the higher contents of these PTEs
released from M.

Interestingly, in the F1 extraction solutions (initial pH 2.85)
from both fractions, no antimony was detected. Although, anti-
mony from MSWI bottom ash is reported to be leachable at acidic
pH (Verbinnen et al., 2014). Furthermore, the leaching analysis
according to column leaching test showed the presence of leach-



Table 6
Leaching of potentially toxic elements, sulfates and halides from BA (�4 mm) and
comparison with the limits for granular construction material employed in non-
isolated applications (Soil Quality Decree, 2007).

Parameters Granular material1 [mg/kg] BA (�4 mm)2 [mg/kg]

Ba 22 0.69
Cr 0.63 0.12
Cu 0.9 14
Mo 1 1.1
Sb 0.32 0.22
As 0.9 <0.05
Cd 0.04 <0.001
Co 0.54 <0.030
Pb 2.3 <0.1
Ni 0.44 0.24
Se 0.15 <0.007
Sn 0.4 <0.02
V 1.8 <0.1
Zn 4.5 0.48
Cl� 616 6200
Br� 20 –
F� 55 2.4
SO4

2� 2430 1700
pH – 11.28

1 The leaching limits imposed by the Soil Quality Decree (2007) for the used of
granular material in the open/non-isolated environment.

2 Column leaching test was performed in accordance with NEN 7383:2004.
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able Sb in BA at a pH of 11.28 (Table 6). Due to the absence of Sb
from F1, it can be speculated that immobilization of antimony
occurred through the precipitation of new phases.

Although S contains approximately 5 times more Pb compared
to the M fraction, the amount extracted from the two fractions was
noted to be similar: 2 and 5 ppm, respectively. This indicates the
presence of sparingly soluble Pb species in the bottom ash under
these conditions. Additionally, the distribution of Pb in the mineral
phases could not be confirmed using the PARC analysis because the
concentrations were below the detection limit.
Fig. 6. Partition of Zn, Cu, Ni, Cr, Pb and Sb during different steps of sequential
extraction in the (a) S (� 0.125 mm) and (b) M (0.125 – 1 mm) fractions of the
MSWI bottom ash. F1: Exchangeable, F2: Reducible, F3: Oxidisable and F4: Inert
fraction. The cumulative contents of PTEs (in ppm) extracted from all four steps of
SEP are given at the top of every column for the respective element.
3.3.2. Reducible fraction (F2)
In the second step (F2) of the extraction, Fe-Mn oxyhydroxides

were targeted in the reducing environment. In this step, the
remaining weathering products (calcite, zeolite and gypsum) were
dissolved from S and the partial dissolution of melilite, pyroxene
and apatite was observed from the both fractions. The amorphous
content of S and M was decreased by 5.7 and 9.7 wt%, respectively.
Additionally, even after washing, the solid residues from F2 con-
tained newly precipitated phases (ammonium chloride) from the
extraction reagents.

The PTEs contents in the extraction solutions obtained during
the F2 step is provided in Fig. 6. Although the percent content of
Zn associated with the phases dissolved in F2 was similar for both
fractions (30%), in terms of absolute content, the amount of Zn
from S (3571 ppm) was more than double when compared to M
(1540 ppm). Similarly, the content of Cu extracted from S was
higher as compared to the M fraction. The incomplete dissolution
of the weathering products in step F1 partially contributed to the
higher release of Zn and Cu from S in this step but did not account
for all of it.

During F2, comparable contents of Ni (S: 26 and M: 21 ppm), Cr
(S: 23 and M: 27 ppm) and Pb (S: 63 and M: 79 ppm) were released
in the extraction solutions, despite the fact that the absolute con-
tent of PTEs in S was significantly higher compared to M. In con-
trast to the previous extraction step, the supernatants from F2
showed the presence of low amounts of Sb (F: 1.3 and M:
3.26 ppm). As discussed earlier in Section 3.3.1, during F1 the
absence of the Sb in the solution suggests the co-precipitation or
adsorption of the acid soluble fraction onto newly formed phases.
The PTEs released during F2 can be associated with the amorphous
Fe-Mn-oxyhydroxides that have been reported as a good sorbent
for different transition and metals cations (Dijkstra et al., 2008;
Meima and Comans, 1998).
3.3.3. Oxidizable fraction (F3)
Complexation of the PTEs with organic matter such as a fulvic

and humic acid is a well-studied phenomenon (Arickx et al.,
2007; Weng et al., 2002). In the case of BA, the leaching of numer-
ous PTEs, i.e., Cu, Zn and Sb, was noted to have a correlation with
the amount of organic matter (van Zomeren and Comans, 2004;
Verbinnen et al., 2016; Yao et al., 2012) and the F3 extraction step
creates oxidizing conditions for its destruction. The TOC of the S
and M fractions was similar: 2.68 and 2.71 wt%, respectively. The
content of Zn (S: 2214, M: 304 ppm) and Cu (S: 1139, M:
508 ppm) released into the extraction solutions from F3 is illus-
trated in Fig. 6. Furthermore, in the case of S, increased contents
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of Ni, Cr, Pb and Sb were observed in the extraction solutions from
F3 as compared to F2 (Fig. 6a). For M a similar increase in the con-
tent of these elements occurred, with exception to Ni, which
remained unchanged.

In addition to the TOC, other minerals such as melilite, plagio-
clase and spinel were also partially dissolved in F3. Melilite from
the S fraction was completely dissolved because of the higher sur-
face area of ash particles and the acidic environment, while in M
only 0.7 wt% remained (Fig. 4a: bar S-F3). In the case of hematite,
a slight increase in the contents was also observed for both frac-
tions, while the total amorphous content remained almost
unchanged.

3.3.4. Residual fraction (F4)
The residues obtained after F3 were digested with aqua regia for

the determination of the residual content of the PTEs. During this
step of the extraction, a significant amount of the crystalline and
amorphous phases was dissolved (Fig. 5). It can be seen from
Fig. 6 that a significant portion (40–80 wt%) of these PTEs were
released in F4. The PTEs released during this extraction can be con-
sidered immobile because of their incorporation into silicates and
other minerals with low solubility.

3.4. Comparison between SEP and PARC/XRD data

In order to calculate the theoretical content of PTEs that can be
released in each sequential extraction step, the decrease in con-
tents of minerals and amorphous phase after each SEP step was
determined via the Rietveld method. The release of PTEs was then
calculated based on the PARC determined composition of these
phases (Table 1). However, PARC determined several different
amorphous phases that could not be differentiated via XRD. Con-
versely, some phases were identified via XRD but not in PARC as
discussed previously, meaning no information about the PTE con-
tent of these phases was available. Therefore, these phases were
added to the amorphous content determined via XRD and the com-
position of this sum was then taken to be the average of all PARC
phases that were not identified as a mineral via XRD (Section 3.1).
The result of the calculation provides a semi-quantitative and the-
oretical concentration of PTEs released in each step.

By comparing the overall chemical composition of the BA deter-
mined via PARC and XRF (Table 5), it can be seen that PARC results
overestimated the content of Ni by one order of magnitude. The Cr
Fig. 7. Comparison between the measured and theoretically calculated concentration of
(F1: Exchangeable, F2: Reducible, F3: Oxidisable and F4: Inert fraction). Calculation for
content measured with the two methods was similar but was not
considered further for the calculations due to its low concentra-
tion. PARC data about Sb was not available due to the spectral over-
lap between the Sb La and the Ca Ka lines. Therefore, the
theoretical extractable contents of these elements were not calcu-
lated. In the case of Zn and Cu, their relatively high content and the
good agreement between PARC and XRF values made them suit-
able candidates for calculating the theoretical content released
during each step of SEP. Only the data from M is shown in Fig. 7,
the S fraction followed a similar pattern which is provided in
Appendix A (Fig. A5). During the extraction step F1, the extracted
content of Cu was lower than the theoretically calculated value
(Fig. 7b). This may indicate that the Cu released from dissolved
phases was immobilized again via precipitation/sorption leading
to differences between theoretical and measured contents. In the
remaining extraction steps, the extracted content of Cu exceeded
the calculated one significantly (Fig. 7). In the case of Zn, the
extractable contents released during the extraction steps were
always higher than the theoretically calculated contents. The cal-
culated theoretical contents of Cu and Zn does not take the con-
tents associated with organic matter and Fe-Mn-oxyhydroxides
into account because these phases cannot be analyzed by using
XRD/PARC. However, the chemical conditions of the extraction step
F2 and F3 were designed for the dissolution of Fe-Mn-
oxyhydroxides and organic matter, respectively. In Fig. 7, the con-
tents of Zn and Cu in the extraction solutions of F2 and F3 are
higher than the calculated values. This difference can be explained
by the fact that the targeted phases were indeed present in the
sample (F2: hydrous oxides and F3: organic matter) and that the
extractions steps were partially effective in targeting their
intended phases.

The results obtained with SEP provide validation for the conclu-
sions drawn from the study of the phase composition. For example,
the leaching of Zn during the column test from BA (�4 mm) is
minor (Table 6: 0.48 ppm) and the analysis of the phase composi-
tion indicated that most of the Zn content was associated with cal-
cite. During the F1 extraction step, calcite was the intended target
and the extracted solution showed the high content of Zn released
in the solution. Based on the results obtained from the F2 and F3
extraction steps, it is also clear that SEP can provide indirect infor-
mation about the PTE content associated with phases, such as Fe-
Mn-oxyhydroxides and organic matter that cannot be detected
via XRD or EDX/PARC. Although non-specificity of the SEP extrac-
(a) Zn and (b) Cu from each sequential extraction step performed on the M fraction.
the theoretical concentrations is explained in Section 3.4.
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tion step in targeting intended phases was observed, this effect can
be taken into account with the knowledge of the changes in min-
eral composition after the extraction.
4. Conclusions and future prospects

- A novel multi-method approach using large area phase map-
ping/PARC and quantitative XRD was effective for analyzing a
complex, heterogeneous material such as BA that contains
many different crystalline and amorphous phases. However, it
proved limited for the organic matter or phases below 1 lm
in size. The microstructure of BA particles �4 mm consisted of
a relatively homogenous core surrounded by an inhomoge-
neous layer containing smaller particles. This layer was pro-
duced by the phases formed during the incineration,
quenching or weathering process. It was composed mostly of
melilite and amorphous phases with a melilitic composition.
The ratio of crystalline to amorphous was 1:2.

- Calcite, melilite and iron oxides contained the highest percent-
age of PTEs present in BA. The iron oxides: magnetite, hematite
and wuestite contained a high percentage of Ni and Cu, while
melilite appeared to incorporate a large percentage of PTEs
(10–15% of Cr, Ni, Cu, Zn).

- The S fraction (�0.125 mm) had a unique composition com-
pared to the larger fractions, containing the weathering prod-
ucts, i.e., ettringite, gypsum and zeolite. This fraction was also
the most contaminated one according to its overall chemical
composition. Therefore, a potential treatment for the �4 mm
BA could be the removal of the S fraction via dry or wet sieving,
which could produce clean, recyclable aggregates for applica-
tion in building materials.

- SEP data was used in combination with spectroscopic methods
to complement the results regarding the association of PTEs
with the mineral phases of BA. Furthermore, the PTEs contents
associated with the phases that are challenging to observe with
microanalyses e.g., organic matter and Fe-Mn-hydrous oxides,
were investigated.

- According to SEP results, a high percentage (40–80 wt%) of each
investigated PTE can be considered immobile and not suscepti-
ble to leaching in the environment.

4.1. Future prospects

- BCR sequential extraction protocol could be modified to dis-
criminate better between the different phases of the bottom
ash that is characterized by high alkalinity, carbonate and
amorphous contents.

- In addition to mineralogical changes, quantifying the change in
TOC content after each extraction step of the BCR sequential
procedure is recommended to validate the findings of this
study.
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