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Introduction: Bottom ash (BA) constitutes a significant by-product obtained during
the incineration of municipal solid waste in waste-to-energy (WtE) plants. BA is a
heterogeneous material made of different fractions, glass, minerals, metals, and
unburned residual organic matter. Due to the non-hazardous nature of the
unburned material, BA can be effectively recycled, becoming a valuable
resource. However, BA displays a high content of potentially toxic elements
(PTEs) within its finer grain size. The presence of these elements raises concerns
regarding the potential toxicity associated with BA.

Materials andmethods: The release of PTEs in the smaller fraction (0.063–0.2 mm;
0.3–0.5 mm; 2–4mm; bulk <4mm) of BA collected from the ParmaWtE plant was
investigated using a new five-step sequential extraction procedure (SEP). Through
thismethod, both leached solutions and solid residues were analyzed by inductively
coupled plasma-mass spectroscopy (ICP-MS), X-ray powder diffraction (XRPD), and
X-ray fluorescence (XRF) analysis. This integrated approach provided valuable
insights into the mineralogy, chemical composition, and PTEs leachability of BA.

Results and discussion: The novelty of this work is the development of a new
SEP protocol specifically designed and planned for an anthropogenic material
such as BA. The weight reduction recorded after each step is linked to the
progressive disappearance of both crystalline and amorphous phases. Water-
soluble phases, such as salts, are the first to react, followed by the carbonate
fraction in the second step. At the end of the procedure, only quartz,
corundum, and Ti-oxide are identified. Among the PTEs, Pb exhibits the
highest release, particularly during the acid attack, followed by Zn. The
significant release of Ni during the oxidizing and reducing steps can
potentially be linked to hydroxides and metallic alloys, respectively. The
integration of XRF and Rietveld refinement results on solid residues enabled
the identification of several types of amorphous materials and their chemical
evolution during the sequential extraction.
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1 Introduction

“Sustainable cities and communities” and “responsible
growth and production” are among the main goals in the
United Nations agenda to foster sustainable development
worldwide. Among the numerous pillars supporting these
goals, waste management plays a crucial role in achieving
waste reduction, recycling, and reuse (Kaza et al., 2018; Funari
et al., 2023). Incineration of municipal solid waste (MSW)
represents an effective approach to waste volume reduction
and substantial energy production (Chen et al., 2022). A
significant drawback lies in the generation of ashes during the
incineration. These ashes are categorized into two main types:
bottom ash (BA), which accumulates at the bottom of the burning
chamber, and fly ash (FA), formed in the fumes during
combustion and subsequently collected by the air-pollution-
control systems of the municipal solid waste incineration
(MSWI) plant. The recycling of ashes from incineration poses
a challenge due to the presence of potentially toxic elements
(PTEs) such as Pb, Zn, Cu, Ni, Cd, Cr, and Co (Zhu et al., 2020;
Xiang et al., 2022). When MSW is incinerated, the remaining
inorganic materials, including PTEs, become concentrated in the
ashes. PTEs are elements that can be harmful to human health
and the environment at certain concentrations (Domingo et al.,
2020; Shi et al., 2020). Currently, only BA is routinely recycled in
construction materials, as FA contains higher concentrations and
releases PTEs beyond regulatory limits (Blasenbauer et al., 2020).

Due to the mineralogical and chemical heterogeneity of BA, a
wealth of mineralogical phases can contain PTEs. These PTEs
may occur as impurities in crystalline and glassy phases, and/or
they may even constitute the main component of a single phase
(Meima and Comans, 1999; Crannell et al., 2000; Dijkstra et al.,
2006; Dung et al., 2017; Alam et al., 2019; Loginova et al., 2019;
Rissler et al., 2020; De Matteis, 2023). Some of these phases can be
soluble, and in order to evaluate the actual release of PTEs,
leaching tests were performed according to the UNI EN
12457-2(2004) standard. However, the link between host
minerals and leached elements is poorly defined due to the
heterogeneity and complex nature of the mineralogical
assemblage of the BA. To address this, a sequential extraction
procedure (SEP) is employed, as it selectively targets specific
fractions during each step of the extraction process. A SEP is an
operationally defined methodology that involves a series of
selective extractions (Hall et al., 1996). The extractions are
done sequentially, with each extraction using a solution of
different strength and reactivity. The mineralogical and
chemical composition of the residual fraction and of the
leachate can be analyzed to determine the host mineral phases
and the released elements. This approach allows a better
understanding of the association between minerals and
leachates for the MSWI BA, and the information obtained can
be used to assess the potential environmental risk.

SEPs were originally developed in the 1980s to investigate the
chemical composition of the sediments (Tessier et al., 1979;
Rapln et al., 1986; Martin et al., 1987). Later, in 1999, a
standardized extraction procedure known as the BCR 3-step
method (the Community Bureau of Reference, now the
European Union “Measurement and Testing Programme”) was

established (Rauret et al., 1999). However, the application of SEP
in BA was relatively limited. The first study was conducted by
Sawell et al. (1988), who performed sequential digestion on BA
and FA to extract Cd, Pb, Cu, and Zn, aiming to determine their
relative solubility. In recent years, there has been a growing
interest, and several authors have adapted the BCR 3-step
method to waste materials, including BA (Bruder-Hubscher
et al., 2002; Haberl and Schuster, 2019), waste from electrical
and electronic equipment (Pérez-Martínez et al., 2019), and
biomedical waste (Ramesh Kumar et al., 2021). For instance,
some authors changed the BCR procedure by adding a fourth step
specifically for the residues, without changing the first three
(Bruder-Hubscher et al., 2002; Alam et al., 2019). Other
authors have taken a step further and developed specific
extraction procedures to investigate new materials and waste
(Smeda and Zyrnicki, 2002; Abramov et al., 2018; Haberl and
Schuster, 2019; Akinyemi et al., 2020). In some cases, a more
comprehensive analysis was proposed, where authors determined
also the mineralogical composition of the crystalline phases after
each step (Abramov et al., 2018; Alam et al., 2019).

Recently, Alam et al. (2019) suggested a new method to examine
not only the chemical composition of eluates but also the
mineralogical composition of the BA residues, including the
quantitative evaluation of the amorphous phases that make up
between 30% and 80% of the ashes (Mantovani et al., 2023). The
Alam et al. (2019) investigation showed that the standard BCR
procedure of dissolving the carbonate fraction with a 0.11M acetic
acid extraction was not able to provide complete carbonate
dissolution. Still, no attempt was made to obtain complete
dissolution of carbonates using a more acidic extraction.

The aforementioned observation suggests that the standard
in BCR, which was calibrated for soils, is not fully applicable in
the highly basified environment of BA. This observation aligns
with the findings of a recent article by Tong et al. (2020), who
examined the FA from MSWI and found that an incomplete
acid attack would lead to an underestimation of the
leachable PTEs.

In this work, we performed a SEP on BA of different grain sizes
using a more acidic environment, aiming at complete dissolution of
carbonates. This can be effective for a complex matrix such as the BA,
characterized by high carbonate content. Also, we investigated the
mineralogical and chemical composition of the solid fractions after
each step to better describe the effects of the leaching solutions and
directly check the solid phases involved. The mineralogy, including
crystalline and amorphous contents, was assessed after each step
together with the chemical composition of the residuals and of the
leachates.

The SEP was done on BA of small and medium grain sizes
(<4 mm), fractions that are more reactive and host a higher
concentration of PTEs (Mantovani et al., 2023).

2 Materials and methods

2.1 Description of the samples

BA was sampled at the Parma waste-to-energy plant in June
2021 and had previously undergone detailed characterization in an
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earlier study (Mantovani et al., 2021; De Matteis, 2023). The waste
input (tons/year) is represented by undifferentiated MSW of
126.317 t/y and special waste (construction and demolition waste,
sewage sludge, cemetery waste, biomedical waste, etc.) of 33.515 t/y
that generated 32.904 t/y of BA (Iren Ambiente, 2022). The plant
employs grate furnace technology, where the waste is incinerated for
2–3 h at temperatures ranging from 750°C to 1,000°C. The sampling
was carried out during the process activity in different time intervals;
the samples were randomly collected from a stockpile that was 2–3 m
high, which is representative of more than 1 month of accumulation.
About 13 kg of BA was collected from the plant. Before the analysis,
the ashes were mixed, dried in an oven at 50°C for 24 h, and sieved to
separate them into distinct size classes. The sequential sieving process
(Φ: 16, 8, 4, 2, 1, 0.5, 0.3, 0.2, and 0.063 mm) was performed according
to the European standards for aggregates EN 933–2 (Ente Nazionale
Italiano di Unificazione, 2020).

The SEP was done on four selected particle sizes (0.063–0.2 mm;
0.3–0.5 mm; 2–4 mm; and <4 mm) that were split with Quantachrome
macro and micro rifflers to obtain 1 g samples. The selected grain sizes
represent fine, medium, and bulk fractions of the BA-MSWI. Of these,
20 gwas randomly selected and processed for each grain size. At the end
of each extraction step, three samples were taken. The solid residues
were dried in an oven at 60°C, weighed, and analyzed with X-ray
powder diffraction (XRPD) and X-ray fluorescence (XRF) analysis,
while the eluates were analyzed using inductively coupled plasma-mass
spectroscopy (ICP-MS). The BA used was relatively fresh, being
analyzed just a few weeks after the sampling.

2.2 Sequential extraction procedure

2.2.1 Reagents
For all experiments, ultrapure water (UPW) (Milli-Q®

18.2 MΩ.cm at 25°C and TOC < 5 ppb) obtained from a water
purification system (Merck Millipore) was used. The following
reagents were also used: acetic acid glacial (100% for analysis,
VWR); hydroylammonium chloride (pure, VWR); hydrogen
peroxide (30% stabilized, VWR); ammonium acetate (pure for
analysis, Merck); hydrofluoric acid (48% ultrapure, Sigma-
Aldrich), perchloric acid (70% for analysis, Acros Organics);
nitric acid (65% for analysis, Merck); and hydrochloric acid (37%
for analysis, Honeywell Fluka).

2.2.2 5 - Steps sequential extraction procedure
Starting from the standard andmodified BCR procedure (Smeda

and Zyrnicki, 2002; Abramov et al., 2018; Haberl and Schuster, 2019;
Akinyemi et al., 2020), a new five-step SEP was set in this work
(Table 1). The SEP has been specifically adapted for BA,
incorporating additional steps and modifications compared to the
BCR standard method. The primary changes implemented are as
follows.

The standard BCR procedure does not include a specific step for
water-soluble phases similar to the leaching test procedure UNI EN
12457-2. However, in materials like BA, the presence of these phases
is significant. The recycling of BA is linked to the results of leaching
tests, where the release of PTEs from partially or completely water-
soluble phases such as ettringite, hydrocalumite, and salts is
evaluated. Notably, these phases become more significant in aged
BA, resulting in increased leachability (Mantovani et al., 2023). By
including a dedicated step for water-soluble phases in the extraction
procedure, we allow for a more comprehensive investigation of their
leaching behavior.

Previous studies have indicated that the BCR standard acid
attack was not efficient for BA (Alam et al., 2019; Haberl and
Schuster, 2019). In this study, XRPD analysis of the residue
treated with 0.11 M acetic acid revealed that the carbonate phases
only dissolved after 18 washing cycles. Consequently, a higher
molarity of acetic acid or a different acid solution was needed for
effective carbonate removal. After multiple attempts, a more
concentrated acetic acid solution (5 M) was used, with the
pH buffered at pH = 2.8, resulting in the complete dissolution of
carbonates.

At the end of the procedure, the remaining phases ideally consist
of an amorphous fraction, silicates, and well-crystallized oxides,
which are expected to be abundant in BA (Mantovani et al., 2023). In
agreement with previous literature (Bruder-Hubscher et al., 2002;
Alam et al., 2019; Haberl and Schuster, 2019; Pérez-Martínez et al.,
2019), a final dedicated step for the complete removal of the more
resistant phases has been included in our modified SEP.

Step 1. (Water-soluble fraction): In centrifuge tubes (50 mL), 1 g
of BA and 40 mL of UPW were added. The samples were shaken in
an orbital shaker at 30 rpm for 16 h (overnight) at room
temperature. Then, the solid fraction was separated from the
liquid by centrifugation at 3,000 rpm for 20 min (or until all

TABLE 1 Overview of the five-step sequential extraction procedure used in this work and relative changes or modifications of the standard BCR procedure.

Step Standard BCR procedure Step modified in this work Formula Dissolved
fraction

Information

1 Not present in the standard
procedure

Step added in this work: ultrapure water
(pH = 7)

H2O Exchangeable,
water-soluble

Leachable component

2 Acetic acid (0.11 M) Step changed in this work: acetic acid (5 M) CH3COOH Acid-soluble Soluble species, cation
exchange sites, and carbonates

3 Hydroxylammonium
chloride (0.5 M)

Step not changed: hydroxylammonium
chloride (0.5 M)

NH2OH HCl Reducible Elements bound to Fe/Mn
oxyhydroxides

4 Hydrogen peroxide (8.8 M),
ammonium acetate (1 M)

Step not changed: hydrogen peroxide (8.8 M),
ammonium acetate (1 M)

H2O2,
CH3CO2NH4

Oxidizable Elements bound to organic
matter and sulfides

5 Not present in the standard
procedure

Step added following Huber et al. Perchloric
acid, hydrofluoric acid, hydrochloric acid

HClO4,
HF, HCl

Residues Silicate-based materials and
well-crystallized oxides
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suspended particles were precipitated). The eluates filtered using a
filter apparatus (0.45 µm) with a vacuum pump. This step was added
to the three-step BCR after consulting literature data (Flyhammar,
1998; Smeda and Zyrnicki, 2002; Abramov et al., 2018; Haberl and
Schuster, 2019) to better investigate the behavior of soluble phases
in BA.

Step 2. (Carbonate fraction): In centrifuge tubes (50 mL), 40 mL of
5 M acetic acid (CH3COOH) was added to each solid residue from
the prior step. The samples were shaken in an orbital shaker at
30 rpm for 16 h (overnight) at room temperature. Then, the solid
fraction was separated from the liquid by centrifugation at
3,000 rpm for 20 min. The eluates were filtered using a filter
apparatus (0.45 µm) with a vacuum pump. Solid residues were
washed with UPW three times in a centrifuge. This step was
changed with respect to the BCR and other experiments found in
the literature after several unsuccessful carbonate removal tests.

Step 3. (Reducible fraction): Residues from the previous extraction
were added to 40 mL hydroxylammonium chloride (NH2OH * HCl)
0.5 M. The samples were shaken in an orbital shaker at 30 rpm for
16 h (overnight) at room temperature. The solid fraction was
separated from the liquid by centrifugation at 3,000 rpm for
20 min. The eluates were recovered using a filter apparatus
(0.45 µm) with a vacuum pump. The solid residues are washed
with UPW three times in a centrifuge. This step is the same as the
one in the BCR described by Rauret et al. (1999).

Step 4. (Oxidizable fraction): The solid residues from the third
step were placed in glass beakers with 10 mL of hydrogen peroxide
(H2O2). The beakers were covered with a watch glass, and the
sample was digested at room temperature for 1 h with occasional
manual shaking. The digestion continued for 1 h at 85°C in a
thermostatic bath, and then the volume was reduced to less than
3 mL by further heating of the uncovered beakers. After that, an
aliquot of 10 mL of hydrogen peroxide was added, the beakers were
covered, and the digestion continued at 85°C for another hour. The
watch glasses were removed, and the volume of the liquid was
reduced to about 1 mL. The solid residues were transferred to a
centrifuge tube, and 50 mL of ammonium acetate (CH3CO2NH4)
1.0 M was added. The samples were shaken in an orbital shaker at
30 rpm for 16 h (overnight) at room temperature. Then, the solid
fraction was separated from the liquid by centrifugation at
3,000 rpm for 20 min. The eluates were obtained through a
vacuum pump filter apparatus (0.45 µm). The solid residues were
washed with UPW three times in a centrifuge. This step is the same
as the step in the standard BCR (Rauret et al., 1999).

Step 5. (Residuals): The last step is designed to remove silicates and
well-crystallized oxides. Solid residues from Step 4 were transferred
to Teflon beakers and digested with a 5:1 mixture of hydrofluoric
and perchloric acids. First, a solution of concentrated HClO4 (2 mL)
and HF (10 mL) was added, which reacted completely. Then,
another aliquot of HClO4 (1 mL) and HF (10 mL) was added.
Finally, HClO4 (1 mL) was poured into the becker, and the
residue was dissolved with HCl 12 N and diluted to 25 mL. Any
remaining solid was transferred to a centrifuge tube and washed
three times with UPW by centrifugation at 3,000 rpm for 20 min.

This step followed the procedure described in Bruder-Hubscher
et al. (2002). ICP analysis was not done at this stage.

After each step, three solid residues were characterized by XRPD
and XRF; their respective eluates were filtered, collected, and stored
with three drops of HNO3 at a temperature of 4°C. Blank solutions
were prepared at each step.

2.3 X-ray powder diffraction (XRPD) and
Rietveld analysis

For each sieved part, XRPD was performed at the end of each
step of the extraction procedure. A Bruker D2 Phaser powder
diffractometer with θ-θ focalizing geometry was used, operating
at 30 kV and 10 mA with Cu Kα (λ = 1.54178 Å) radiation. Data
were measured in the 5°–100° 2θ range, with a 0.02° step size and a
1 s/step counting time. Each sample was spun at 30 rpm.

EVA identification software (Bruker) and Crystallography Open
Database (COD) were used to indentify the major crystalline phases.
Only phases with a concentration higher than 1% can routinely be
identified. This generally rules out the detection of phases where
PTEs are present as main constituents, e.g., smithsonite and
cerussite.

The RIR-Rietveld method was applied by spiking with 10 wt.%
high-purity silicon to quantify the major crystalline phases and the
amorphous fraction (Gualtieri, 2000). The Rietveld refinements
were performed using the GSAS and EXPGUI packages (Toby
and Von Dreele, 2013; Larson and Von Dreele, 2004). Scale
factors, cell parameters, and pseudo-Voigt profile coefficients for
each phase were refined, as well as the instrumental zero. The
background was also refined manually, using a 10-term
Chebychev polynomial. The ICSD reference numbers for each
crystalline phase involved in the Rietveld refinement are
summarized in Supplementary Table S1.

The qualitative analysis results are summarized in
Supplementary Table S2, and the quantitative results obtained
using the RIR-Rietveld method are listed in Supplementary Table
S3. The quantitative results are expressed as the RIR-Rietveld results
normalized to 100% (including the estimated amorphous fraction)
times the residual weight fraction to correct for the weight loss.

2.4 X-ray fluorescence (XRF) analysis

The chemical composition of each sieved portion was measured
at the end of each step using a wavelength dispersive X-ray
fluorescence (XRF) spectrometer, Panalytical Axios 4000,
equipped with an Rh tube. About 3 g of the representative
samples were oven-dried at 50°C, homogenized, and milled with
an agate vibratory disk mill. Pressed powder pellets for XRF analysis
were prepared using a boric acid binder. The reproducibility, general
accuracy through the calibration curve, and corrections of the data
were the same as those used in other works (Franzini et al., 1972;
Toller et al., 2021). Major (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO,
CaO, Na2O, K2O, and P2O5), minor, and trace element (As, Ba, Br,
Ce, Cl, Co, Cr, Cu, Ga, Hf, La, Mo, Nb, Ni, Pb, Rb, S, Sc, Sn, Sr, Th, U,
V, W, Y, Zn, and Zr) concentrations were calculated using a
calibration curve built on a large number of certified reference
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TABLE 2 X-ray fluorescence (XRF) spectrometry analysis of major (a) and minor and trace elements (b) for different grain sizes and different steps (from S0 to S4).

a) Major element (g/100 g)

Grain size (mm) Step SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

0.063–0.2

S0 19.38 0.98 11.60 2.71 0.10 2.96 32.93 2.38 1.30 1.91 23.76

S1 19.16 0.89 12.27 2.50 0.09 2.93 30.17 1.05 0.79 1.79 18.91

S2 12.11 1.18 7.87 2.49 0.05 0.81 3.12 0.52 0.48 1.26 6.07

S3 11.98 1.18 7.81 2.45 0.04 0.78 2.57 0.49 0.43 1.05 5.71

S4 11.48 1.10 7.01 2.37 0.03 0.68 1.26 0.44 0.42 0.52 3.26

0.3–0.5

S0 31.36 0.97 14.20 4.07 0.11 3.30 25.15 3.57 1.65 1.75 14.00

S1 30.46 0.95 14.58 3.86 0.11 3.16 24.73 2.07 1.33 1.73 12.44

S2 23.80 1.28 10.83 3.76 0.07 1.37 4.30 1.41 1.00 1.29 4.17

S3 24.76 1.17 10.57 3.95 0.06 1.33 3.28 1.36 0.94 1.15 4.15

S4 24.27 1.04 9.14 3.74 0.05 1.23 2.19 1.31 0.86 0.71 2.88

2–4

S0 48.01 0.69 10.83 4.89 0.14 3.35 16.97 5.32 1.76 1.09 6.99

S1 50.70 0.75 11.25 4.36 0.12 3.35 14.90 4.81 1.52 0.79 4.64

S2 42.54 0.90 7.79 3.80 0.08 3.02 7.85 4.00 1.35 0.73 2.49

S3 39.28 0.80 9.54 3.60 0.07 2.84 5.04 3.23 1.20 0.69 2.06

S4 32.76 0.67 5.92 3.48 0.04 1.49 3.89 2.36 0.90 0.62 0.94

<4

S0 34.57 1.09 13.29 4.71 0.11 3.51 26.72 3.13 1.73 1.83 10.30

S1 33.09 0.95 14.53 3.90 0.09 3.43 23.28 3.07 1.30 1.53 9.61

S2 34.34 0.89 9.33 3.70 0.07 2.31 5.94 2.81 0.99 0.89 2.46

S3 35.04 0.73 9.61 3.60 0.05 2.22 4.82 2.31 0.97 0.78 1.46

S4 31.41 1.01 9.34 3.02 0.04 1.82 4.66 2.03 0.89 0.72 1.42

b) Minor element (mg/kg)

Grain size (mm) Step Mo Pb Sr Br Ba Co Cr Cu Ni S V Zn

0.063–0.2

S0 18 850 501 54 411 4 569 870 122 39,030 42 6,830

S1 13 926 422 9 496 5 465 817 146 31,099 37 6,676

S2 10 287 122 3 510 17 588 338 142 1,235 54 1,368

S3 10 258 63 4 474 19 606 241 113 1,224 49 1,285

S4 6 134 37 1 643 12 422 210 83 1,940 38 1,050

0.3–0.5

S0 9 720 292 26 690 10 552 1,250 153 21,750 37 6,560

S1 9 508 281 7 605 12 530 662 141 19,065 51 6,876

S2 9 205 86 2 650 21 769 646 161 1,910 56 1,627

S3 4 203 41 n.d. 690 20 635 641 194 1,061 53 1,413

S4 4 90 35 n.d. 469 25 666 403 90 308 48 1,303

2–4

S0 19 430 294 13 573 10 907 390 173 8,350 42 4,760

S1 19 465 135 n.d. 548 13 560 593 173 2,869 39 2,091

S2 15 69 129 n.d. 552 9 610 316 195 2,113 40 1,006

S3 15 63 65 n.d. 620 23 879 230 134 621 44 1,039

S4 n.d. 16 46 n.d. 422 20 775 75 65 364 37 846

(Continued on following page)
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materials and offline correction of loss on ignition (LOI) values. LOI,
which is correlated with the influence of humidity, organic matter,
and water, was gravimetrically estimated after overnight heating of
the samples at 950°C in a muffle furnace (Heiri et al., 2001). The XRF
results for different grain sizes and different steps are reported in
Table 2. These results are expressed as the analytical value times the
residual weight fraction to correct for the weight loss.

2.5 Inductively coupled plasma mass
spectroscopy (ICP-MS)

Sample solutions were filtered with a 0.45-µ filter and acidified
with super pure nitric acid. Several elements (Fe, Mn, Ti, Li, V, Cr,
Ni, Cu, Zn, Mo, Cd, and Pb) were analyzed using an Agilent
7500 ICP-MS system. The standard solution used for the
calibration setting was a Carlo Erba 504310 Multielement
Standard of 100 mg/L in 5% HNO3.

The leached amount of a given element at each step was obtained
from the results considering the weight loss and the dilution of the
sample with the formula:

Elleached � Elmeasured · dil( )
wt

, (1)

where Elleached is the fraction of each element (in mg/kg) leached
from the sample after each step, Elmeasured is the measured
concentration (in mg/mL), wt is the weight loss calculated from
the ratio of the measured weight after each step (mg) and that of the
starting sample, and dil is the volume (L) in which the sample is
diluted.

3 Results

3.1 Weight loss, XRPD, XRF, and ICP-MS
results

First step. The weight loss after each step is shown in Figure 1 and
Supplementary Table S4. From a mineralogical point of view, this
loss is linked to the progressive disappearance of crystalline phases
and amorphous material, depending on their reactivity with
different reagents (Figure 2).

After the first step, there was a mild but significant weight loss,
ranging from 3% in the larger grain size to 9% in the smaller one. As
reported in Mantovani et al. (2023), the higher weight loss in major
elements occurred for Ca, Na, and K, together with S and Cl. These
elements were found in the leachate as they are present in highly
soluble phases such as chlorides, anhydrite, and hydrocalumite.
XRPD showed that chlorides and anhydrite disappeared, and
hydrocalumite decreased significantly (Supplementary Tables S2,
S3 and Figure 3).

The slight decrease in Ca (Table 2 and Supplementary Figure S1)
is explained through XRPD results by the total dissolution of
portlandite (Ca(OH)2), partial dissolution of larnite (Ca2SiO4),
and the decrease in amorphous cement phases (Supplementary
Tables S2, S3 and Figure 3). An increase in the amorphous
material was found in larger grain-size fractions (2–4 mm), likely
due to the reprecipitation of dissolved crystalline phases (Alam et al.,
2019). The smaller grain size also showed a partial dissolution of the
amorphous material. The decreased amorphous material accounted
for the higher weight loss in the smaller grain-size fractions.

Second step. We observed a considerable weight loss in the
second step of between 27% and 54% in the larger and smaller
grain sizes, respectively. The loss was clear for Al, Ca, and Mg in
any grain size, and Si in smaller ones. Also, LOI showed a high
reduction in value (from about 30% in the 2–4 mm grain size to
69% in <4 mm grain size), probably represented by the loss of

TABLE 2 (Continued) X-ray fluorescence (XRF) spectrometry analysis of major (a) and minor and trace elements (b) for different grain sizes and different steps (from
S0 to S4).

a) Major element (g/100 g)

Grain size (mm) Step SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI

<4

S0 13 410 434 26 720 10 489 830 177 23,200 42 5,360

S1 13 106 286 4 650 20 531 751 103 17,904 36 4,476

S2 11 136 162 3 732 17 491 905 152 1,248 42 3,461

S3 11 113 114 2 410 14 534 440 130 703 36 1,149

S4 11 90 101 n.d. 480 24 376 336 90 324 30 1,408

FIGURE 1
Extractedmass (%) for different steps of the extraction procedure
and different grain sizes.
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CO2 (Table 2 and Supplementary Figure S1). Ca decreased more
in smaller grains: in the analysis of the residuals, we saw that
80% of the total Ca in the 0.063–0.2 mm grain size was leached
at this stage, while only 40% was leached in the 2–4 mm grain
size. The disappearance of Ca-rich phases as calcite, larnite, and
hydrocalumite and the removal and the decrease of melilite in
smaller and larger grains can partially explain the large decrease
in Ca. However, all the aforementioned crystalline phases
together did not account for more than 25% (on average) of
the total Ca weight loss. The observed weight loss was primarily
due to a strong dissolution of the amorphous fraction
(Supplementary Table S3 and Figure 2).

Sulfur showed a strong decrease: in the 2–4 mm grain size, about
25% of the S present in the startingmaterial solubilizes, and about 90%
of the S solubilizes in the smaller grain size (Table 2). Despite this
decrease, no sulfate crystalline phase dissolved at this stage, with the
exception of minor hydrocalumite. It appeared that S was present
within a poorly or non-diffracting phase, either nanocrystalline or
amorphous. μ-XRF and XANES analysis showed an alteration rim S
enriched in some grains (De Matteis, 2023), which is likely to be
washed during the first two steps. The S in the rims was related to
highly soluble sulfates, suggesting their formation during weathering.

Overall, we found a higher dissolution than reported by
Alam et al. (2019) in this second step. In Alam et al. (2019), the
acid reaction reduced the smaller fraction (≤0.125 mm) and the
larger one (0.125–1 mm) to 35% and 20% of the original value,
while in our work, the reduction was higher, being between 64%

(0.063–0.2 mm) and 27% (2–4 mm). The higher dissolution in
the second step is an effect of the higher concentration of acetic
acid. The basic environment of the BA buffers the pH of the
solution, and the acid attack is less effective. If we accept that the
purpose of the second step is to completely dissolve the
carbonates, the standard BCR is not suitable for a material
like BA. At the end of the second step, Fe and Al oxides
(hematite and magnetite, corundum) were identified in the
XRPD pattern, while they were not visible in the starting
pattern due to the overlapping peaks (Supplementary Tables
S2, S3).

Third step. The third step led to a barely detectable weight
reduction, confirmed by slight changes in the diffraction
pattern. The same behavior was observed in the work of
Alam et al. (2019), probably due to the smaller quantity of
reducible phases in the BA.

Fourth step. A significant weight reduction occurred after the
fourth step, up to 20% of the original weight in the 2–4 mm size
fraction and between 5% and 7% in the other fractions (Figure 1).

We hypothesized that the reduction of LOI value (about 2% in
all grain sizes) is probably due to the loss of organic matter.

Moreover, the removal of the sulfides, due to their oxidation to
sulfates and subsequent dissolution, is a likely explanation for the
decrease of S in the residual fraction in all grain sizes, especially in
the smaller ones (Table 2).

FIGURE 2
Quantitative Rietveld analysis (wt%) of the crystalline and amorphous components after the different steps (from S0 to S4) for each grain size [(A)
0.063–0.2 mm, (B) 0.3–0.5 mm, (C) 2–4 mm, (D) <4 mm).
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The residual crystalline phases, feldspars, and quartz were quite
stable until the end of the fourth step. After the sequential extraction,
some elements, such as S and Ca, were almost completely leached,
indicating that they are not concentrated in silicate crystals, glass, or
resistant oxides, like spinels.

After the third and fourth steps, the weight loss was very similar
in the different size portions (Figure 1 and Supplementary Table S4),
in accord with Alam et al. (2019).

Fifth step.After the hydrofluoric (HF) and perchloric (HClO4) acid
attack, the amorphous and crystalline phases were almost
completely dissolved. The non-soluble fraction weighed less than
3% of the original fraction, down to 1% for the smaller grains
(Supplementary Table S4). Due to the scarcity of the residual
material, chemical characterization was not done, while XRPD
analysis showed only quartz, corundum, and a Ti-oxide
(Supplementary Figure S2).

3.2 Sequential extraction of critical raw
elements

The leaching of a few elements (Pb, Cu, Zn, Mn, Ni, Fe, Cr, Ti,
and Ba) was investigated by ICP-MS analysis after each step
(Table 3). The elements showed different behaviors, likely tied to
different mineralogical and/or amorphous environments. Due to the
heterogeneity of BA, it is difficult to create a link between the

element and the hosting phase: the element may be present as an
impurity or as a major constituent of a given phase. In the latter case,
such phases are present at a concentration below 1% and are not
detected by XRPD. This could explain the high release of some
elements, such as Pb and Zn, even if no mineralogical phase with
these elements was identified by XRPD.

First step. In the first step, the almost negligible release of Fe and
Cu (Table 3 and Figure 4) suggests that these elements are not
present as the primary component in salts or water-soluble phases or
in the small portion of amorphous fraction that reacts at this step
(Figure 2), although we could not exclude their presence as
impurities within these phases.

Second step. In the second step, several elements exhibited a
significant level of extraction (Table 3 and Figure 4). Pb, Zn, and Cu
were the highly leached elements, showing an extracted amount
between 50% and 70% of their original budget (Figure 4).

Almost all of the leached Zn was extracted in this step, recording
a release of about 70% in both grain sizes (Figure 4). XANES analysis
found Zn to be typically associated with carbonates, such as
smithsonite (ZnCO3) or hydrozincite [Zn5(CO3)2(OH)6], or with
hydroxides, such as Zn(OH)2, that are leached by acid attack (Rissler
et al., 2020; De Matteis, 2023). Moreover, Zn was found in melilite
solid solution, that is, hardystonite (Mantovani et al., 2021); this
could account for some leached Zn, as melilite showed a major
decrease in this step.

FIGURE 3
Quantitative Rietveld analysis (wt%) of the crystalline component after each step (from S0 to S4) for each grain size [(A) 0.063–0.2 mm, (B)
0.3–0.5 mm, (C) 2–4 mm, (D) <4 mm].
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The leached fraction of Pb ranged between 47% and 64% in
larger and smaller grains (Figure 4), respectively. XANES analysis
showed that Pb could be present as a carbonate and as Pb3O4; both
phases are unstable in a highly acidic environment (Brookins, 1978).
Also, other oxide phases found in SEM-EDS analysis of the BA (De
Matteis, 2023), such as Ca2PbO4, are soluble in an acid environment
(Jernejcic et al., 1969).

Cu showed a moderate release at this step, about 35%
for <4 mm and 22% for the 0.3–0.5 mm grain size (Figure 4).
Its presence can be inferred as a carbonate phase, as reported by
Rissler et al. (2020), and within the amorphous phases that are
removed in this step.

Also, Fe, Mn, and Cr showed a higher release in this step than
the others, although not as significant as Zn, Pb, and Cu. This is
likely related to their presence in carbonates, oxides, or hydroxides,
which dissolve in acidic conditions.

Third step. A significant relative Ni extraction was observed,
although the dissolved quantities were limited. In fact, the
extraction of Ni in this stage with respect to the total Ni content
was about 22% in the <4 mm grain size and 14% in the 0.3–0.5 mm
grain size (Figure 4). Also, Pb and Ba showed some association with
these fractions, both with a release of about 10%. For Ba, this is the
step where higher extraction was observed. At this stage, Fe/Mn
oxyhydroxide dissolution was rather small, shown by the small
extracted amount of Fe and Mn (Table 3 and Figure 4). It is likely
that they were already dissolved in the second step for a strong
association with acid-soluble phases. Some dissolution of the
amorphous fraction was observed at this stage, which could
account for the loss of Ni, Ba, and Pb.

Fourth step. Ni and Cu were the most leached elements in the
oxidizing step. For Cu, it was about 50% of the bulk composition.
SEM-EDS and XANES analyses showed that both elements were
commonly found as metal droplets within a silicate matrix that are
oxidized in a soluble ionic species (Mantovani et al., 2021; De
Matteis, 2023).

Residues
From Figure 4, it appears that the elements with an overall sum of

extracted fractions and mostly related to residual phases are Ti (95%
in both fractions), Cr (around 80%), Fe (around 80%), Ba (around
75%), and, to a minor extent, Mn and Ni at least in the 0.3–0.5 mm
grain size. Cr, Fe, Mn, and Ti can be present in silicate glasses or in
spinel oxides; Ba can likely occur as an impurity in feldspars.

In contrast, Pb, Zn, and Cu were only marginally present in the
residual fraction (Figure 4). Microprobe analysis showed that Zn, Cu,
and Pb are present in silicate glasses as impurities (Mantovani et al.,
2021); moreover, Zn was found in spinel oxides. Also, Znwas observed
in silicates like willemite or in solid solution in feldspars. Pb could also
be present in feldspars (Benna et al., 1996; Tribaudino et al., 2005).

4 Discussion

4.1 A new SEP for the assessment of BA

The sequential extraction of BA does not have a validated
procedure. The use of the standard BCR procedure in the second
step of the reaction with acetic acid likely underestimates the release
under acidic conditions. Flyhammar (1998) used a concentration of
NaAc 1 M at pH 5.0 to anaerobically degrade MSW, showing a
decrease of up to 57% in weight after the second step for grains
below 2 mm. Alam et al. (2019) used a solution of 0.11M HOAc at
pH 2.85, but a complete dissolution of calcite through this step was
not reached. With the same conditions, we measured a pH of about
5, and the dissolution of calcite was not observed.

Unlike the outcome reported by Alam et al. (2019), a significant
decrease in the plagioclase content was never observed; we found
instead a strong decrease in the amorphous fraction. In addition,
Alam et al. (2019) found a very limited extraction of Pb, Ni, Cr, and
Cu in the acetic acid attack and minimal extraction of Zn.

In this work, the major extraction of Zn with Pb and Cu, and
minor quantities of Cr, Fe, and Mn, suggest that these critical raw
elements might be in carbonate phases. Abramov et al. (2018)

TABLE 3 Elemental analysis (mg/kg) of the eluates extracted during the procedure (from S1 to S4) from the grain sizes 0.3–0.5 mm and <4 mm.

Grain size (mm) 0.3–0.5 <4

Step S1 S2 S3 S4 S1 S2 S3 S4

Element mg/kg

Ti 1 159 13 24 2 196 9 42

Cr 3 40 22 45 4 52 19 34

Mn 2 249 36 5,286 3 277 35 41

Fe 86 7,194 495 465 121 5,841 580 257

Ni 4 25 59 86 4 31 51 70

Cu 23 499 57 819 28 396 76 844

Zn 3 3,158 42 69 15 3,495 48 52

Ba 7 11 52 96 7 9 83 49

Pb 106 288 75 119 7 501 78 106
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studied a mixture of BA and FA, adopting the standard BCR
procedure. The mineralogy after each step was not reported, so
the amount of the amorphous fraction could not be assessed.
However, the pH determined after the acid extraction step was
between 4.3 and 5, higher in the case of smaller grain sizes. Again,
Abramov et al. (2018) had a lesser extraction of PTEs after the acetic
acid attack, with a release of 34% Zn and 9% Pb. Extractions in the
oxidizable and reducible fractions were of the same magnitude,
consistent with Alam et al. (2019).

Tong et al. (2020) repeated washing with acetic acid to achieve
complete carbonate dissolution in FA. After washing, they found
that the pH decreased from 12 to 3.8, which is still above the
dissolution limits for carbonates. In our case, the attempt to dissolve
carbonates using 0.11 M acetic acid occurred only after 18 washes, a
figure that significantly extends the procedure’s timeline.

Tong et al. (2020) observed a higher release of Mn than Fe in the
acetic acid attack, as was also found in this work. After repeated acid
washing, they found that the leachable fractions of Zn and Pb were
68% and 54%, respectively, in line with our results. Cu leaching was
much higher in our results, up to 94%; a lower but significant release
of Ni and Cr was also observed in Tong et al. (2020).

Haberl and Schuster (2019) analyzed both FA and BA from
MSWI, using the fraction below 0.3 mm, using a seven-step
procedure, where the acetic acid attack is reported in the
fourth step. Instead of using acetic acid in a defined
concentration, they added pure acetic acid during the
extraction to keep the pH at 3, following the work of Van
Herck and Vandecasteele (2001). This corresponds to keeping
the pH conditions constant for the dissolution of carbonates.
After the acetic acid attack, 50% and 65% of the original Pb and
Zn, 50% and 30% of Cu and Ni, less than 10% of Cr and Fe, and
30% of Mn were released. The method, however, is not fully
comparable to our results because the acid attack in their method
happens before the steps dedicated to the removal of water-
soluble phases and to an ion exchange process.

The proposed methodology should not be seen as definitive.
The use of sequential extraction allows for the investigation of the
release of some critical elements from incinerator residues at a
deeper level of detail. However, it is necessary to emphasize that
these residues exhibit significant heterogeneity over time
(seasonal variations) and space (different facilities with diverse
technologies and different collected waste). Certainly, it is
valuable to observe the release as a function of different
environments (i.e., at different pH values), with the purpose of
optimizing the recovery of the PTEs and understanding their
release in the environment.

4.2 Composition of amorphous phase(s)

The amorphous phase represents a large fraction in all
investigated residues (Supplementary Table S3 and Figure 2) that
changes in the different steps of the sequential extraction. We
examined the compositional heterogeneities in the amorphous
phase by combining XRF and RIR-Rietveld analyses of the residues.

For a given nth sequential step, the contribution of the ith major
oxide to the residual amorphous chemical composition (Arn,i) has
been determined by means of the following equation:

Arn,i � Cn,i − ∑
k�1,N

Wn,kSi,k, (2)

where Cn,i is the content of the ith major oxide measured by XRF
analysis for the nth sequential step; Wn,k is the weight % of the kth
crystalline phase as from the RIR-Rietveld analysis for the nth
sequential step (Supplementary Table S3); Si,k is the stoichiometric
content of the ith major oxide in the kth crystalline phase, as from
chemical formula in Supplementary Table S1; and N is the total
number of the involved crystalline phases.

The residual amorphous normalized chemical composition for
the nth sequential step (Ar_normn,i) is obtained by normalization
to 100%.

The full results are shown in terms of Arn,i (Supplementary
Table S5) and Ar_normn,i (Supplementary Table S6). The former
leads one to appreciate major oxide variations from step to step,
while the latter leads one to appreciate the residual amorphous
composition at each step. The results are also plotted in a Ca-Al-Si
ternary diagram for each size fraction (Figure 5).

The starting amorphous composition is different from size to
size, with higher silica for the larger grains, suggesting an

FIGURE 4
Extracted amount (%) of some critical elements by ICP-MS for (A)
0.3–0.5 mm grain size and (B) <4 mm grain size. The values of the
solid residue correspond to the XRF analysis.
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enrichment of silica-based glass in this granulometric fraction in
accordance with Mantovani et al. (2021). After the first step, the
glass composition appears like the starting one, although in the two
finer grain sizes (i.e., the sizes with larger weight loss), Na2O and
K2O are diluted in the residual amorphous phase, suggesting that
some amorphous Na/K-bearing soluble gel is present at the initial
stage, as found in Mantovani et al. (2023).

After the second step, the Ca content massively decreases. This
effect is larger in the finer grain sizes, with an Ar_norm decrease of
22% and 15% for the 0.063–0.2 mm and 0.3–0.5 mm fractions,
respectively. Al2O3 also decreases (3–4 wt.% for all grain sizes),
while SiO2 loses from 6% to 11 wt.% of the original weight, except in
the <4-mm fraction.

In light of these values, the second step significantly changes the
residual amorphous composition, whose chemical character can be
addressed by the decomposition of Ca-Si-Al-rich compounds. In
fact, as shown by Inkaew et al. (2016), the amorphous/
microcrystalline C-S-H represents an important quench product,
also confirmed by the article by Saffarzadeh et al. (2011) that showed
a variety of amorphous Ca-Al-Si-rich hydrates.

These complex hydrate phases are similar to the phases of paste
cement, which undergo destabilization/corrosion when decreasing
the pH of the solution. This phenomenon depends on several
parameters like the acid concentration, and it appears along with
Ca ion release in the solution (Pavlik, 1994). This mechanism would
explain the loss of CaO, or at least part of it, due to its moderate
dissolution rate, but not the losses of SiO2 and Al2O3. For the loss of
these two species and possibly CaO, we may invoke the dissolution
of glass formed during the melting process in the incinerator
(Bayuseno and Schmahl, 2010; Mantovani et al., 2021). This
melting process leads to a complex Ca-rich aluminosilicate glass,

a material whose behavior in an acid environment can approach that
of slags with a similar composition, which are known to undergo
acetic acid dissolution easily and quickly (Song et al., 2017).
Moreover, the presence of some CaO released by amorphous
calcium carbonate cannot be excluded, as mentioned by Santos
et al. (2013).

The third step is the most conservative, as the weight loss is
absent for all four investigated grain sizes. Therefore, we can state
that only little reducible amorphous fraction is present.

In contrast, there is evidence of oxidizable fraction loss. Part of it
(1%–2.5% wt., depending on the grain size) can be related to organic
matter, which is another type of amorphous product generated by
the incinerator (Bayuseno and Schmahl, 2010).

In consideration of the different amorphous materials extracted
at the different stages, Figure 5 proposes a chemical trend where the
residual amorphous composition progressively shifts toward Si-
enriched material.

5 Conclusion

In this work, chemical and mineralogical analyses of BA from
the Parma MSWI plant were performed on the residue of each step
of a sequential extraction. Chemical analysis was also carried out on
the corresponding leachate after each step.

The main results are as follows:

1) A revised SEP was tested, with the main purpose of obtaining the
full dissolution of carbonates in the acetic acid step. The highly
basic environment of BA prevents the complete dissolution of
carbonate phases, following standard BCR, as the pH solution
remains significantly higher than 3. In order to dissolve the
carbonate phases, the molarity of the solution was increased,
allowing us to investigate the behavior of PTEs in BA’s
carbonates in acid environments. This promoted higher
leaching of Zn and Pb than was found in previous
investigations. Zn and Pb were most leached in the second
step, indicating their presence in carbonates and acid-soluble
phases.

2) Due to the extreme heterogeneity of the material, it was not
possible to rely on standard BCR by increasing the number of
acid-washing cycles. Easier or tougher dissolution of carbonates
may depend on the nature of the BA and be related to parameters
such as aging, feed waste type, and incineration strategy. We
propose, therefore, the use of concentrated acetic acid to keep
the pH = 3.

3) The amorphous phase represents a very large fraction of the
investigated residues. The combination of XRF and RIR-
Rietveld analyses at the different sequential steps allowed
us to distinguish between different types of amorphous
material, possibly Na/K-bearing soluble gels, organic
matter, C-S-H products, melt glass, and Si-enriched
residues, with the latter three being larger in content. The
dissolution of the amorphous phases is much higher in small
grain sizes, likely explaining the difference in the weight loss
between different grain sizes.

4) Among crystalline phases, the cement-related phases, such as
hydrocalumite, larnite, and portlandite, disappear in the first and

FIGURE 5
Ternary diagram of the amorphous fraction composition for the
different grain sizes. Different grain sizes are represented by different
colors (orange: 0.063–0.2 mm, violet: 0.3–0.5, blue: 2–4 mm, and
gray: <4 mm). The amorphous composition of the starting
material is represented by the darker hues of the different colors that
gradually become lighter as the steps progress.

Frontiers in Environmental Science frontiersin.org11

De Matteis et al. 10.3389/fenvs.2023.1254205

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1254205


second steps, whereas feldspars and quartz do not significantly
change during the extraction procedure.

5) The investigated elements were poorly represented in the
reducible phase, except for Ni, Ba, and Pb, whereas the
association with the oxidizable fraction was significant for Cu
and Ni. Lastly, the highest percentages of Ti, Cr, Fe, Ba, and Mn
were found in the residual phase.
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