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Introduction: Municipal Solid Waste Incineration (MSWI) plants generate
significant amounts of solid end-products, such as bottom ash (BA), containing
potentially toxic elements like Cr, Ni, As, Cd, and Pb, base elements (e.g., Si, Al, Fe,
Ti, Cu, and Zn), and other technology-critical elements (TCE), such as Co, Ga, Mg,
Nb, P, Sb, Sc, V, Li, Sr, and REE. The accurate determination of these elements in
anthropogenic wastes and the assessment of their removal are crucial for the
circular economy.

Methods: This paper aims to characterize BA samples from two ItalianMSWI plants
(named FE and FC) by X-ray fluorescence (XRF) and comparatively assess the
removal of a selection of elements using the aqua regia digestion (ARD) method,
followed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analytical
determination.

Results and discussion: According to the XRF analysis, Ca, Fe, Al, Mg, and Na had
high concentrations in BA, and their contents increased with decreasing particle
size in both FE and FC samples. The Enrichment Factor (EF) based on the upper
continental crust’s average values of Zn, Cu, and Pbwas high (EF > 30), while Cr, Ni,
and Aswere scarcely enriched (EF > 1), and REE enrichmentwas very low (EF < 1). In
both FE and FC plants, the Degree of Elements Extractability (DE) was high (>80%),
especially in the fine-grained fractions of MSWI bottom ash. The Enrichment
Factor (EF) based on the upper continental crust average values of Zn, Cu, and Pb
was high (EF > 30), while Cr, Ni, and As were scarcely enriched (EF > 1), and REE
enrichment was very low (EF < 1). The bibliometric analysis helped highlight
research trends in the assessment and treatment of MSWI-BA, discriminating
the literature impact on environment/health issues and recovery/recycling
strategies for the circular economy associated with the MSWI-BA material.

Conclusion: Although higher data coverage is needed, the present study suggests
ARD as an effective method for better understanding the environmental impact
and recoverability of useful elements from anthropogenic materials like MSWI
bottom ash.
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1 Introduction

Most European countries are concerned with moving toward a
sustainable recycling society and keen to minimize waste production
and exploit certain types of waste as a resource. Municipal Solid Waste
Incineration (MSWI) is a fundamental base of the circular economy in
terms of its significance in waste management and power generated
with Waste-to-Energy (WtE) technology (Malinauskaite et al., 2017).
MSWI solid residues are increasing with rapid urbanization, and
notably, the incineration end-product contains valuable elements for
urban mining (Pan et al., 2013; Funari et al., 2015; Zhao et al., 2022;
Funari et al., 2023) including critical raw materials for the EU
(European Commission, 2020). BA is a heterogeneous solid material
containing hard pebbles, metals, ceramics, cullet glass, slag, and unburnt
materials, in a variety of mineralogical phases (Bayuseno and Schmahl,
2010; Mantovani et al., 2021). BA has a different chemical and
mineralogical composition, resulting in potential environmental
impacts (Chen et al., 2020; Nikravan et al., 2020). The BA
composition can vary among different incinerators, depending on
the country, seasonality, incinerator facility and technology, and the
efficiency of waste collection (He et al., 2004; Hyks and Astrup, 2009;
Wang et al., 2019). However, elemental concentrations generally fall
within a narrow range (Funari, 2022).

There is increasing interest in this subject in the literature according
to a bibliometric analysis conducted for this study. China contributes
more toMSWI-BA treatment and elemental resource recovery than any
other country, followed by the United States and Italy (Supplementary
Figure S1). Bibliometric analysis was used to visualize and reveal the
complete indicators of MSWI management from accessible scientific
publications present in the Scopus database (Shukla et al., 2019). The
bibliometric analysis also showed the direction of future studies onMSW
management and the role of MSWI ash from a circular economy
perspective to minimize waste and resource management and to
identify the solutions to create better inventories and develop
economic flows (Zeller et al., 2019; Tsai et al., 2020; Ranjbari et al., 2021).

In some countries, BA can be used as a secondary raw material for
road construction or manufacturing in the ceramic industry because its
composition is similar to that of basaltic rocks and other geological
materials (Chimenos et al., 2000). For example, studies assessed the
reuse of raw BA and characterized selected elements in bulk and grain
size BA samples (Yao et al., 2013; Abramov et al., 2018). Before recycling
as a secondary raw material or disposal in landfills, BA is characterized
and possibly treated for potentially toxic element (As, Cd, Cr, Ni, and
Pb) remediation and for the recovery of valued elements (base metals:
Si, Al, Fe, Ti, Cu, and Zn; technology-critical elements (TCE): Ba, Co,
Ga, Mg, Nb, P, Sb, Sc, V, Li, Sr, and REE). The BA residues have
significant potential for metal recovery (Muchova et al., 2009; Allegrini
et al., 2015; Šyc et al., 2020). However, the recovery of Al, Zn, Cu, and
Au is currently limited to a handful of specialized MSWI plants (Šyc
et al., 2020), whereas the recovery of other elements of economic interest
is overarchingly low. Yet, it is of great importance to assess the content
of potentially toxic elements and recoverable elements fromMSWI-BA
to benefit from urban solid waste streams and avoid ill-controlled
landfilling. The MSWI BA contains several metals originating from
metallic scraps and smaller metallic objects, resulting in minor to trace
metals hosted by a variety of mineral phases (Bunge, 2015). Small
particles (<2 mm) are anticipated to contain a significant amount of
precious non-ferrous metals (Bunge, 2015), and some elements are

known to be concentrated in specific BA grain-size fractions (Yao et al.,
2017; Chen et al., 2020; Nikravan et al., 2020; Li et al., 2022). Therefore,
it is crucial to separate small to large particles for effectivemetal recovery
fromMSWI-BA because the particle size of BA has a significant impact
on the separation efficiency of non-ferrous metals, which varies
depending on the separation process (Šyc et al., 2018). A research
gap still exists in the detailed characterization of BA in the published
literature, i.e., a complete combination of metal leaching, elemental
composition, and environmental impact is needed to reflect the
importance of the utilization of MSWI-BA grain-size fractions.
Studies related to the separation of the MSWI-BA fractions with
different sizes for metal recovery are limited, and the utilization of
small (fine) to large particles (bulk) of MSWI-BA has become a critical
waste resource for efficient metal recovery. A complete characterization
of MSWI-BA might make it possible to evaluate and use not only a
particular fraction but all the fractions in the most effective way. Hence,
this study could help to identify the most metal-abundant fraction in a
comparison of grain sizes of MSWI-BA, based on the recovery of
sustainable metals, and to effectively reduce environmental risks by
removing potentially toxic elements.

The present study comparatively characterizes BA samples from
two Italian MSWI plants (named FE and FE hereafter) and assesses
the relative abundance of selected elements in bulk BA samples
(bulk <8 mm) and in selected grain-size fractions (coarse 4–8 mm,
medium 1–2 mm, and fine 0.5–1 mm) by Enrichment Factor (EF)
and elemental Degree of Extraction (DE) after pseudo-total
digestion. We used a bibliometric analysis to discuss the findings
and research trends from the literature to encourage MSWI-BA
sustainable management using existing or transfer-ready
technologies as a helpful tool for decision-making in planning
investment and advancing research fields.

2 Methods and materials

2.1 MSWI BA sampling and preparation

The sampling campaign of BA samples was conducted in 2020 at
the FE and FCMSWI plants in northern Italy. BothMSWI plants are
WtE systems that generally burn domestic household solid wastes
(more than 90%) and special waste (10%). The FE MSWI plant was
built in 1993 and upgraded in 2007. The FE incinerator plant has the
potential to operate 142,000 tons of waste per year. The FC MSWI
plant was built in 1976 and upgraded in 2008 (Branchini, 2012). The
maximum operating capacity of FC MSWI plant is 60,000 to
120,000 tons per year of urban waste. Storage points and
processing stages of MSWI facilities are described elsewhere
(Funari et al., 2016). The BA stockpile consists of melted phases
and remaining unburnt and noncombustible materials, and the pile
is dry if it cools down at the exit and wet if water quenched
(Berkhout et al., 2011). The heap of several tons of BA material,
which was representative of the first quarter of 2020 production
according to the facility managers, was sampled from the BA storage
site following a previous approach (Funari et al., 2015). The primary
samples of BA from both incinerators were homogeneously mixed
and quartered to obtain representative samples (total 16 samples).
The BA samples were sieved by shaking with stainless steel mesh
sieves to make grain-size fractions, following the standard procedure
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adopted elsewhere (Yao et al., 2013). Different grain-size fractions of
MSWI-BA were prepared for both sites, including bulk (<8 mm,
samples FEB, FCB), coarse (4–8 mm, samples FEC, FCC), medium
(1–2 mm, samples FEM, FCM), and fine (0.5–1 mm, samples FEF,
FCF). All the BA samples were oven-dried at 40°C for 24 h and, after
separation pre-treatment, thoroughly ground and milled to powder
form (>40 µm) by an agate vibratory disc mill.

2.2 Experimental activity and chemical
analysis

An aqua regia digestion (ARD) was performed on the BA
samples using a microwave digester (Milestone MLS 1200 Mega).
Exactly 0.5 g of dried and milled BA samples were dissolved with
aqua regia solution (12 mL) in closed Teflon bombs up to 200°C. The
ARD method is a quick, secure, and effective digestion technique
and is resistant to heavy metal losses (especially volatile metals). It is
reported that ARD is effective in assessing the potential recovery of
metals (Fabricius et al., 2020) and proved an economically feasible
option to understand the recoverability of base metals and TCE from
MSWI-BA and other types of matrices. The solutions from ARD
were analyzed by ICP-MS ELAN DRC-e (Perkin Elmer), and blank
samples were included in the analysis to check for eventual
contamination during the experiment. Further details can be
found in the Supplementary Materials. Sample digestion analysis
was carried out in duplicate. Certified Reference Material (CRM) of
MSWI fly ash (BCR-CRM176) from the Community Bureau of
Reference, European Commission, was analyzed as an unknown
sample to assess the accuracy and precision of the analytical
procedure. The CRM was also used to show a comparison of the
recovery of certified and measured values of elements extracted in
the same ARD method.

The Loss on Ignition (LOI) of all the BA samples was
gravimetrically estimated after overnight heating at 950°C in
open platinum crucibles (Heiri et al., 2001). The total
concentration of major and trace elements (Supplementary Table
S1 and Supplementary Figure S2) was determined on thin-layer
powder pellets using a wavelength dispersive X-ray fluorescence
(XRF) spectrometer, Panalytical Axios 4,000, equipped with an Rh
tube. The same CRM (BCR-CRM176) was included in the analytical
work to monitor the long-term homogeneity and reproducibility
within different analytical batches (see Supplementary Table S1).
The reproducibility of major elements was found to be better than
5%, whereas it was better than 10% for trace elements on average.
The absolute accuracy of the validated CRM values was frequently
within the reproducibility range. The detection limits of all major
and trace elements are presented in Supplementary Table S1.

2.3 Evaluation of metal enrichment and
extractability

Enrichment factors (EFs) were calculated to compare the relative
abundance of a given element in the BA samples, relative to the same
element in a reference material. Specifically, the EF is calculated as the
measured concentration of an element (X) in the BA sample divided by
the same element’s mean concentration in the Upper Continental Crust

(UCC) (Rudnick et al., 2014). We used titanium mass fraction for the
normalization purpose as a reference element for MSWI-BA. The EF
was calculated using the following Equation 1:

EF � X/Ti( )sample

X/Ti( )crust
(1)

Where (X) sample and (Ti) sample are the concentrations of
analyte element and Ti in the sample, and (X) crust and (Ti) crust
are their concentrations of average compositions in the UCC, as
reported by Rudnick et al. (2014).

Degree of Extraction (DE) was calculated (Eq. 2) to assess the
extractability of elements based on pseudo-total (ARD) and total
composition (Toller et al., 2022):

DE � 100 X
CiARD( )
Ci RTM( ) (2)

Where Ci ARD represents the results from ARD and Ci RTM is
the total concentration from XRF analysis.

Descriptive statistics, including minimum, maximum, mean,
and standard deviation, were done using Microsoft Excel 365.
Figures were plotted using Microsoft Excel 365 and Sigmaplot
(version 14.0).

2.4 Scopus bibliometric data analysis

In the present study, Scopus bibliometric resources (using
articles retrieved from 2010 to 2022) were analyzed using
VOSviewer software (version 1.6.18, Leiden University, Leiden,
Netherlands) as a reference to constrain our findings and
possibly find literature trends and/or gaps. VOSviewer is used to
construct and visualize bibliometric networks (van Eck et al., 2006),
including journals, scholars/researchers, citations-based maps,
bibliographic connections, and co-authorship relationships.

The data retrieval query included typical municipal solid waste-
related keywords (such as thermal treatment, incinerator ash, and
bottom ash), and various keywords (such as municipal solid waste
incineration plants, waste to energy, municipal solid waste residues,
bottom ash characterization, metal recovery, etc.) as shown in the
Supplementary Material. All the keywords were connected by logical
aggregation operators. Research articles, review articles, and conference
paper categories of scientific publications were selected for bibliometric
analysis. For the word cloud chart analysis (Supplementary Figure S1),
the CSV file from the VOSviewer query results was used in wordclouds.
com to construct a word cloud chart of country names in different font
sizes. The size of each word conveys its significance and its frequency of
use in the literature related to the query (Supplementary Material).

3 Results and discussion

3.1 Characterization of BA samples

3.1.1 Total composition
Supplementary Table S1 and Supplementary Figure S3 show the

total element composition in FE-BA and FC-BA as indicated by
XRF. The most abundant elements in both plants are Si and Ca, with
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similar bulk concentrations of Si (about 120,000 mg/kg) and slightly
higher Ca in FE-BA (221,890 mg/kg) than FC-BA (208,280 mg/kg).
Ca and Si were observed with elevated concentrations, at
(228,510 and 198,000 mg/kg) and (77,740 and 100,340 mg/kg), in
fine fractions (FEF and FCF) of FE-BA and FC-BA, respectively. It is
likely that Si and Ca persist in BA after the incineration process due
to their low volatility and high boiling temperature (Nikravan et al.,
2020). Moderate Fe content, at (42,060 mg/kg in FE) vs.
(59,230 mg/kg in FC), was recorded in bulk samples, with higher
concentrations in fine fractions (58,660 mg/kg in FE, 60,810 mg/kg
in FC). Similarly, Al was observed at around 40,520 mg/kg in bulk
BA of FE and 42,370 mg/kg of FC, with higher concentration in the
fine fractions in both FE-BA and FC-BA (see Supplementary Table
S1). Base metals like Zn and Cu showed high abundance
(>4,500 mg/kg and >2,500 respectively), while Co (>40 mg/kg), Pb
(>900 mg/kg), Cr (>500 mg/kg), Ni (>120 mg/kg), and As (>30 mg/kg)
were at moderate to high concentrations in all the grain sizes for both
plants (Supplementary Figure S3). The concentration of Cu, Ni, Rb, Ga,
and Pb were in agreement with the previous determinations for Italian
incineration BA collected in May 2013 (Funari et al., 2015). However,
the concentrations of TCE, such as Ba, V, Ga, Sr, andNb, were observed
as being higher than the previously reported values from grain size BA
from MSWI plants in northern Italy (Mantovani et al., 2023). The LOI
contents (ca. 18% on average) were similar between FE-BA and FC-BA,
with slightly higher values in their fine-grained samples (Supplementary
Table S1).

The two plants show a rather similar composition among the
different grain sizes considered (Figure 1) even if only for some
elements (Zn, Pb, Cu, Co, As). The other TCE elements (Ba, Ga, Mg,
Nb, P, and V) showed less fluctuation in the composition between
the two plants. The total chemical compositions of BA samples from
FE and FC are consistent with the average composition of BA from
ItalianMSWI plants (Funari et al., 2015; Funari et al., 2016). There is
fluctuation for Zn, Co, V, As, and Ce (also among grain-size
fractions) compared to the average Italian BA (Supplementary
Figure S3). Variation in trace element composition is likely to
occur (Nikravan et al., 2020) as a primary consequence of the
heterogeneous input waste. Overall, the concentrations of Ca, Al,
Mg, Co, and Cr were lower than the reported values of MSWI-BA

for other countries (Abramov et al., 2018; Loginova et al., 2019). The
different behavior of elements like Pb and Co among the grain-size
fractions, especially for coarse and fine fractions, could be explained
by the intrinsic property of the metal species, which would alter their
partitioning during the thermal treatment (Yao et al., 2013). The
concentration of other elements, such as As, Cd, Cu, Ni, and Zn, is
somewhat different from the reported values in other studies
(Allegrini et al., 2014; Nikravan et al., 2020).

These elements could be bounded to non-silicate minerals in
combination with Fe and Zn or may be found in different metallic
inclusions (Wei et al., 2011) as well as in other glassy phases
(Mantovani et al., 2021) in BA. These elements occur in BA in
different oxidation states (Rissler et al., 2020), and they are
frequently bounded to carbonates, chlorides, aluminosilicates,
oxides, and hydroxides. Metallic forms of Zn and Cu are possibly
associated with their combination in brass and with their association
with sulfates (Bayuseno and Schmahl, 2010). Carbonates and iron-
manganese oxide forms, organic bound forms, and exchange and
residual forms could be bounded with elements in BA (Xiang et al.,
2022). BA also primarily contains silicate-based glass phases and
mineral phases including spinels, melilites, pseudowollastonite,
metallic inclusions (heavy metal-bearing phases), and ceramics.
Non-silicate mineral phases like spinel group minerals, hercynite,
magnetite, calcium-rich mineral phases such as Calcite (CaCO3),
Anorthite (Ca(Al2Si2O8)), Akermanite (Ca2Mg(Si2O7)), Gehlenite
(Ca2Al(AlSiO7)), Vaterite (CaCO₃), Portlandite (Ca(OH)2), and
Larnite (Ca2SiO4) (Mantovani et al., 2023), as well as refractory
phases (quartz and plagioclase) are frequently found in BA with
great proportion (Wei et al., 2011), possibly controlling element
occurrence in MSWI-BA.

3.1.2 Aqua regia digestion
The composition of FE and FC MSWI-BA determined by ICP-

MS after the ARDmethod is reported in Table 1 and Supplementary
Figure S4. The variation in concentrations was observed for both
bulk FE and FC samples and their fine, medium, and coarse grain-
size fractions. The comparison between certified and measured
values shows the quality and accuracy of the acid digestion
performed on the CRM and BA samples.

FIGURE 1
Comparison of total element composition by XRF in BA grain sizes from FE and FC. Ratios higher than 1means enrichment in FC samples, lower than
1 depletion.
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TABLE 1 Descriptive statistics of selected elements concentration (mg/kg), analyzed by ICP-MS after aqua regia digestion in FE- and FC-BA, as compared to CRM.

FE FC CRM

FEB FEC FEM FEF FCB FCC FCM FCF BCR176

Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D

Ca 69050 1343 85850 1909 102800 565 114850 2474 84750 3464 86500 1414 109000 1131 101050 6293 62900 3252

Fe 33150 1202 46050 1202 48900 141 48700 989 55400 3111 58250 919 57900 3535 58800 2828 37200 2121

Al 29500 282 36500 707.1 42350 212 42250 494 35650 1202 38750 919 46100 1414 47200 2545 90300 9475

Mg 18900 141 20600 141 22250 70.7 22400 141 19700 282 19700 141 22100 424 21550 494 22200 848

Na 11300 141 14300 282 16250 70.7 16250 282 15200 565 15750 212 19450 636 18400 1131 37700 3394

K 5675 106 7670 197 9190 14.1 8775 176 7400 296 7605 162 10930 452 10155 615 48700 4525

Zn 5395 63.6 4340 56.5 8050 84.8 11115 360 4650 212 6945 7.07 7950 240 8005 332 53135 3146

Ti 3540 141.4 4980 56.5 5585 657 6380 56.5 4230 141 4600 113 5920 282 5955 459 6975 572

Cu 2395 77.7 4715 162 3760 212 4075 388 2710 480 2675 7.07 3585 403 4660 84.8 1805 77.7

Pb 941 34.6 722 21.1 1734 60.8 1753 82.0 1348 62.2 2254 234 1399 71.4 917 5.66 13200 565

Ba 915 43.8 1017 33.2 1204 6.36 1251 10.6 746 31.1 852 19.0 1123 0.71 1001 101 348 106

Mn 571 22.6 791 1.41 1080 12.0 1072 25.4 1006 41.7 972 50.2 1130 29.7 1128 60.1 2174 173

Cr 192 17.6 285 2.12 341 53.7 341 3.54 265 2.83 300 13.4 327 2.83 334 36.7 453 31.1

Sr 402 19.0 652 14.8 682 7.78 755 21.2 599 21.2 601 11.3 831 11.3 749 55.8 536 39.6

B 114 9.33 193 5.16 162 1.13 148 6.65 116 1.84 188 5.80 132 8.06 128 13.3 13050 721.2

Co 52.3 15.7 33.4 1.56 109 27.7 82.3 6.72 53.1 14.2 98.3 0.71 125 27.7 103 17.8 43.5 1.98

Li 18.4 1.98 20.4 0.07 23.4 0.07 18.1 0.85 23.9 1.56 18.2 0.14 28.6 2.26 24.0 1.77 44.9 1.41

Ni 99.8 15.2 135 39.0 188 10.8 191 30.9 149 17.6 127 11.9 147 3.89 165 0.64 142 7.85

As 11.1 0.21 16.9 1.27 24.9 1.70 26.6 2.33 17.4 1.20 20.2 0.07 23.2 0.99 21.6 1.41 138 7.64

Mo 9.10 1.13 9.05 0.07 10.6 0.32 13.0 0.28 9.10 0.28 11.1 0.57 11.6 0.28 11.6 0.14 60.2 4.45

Cd 3.40 0.42 4.25 0.49 5.15 0.07 19.2 4.60 5.30 1.70 5.15 0.21 8.20 1.41 11.1 2.69 639 28.2

Bi 1.62 0.01 1.68 0.09 2.69 0.13 3.61 0.13 1.03 0.01 1.18 0.01 1.48 0.01 1.49 0.01 76.8 3.39

Be 0.59 0.01 0.81 0.11 0.87 0.01 0.81 0.11 0.73 0.00 0.74 0.00 0.89 0.01 0.89 0.00 2.43 0.08

La 12.0 1.48 14.6 0.49 19.0 5.30 13.8 0.07 14.2 0.64 13.3 0.57 15.6 0.35 15.6 2.33 30.5 0.21

(Continued on following page)

Fro
n
tie

rs
in

E
n
viro

n
m
e
n
tal

Scie
n
ce

fro
n
tie

rsin
.o
rg

0
5

G
h
an

i
e
t
al.

10
.3
3
8
9
/fe

n
vs.2

0
2
3
.12

5
2
3
13

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1252313


TABLE 1 (Continued) Descriptive statistics of selected elements concentration (mg/kg), analyzed by ICP-MS after aqua regia digestion in FE- and FC-BA, as compared to CRM.

FE FC CRM

FEB FEC FEM FEF FCB FCC FCM FCF BCR176

Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D

Ce 22.5 2.76 27.6 0.92 28.9 1.56 25.1 0.42 27.4 1.06 26.3 1.13 28.8 1.48 33.4 4.95 64.7 0.42

Pr 2.50 0.42 3.15 0.07 3.50 0.28 4.30 0.85 2.80 0.00 2.65 0.07 3.10 0.14 2.90 0.28 7.30 0.00

Nd 9.20 1.41 11.3 0.21 12.4 0.64 15.4 3.18 10.0 0.28 9.50 0.14 11.0 0.71 10.5 0.99 24.9 3.96

Sm 1.95 0.21 2.45 0.07 2.55 0.07 2.15 0.07 1.95 0.07 2.10 0.00 2.50 0.14 2.30 0.28 5.25 0.07

Eu 0.59 0.00 0.73 0.00 0.87 0.01 0.81 0.11 0.73 0.01 0.59 0.00 0.81 0.10 0.74 0.00 1.03 0.01

Gd 1.62 0.22 2.12 0.08 2.25 0.13 2.51 0.19 1.83 0.09 1.78 0.01 2.21 0.19 2.08 0.21 4.65 0.06

Tb 0.30 0.01 0.29 0.00 0.36 0.10 0.30 0.01 0.29 0.00 0.30 0.01 0.37 0.10 0.30 0.00 0.59 0.00

Dy 1.18 0.01 1.61 0.01 1.82 0.12 2.00 0.53 1.46 0.01 1.40 0.10 1.70 0.09 1.56 0.09 3.02 0.08

Ho 0.30 0.01 0.29 0.00 0.29 0.00 0.44 0.00 0.29 0.00 0.30 0.01 0.30 0.01 0.30 0.00 0.44 0.00

Er 0.74 0.01 0.95 0.09 0.95 0.09 0.89 0.01 0.88 0.01 0.89 0.01 0.96 0.10 0.89 0.00 1.33 0.01

Tm 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00 0.15 0.00

Yb 0.59 0.21 0.80 0.42 0.87 0.49 0.74 0.85 0.73 0.71 0.74 0.35 0.89 0.92 0.81 0.71 1.03 1.13

Lu 0.15 0.00 0.15 0.10 0.15 0.01 0.15 0.01 0.15 0.00 0.15 0.00 0.15 0.01 0.15 0.10 0.15 0.01

Y 8.65 0.00 11.5 0.00 13.3 0.00 12.3 0.00 12.0 0.00 10.4 0.00 13.5 0.00 12.3 0.00 15.2 0.00

Sc 2.45 0.07 3.85 0.07 4.85 0.07 4.85 0.00 3.30 0.14 3.70 0.14 5.25 0.21 4.80 0.28 7.15 0.35

ΣLREE 48.2 59.2 66.4 60.8 56.4 53.8 61.6 64.7 132

ΣHREE 16.6 22.4 25.8 24.7 21.7 20.4 26.3 24.0 34.7

S.D: Standard Deviation, CRM: Certified Reference Material.
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On the contrary, the recovery of potentially toxic elements (As,
Cd, Cr, and Pb) and other TCE (Ba, Ga, Nb, Sc, V, and Li) was
relatively low in BA grain-size fractions compared to the measured
reference values after the same technique. Similar results were
reported in the previous study by Allegrini et al. (2014). The low
abundance of potentially toxic elements, such as As, Cd, Ni, and Pb,
in both bulk samples (FEB and FCB) in comparison with the other
fractions, confirms the hypothesis of selective enrichment in grain-
size fractions. Similar results were observed in a study by Pan et al.
(2013). The concentrations of Na, Mg, and Fe were higher, whereas
K and Al were observed with low concentrations, which is similar to
the findings of the previous study on the bulk composition of BA
from the MSWI plant in Zhejiang province, China (Yao et al., 2017).
These findings, with high extractions by microwave digestion,
reported by Han et al. (2021) substantiate that elements in
MSWI bottom and fly ash are associated with acid-soluble phases
and can be easily dissolved by ARD.

Some elements showed an increasing trend with decreasing
grain sizes (Table 1 and Supplementary Figure S4) for both
MSWI plants. In particular, the contents of Ca, Al, Mg, Fe, Na,
Cu, Co, Cr, Pb, Ni, Cd, As, and Zn were higher in the fine-grained
BA fractions (FEF and FCF) compared to the other fractions. Similar
results were reported by Yao et al. (2013), who showed that Cu, Zn,
and Cd were higher in the fine-sized fractions of BA. Several
researchers have proposed that fine-sized BA constitutes a greater
hazard due to its high surface area, enabling the absorption and
capture of more environmental pollutants and chemicals (Chimenos
et al., 1999). Therefore, the finest fractions represent an
environmental hazard. However, these elements (Cu and Zn), as
well as several potentially toxic elements and other TCEs, are
economically valuable, and the fine fractions with grain size
0.5–1 mm could be viable sources for the recovery of such elements.

Regarding valuable elements, Cu, Zn, and Co showed the
greatest fluctuation amongst grain sizes. Other elements, like Ba,
Bi, Mo, and REE (especially Tb, Dy, Ho, Er, Tm, Yb, and Lu),
showed less fluctuation (Supplementary Figure S5). The sum of
Light Rare Earth Elements (ΣLREE) concentrations was quite
comparable, ranging from 48.2 to 66.4 mg/kg (FE-BA) and
53.8–64.7 mg/kg (FC-BA), while the sum of Heavy Rare Earth
Elements (ΣHREE) concentration ranged between 16.6 and
24.7 mg/kg (FE-BA) and 20.4 and 26.3 mg/kg (FC-BA). Among
REE, the highest concentration was observed for Ce of FEF and FCF
with mean concentrations of 25.1 and 33.4 mg/kg, respectively.
Similarly, La and Y reached > 10 mg/kg for FEF and FCF, while
the LREE (Nd, Pr, Sm, Eu, and Gd) and other HREE (Dy, Ho, Sm,
Er, Tm, Yb, and Lu) showed the lowest (<1 mg/kg) concentrations.
In both FE-BA and FC-BA, the concentrations by ICP-MS after the
ARDmethod of most elements, including potentially toxic elements,
REE, and those of significant importance for the circular economy,
were in decreasing order in fine > medium > coarse > bulk
samples (Table 1). Most REE in both FE-BA and FC-BA
measured by ICP-MS after ARD are comparable and in
agreement with previous studies (Funari et al., 2015; Westerhoff
et al., 2015).

In general, REE behavior in the incinerator can be influenced by
the melting temperature and input composition of the combustor
(Zhao et al., 2008). In Figure 2, the chondrite-normalized patterns of
REE (McDonough and Sun, 1995) in all BA samples were compared

to the UCC (Supplementary Table S2), to highlight fluctuation from
geogenic materials. The HREE of FE-BA and FC-BA patterns exhibit
weak enrichment with respect to the LREE and UCC. The general
trend of REE in BA showed similarity with the averages of crustal
samples. Eu, Ho, Tm, and Tb anomalies may be visible. Overall, the
chondrite-normalized patterns of all FE-BA were distinguishable
from the FC-BA.

3.2 Evaluation of metal enrichment for the
circular economy

The EFs were calculated to identify the enrichment of selected
elements in both plants (Figure 3) using aqua regia data. Notably,
valuable elements, like Zn and Cu, and some potentially toxic
elements (Pb and Cd) were moderately enriched in all samples
from both plants. The EF of Zn, Cu, and Pb were comparatively
lower than the values (EF < 100) reported by Fujimori et al. (2004).
Westerhoff et al. (2015) reported lower Cu and Pb enrichments and
Lanzerstorfer (2017) also reported lower enrichments. These
elements are extensively used in industrial materials, explaining
the high enrichments in MSWI-BA (Westerhoff et al., 2015). Cd
showed comparable EF values, which were particularly high in fine-
sized BA (Figure 3). Chromium and Ni were scarcely enriched (EF >
1) in all grain sizes of BA, and in the same enrichment range, As, Co,
Ba, and Sr were also present. According to Figure 3, REE was
depleted compared to the UCC reference. TCE, like REE, has a wide
range of industrial applications, particularly in high technology
material, but their enrichment in MSWI BA is nearly negligible
(Verplanck et al., 2005; Rabiet et al., 2009), likely due to the
importance of specific recovery routes.

Overall, several elements are more enriched in fine-sized
fractions (FEF and FCF) compared to other fractions. Although
the BA samples originated from burning varied amounts and kinds
of input waste and are from two different incinerators, a substantial
homogeneity within BA is visible (Figure 3).

The general variability of metal recovery in the present study of
FE-BA and FC-BA is noticeably attributed to sample heterogeneity,
resulting from possible uncertainties in primary sample size,
different kinds of waste input, specific ash characteristics
behavior, condensation, treatment, and combustion conditions of
the two incineration facilities (Li et al., 2004; Loginova et al., 2019).
The results of EF showed that a range of elements can be recovered
from bulk or grain size MSWI-BA fractions for the circular
economy, for example, with advanced separation techniques.

3.2.1Metal enrichment in BA vs. BA treatment trend
from 2010 to 2023

In the present study, the recovery of metal enrichment in BAwas
comparatively assessed in past studies from 2010 to 2023 (via
clustering map analysis). To date, the majority of research studies
have focused on aspects related to understanding utilization and
recycling (Morf et al., 2013; Joseph et al., 2021) with an emphasis on
leaching behaviors and metal recovery (Astrup et al., 2016; Weibel
et al., 2017). According to a bibliometric clustering map analysis of
research articles from 2010 to 2023, three clusters can be identified:
blue, green, and red (Supplementary Figure S6). The bibliometric
clustering map analysis was done based on the query mentioned in
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Supplementary Material section 1.2. The choice of timeframe for
publication search was based on the assumption of technological
advancement of incinerators and the utilization of MSWI-BA for the
recovery of base elements and TCE, the need for which has increased
in the circular economy since 2010.

The red cluster suggests a substantial interest in BA treatment
with the recovery of elements of economic importance (base metals:
Si, Al, Fe, Ti, Cu, and Zn; TCE: Ba, Co, Ga, Mg, Nb, P, Sb, Sc, V, Li,
Sr, and REE). The most relevant elements are Cu, Cr, and Zn. On the
contrary, the observed low score (small red circles in Supplementary
Figure S6) of Ti, Sr, Ba, and Sn suggests they did not attract much
interest in the past, likely due to their abundance (Table 1) being too
low to be of mineable grade. Although the REE concentrations were
low for all grain-size fractions (Table 1), trace elements like REE
have received slightly more attention in past studies because their
recovery attempts are important for the circular economy and
because of their potential environmental impact. The blue cluster

(blue circles) indicates the “principal components” of MSW,
showing “MSW”, “Solid waste”, “Waste to energy”, “Zn
compounds”, “Cu compounds”, “Circular economy”, and “Waste
management”, indicating the utilization and recycling of MSWI-BA.
This cluster encompasses the importance of management strategies in
the utilization of BA in terms of the circular economy. The green cluster
(green circles) refers to the terms “Aluminum compounds”, “Calcium
compounds”, “Sulfur compounds”, “Sodium compounds”, “Chloride”,
“Sulfate”, “Silicates”, “Aluminum oxides”, “Calcium oxides”, and
“Calcium carbonate”. The recovery attempts of these elements and
compounds are higher in BA due to the high affinity of volatile
compounds, silicates, and oxide minerals. The presence of elements
like As, Cd, Pb, and Tl in the red cluster (red circles) suggests an affinity
with the terms “remediation” and “potentially toxic elements”. This
VOSviewer analysis demonstrates that the urban waste stream of BA in
MSWI can be utilized to efficiently gain potential outputs with
industrial and environmental benefits and to avoid landfilling.

FIGURE 2
Chondrite-normalized composition of REE in FE-BA, and FC-BA based on calculation of the Chondrite averages by (McDonough and Sun, 1995).

FIGURE 3
EF based on the upper continental crust averages for selected elements in BA bulk samples (B) and their sized fractions (C = coarse; M =medium; F =
fine). FE and FC are the two MSWI plants considered.
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In the present study, less discussed elements such as Ba, Ti, Sr, and
Sn were selected to add data coverage and help decision-makers plan
investments for new lines of treatment. Their recovery from MSWI-
BA is crucial for the circular economy, as suggested by the vicinity and
connections of the corresponding clusters (Supplementary Figure S6).
Furthermore, our results were found to be consistent with the
previous study of bibliometric analysis by identifying the research
trends of waste-to-energy incineration from 1999 to 2015 (Wang
et al., 2016). They found the most searched terms “Bottom ash” and
“Heavy metals” in “Cluster 1” nodes, showing the high research
priority of the treatment of MSWI-BA for metal recovery. Other
terms, like “Waste management” and “Recycling”, appeared to be in
central nodes of the cluster, indicating management area. Few studies
of bibliometric analysis indicated that the leaching behavior of heavy
metals in MSWI-BA has been a substantial concern. For instance, a
similar study of bibliometric analysis of emerging trends (from
1994 to 2018) in MSWI ash showed that “Heavy metals” appeared
to be the most critical and frequently used keyword in the cluster
analysis (Wong et al., 2020; Mostafa Hatami et al., 2022) came to the
same conclusion analysing the bibliometric record from 2010 to 2021.
It is noteworthy that the keywords of metals “Cu”, “Zn”, and “Pb”

appeared mostly with larger nodes in the VOSviewer map. The
occurrence of these valuable metals in previous bibliometric
analysis showed consistency with the research trend of our present
results that recovery and removal of Cu, Zn, and potentially toxic
elements (Pb, Cd, As) in MSWI ash like BA has received significantly
more attention than other metals.

3.3 Degree of elements extractability

ARD data from ICP-MS analysis and total concentrations of
selected analytes attained by XRF data were compared by calculating
theDE (%), as reported in Table 2. High (>75%), moderate (30%–75%),
and low DE (<30%) values are presented in red, green, and blue,
respectively. The results showed that most of the elements had high DE
(>80%) in both FE-BA and FC-BA. For seized fractions, Fe, Al, Na, Mg,
Ba, Cu, Co, Ti, Sr,Mo, Pb, Ni, Zn, and Y had a highDE of 80%–100% in
both FE-BA and FC-BA. These findings, with high extractions by
microwave digestion, reported by Han et al. (2021) substantiate that
these elements in MSWI bottom and fly ash are associated with acid-
soluble phases and can be easily dissolved by ARD.

TABLE 2 Degree of extraction (%) of total concentration by ARD and XRF analyzed elements for FE- and FC-BA.

FE FC

FEB FEC FEM FEF FCB FCC FCM FCF

Ca 31.1 40.6 45.5 50.3 40.7 43.7 52.5 51

Fe 78.8 80.2 100 83 93.5 96.6 88.5 96.7

Al 72.8 92.8 83.5 87.8 84.1 87 97.9 97.9

Mg 69.6 94.8 92.1 93.9 80.2 86.9 85.4 90.4

Na 68.3 86.1 82.3 83 77.5 76.3 87 86

K 46.1 62 70.7 73 57.6 58.8 72.7 70.2

Zn 92.7 94.1 91.2 89.8 96.1 97.4 97.5 95

Ti 51 85.6 74.1 83.4 74.6 78.6 91.5 100

Cu 61.3 92.3 97.2 96.6 92.8 85.7 94.3 94.7

Pb 68.7 80.2 98 96.3 73.7 92.8 90.3 80.4

Ba 69.9 86.7 95 97.4 76.8 77.7 96.4 98.4

Mn 8.4 12.1 13.6 16.1 12.4 12.3 16 14.6

Cr 33.3 55.7 59.1 55.8 48.5 53 57.7 50.9

Sr 64.5 89.8 98.8 98.6 87.6 82.1 94.5 96.3

Co 48 75.9 84.8 90.5 93.2 91 91.4 86.8

Ni 60.1 94.3 97.3 93.2 79.6 99.5 90.1 74.7

As 22.8 49.7 40.8 46.8 44.7 43.1 61.1 58.4

Mo 75.8 82.3 97 86.7 65 79.3 89.2 89.2

La 63.4 58.6 59.5 72.9 52.8 40.3 65.2 58

Ce 43.4 47.7 42.5 46.5 42.2 38.1 56.6 57.6

Y 78.6 95.8 100 100 100 100 100 100

Sc 14.4 42.8 32.3 26.9 36.7 37 47.7 30
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A first group with high DE of Na and Mg (>75%) in all the grain-
size fractions except FEB and FCB (<70%) can be compared to other
studies (Yao et al., 2010; Abramov et al., 2018). Na and Mg, possibly
from carbonates, soluble salts of sodium chloride, and sodium
hydroxide were highly extracted in all the fractions (Hong et al.,
2000; Quina et al., 2008). Similarly, K was extracted with moderate
to high DE (40%–75%), likely attributed to soluble salts of potassium
chloride or soluble compounds withNa (Quina et al., 2008; Zhang et al.,
2016). The BA can contain both NaCl and KCl, which may be removed
by the washing process (Ahn et al., 2006). Fe and Al dissolved with high
DE (70%–100%) in all grain sizes of BA. The base elements, Zn and Cu,
were highly extracted with DE (>85%), and Ba was extracted with high
DE (>70%) from the majority of BA samples. The base elements
(especially Cu) can occur in different oxidation states in BA (Rissler
et al., 2020), bounded to aluminosilicates, carbonates, chlorides, oxides,
hydroxides, and Ba possibly due to its frequent association with sulfates
(Bayuseno and Schmahl, 2010).

A second group of elements showed moderate DE (30%–75%)
(Table 2), including Ca (DE < 60%), likely due to the occurrence of
calcite (CaCO3), anorthite (Ca(Al2Si2O8)), akermanite
(Ca2Mg(Si2O7)), gehlenite (Ca2Al(AlSiO7)), vaterite (CaCO₃),
portlandite (Ca(OH)2), and larnite (Ca2SiO4) in the original BA,
which were previously identified by Mantovani et al. (2023), who
studied XRD mineralogical analysis of BA obtained from the same
incinerator plants (FE and FC). The elements (Co, Sr, Ti, As, Ni, Pb,
and Cr) with moderate to high DE (30%–95%), are mainly
associated with non-silicate minerals in combination with Fe and
Zn or found in different metallic inclusions (Wei et al., 2011) and
other glassy phases (Mantovani et al., 2021) in BA.

The last group of elements with low DE (<30%) included Mn,
likely in spinels (Wei et al., 2011). In REE, Y had the highest DE
(78%–100%). La and Ce showed moderate DE (38%–73%). Their
low extractability suggests that they may have limited potential for
circular economy, even if La and Ce are essential constituents for
new and green technologies (Chakhmouradian and Wall, 2012).
Overall, the DE of fine-sized BA (FEF and FCF) was higher
compared to the other BA samples, following a trend of
enrichment in fine > medium > coarse > bulk samples.

4 Conclusion

This study reported a characterization of MSWI-BA of two
incinerator plants (FE and FC). Statistical methods were employed
to interpret and highlight the current trends toward the recoverability of
a range of metals. The total composition of the most valuable and
potentially toxic elements showed moderate-to-high abundance levels,
while REE showed low abundance compared to crustal values. The
contents of some valuable elements, including REE, increased as the
particle size decreased in all BA samples from the two MSWI plants
studied. However, REE was at a low concentration compared to the
crustal averages. The chondrite-normalized patterns of REE
confirmed anthropogenic enrichments or fluctuation for some
elements, especially heavy REE. The EF for selected elements,
which are considered critical by the European Commission,
showed a moderate-to-high enrichment in BA, suggesting its
potential contribution in a circular economy through MSWI ash
management. Most valuable elements, such as base and TCE,

showed high extractability (DE > 80%) for FEC, FCC, FEM,
FCM, FEF, and FCF, but not FEB and FCB, in both FE-BA and
FC-BA, confirming that these elements were well dissolved by ARD.
Bibliometric analysis supported the discussion, showing clues and
research trends that are particularly helpful for decision-makers to
identify future research branches for investments. With the recent
breakthrough in analytical capacity and the increasing number of
nature-based solutions tested on the bench scale, an area of fast
development is identifiable in the hybridization of treatments with
biological processes and in targeting metals characterized by
conductive properties to allow magnetic purification. The
findings of the present study show that the recovery of valuable
elements could produce enough benefits to balance capital costs and
environmental impacts.
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