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This study investigates steam washing (SW) as an innovative pretreatment for municipal solid waste incineration
fly ash (MSWI-FA) dechlorination, useful for a more effective stabilization in cementitious matrix. By using a
detailed analytical approach (XRPD, XRF, ICP-MS, IRMS, SEM) and geochemical modeling, great focus is
dedicated on pollutant leaching reduction and changes in ash physicochemical characteristics as a function of
exposure time. The research demonstrates that SW removes up to 70 % cadmium, 17 % zinc, and 10 % lead,
primarily by dissolving the soluble and carbonate/hydroxide fractions and promoting the reprecipitation and
adsorption of heavy metals into more stable compounds. Chloride, sulfate, and heavy metal leaching are reduced
by 85 %, 50 %, and 90 %, respectively, with even short treatment time (8 min) performing better than con-
ventional water washing at a liquid-to-solid ratio of 2. However, antimony leaching remains above regulatory
thresholds, controlled by soluble Ca-antimonate phases, thus requiring supplementary tailored treatments.
Further optimization of the energy recovery during the exposure and a comprehensive life-cycle assessments to
evaluate its long-term environmental and economic impact, may contribute significantly to propose SW as a
sustainable strategy for MSWI-FA treatment and valorization.

1. Introduction

In Europe, 505 kg per capita of municipal solid waste was generated
in 2020 (Eurostat, 2021) and 135 kg per capita were incinerated. Fly ash
(FA) from Municipal Solid Waste Incineration (hereafter: MSWI-FA) is
estimated to account for approximately 3-10 % of MSW (Kanhar et al.,
2020). MSWI-FA is classified as hazardous waste, encoded by the Eu-
ropean Commission with the European Waste Code 19 01 13* (European
Commission, 2000), because of the content of heavy metals (Zn, Pb, Cu,
Cr, Cd and Ni), soluble salts (chloride and sulfate) and the related risk of
leaching (Righi et al., 2022). MSWI-FA is expected to increase up to 140
% in 2050 (Watari et al., 2021); in this light, its re-use/recycling would
remarkably boost the efficiency of European circular economy strategy.

Although making MSWI-FA an inert waste via an environmentally
sustainable treatment is still a challenge, the reduction of alkali chlo-
rides (in particular KCl and NaCl) and heavy metals leaching provides a
crucial goal to design a potential re-use of fly ash (Xu et al., 2019), for
instance in geopolymers or cements (Bernasconi et al., 2023a,b; Aubert
et al., 2006; Liu et al., 2022). The leaching behaviors of heavy metals is
the result of a complex interplay between how they are bound to the
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matrix, i.e., their “speciation”, and the external conditions, i.e., pH,
temperature, and redox potential. Most heavy metals (Zn, Pb, Ni) usu-
ally occur as oxides, hydroxides, and carbonates, which are stable at pH
around 9-11, but can readily dissolve at acidic pH (Chen et al, 2023). At
higher pH values (> 11-12), the dissolution of these heavy metals in-
creases due to the relative stability of their hydroxide complexes in so-
lution, thus displaying an amphoteric behavior (Zhang et al, 2008).
Moreover, other heavy metals may display different pH-dependent
leaching profiles, even correlated to their oxidation state that affects
solubility, i.e., Cr (Cr>* and CrOZ") and Sb (Sb>* and Sb(OH)g) (Meima et
al, 1998).

In addition, competitive adsorption processes with both inorganic
reactive surfaces, i.e., Fe/Al oxyhydroxides, and organic fraction (humic
acid) can in turn limit and control the heavy metals release, based on the
relative strength of their interactions (Dijkstra et al, 2006; Hiemstra
et al., 2006). Moreover, the organic matter can comprise toxic and
persistent dioxins/furans compounds, which further complicate the
design of the treatment strategies (Li et al, 2023).

Water-washing, which is a common method for pre-treating MSWI-
FA to remove chloride (Chen et al. 2016), has been the object of many
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studies to investigate the role of operational parameters such as liquid-
to-solid mass ratio (LS), washing duration and frequency (Ferraro et al.
2019, for a review). Other methods to treat MSWI-FA involve, for
instance, vitrification by heating over 900 °C (Nowak et al., 2010);
microwave hydrothermal treatments, for an efficient dechlorination and
detoxification of POPs (Xue et al., 2021); bioleaching, for heavy metals
recovering (Funari et al. 2023).

Acidic leaching is an efficient technique to dissolve phases bearing
metals (Hu et al. 2015), and a water extraction process at a L/S > 2
allows the removal of more than 95 % of chloride and up to 30 % of
sulfate. Multi-step washing is found to be effective, especially in chloride
removal, but it requires high volumes of water (Colangelo et al., 2015;
Caviglia et al., 2022). In general, conventional water washing implies an
extensive consumption of liquid, giving rise to large volumes of waste-
water, which, in turn, poses a serious problem in managing the risk of a
secondary environmental pollution (Loginova et al., 2019). For this
reason, efforts are devoted to developing strategies thatmay provide
solutions to reduce the degree of hazardousness of MSWI-FA, while
limiting wastewater production.

In this context, Destefanis et al. (2020) introduced the technique of
“steam washing” (SW), by simulating a typical incineration steam flow
and directing it to treat coarse MSWI bottom ash (grain size > 1 mm)
through a rapid washing. The SW was developed to exploit a commodity
intrinsically available at the WtE plants, thus favoring a possible direct
implementation in the process flow and limiting the transportation cost
for MSWI ash treatment. All of this had the objective of making the costs
of disposal more independent of market fluctuations (Cialani et al.,
2020; Mazzanti et al., 2008). In particular, the steam was observed to
induce a mechanical removal and mild dissolution of the finer particles
on the surface of the BA grains, thus improving the leaching perfor-
mance of the coarse fraction coupled with a reduction of wastewater
volume with respect to a traditional water washing (Destefanis et al.,
2020).

The present study was designed to extend the SW to MSWI-FA and
investigate its efficiency in terms of curbing heavy metal and chloride/
sulfate leaching, in order to promote a conversion towards non-
hazardous waste (potentially suitable to solidification/stabilization in
cement matrix). An in-depth analytical investigation of both solid and
liquid phases by X-Ray Powder Diffraction (XRPD), X-Ray Fluorescence
Spectrometry (XRF), Inductively Coupled Plasma-Mass Spectrometry
(ICP/MS), Isotope Ratio Mass Spectrometry (IRMS) and Ionic Chroma-
tography (IC) allowed to quantitatively evaluate the treatment perfor-
mance. Moreover, a sequential extraction procedure coupled with a
geochemical modelling approach provided further insight into the pro-
cess phenomenology.

Although previous works have employed superheated steam in
combination with high-temperature treatment (T > 500 °C) (Zhao et al,
2020), to our knowledge, no previous study about the direct application
of steam washing treatment to MSWI-FA has been reported in literature.

2. Materials and methods
2.1. Materials

For this study, MSWI-FA from a third-generation (i.e., in operation
since after 2006) municipal solid waste incineration plant in northern
Italy were used The plant flue gas cleaning system employs a 4-steps
process: i) electrofilter after the boiler section; ii) dry scrubber with
NaHCOs and activated carbon (NEUTREC® technology), followed by iii)
baghouse filter; iv) ammonia-based catalytic process for NOx reduction.

In particular, about 3 kg of MSWI-FA samples were collected from a
homogenized 100 kg batch of a mixture between boiler ash (BOA) and
electrostatic precipitator fly ash (ESPA), which are not differentiated in
the plant (Wolffers et al., 2021). The MSWI-FA were dried in an oven at
105 °C for 24 h to remove humidity; ten subsamples of 100 g were
prepared and analyzed in terms of particle size distribution, with D50 ~
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149 um (Fig. S1).
2.2. Organization of the work

The work was in: i) raw MSWI-FA full characterization (phase/bulk
chemical composition; speciation distribution; chloride/sulfate/heavy
metal leaching); ii) analysis of the effect induced by conventional water
washing at L/S = 2, in terms of residual leaching from the treated MSWI-
FA, iii) analysis of the effect induced by SW, as a function of the exposure
time, on the resulting treated MSWI-FA; iv) interpretation of the phe-
nomenology related to SW.

2.3. Steam washing apparatus

The experimental apparatus for SW is a prototype designed and
assembled by ETG s.r.l. (Environmental Technology Group), and it is
sketched in Fig. 1. It is composed of a steam generator, which uses
deionized water. A panel of sensors, to which the steam generator is
connected, sets and records the parameters of air flux (L/min), tem-
perature (T°C) and relative humidity (% v/v). A feedback system tunes
the steam production as a function of the control parameters. A pipe
drives the steam onto MSWI-FA sample, spread on a Buchner funnel with
a paper filter that hosts around 10 g of MSWI-FA. A flask is located
underneath the sample-holder, with a vacuum pump (P ¢ = -1 bar), to
rapidly remove and collect the condensation water from the surface of
the MSWI-FA during washing.

The experiments were carried out at a relative humidity (RH) of ~
40 % v/v, employing a 2 L/min flux, and T = 90 °C (representing a dew-
point of 67 °C). Since the operational temperature of the steam at plants
is around 120 °C, the lower temperature conditions would allow one the
partial recover of energy from the steam before being used in the
washing process.

Exposure times of 8 (SW8), 15 (SW15) and 30 (SW30) minutes were
used. Such operational parameters allow the observation of changes in
the MSWI-FA and provide sustainable process conditions (energy and
water consumption). The SW-treated samples were compared with i) a
typical L/S = 2 water-washing for 24 h (WW) and ii) a L/S = 2 water-
washing coupled with SW8 (WW + SW), to verify if a combination of
both methods is feasible in view of further optimization of the steam
consumption. Every sample has been replicated 3 times. The analytical
data presented in the Results section is given as the means of these 3
replicates, with a standard deviation in the order of 8-10 %. The re-
covery rate of heavy metals after the sequential extraction procedure
was in the range of 85-110 % (Matabane et al., 2021).

2.4. Major and trace element and heavy metal characterization in solid
samples

The major and trace element components in raw and treated MSWI-
FA were determined in bulk by Wavelength Dispersive X-Ray Fluores-
cence Spectrometry (WDXRF), on pressed powder pellets and using a
standard-less method (semi-quantitative analysis). The loss-on-ignition
(LOI) of each sample was evaluated after subjecting itto 1050 °C for
24 h in a muffle furnace. For the determination of heavy metals and
remaining trace elements (Li, Ba Sr, V and Sb), the sample powders were
totally digested in open Teflon beakers on a hot plate with a mixture of
suprapure HF and HNO3 (2:1 ratio). Dissolved samples were dried out
and re-dissolved in a mixture of suprapure HF and HNOs (1:1 ratio);
afterwards, they were dried out again and re-dissolved for the last time
with HNOs. The solutions obtained were analyzed by Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS), using a iCAPTQ Ther-
moFisher Scientific instruments.

2.5. Mineralogical composition

The mineralogical composition of all samples was characterized by
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Parameters control:
Flux: L/min
Rel. Humidity: %
Temperature: T°C
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Scale
a) L: 2000 mm; @: 40 mm;
b) H: 150 mm; @ : 100 mm;
c) H: 300; @ : 130 mm;
d) @ : 120 mm; H: 400 mm;
e) @: 100 mm; H 150 mm

Water
recovery
from T-joint

Vacuum

P max 4.5 bar

Fig. 1. Layout of the experimental apparatus for steam washing.

X-Ray Powder Diffraction (XRPD), using a Rigaku Miniflex 600, with Cu-
Ko incident radiation and operating at 40 kV-15 mA. XRPD patterns
were collected on pre-dried powdered samples between 3° and 70° 26,
with a 20-step size of 0.02 and scan speed of 0.5°/min, using a side-
loading zero-background sample holder. The amorphous and crystal-
line phases content was inferred by Rietveld-RIR analysis, using high
purity calcined a-Al203 as an internal standard (10 wt%). The data
refinements were carried out by the software GSASII (Toby and Von
Dreele, 2013).

2.6. Elemental and isotopic analyses of total and organic carbon in solid
samples

The analyses of total (TC) and organic (OC) carbon (expressed in wt
%), and the relative isotope ratios *c/r%c expressed as 613CTC or
613C0C) were carried out by an Elemental Analyzer (EA) VarioMicro
Cube (Elementar) operating in combustion mode and coupled with the
Isotope Ratio Mass Spectrometer (IRMS) IsoPrime 100 (IsoPrime).

The full description of the method is provided in the Supplementary
Materials. The relative isotope ratios were used only qualitatively as a
fingerprint of raw and treated MSWI-FA, since a detailed investigation of
C-based compounds would require more advanced mass spectrometry
approaches (i.e., Py-GC/MS) (Pic6 and Barcelo, 2022).

2.7. Leaching tests

Raw and treated MSWI-FA samples were dried for 24 h at 105 °C and
then submitted to leaching tests in deionized water at L/S = 10 for 24 h,
according to (EN 12457-2, 2002). The pH-dependent leaching tests
were performed at 7 different pH values (4-13), according to the SW-
846 Test Method 1313, after pre-titration tests to determine the acid
neutralization capacity of the material (Fig. S2). After 24 h, the samples
were filtered, and the liquid residues analyzed by Ion chromatography
(IC), ICP-MS and pH-meter Hanna HI2211 (error + 0.2 pH units).

2.8. Chemical analyses of leachates and wastewater

The concentration of major anions and cations were performed using
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a Metrohm 883 Basic IC plus instrument, with a loop of 20 pl. The
calibration relied upon eight replicated analyses of the same reference
sample (detection limit: 10 pg/L). Minor and trace element analyses,
including heavy metals, were carried out by iCAPTQ ThermoFisher
Scientific instrument.

2.9. Thermal analysis

Thermogravimetric (TG), differential thermogravimetric (DTG), and
differential thermal analyses (DTA) were performed on MSWI-FA sam-
ples under a controlled air atmosphere. The analysis was performed
using an STA 409 PC LUXX® Netzsch with a heating rate of 10 °C/min in
an alumina crucible, ranging from room temperature (RT) up to 800 °C.

2.10. Scanning electron microscopy

Back scattered electron (BSE) images of MSWI and SW30 were
collected by a JSM microscope IT300LV (JEOL USA Inc.). Typical
experimental conditions were W filament, EHT 15 kV, working distance
10 mm, and standard probe current. The samples were carbon-coated
prior to analysis.

2.11. Sequential extraction

The speciation distribution was determined following the five-step
sequential extraction procedure described by Bernasconi et al, (2022).
An adaptation to the procedure after Dematteis et al, 2023 was intro-
duced, by increasing the acetic acid concentration in the second step.
More details about the procedure are provided in the Supplementary
Materials (Table S1).

2.12. Geochemical modelling

The Visual MINTEQ software, version 3.1 (Gustafsson, 2013) was
employed to model the heavy metals concentration in leachates. Cal-
culations were compared with observations from leaching tests as a
function of pH. A multi-surface approach was employed to take into
account heavy metal sorption/complexation on Fe/Al hydroxides (HFO)
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and solid/dissolved organic matter (SOM and DOM) (Groenenberg and
Lofts, 2014). The full description of the employed model is provided in
the Supplementary Materials (Table S2).

3. Results
3.1. Chemical composition of raw and treated MSWI-FA

**Fig. 2 shows selected major and trace elements composition of raw
and treated MSWI-FAs, determined by combining XRF (wt%) and ICP-
MS (mg/kg) data, while the full dataset is shown in Table S3. The
most abundant element in raw MSWI-FA is Cl (22.4 %), followed by Na
(12.1 %), Ca (9.46 %), K (8.6 %), and S (3.1 %). In terms of heavy metals,
a considerable amount of Zn was detected (63569 mg/kg), along with Pb
(6738 mg/kg), Sb (2000 mg/kg), Cu (1797 mg/kg), and Cd (586 mg/
kg).

SW induces substantial differences in the MSWI-FA chemical
composition, as shown in Fig. 2. A remarkable decrease (64-90 %) of the
Cl content is observable upon increasing the exposure time, (Cl = 2.4 wt
% in the 30 min treated sample SW30). A similar behavior is observed
for Na and K, which are reduced to 1.0 and 1.4 wt%, respectively, by
SW30. This is in keeping with the weight loss that reaches 37 and 50 %,
in the case of SW8 and SW30, respectively. The conventional WW pro-
vides a 50 % Cl reduction, which decreases to 2.55 wt%, if an additional
SW treatment is introduced (WW + SW).

An increase in the concentrations of comparatively low water-
soluble major species appears in the treated samples, mainly involving
Ca, S and Si. Calcium becomes the most abundant element, accounting
for up to 18-20 wt% in case of the SW15-30 treated samples (Fig. S3).
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Likewise, treated MSWI-FA exhibits an increase in heavy metal con-
centrations. Zinc almost doubles, reaching 120345 mg/kg in SW30,
along with Pb, Sb, and Cu. The only exception is Cd, which markedly
decreases upon increasing SW exposure time, down to 274 mg/kg.
(SW30).

In raw MSWI-FA, the TC accounts for 0.51 wt%, 59 % of which is
related to organic C (0.30 wt%) (Ferrari et al., 2002). By increasing SW
duration, the concentrations of both TC and OC increase, reaching 1.32
and 0.54 wt% (SW30), respectively.. The isotopic ratio 513C in Table S3
of both TC and OC changes after treatment, becoming systematically
“less negative” (i.e., 613CTC decreases from —29.13 %o in MSWI-FA to
—26.86 %o in SW30)).

3.2. Mineralogical, morphological and thermal analysis

Table 1 reports the phase composition of raw (MSWI-FA) and SW and
WW treated samples. In raw fly ash, the crystalline chloride minerals (i.
e., halite and sylvite) account for more than 37 wt%. Chlorine also oc-
curs in hydrocalumite and K-tetrachlorozincate. The abundant Ca con-
tent is hosted by Ca-sulfates (i.e., anhydrite, bassanite and syngenite),
along with calcite and silicate phases like melilite and merwinite.
Moreover, a significant (~40 wt%) amorphous fraction is observed. The
water-washing is effective in reducing the crystalline chloride content,
although halite and sylvite still occur as high as 9.8 and 7.8 wt%,
respectively, in combination with an increase in the less soluble amor-
phous phase’s relative content (48 wt%). The dissolution of K-tetra-
chlorozincate, along with the mobilization of Cl" and S0%, promotes in
turn the precipitation of Zn-bearing gordaite (WW-treated MSWI-FA),
though both phases occur in low amounts. SW30 causes a decrease of

Si Mg Ca Na K Cl S wt loss
OMSWI-FA BSW8 mSW15 ESW30 mWW @DWW+SW
14000
140000
120000
12000 100000
¥ so000
? 60000
10000 40000
w0 20000
= 0
?D 8000
£
6000
4000
o lnmene  cnmlsi = [ 1
Cd Cr Cu Mn Ni Pb Sb

OMSWI-FA @SW8 mSW15 BSW30 mWW BWW+SW

Fig. 2. Chemical composition of raw and treated MSWI-FA samples, together with the weight loss after each treatment.
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Table 1

Mineralogical composition of raw (MSWI-FA) and treated samples.
Phase Nominal formula MSWI-FA SW8 SW15 SW30 ww WW + SW
Melilite Cay(ALMg)(ALSi),07 1.3 1.9 2.6 2.1 1.9 2.1
Calcite CaCO3 1.9 3.4 3.6 4.6 3.4 4.6
Quartz SiOy 0.6 0.8 0.8 0.9 0.7 0.9
Halite NaCl 25.1 7.6 4.4 2.5 9.8 2.7
Hydrocalumite Ca,Al(OH)g(Cl,0H)-2H,0 0.5 0.8 0.9 1 0.5 1.1
Anhydrite CaSO4 11.3 17.3 16.2 18.3 7.3 4.5
Periclase MgO 1.4 1.5 1.9 2.1 1.5 1.2
Sylvite KCl 12.1 6.7 3.6 0.5 7.8 0.8
Ilmenite (Fe,Ca)TiO3 0.8 1.2 0.8 0.7 1 0.8
Merwinite CazMg(SiO4)2 0.8 1.3 0.8 0.7 1.1 0.6
Bassanite CaS04-0.5H,0 4.5 7.2 9.3 8.4 4.2 1.4
Singenite K5Ca(S04)2-Hy0 0.3 0.7 1.3 0.5 0.2 -
Gypsum CaS04-2H,0 - 0.3 - 0.4 12.3 20.9
K-tetrachlorozincate K»ZnCly 0.5 - - - - -
Gordaite NaZny(S04)(OH)Cl-6H,0 - - - - 0.3 -
Amorphous 38.9 49.2 53.8 57.3 48 58.5

Na-K chloride by over 90 % (Table 1). In general, the Ca-sulfate are less
affected by the SW/WW treatments than chloride, although hydration
reactions involving transformation of anhydrite into gypsum take place,
especially in the WW and WW + SW samples, where gypsum becomes
the most abundant crystalline phase. Other less-soluble phases, like
calcite and melilite, increase their relative amounts after SW treatments
because of the dissolution of the more soluble ones.

MSWI-FA particles exhibit heterogeneous morphology. Aggregates
of small particles (<50 pm), constituted of regular habit crystals of Ca-
sulfate (bladed/prismatic) and Na/K-chloride (cubic), are observable
(Fig. S3). The latter can also occur as anhedral crystals, coating alumi-
nosilicate and glass particles (Bernasconi et al, 2022). The SW-treated
samples display an increase in the particle aggregation, as it is often
observed in washed FA (Caviglia et al, 2022; Ferraro et al. 2019), too.
Moreover, a marked decrease in salt surrounding the particles takes
place because of dissolution, thus allowing the exploration of the acic-
ular and round aggregates underneath, which are rich in Ca, Na, Al, Si
and Zn (Fig. S3).

During TGA, the SW-treated samples yield weight loss fraction values
of ~ 9-10 %, and the highest figure (14 %) is provided by the WW + SW
treatment. In the DTA patterns (Fig. S4), an endothermic peak is
observed at ~ 100 °C (water evaporation and dehydroxylation of hy-
drated compounds, such as bassanite and gypsum), followed by an
exothermic reaction stretching up to 600 °C (combustion of organic

matter), and by an endothermic transformation at 630 °C (dissociation
and oxidation processes of mineral phases and alkaline compounds)
(Haiying et al, 2010; Zhang et al, 2020).

3.3. Leaching tests performance and SW wastewater composition

The results of leaching tests performed on raw and SW-WW treated
samples, along with the SW wastewater compositions, are set out in
Table 2. The reported values were calculated by combining IC and ICP-
MS measurements. Leaching tests on MSWI-FA showed a very high
concentration of chloride (over 17000 mg/L), much above the legal
threshold for non-hazardous waste (2500 mg/L), while sulfate remained
within the legal limit (Table 2) (Ministerial Decree, 2010). As for heavy
metals, leaching of Zn, Cr, Pb, Cu, Mo, Cd and Sb was detected, although
only for Cd and Sb, the measured values exceeded the legal thresholds
(1.341 against 0.1 and 1.24 against 0.07 mg/L, respectively). WW leads
to a general decrease in leaching from all of the investigated heavy
metals, most notably Cd, that drops to 0.023 mg/L, whereas chloride
remains quite high (9260 mg/L). SW effectively reduces both heavy
metal and chloride leaching. Cd is no longer detected in samples from
SW8 treatment, and the minimum leaching observable is obtained by
SW30, in particular for Zn, Cr and Pb. A similar trend is shared by CI,
which reaches 2280 mg/L (Table 2). Sb leaching, though reduced by 70
%, still remains over the legal limit (0.386 mg/L). In the case of SW +

Table 2
Leaching tests performance and SW-wastewater compositions.
Leaching tests Wastewater
MSWI-FA SW8 SW15 SW30 ww WW + SW Limits SW8 SW15 SW30

pH 7.5 7.8 8.1 8.2 7.8 8.1 5-12 6.3 6.3 6.3
LS ratio 10 10 10 10 10 10 1.1 1.5 2.2
Chloride (mg/L) 17225 8088 4150 2280 9260 2363 2500 >70000 >70000 >70000
Sulfate (mg/L) 3767 2900 2630 2514 3120 2470 5000 5310 5583 5479
Li (mg/L) 4.213 1.915 0.513 0.643 1.715 0.318 15.33 21.34 24.29
Ti (mg/L) 0.675 <d.l 0.413 0.256 <d.l 0.152 0.698 0.744 0.702
V (mg/L) 0.002 <d.l. <d.l. <d.l <d.l. <d.l. <d.l <d.l <d.l
Cr (mg/L) 0.383 0.305 0.194 0.147 0.312 0.159 1 0.049 0.268 0.329
Mn (mg/L) 0.002 <d.l <d.l <d.l <d.l <d.l 1.309 0.787 0.757
Co (mg/L) 0.001 <d.l. <d.l. <d.l <d.l. <d.l. 0.007 0.003 0.003
Ni (mg/L) <d.l <d.l <d.l <d.l <d.l <d.l 1 0.043 0.042 0.083
Cu (mg/L) <d.l. <d.l. <d.l <d.l <d.l 0.007 5 1.145 1.044 0.712
Zn (mg/L) 0.809 0.41 0.103 0.025 0.561 0.021 5 6010.3 7204.4 3467.2
As (mg/L) 0.003 0.005 0.004 0.003 0.006 0.003 0.2 <d.l <d.l <d.l
Mo (mg/L) 0.292 0.305 0.408 0.476 0.325 0.456 1 <d.l <d.l <d.l
Sr (mg/L) 1.336 1.613 3.326 2.889 1.693 2.935 1.544 1.413 1.459
Cd (mg/L) 1.341 <d.l. <d.l. <d.l 0.023 <d.l. 0.1 327.2 267.5 201.1
Sb (mg/L) 1.240 0.482 0.410 0.386 0.566 0.431 0.07 0.612 0.938 0.493
Ba (mg/L) 0.496 0.140 0.143 0.200 0.352 0.131 10 0.834 1.630 1.390
Pb (mg/L) 0.311 0.094 0.020 <d.l 0.136 <d.l 1 367.5 471.1 269.7

14



D. Bernasconi et al.

WW, results similar to those from SW30 are achieved.

The pH of wastewater from SW is very close to the deionized water’s
(6.3) (Table 2). In the case of heavy metals, the largest values were
observed for Zn (3000-7000 mg/L), Pb (270-470 mg/L), and Cd
(201-270 mg/L), while relevantly lower concentrations were measured
for Cr, Cu and Sb, (0.04-0.334, 0.714-1.052 and 0.493-0.956 mg/L,
respectively). The general decrease in the measured concentrations of
SW30 is probably attributable to the relatively higher volume of
wastewater, which, as it will be discussed below, can be likened to an
equivalent L/S ratio of ~ 2.2.

A mass balance of the heavy metals investigated was calculated, and
the results are set out in Table 3; details are reported in the Supple-
mentary Materials (Table S4-6). The SW treatment affected the heavy
metals resilience capacity in different ways. Cadmium is the most SW
sensitive, as proven by the fact that SW30 provides a removal rate of 75
% (against an overall removal of 12 %), followed by Zn, whose leaching
decreases by 13.5 and 17 %, for SW8 and SW15, respectively. Pb follows,
but at a lower removal rate (6-10.5 %). Finally, Cr, Cu, and Sb, exhibit
comparatively modest removal rates, in the range 0.03-0.2 %.

3.4. Heavy metals speciation distribution

The results of a 5-step sequential extraction are shown in Fig. 3: on
the left, the relative contributions (%) of each fraction with respect to
the total heavy metal content are shown. In raw MSWI-FA, most heavy
metals are associated with easily soluble/exchangeable (F1) and acid-
soluble (F2) fractions (Bernasconi et al, 2022; Thong et al, 2020). F2
accounts for 63, 48 and 45 % of the total Zn, Pb and Cu amounts,
respectively. Their F1 component is very limited in all the investigated
heavy metals (around 0.4 %; not noticeable in Fig.), except in Cd, where
it becomes preponderant (65 %). Copper also shows a significant asso-
ciation with the oxidizable F4 (28 %), i.e., oxidizable compounds like
organic matter and sulfide (Bernasconi et al, 2022; Thong et al, 2020). A
similar speciation is exhibited by Cr (20 %), although for this element
the most important association is with the reducible F3 (30 %) and re-
sidual F5 (46 %) fractions. As for Sb, F5 accounts for 53 %, followed by
F3, F2, and F4, with values of 20, 15 and 12 %, respectively. The com-
parison with the treated samples demonstrates that the speciation dis-
tribution of almost all the investigated heavy metals is modified by SW.
Cd displays a dramatic depletion of F1 (from 65 % to 0.2 %), leading to a
significant relative enrichment in the other speciation fractions. Zinc
presents a weakly varying trend of F2, with values of 53, 46, and 48 %
for 8-15-30 min treatment, respectively, in combination with the
absence of F1 and an increase of F5 speciation (from 12 % to 25-30 %).
Conversely, F2 accounts for 30-35 % of the content of Pb in the treated
samples, while F5 changes from 15 to 28-30 %. In addition, the asso-
ciation of Pb with Fe/Mn oxyhydroxides (F3) increases up to 30 %. In the
case of Cu, SW promotes reductions of F2 and F4, from 45 to 37-38 %
and from 28 to 19-20 %, respectively. Similarly, the Cr F4 speciation
decreases from 20 to 12-13 %, while F3 increases to 38—-40 % of total Cr
in SW15-30 samples. Finally, the speciation distribution of Sb does not
show significant modifications after washing treatment, as F1 remains
~ 0.2 % and F4 slightly decreases down to 8 %.

3.5. pH-dependent leaching tests and geochemical modelling of MSWI-FA

The comparison between experimental leaching results and model-
ling at pH 4-13, in the case of the most abundant heavy metals in raw

Table 3
Removal rate (%) of MSWI-FA heavy metals after SW.
Cr Cu Zn cd Sb Pb
SW8 0.02 0.07 10.4 61.0 0.03 6.0
SW15 0.14 0.09 17.1 68.2 0.07 10.5
SW30 0.25 0.09 12.1 75.1 0.05 8.8
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MSWI-FA (i.e. Zn, Pb, Cu, Cd, Cr and Sb), is presented in Fig. 4. The
concentration trends as a function of pH are similar to the ones of other
industrial solid wastes, where amphoteric behaviors (i.e. maximum
leaching at acidic pH, which decreases to a minimum value with
increasing pH and then increases again at alkaline pH) are often
observed (Dijkstra et al, 2006; Liu et al, 2023; Meima et al, 1996).

Zn, Cd and Cu are significantly dissolved (85, 90 and 65 %, respec-
tively) at pH ~ 4-5, while an important retention in the solid takes place
at pH ~ 8-10, as their concentration in solution drops by 3-4 orders of
magnitude. At higher pH values, their dissolution increases, up to 2
orders of magnitude at pH 12.5-13. Pb, Cr and Sb are extracted into
solution at pH ~ 4, with values of 20, 0.1 and 2 %, respectively. In the
former case, the leaching concentration decreases gradually for pH 5 —
9 and increases at higher pH values. For Cr and Sb, the dissolved amount
remains relatively stable up to pH ~ 9, decreases at pH ~ 10-11, and
slightly increases at pH ~ 13. Similar trends as a function of pH are
obtained for SW30, albeit with concentration values generally lower
than raw MSWI-FA.

The simulated leaching concentration versus pH is shown in Fig. 4
(left), where a good match with the experimental profile is visible for
most metals. In case of Zn and Cd, dissolution/precipitation reactions
are governed by ZnCO3 and CdCOg3 (otavite) at pH ~ 5-10, and by Zn
(OH); and Cd(OH); at pH > 9-11. The adsorption on HFO represents the
main mechanism that controls leaching at pH <5 (Dijkstra et al, 2006;
Tiberg et al, 2021). Lead solubility is controlled by sulfate at acidic and
alkaline pH, in the form of PbSO4 and Pb4(OH)(SO4)2, respectively. At
intermediate pH values (i.e., ~6-10), cerussite (PbCO3) becomes the
most stable phase (Keim et al, 2015). Cr and Cu oxides (Cry03, CuO) are
the solubility-controlling phases for such species at alkaline pH, while
adsorption on HFO and SOM surfaces plays an important role a pH ~
4-9, though the overestimation of Cr leaching at pH <6 hints that other
processes occur, possibly involving redox reactions (Fig. S5) (James,
1996). The antimony trend is well modelled by the equilibrium solubi-
lity of CaySby07 (romeite) at pH ~ 5-9, but it is significantly over-
estimated at higher pH values.

4. Discussion
4.1. Chlorine

Chlorine in MSWI-FA mostly occurs in crystalline chloride and less
soluble, complex minerals, such as hydrocalumite (Wang et al, 2023).
The former phases are particularly abundant (around 37 wt%, Table 2)
and are largely affected by SW. Previous studies showed that an increase
in water temperature in washing treatments does not significantly
improve the efficacy of chloride dissolution, while the L/S ratio is more
effective (Caviglia et al, 2022; Ferraro et al. 2019). A water balance was
estimated for SW30. On average, the steam mass balance indicates that
around 0.2 wt% is retained by MSWI-FA surfaces, 5.5 wt% is collected as
wastewater, 56 wt% is dispersed and 38 wt% is condensed in the T-joint.
This is equivalent (on 10 g MSWI-FA) to an “effective” L/S ratio of ~ 1.1,
1.5 and 2.5, for 8, 15 and 30 min, respectively. From SW8 to SW30 the
efficiency of chloride removal improves up to over 90 % (Table S1 and
1), i.e., Cl leaching lies below the legal limits for non-hazardous waste
(Table 2). At the same time, hydrocalumite increases in content after
treatment, because its solubility is significantly dependent on pH
(<5-5.5), while the wastewater is only slightly acidic (pH 6.3) (Wang
et al., 2023).

4.2. Heavy metals

The characterization of raw MSWI-FA showed that the most abun-
dant heavy metals (Zn, Cd, Cu, Pb) are associated with easily soluble/
exchangeable (F1) and acid-soluble (F2) fractions (Fig. 3), which further
confirms the hazardousness of the waste, as these fractions are prone to
easily leach out pollutants into the environment (Bernasconi et al, 2022;
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Thong et al, 2020). The mass balance in Table 3 demonstrates that SW
can remove part of these heavy metals; the results in Fig. 3 show that the
SW treatment has also an impact on the speciation distribution, even for
those heavy metals not affected by a decrease in total mass. For Cd, the
removal is related to the actual dissolution of F1, since its relative
abundance in MSWI-FA is very close to the weight loss estimated by the
mass balance (i.e., 65 % against 60-75 %, Table 3). CdCl; and CdCIOH
were proposed as Cd-bearing phases in this system, and the geochemical
model at the treatment pH conditions (between 6-8) indicates signifi-
cant undersaturation of these phases i.e., high solubility (calculated
saturation index of —4.5 and —3.2, respectively) (Zhang et al., 2008).
Moreover, although soluble ZnCl, and PbCl, may be present, the
removal rate of Zn and Pb in Table 3 largely exceeds their relative F1
abundance, thus suggesting that other fractions are also involved(i.e.
6-10 % against 0.5 %, for Pb). The speciation distribution in SW samples
indicates a reduction of F2 (Fig. 3), and in fact Zn/Pb carbonates and
hydroxides are supposed to be solubility-controlling phases at interme-
diate pH values (Fig. 4). The slightly acidic condensed water from SW on
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the MSWI-FA surface may favor the partial dissolution of this fraction
(Qin et al., 2023; Weibel et al., 2018). The pH-dependent leaching tests
clearly show that a significant release of Zn and Pb is achieved at pH
<6.5-7, although a much longer contact time is required (48 h). This
effect is promoted by the concomitant dissolution of chlorides on the
surface of the aggregates, so that the heavy metals bearing small parti-
cles underneath (see Fig. S3) are exposed. Indeed, high concentrations of
Zn and Pb are detected in wastewater (Table 2). In addition, the increase
of the F3 and F5 fractions hints that reprecipitation reactions into more
stable compounds also occur, which may explain the reduced removal
rate in SW30 with respect to SW15 (Table 3). A similar process is
probably involved in the case of Cr and Cu, even though only a small
fraction is removed (<0.3 %). At this pH, although H™ ions exhibit the
strongest binding affinity for the negatively charged Fe/Al oxyhydroxide
binding sites, their competition with other cations remains relatively
limited. As a result, the interaction of the latter with the binding sites is
favored, occurring either through single-site or dual-site binding modes.
(Hiemstra and van Riemsdijk, 1996, 2006). An analogue increase in the
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adsorbed speciation was observed for most heavy metals after
microwave-assisted washing and attributed to the mobilization of the
carbonate-bound fraction(Wang et al., 2023).

No appreciable change was revealed in Sb speciation. The model
suggests romeite as the main hosting-phase (Fig. 4), whose solubility is
not affected by pH in the range 5-13, while the observed drop at pH > 9
is possibly related to coprecipitation with ettringite (CagAla(-
S04)3(0OH);12-26H50), a common mineral controlling the solubility of Ca
and sulfate at pH > 10 (Meima et al., 1998). The calculation of the
romeite saturation index in SW15 wastewater results in a value close to
precipitation equilibrium (—0.35, Table S7), which further supports the
correlation between Sb leaching and Ca availability. This behavior may
explain the residual Sb leaching observed in Table 2. To further limit Sb
release, it is necessary to couple SW with another treatment, by intro-
ducing, for instance, a reducing agent (i.e., Fe® or Fe?* salt) such that Sb
(V) — Sb(IlI), whose solid phases are characterized by very low solu-
bility (Meima et al., 1998; Wang et al, 2019).

4.3. Carbon

A significant increase in TC and OC contents signatures for all the
SW-treated samples (Fig. 2), with respect to MSWI-FA, points to the
occurrence of an organic carbon fraction weakly affected by the SW.
This is confirmed by the negative >C/*2C values, which are typical of
organic matter (Wagner et al., 2018). Interestingly, negative signatures
were obtained from analyzing the SW-treated samples both at T <500 °C
(for OC analyses) and at T > 500 °C (for TC analyses), where 500 °C is
considered the maximum temperature for the stability of organic com-
pounds (Natali et al., 2018). In particular, the TC isotopic values are
slightly more negative than the OC isotopic values, indicating the
persistence of organic matter with a strong negative signature, even
after the combustion at > 500 °C. We took into consideration the
presence of organic humic-like substances, whose aromatic structures
are thermically stable up to 700 °C (Danilin et al., 2023).

Previous studies showed that fulvic-like and humic-like substances
may be present in MSWI-FA and be partially responsible for the mobi-
lization of heavy metals due to adsorption/complexation reactions
through carboxyl/phenolic moieties (Dijkstra et al., 2006; Liu et al.,
2022). The model in Fig. 4 highlights that Cu and Cr interaction with
organic matter in raw MSWI-FA takes place also in solution, where ~
70-90 % of the dissolved species is complexed by DOM at pH ~ 7-8 and
8-10, respectively. Although a detailed investigation of the organic
matter is outside the scope of this work, it seems reasonable to suggest
that some degree of dissolution/oxidation occurs, while the associated
heavy metals either reprecipitate or are adsorbed into/onto Fe/Al oxy-
hydroxides (i.e., F3) (Liu et al., 2022; Wang et al., 2023). This may
explain the reduced release of Cr, reported in Table 2.

4.4. Final implications for MSWI-FA treatment

When compared with the conventional WW, a general improvement
is already achieved by SW8, both in terms of chloride and heavy metal
leaching (Table 2). The short exposure time, along with the low volume
of water involved, favors a kinetic-driven process, similarly to what has
been observed in a previous work about multiple-step washing (Caviglia
et al, 2022).

Overall, the SW treatment can be likened to a desalination/dechlo-
rination process, promoted by dissolution of chlorides that cover the
larger FA-particles, in combination with the mechanical removal of the
very fine particles. This washing process is also promoted by high
temperature, which has been observed to improve the dissolution ki-
netics of heavy metals-bearing phases in similar systems (Caviglia,
2022). This was sufficient to bring most of the heavy metals below their
legal leaching, the impact on heavy metals speciation was confined by
the use of steam/water at natural pH (i.e., not acidic). This is demon-
strated by the similarity of the pH-dependent leaching profiles of raw
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and treated MSWI-FA (Fig. 4).. Even though a partial removal and
conversion from F2 (carbonates/hydroxides) to F3 (adsorbed) was
observed in the speciation distribution of most heavy metals (Fig. 3 and
Table 3), the leaching mechanisms at (pseudo)equilibrium conditions
are not markedly altered by the treatment. Generally, the water-based
methods are known to be less effective than other strategies in elimi-
nating heavy metals (Ferraro et al., 2019; Qin et al., 2023). In particular,
the FLUWA/FLUREC process and thermal treatments have demon-
strated to accomplish a remarkable removal and recovery rate for Zn, Pb
and Cd (up to 99 %), through an acidic leaching coupled with electro-
winning and metal-rich vapour condensation (Zhang et al., 2021).
Although these approaches are better suited to achieving a true valori-
zation of MSWI-FA and may reach a positive environmental impact,
their implementation suffers from their significant cost. The former is
economically feasible only for ashes with very high content of metals (i.
e, > 40000 mg/kg of Zn), as a huge amount of acid is used to neutralize
the significant alkalinity of MSWI-FA (Fellner et al., 2015; Huber et al.,
2018). The latter employs high temperature regimes (between
900-1300 °C) (Huber et al., 2018; Zhang et al., 2021).

For these reasons, the stabilization/solidification with binders fol-
lowed by controlled landfilling remains the most popular strategy (Li
et al.,, 2024). In this context, SW may offer an alternative to water
washing as a pretreatment to reduce the chloride content, which is
known to negatively impact on the hydration reactions of the commonly
used Portland cement (Aubert et al., 2006; Liu et al., 2022; Li et al.,
2024). Washing pretreatment is also performed before clinkering co-
combustion to obtain eco-cement clinker (Zhang et al., 2021). More-
over, the highly concentrated wastewater may provide a valuable source
for the recovery of metals and salt, as illustrated in Fig. 5 (Date et al,
2024).

Although an in-depth Life-Cycle-Assessment is outside the scope of
this work, effectively implementing the SW approach would yet require
a thorough evaluation of two key factors: the potential revenue loss from
diverting a portion of the steam typically used for electricity generation,
and the cost savings associated with managing less hazardous waste
(Huber et al., 2018). These factors further depend on the balance be-
tween the energy spent generating the steam and the energy recovered
by the electricity cogeneration system, weighted by the electricity value
in the municipality where the WtE plant is located (Cherubini et al,
2009; Anshassi et al, 2021).

Preliminary estimation suggests that less than 1 wt% of the steam
produced by the plant in a year would be required to treat the mass of
MSWI-FA generated in the same timeframe, according to the most
drastic conditions studied (i.e., SW30). This figure may vary greatly
between different plants and countries, where, in addition, MSWI resi-
dues with very different physicochemical characteristics are generated
(Ferraro et al, 2019; Funari et al. 2023). Indeed, although the main
mechanisms of SW as described in the previous sections are expected to
be reproducible, the unusually high chloride/heavy metal content and
low basicity of the MSWI-FA employed in this study (possibly due to a
waste feed rich in unsorted kitchen waste, wood and PVC), along with
the absence of neutralization compounds more typically found in air
pollution control residue (i.e., CaClOH, Ca(OH),), limit the direct
extension of the quantitative results to all types of ashes (Zhang et al.,
2021; Wolffers et al., 2021). Based on the setup layout (Fig. 1) and water
balance in section 4.1, a partial recovery of energy and mass from the
dispersed steam during the exposure time of SW can be envisaged
through an optimization of the system, in combination with the recy-
clability of the condensed steam in the T-joint. Moreover, a two-step
treatment based on water and steam washing, as shown here, might
provide an additional viable solution for optimizing the exploited steam,
thus improving the feasibility and scalability of the process.

5. Conclusions

The study highlights the potential of steam washing (SW) as an
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effective dechlorination pretreatment for managing municipal solid
waste incineration fly ash (MSWI-FA). A detailed analytical investiga-
tion as a function of exposure time showed that SW improves chloride
removal efficiency significantly with respect to conventional water
washing, achieving over 90 % under optimal conditions (30 min), with
chloride and most heavy metals leaching reduced below legal thresholds
for non-hazardous waste. SW also facilitates partial heavy metal
removal, particularly for Cd (61-75 %), Zn (10-17 %), and Pb (6-10 %),
by promoting the dissolution of soluble fractions (F1 and F2) and
inducing reprecipitation/adsorption into more stable compounds (F3
and F5). However, the treatment’s impact on heavy metal content is
limited by its natural pH, making it less effective than acidic leaching
methods. In particular, geochemical modelling indicates that Sb
behavior is dependent on its oxidation state as Sb(V), therefore addi-
tional reducing treatments are required, to transform it into the less
mobile Sb(III).

Overall, preliminary results suggest that less than 1 % of a waste-to-
energy plant’s annual steam output is sufficient to treat its MSWI-FA,
implying reasonable feasibility with optimization. The concentrated
wastewater from SW offers additional opportunities for resource re-
covery, including salts and metals, which could enhance economic
viability.

Future research should address the variability in MSWI-FA compo-
sitions, as differences in waste streams and plant collection strategies
may affect the treatment outcomes. Furthermore, a detailed life-cycle
assessment is crucial to evaluating the environmental and economic
trade-offs of SW implementation. System optimization, such as
improving steam recovery and combining water and steam washing,
could improve efficiency and scalability. This, together with the low
volume of wastewater produced and the exploitation of a commodity
already available at the incineration plant, may position SW as a sus-
tainable alternative in MSWI-FA management strategies.
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