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Abstract: Treatments to reduce the leaching of contaminants (chloride, sulfate, heavy metals) into
the environment from bottom ash (BA) are investigated, as a function of the ash’s particle size (s).
The aim is to make BA suitable for reuse as secondary raw material, in accordance with the legal
requirements. Such treatments must be economically feasible and, possibly, have to use by-products of
the plant (in this case, steam in excess from the turbine). For the sake of completeness and comparison,
carbonation is performed on those BA particle size classes that are not positively responsive to steam
washing. BA is partitioned into four different particle size classes (s ≥ 4.75, 4.75 > s ≥ 2, 2 > s ≥ 1 and
s < 1 mm, corresponding to 36, 24, 13 and 27 wt%, respectively). In the case of s ≥ 2 mm (60 wt%),
steam washing is effective in reducing to under the legal limits the leaching of chlorides, sulfate
and heavy metals (Zn, Cu, Cd, Pb). It has been observed that steam washing causes both removal
and dissolution of thin dust adherent to the BA’s surface. BA with 2 > s ≥ 1 (~13 wt% of total BA)
requires a combination of steam washing and carbonation to achieve a leaching below the legal limits.
The finest BA fraction, s < 1 mm (~27 wt% of total BA), is treated by carbonation, which reduces
heavy metals leaching by 85%, but it fails to sufficiently curb chlorides and sulfates.

Keywords: MSWI bottom ash; particle size; steam washing; carbonation

1. Introduction

Bottom ash (BA) is the main solid residue from municipal solid waste incineration and represents
about 20–25 wt% of the whole burnt waste [1]. BA’s bulk chemical and phase compositions are
heterogeneous [2], as both depend on the particle size (s) distribution, which ranges from a few µm to
more than 100 mm. The coarser fractions (s > 4 mm) are principally composed of fragments of glass,
metals and ceramic materials, as already observed in [3–6]. The incineration process produces a solid
residue bearing a variety of contaminant species (i.e., chlorides and toxic metals), which lead BA to be
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often classified as dangerous waste [7,8]. For this reason, in several European countries (for instance:
Denmark, the Netherlands, France) BA is subject to treatments to reduce its toxic species leaching into
the environment and reuse it as secondary raw material to replace aggregates [9].

A variety of treatments have been designed, even as a function of particle size, to reduce the BA’s
leaching of contaminants, such as chlorides, sulfates and heavy metals. Among the most common
treatments there are: (i) stabilization with cement [10,11]; (ii) thermal treatments and vitrification [12–14];
(iii) washing with water [15–17]; (iv) natural carbonation, or aging [18]. Washing with water-based
solutions (largely adopted in the Netherlands), in combination with physical separation as a function of
the particle size, is very effective in removing water-soluble salts and reducing the concentration of heavy
metals and organic matter [15–17,19–21]. Metals, in turn, can be physically separated and recovered
from untreated BA > 0.5 mm by means of eddy currents and ballistic separation methods [22–24].
The present study is a contribution towards designing, at laboratory scale, a treatment process to recover
as large a BA amount as possible by exploiting steam (“steam washing”). The study employs the BA
from the latest generation municipal solid waste incineration plant of Turin (Northern Italy). The aim is
to reduce the contaminant leaching from BA to below the Italian legal limit values that are set for using
ash in geotechnical applications. In doing so, the dependence of BA on its particle size (s) is exploited.
Carbonation treatments in a regime of CO2-saturation and P ~2 bar, are employed for those BA particle
size classes for which steam washing is not effective, for reason of completeness and comparison.

Two reasons underpin the interest in steam washing:

(1) high flexibility in terms of treatment conditions, in particular: working temperature and
combination of steam with gases;

(2) benefits to the operational, economic and environmental sustainability of the municipal solid
waste incineration process, such as the development of flexible strategies that provide different
ways of exploiting by-products such as steam, nowadays destined for electricity generation and
domestic water warming.

2. Materials and Methods

BA was provided by the municipal solid waste incinerator of the metropolitan area of Turin
(Northern Italy). It was sampled at the incineration plant after cooling, from a falling stream of wet
material (see [25]), and successively quartered to obtain a representative sample of 20 kg (please,
see for details: [26]). We determined the residual water content, ~17 %, measuring the difference
by weight between pristine BA, and BA after drying at 105 ◦C for 24 hours. The loose bulk density,
~1.095 Mg·m−3, was determined by (i) filling a 500 mL cylindrical container with dried BA until they
spilt over, and (ii) levelling the top surface by rolling a rod.

The BA’s particle size distribution was measured by sieving, with openings from 1 to 4.75 mm
(see Figure S1 in the Supplementary Material). Following [26], BA was partitioned as a function of
s into four classes: s ≥ 4.75, 4.75 > s ≥ 2, 2 > s ≥ 1 and s < 1 mm, corresponding to 36, 24, 13 and
27 wt%, respectively. Details about phase and chemical compositions of the BA under investigation are
reported in [26]. The quoted paper shows that the main contaminants are sulfate, chloride, nitrate and
heavy metals (Cu, Pb, Zn, Cr, Ni, Cd). As, Be, Se, Sb, V and fluoride lie under the legal limit values.

The effects induced by treatments on BA are characterized by means of: (a) Thermo-gravimetric
Analyses (TGA), X-ray Powder Diffraction (XRPD), Scanning Electron Microscopy (SEM), Solid-State
Nuclear Magnetic Resonance (SSNMR), for solid matrixes; (b) leaching tests in deionized water, for
the determination of electrolytic conductivity, concentrations of heavy metals, chlorides, sulfates and
nitrates. The chemical composition (major, minor and trace elements) of the leachates was determined
by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS).

2.1. Steam Washing

Laboratory steam washing experiments were carried out on BA using steam from deionized water
(total balance: 0.02 L/kg/s), at P ~ 2 bar, T ~ 80 ◦C and exploring treatment times from 60 to 600 secs.
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These conditions, which do not correspond to an equilibrium regime of steam, are compatible with
a steam flux from turbines and allow for the recovery of a considerable fraction of thermal energy.
Steam washing as a function of its working conditions will be discussed elsewhere; we focus here on
the general principle and its efficacy to treat BA. A steam generator prototype designed by ETG s.r.l,
in collaboration with the Earth Science Department of the University of Turin, was employed. A steam
flow, conveyed through a pipe, is released by a nozzle and directed onto a BA sample (30–40 g) laid on
a grid, under which condensation water is then collected. The process takes place without restraining
walls, to avoid steam oversaturation. The steam’s temperature is measured by an E + E Elektronik
EE 33 sensor (operating range −40 ◦C < T < 180 ◦C, 0 < Hr <100%; accuracy for T and Hr: ±0.2 ◦ C
and Hr = ±1.3%, respectively). The flow is determined through an E + E Elektronik EE 75 flow sensor
that measures the gas velocity (sensitivity range: 0 < V < 40 m/s; accuracy: from 0.06 m/s to 2 m/s;
operating conditions: −40 < T < 120 ◦C, maximum pressure ~10 bar) and provides a pressure estimate
by Bernoulli’s equation.

2.2. Carbonation

Carbonation takes place mainly via the following net reaction:

MO(s) + CO2→MCO3

where M is a divalent cation, in particular Ca2+. More complex reactions occur as a function of the
available chemical species and chemical-physical conditions (pH, PCO2 , T). The laboratory reactor used
in the present investigation for CO2 treatments was purposely designed and assembled by Maina G. s.r.l.

CO2 was provided by a gas tank and its pressure was gauged via a manometer at the reactor.
Experiments were carried out in “closed system mode,” as follows: (1) the system was warmed to
a given temperature by a H2O-thermal reservoir surrounding the reactor and heated by a coiling
resistance; (2) temperature was measured in the reservoir and inside the reactor by a thermocouple;
(3) a feedback control system made it possible to keep the temperature constant in the reactor; (4) carbon
dioxide was allowed to flow in until the chosen pressure was achieved; (5) the system was isolated,
so that any in/out CO2 exchange was prevented and carbonation occurred.

The parameters used in carbonation experiments (T < 60–80 ◦C; duration of carbonation:
t ≤ 180 min; PCO2 ≤ 2–3 bar; CO2-saturation) are in keeping with those of previous works [27–31].
The liquid (i.e., water)-to-solid (i.e., BA) ratio was set in the range 0.2–0.4, to promote mobilization of
ions for carbonic acid formation and interaction with alkaline/alkaline-earth metals. Low temperature
carbonation reactions at 6 ◦C were performed by cooling the reactor’s outside walls with cold water.

2.3. X-ray Powder Diffraction

X-ray Powder Diffraction was used for phase composition determination. The samples were first
dried for 24 h in an oven, then manually ground (<30 µm) to minimize preferred orientation effects.
XRPD data collection was performed by a PANalytica lX’Pert Pro Bragg Brentano (θ/2θ) diffractometer,
using Cu-Kα incident radiation and operating at 40 kV–40 mA. The diffractometer was equipped
with an X’Celerator detector and an optic configuration consisting of a fixed divergence slit (1/2◦)
and anti-scatter slit (1/2◦). Samples were rotated at 16 rpm and patterns were collected between 5◦

and 80◦ 2θ-angle, with a 2θ-step size of 0.017◦. The amorphous phase quantification was carried
out by combining Rietveld and reference intensity ratio (RIR) methods [32]. High purity calcined
α-Al2O3 corundum was used as an internal standard and added to the ground samples (10 wt%).
Data refinements were performed by the software GSASII [33].

2.4. Optical Microscopy

A stereomicroscope trinocular Optika SZO-4 (Optika Microscopes, Ponteranica, Italy) with
achromatic zoom 0.67–4.5 × and additional lens 2 × (zoom factor 6.72:1) was used to examine the
surface of the bottom ash, before and after steam washing treatment.
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2.5. Scanning Electron Microscope (SEM-EDS)

Back scattered electrons (BSE) images and analyses were performed by a Scanning Electron
Microscope JSM IT300LV High Vacuum – Low Vacuum 10/650 Pa – 0.3–30 kV (JEOL USA Inc., Peabody,
MA, USA), equipped with SE and BSE detectors (typical experimental conditions: W filament, EHT
10 kV, working distance 10 mm, standard probe current). The analyses were performed in low vacuum
mode with non-coated samples of carbonated BA, to evaluate the carbon distribution over the surface,
due to the carbonation process. Regarding the other samples, graphite coating and high vacuum mode
were employed.

2.6. Leaching Tests

Leaching tests were carried out following the European standard for characterization of
waste [34–36]: (1) EN-12457-2, i.e., a leaching test in deionized water for particles with s < 4 mm, with
a Liquid-to-Solid ratio of 10/1; (2) EN-12457-4, i.e., a leaching tests in deionized water for particles
of s < 10 mm, and a ratio L/S 10/1. Leachates were analysed in terms of anions (Cl−, SO4

2−, NO3
−),

alkaline/alkaline-earth cations (Na+, K+, Ca2+) and heavy metals (As, Ba, Be, Se, Cu, Zn, Ni, Pb, Cr, Cd,
Co, V) concentrations by means of:

(i) Ion chromatography, using a Metrohm 883 IC plus instrument with a loop of 20 ml, equipped
with a column MetroSep A Supp 7 250/4.0, for anions, and a column Metrosep C4 250/4.0, for
cations. Calibration was performed by eight analysis points on a reference sample (detection
limit: ~10 µg/L);

(ii) ICP-MS Spectroscopy, using a Perkin Elmer Optima 2000 DV and applying a calibration curve
determined by four points using a Merck ICP multi-element standard solution IV (detection limit:
~1 ppb µg/L).

Leaching tests on BA samples were carried out before and after treatments, to compare the
chemical species’ concentrations in the leachates with the legal limits for waste reuse, according to the
Italian Ministerial Decree 186/2006 (see reference list [37]).

2.7. PHREEQC Modelling

Wastewater solutions, resulting from steam condensation and subsequent percolation through
BA, were modelled by calculating the saturation indices (SI) of the possible mineral phases that might
precipitate, using the PHREEQC with MINTEQ v.4 database [38]. The measured composition of the
major cations and anions and pH were provided as input.

2.8. Thermogravimetry (TGA)–Fourier Transform Infrared Spectroscopy (FTIR) Analysis

TGA curves of treated versus untreated samples allowed the determination of sequestered CO2.
About 10 mg of material was placed in a Pt crucible and heated from 30 to 900 ◦C (heating rate of
20 ◦C/min) under dynamic inert atmosphere (N2 100%, flow rate: 35 mL min−1) in a Pyris 1 TG
analyzer (PerkinElmer, Waltham, MA, USA). The gas evolved upon heating was piped (gas flow
65 mL min−1) via a pressurized heated (280 ◦C) transfer line (Redshift S.r.l., Vicenza, Italy) and analyzed
continuously by a FTIR spectrophotometer (Spectrum 100, PerkinElmer), equipped with a thermostatic
conventional gas cell. Time-resolved spectra were collected in the 4000–600 cm−1 wavenumber range
with a resolution of 0.4 cm−1 and analyzed with the Spectrum software (PerkinElmer) to identify the
nature of volatiles. Infrared profiles, of each single species desorbed from the samples, were obtained
as a function of temperature from the representative peak intensity of the investigated species.

2.9. Solid-State Nuclear Magnetic Resonance Spectroscopy (SSNMR)

13C MAS SSNMR spectroscopy allowed insights into the mechanism of carbon dioxide capture.
13C MAS spectra were recorded by a Jeol ECZR 600 instrument, operating at 600.17 and 150.91 MHz,
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respectively, for 1H and 13C nuclei. Sample preparation was as follows: (1) the ferromagnetic fraction
was manually removed by a magnet from 5 g of BA with s < 1 mm; (2) the remaining portion was
desiccated and further manually ground; (3) the powders were packed into a cylindrical zirconia rotor
with a 3.2 mm o.d. and a 60 µL volume. 13C MAS spectra were collected at a spinning speed of 20 kHz,
using a recycle delay of 20 s and a number of scans in the range 1100–3100, as a function of the sample.
A 13C 90◦ pulse of 2 µs was employed. A two-pulse phase modulation (TPPM) decoupling scheme
was used, with a radiofrequency field of 108.5 kHz. The 13C chemical shift scale was calibrated by the
methylene signal of an external standard glycine (at 43.5 ppm).

3. Results and Discussion

The reported results are the averages of sequences of independent measurements (both treatments
and related analyses were repeated) on solid fractions and leachates. A sequence achieves convergence
when the last three observations agree with each other within 30% (see [39,40]). Note that every
individual measurement of the contaminants in the leachates from BA was repeated 10–15 times.

3.1. Steam Washing

3.1.1. Leaching Reduction

The electrolytic conductivity of the leachates from steam washed BA (s ≥ 4.75 mm) decreases
as a function of the treatment time (see Figure S2 in the Supplementary Material). This provides an
indication about the residual soluble fraction of the treated BA, which are responsible for the presence
of free charge carriers in the solution. The electrolytic conductivity achieves a steady value over 180 s,
thus suggesting that the efficacy of the steam washing treatment does not increase monotonically with
time. The results related to the leaching tests on BA (s ≥ 4.75 mm) as a function of the steam washing
treatment time are shown in Figure 1 for the main contaminants.

Figure 1. Concentrations (mg/L, log scale) versus treatment time of the main pollutants after steam
washing on bottom ash (BA) with s ≥ 4.75 mm.
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Table 1 reports the main pollutant concentrations observed in leachates from BA (s ≥ 4.75 mm)
after a steam washing duration of 240 s, i.e., once the steam washing treatment has fully achieved its
maximum cleaning capacity for the particle size class under study.

Table 1. Analyses of leaching tests of BA (s ≥ 4.75 mm) untreated and treated by steam washing for
240 s, and comparison with Italian legal limits for reuse (Min. Dec. 186/2006). Standard deviations
are reported. F−, Be, V, As, Se are not set out, as they lie below the detection limits. All concentration
values are expressed in mg/L. LOQ for Cd and Co is 0.0005 µg/L.

Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb

s ≥ 4.75 mm, untreated
Average 257 54.3 0.52 0.015 0.029 0.02 0.017 0.0397 0.027 0.3 0.03
St. Dev. 6.4 2.51 0.15 0.005 0.018 0.005 0.008 0.0107 0.013 0.024 0.016

s ≥ 4.75 mm, 240 s
Average 40 19.7 0.25 0.002 0.001 0.003 <LOQ <LOQ 0.002 0.024 0.003
St. Dev. 4.6 2.13 0.2 0.001 0.0003 0.002 <LOQ <LOQ 0.002 0.015 0.002

Italian legal limit values (mg/L) 100 250 50 0.01 3 1 0.005 0.25 0.05 0.05 0.05

A 60 s steam washing can partially remove the fine dust deposited on the surface of the particles
and efficiently solubilize species like chlorides and some sulfates, whose concentrations lie significantly
above the legal limit values in the pristine material. Increasing the steam washing duration significantly
improves the removal of chlorides, sulfates and Cu: a 120 s treatment yields a Cu reduction of 50%,
though copper still remains over the legal limit value (0.1 mg/L against 0.05 mg/L), whereas Cd and
Ni are removed. After 240 s steam washing, Cu also lies under the legal limit value, along with the
other measured heavy metals. Increasing the steam washing time provides a further reduction of Cu,
although at the cost of excessive steam usage.

BA (4.75 > s ≥ 2 mm) underwent steam washing up to 600 s, as shown in Figure 2. Among the
heavy metals, the efficacy of the treatment duration on Cu and Cr is noticeable, passing from 300–400
to 600 s.

Figure 2. Concentrations (mg/L, log scale) versus treatment time of the main pollutants after steam
washing on BA with 4.75 > s ≥ 2 mm.
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Table 2 reports the case of a treatment time of 600 s. A comparison between unwashed and washed
material shows that chlorides, sulfates, Cd, Cr and Cu are reduced below the legal limit values.

Table 2. Results of the leaching tests of BA (4.75 > s ≥ 2 mm), untreated and treated by steam washing
for 600 s, and comparison with Italian legal limits for reuse (Min. Dec. 186/2006). Standard deviations
are reported. F−, Be, V, As, Se are not set out, as they lie below the detection limits. All concentration
values are expressed in mg/L.

Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb

4.75 > s ≥ 2 mm, untreated
Average 252 115 0.4 0.004 0.013 0.005 0.001 0.005 0.007 0.27 0.001
St. Dev 21.4 8.15 0.1 0.001 0.002 0.002 0.001 0.001 0.001 0.048 0.002

4.75 > s ≥ 2 mm, 600 s
Average 82 44 0.2 0.002 0.003 0.001 0.001 0.002 0.004 0.045 0.001
St. Dev. 6.6 14.6 0.08 0.001 0.003 0.001 0.003 0.001 0.002 0.012 0.001

Italian legal limit values (mg/L) 100 250 50 0.01 3 1 0.005 0.25 0.05 0.05 0.05

The results for BA (2 > s ≥ 1 mm) are displayed in Figure 3.

Figure 3. Concentrations (mg/L, log scale) versus treatment time of the main pollutants after steam
washing on BA with 2 > s ≥ 1 mm.

Two aspects are worth highlighting: (i) Cl− and SO4
2− exhibit a monotonically decreasing trend

and a quasi-linear dependence on time in the range 200–600 s. This yields a “measure” of the correlation
between treatment efficacy and time for such species; (ii) Cu follows a flat trend from 200 to 600 s, thus
suggesting that even an economically undesirable increase of the treatment time would not provide
any significant improvement in terms of copper concentration reduction.

The leachates’ compositions of the unwashed BA (2 > s ≥ 1 mm) show Cu concentrations up to
four times as large as those of the unwashed sample with 4.75 > s ≥ 2 mm, as reported in Table 3.
Leaching tests prove that steam washing does lead to a relevant decrease of chlorides, sulfates and
heavy metals like Cd and Cr, but it fails in reducing copper below the legal limit value, even with
600 s treatments.
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Table 3. Results of leaching test of BA (2 > s ≥ 1 mm) untreated and treated by steam washing for 600 s,
and comparison with Italian legal limits for reuse (Min. Dec. 186/2006). Statistical data are reported.
F−, Be, V, As, Se are not reported, as they lie below the detection limits. All concentration values are
expressed in mg/L.

Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb

2 > s ≥ 1 mm untreated
Average 594 248 0.4 0.007 0.032 0.03 0.004 0.005 0.07 1.24 0.003
St. Dev. 18.5 3.5 0.08 0.001 0.003 0.01 0.001 0.003 0.02 0.13 0.001

2 > s ≥ 1 mm, 600 s
Average 16 11.8 0.2 0.004 0.01 0.03 0.001 0.002 0.05 0.07 0.001
St. Dev. 1.13 0.9 0.081 0.001 0.001 0.01 0.001 0.001 0.01 0.01 0.001

Italian legal limit values (mg/L) 100 250 50 0.01 3 1 0.005 0.25 0.05 0.05 0.05

3.1.2. Steam Washing Mechanism

In general, steam washing affects BA by a combination of mild dissolution and mechanical
removal of the fine dust adherent to the surface of the particles. Figure 4a–f shows the BA before and
after steam washing, for all grain sizes under study, using optical microscopy observations.

Small-size particles, adherent to the surface, are observable in untreated BA samples, whereas
they are absent in samples that have undergone steam washing. An inspection of the particle edges
brings to light rougher surfaces in untreated BA than treated samples. XRPD measurements of the
dust covering untreated samples allowed us to observe the occurrence of an amorphous phase, low
crystallinity Na-K-chloride, Ca-sulfates (anhydrite and gypsum), calcite and quartz, along with other
minor phases (melilite, apatite). XRPD measurements on the solid residue of the wastewater from
steam condensation and percolation though BA (we discuss this aspect below) prove the presence of
the abovementioned phases, with the exception of NaCl, KCl, CaSO4 and CaSO4 2H2O. Table 4 sets out
the chemical composition of the wastewater. It shows that Na/K-chloride and Ca-sulfate underwent
dissolution into water (pKsp = −1.58, −0.85, and 4.36, respectively). This is further confirmed by
observing the presence of Na+, K+ and Ca2+ (not shown in Table 4) to counterbalance Cl− and SO4

2.

Table 4. Wastewater composition of steam washing on BA with s ≥ 4.75 mm, 4.75 > s ≥ 2 mm,
2 > s ≥ 1 mm (240, 600, 600 s). Be, V, As, Se and Hg are not reported, as they are below the detection
limit. All concentration values are expressed in mg/L. LOQ for Cd, Co, Ba, Pb is 0.0005 µg/L, for Ni
0.002 µg/L.

Wastewater Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb

s ≥ 4.75 mm (240 s)
Average 214 33 0.26 0.001 0.002 <LOQ 0.002 <LOQ 0.02 0.2 <LOQ
St. Dev. 16.26 6.66 0.02 0.001 0.001 <LOQ 0.001 <LOQ 0.01 0.01 <LOQ

4.75 > s ≥ 2 mm (600 s)
Average 150 51 0 0.001 0.01 <LOQ < LOQ <LOQ 0.003 0.3 <LOQ
St. Dev. 43.59 17.93 0 0.001 0.02 <LOQ < LOQ <LOQ 0.004 0.001 <LOQ

2 > s ≥ 1 mm (600 s)
Average 504 250 0.2 <LOQ 0.001 < LOQ 0.002 0.001 0.05 1.05 <LOQ
St. Dev. 53.95 0.83 0.01 <LOQ 0.001 < LOQ 0.001 0.001 0.03 0.001 <LOQ

PHREEQC modelling of the wastewater indicates a solution undersaturated with respect to NaCl,
KCl, CaSO4, and supersaturated in Ca-carbonates (calcite), Fe carbonates and Fe hydroxides, that can
precipitate into the residual solid (Table S1 in the Supplementary Material). XRPD and SEM analyses
of the solid residue confirm the presence of these phases, especially calcite, Fe oxides and hydroxides,
apatite and quartz, together with slag phases. In addition, SEM observations yield an average particle
size of the solid residue of about 700–800 µm, corroborating the removal of the fine fraction (BA with
s < 1 mm) from the surface of coarser BA during treatment (Figure 5).
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Figure 4. BA with s ≥ 4.75 mm before (a) and after (b) steam washing; BA with 4.75> s ≥ 2 mm before
(c) and after (d) steam washing. Optical magnification 7.7×.; BA with 2 > s ≥ 1 mm before (e) and after
(f) steam washing. Optical magnification 10 ×.
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Figure 5. SEM images of solid residue removed during steam washing. SEM-EDS observations show
a complex composition of both crystalline and slag phases (where no mineral could be identified
the composition is reported in cement notation): 1. FeOx; 2. TiO2; 3. Pyroxene; 4. Apatite; 5. CAS;
6. Mg-spinel; 7. CA.; 8. Calcite; 9. Quartz. (Experimental conditions: W filament, accelerating voltage
15 kV, working distance 10 mm, high probe current, magnification 200×).

The molar composition of the original BA, in terms of heavy metals, fulfills the following
relationship: Zn > Cu > Cr > Cd > Pb. In the wastewater, the highest concentrations of heavy metals
are provided by Cu, Cr, Zn, while and Cd and Pb are usually very low. Cu concentrations are higher in
the finer grain size classes (2 > s ≥ 1 mm) than in the coarser ones, as already seen in [26].

Table 5 reports the global mass balance we measured in steam washing treatments, in terms of
(i) dissipated steam (i.e., dispersed in the environment. This fraction can be recovered up to ~80%;
we do not discuss this point as it strays off the general purpose of the present work); (ii) retained water
(i.e., adsorbed by the BA surface); (iii) wastewater (i.e., water collected from trickling across BA after
condensation, and giving a leachate); (iv) weight loss (i.e., difference in mass between treated and
untreated BA).

Table 5. Mass balance of the steam washing treatment referred to the three grain size classes investigated.
The weight loss refers the BA weight difference after and before treatment; retained water, dissipated
steam and wastewater fractions are referred to the initial water balance. Weight loss is expressed on
dry weight.

Grain Size BA Time (s) Retained
Water (wt%)

Dissipated
Steam (wt%)

Wastewater
(wt%)

Weight Loss
(wt%)

≥4.75 mm 240 3 91 6 0.4
4.75 mm > s ≥ 2 mm 600 2 85 13 5

2 mm > s ≥ 1 mm 600 13 75 12 10

We compare the retained water figures of the BA classes having s ≥ 4.75 and 2 ≤ s < 4.75 mm,
neglecting the differences in terms of surface tensions [41] at the interface solid–liquid–vapor.
Leaving aside any claim of precision, we extrapolate the retained water of BA (s ≥ 4.75 mm) to
600 s. In doing so, we obtain a negative and unrealistic value, due to low accuracy, which nevertheless
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suggests a remarkably smaller figure than BA (4.75 > s≥ 2 mm), i.e., 2 wt%. This result is consistent with
BA (4.75 > s≥ 2 mm) exhibiting a larger specific surface area than BA (s≥ 4.75 mm). We stress the crucial
role played by the particle size, which reflects not only a purely dimensional aspect, but accounts also
for deeper differences between the materials involved (large BA are mainly composed of quasi-inert
ceramic/glass fragments, whereas small BA also include new products formed upon heating).

In the case of BA (s < 1 mm), steam washing is difficult, as it induces flocculation phenomena
that require additional dispersants to properly counterbalance agglomeration (Na-silicate ~0.1 wt%;
Na-carbonate ~0.02 wt%; phosphonate ~0.06 wt%). Small particles have a large specific surface
area [26], which makes them active exchangers and affects the ionic strength of the resulting solution
(~45 mmol/L), thus engendering flocculation [42].

3.2. Carbonation

Carbonation was explored on BA (2 > s ≥ 1 mm) and BA (s < 1 mm), namely the cases for
which steam washing is not fully effective, as discussed above. Only the most salient results for BA
(s < 1 mm) are set out in Table 6; the results achieved for BA (2 > s ≥ 1 mm) are shown by Table S2,
in the Supplementary Materials. As for BA (2 > s ≥ 1 mm), carbonation is successful in reducing
Cu concentration below the legal limit (T = 60 ◦C; P = 2 bar; t = 60 min), although it fails in curbing
sulphate and chloride sufficiently.

Table 6. Carbonation of BA s < 1 mm (T = 6, 20, 60 ◦C; t = 60, 180 min; L/S = 0.3), PCO2 = 2 bar. Standard
deviations are set out. Concentration values are expressed in mg/L.

Time, Temperature Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb

Untreated, 20 ◦C 1223 378 1.15 0.063 0.065 0.068 0.118 0.148 0.15 3.065 0.02
St. Dev. s < 1 mm 124.1 51 1.04 0.01 0.044 0.039 0.013 0.021 0.014 0.093 0.008

60 min, 20◦C 1185 354 0.63 0.056 0.107 0.133 0.142 0.156 0.135 0.786 0.097
St. Dev. s < 1 mm 120.8 24.2 0.05 0.001 0.013 0.012 0.041 0.007 0.014 0.118 0.028

60 min, 60 ◦C 792 152 3.48 0.002 0.006 0.067 0.003 0.001 0.006 0.483 0.001
St. Dev. 2 1 0.03 0.001 0.012 0.006 0.006 0.001 0.006 0.042 0.008

180 min, 20 ◦C 1116 253 0.57 0.007 0.11 0.046 0.001 0.002 0.02 0.045 0.003
St. Dev. 210 68 0.05 0.005 0.009 0.075 0 0.001 0.01 0.005 0.002

Italian legal limit values (mg/L) 100 250 50 0.01 3 1 0.005 0.25 0.05 0.05 0.05

Carbonation treatments yield unambiguously decreasing trends of all contaminants upon
increasing temperature and/or time. Chlorides and sulfates remain above legal limit values, whereas
Cu suffers a drastic reduction and after 180 min, treatment lies below the legal limits.

Using TGA-FTIR, (Figure 6) we estimated the sequestered CO2 amount, by comparing the weight
change of carbonated BA with respect to the pristine bottom ash samples, and obtained figures in the
range 3.7–5.6 wt%, with an average of ~5 wt%.

XRPD measurements and Rietveld refinements, carried out on all treated and untreated samples,
yield a slight average increase in calcite of ~3 wt% due to carbonation (Figure 7). Therefore, it can
be concluded that ~25–30 wt% of the provided CO2 has been sequestered into crystalline calcite.
13C MAS SSNMR spectroscopy [43,44] exhibits signals in the carbonate region, i.e., 165–170 ppm,
and the strongest peak at 168.2 ppm is attributable to calcite [45]. A remarkable increase of the calcite
signal intensity is visible in the treated samples (Figure 8).

On the one hand, XRPD and SSNMR (Figure 8) agree to attribute to calcite a prominent role in
sequestering CO2; on the other hand, both methods show a broadening of the calcite signals, thus
suggesting occurrence of low crystallinity/amorphous structures and carbonate other than calcite.
This is in keeping with the composition provided by [26] for BA (s < 1 mm), in which the following
molar ratios Pb/Ca = 3.5 × 10−4, Zn/Ca = 1.4 × 10−2, Cu/Ca = 7.5 × 10−3, confirm that Ca-carbonate
is by far the most likely to form. The low leaching of Cu-Ni-Cr-Pb-Cd [28,46] in the observed pH
range (8–8.5), the stability of carbonate in a CO2-saturated solution [47] and the low solubility products
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of transition metal carbonate (~10−9–10−14, copper-lead carbonate) point to heavy metals entering
carbonate structures that exhibit different degrees of crystallinity.

Carbon EDS maps (~25 106 analysis points) recorded by SEM-EDS (Figure 9) from a suite of treated
versus untreated BA grains yield an average increase of carbon (∆C) from 8.6(±3) to 15.7(±5) wt%.
The “flat” gaussian distribution of ∆C (µ = 7.1, σ = 6.8) implies ∆C > 0 with a probability larger than
83.7%, thus hinting at carbonation processes spread across the sample’s surface.

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 18 

Table 6. Carbonation of BA s < 1 mm (T = 6, 20, 60 °C; t = 60, 180 min; L/S = 0.3), PCO2 = 2 bar. Standard 
deviations are set out. Concentration values are expressed in mg/L. 

Time, Temperature Cl− SO42− NO3− Ni Zn Ba Cd Co Cr Cu Pb 
Untreated, 20 °C 1223 378 1.15 0.063 0.065 0.068 0.118 0.148 0.15 3.065 0.02 
St. Dev. s < 1 mm 124.1 51 1.04 0.01 0.044 0.039 0.013 0.021 0.014 0.093 0.008 

60 min, 20°C 1185 354 0.63 0.056 0.107 0.133 0.142 0.156 0.135 0.786 0.097 
St. Dev. s < 1 mm 120.8 24.2 0.05 0.001 0.013 0.012 0.041 0.007 0.014 0.118 0.028 

60 min, 60 °C 792 152 3.48 0.002 0.006 0.067 0.003 0.001 0.006 0.483 0.001 
St. Dev.  2 1 0.03 0.001 0.012 0.006 0.006 0.001 0.006 0.042 0.008 

180 min, 20 °C 1116 253 0.57 0.007 0.11 0.046 0.001 0.002 0.02 0.045 0.003 
St. Dev.  210 68 0.05 0.005 0.009 0.075 0 0.001 0.01 0.005 0.002 

Italian legal limit values (mg/L) 100 250 50 0.01 3 1 0.005 0.25 0.05 0.05 0.05 

Carbonation treatments yield unambiguously decreasing trends of all contaminants upon 
increasing temperature and/or time. Chlorides and sulfates remain above legal limit values, whereas 
Cu suffers a drastic reduction and after 180 min, treatment lies below the legal limits.  

Using TGA-FTIR, (Figure 6) we estimated the sequestered CO2 amount, by comparing the 
weight change of carbonated BA with respect to the pristine bottom ash samples, and obtained 
figures in the range 3.7–5.6 wt%, with an average of ~5 wt%. 

 
Figure 6. BA with s < 1 mm. Grey lines: BA not treated; black lines: BA carbonated; Solid lines: TG; 
Dashed lines: derivatives recorded as function of temperature for untreated sample (grey) and 
carbonated sample (black). The case of BA with s < 1 mm, at T = 60 °C, PCO2 = 2 bar, t = 60 min and a 

water content of L/S = 0.3 is shown, by way of example. In the temperature range from 30 to 540 °C, 
both samples exhibited qualitatively similar thermal behavior, characterized by the release of 
adsorbed H2O and small amounts of CO2. At higher temperatures, an important weight loss occurs 
for both samples (~747 °C), accompanied by a release of CO2, which can be ascribed to the 
decomposition of carbonate. The weight loss observed in the temperature range between 560 and 840 
°C for untreated (~6.5 wt%) and carbonated BA (~11.5 wt%) yields a net sequestered CO2 amount as 
large as approximately 4–5 wt%.  

Figure 6. BA with s < 1 mm. Grey lines: BA not treated; black lines: BA carbonated; Solid lines:
TG; Dashed lines: derivatives recorded as function of temperature for untreated sample (grey) and
carbonated sample (black). The case of BA with s < 1 mm, at T = 60 ◦C, PCO2 = 2 bar, t = 60 min and a
water content of L/S = 0.3 is shown, by way of example. In the temperature range from 30 to 540 ◦C, both
samples exhibited qualitatively similar thermal behavior, characterized by the release of adsorbed H2O
and small amounts of CO2. At higher temperatures, an important weight loss occurs for both samples
(~747 ◦C), accompanied by a release of CO2, which can be ascribed to the decomposition of carbonate.
The weight loss observed in the temperature range between 560 and 840 ◦C for untreated (~6.5 wt%) and
carbonated BA (~11.5 wt%) yields a net sequestered CO2 amount as large as approximately 4–5 wt%.
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Figure 7. Average phase compositions of treated (post carb) versus non treated (NT) samples, inferred
by X-ray Powder Diffraction on BA (s < 1 mm). Treatment conditions: PCO2 = 2 bar, L/S = 0.3, T = 20 ◦C
and time = 180 min. The results shown are obtained as the average of five independent samplings and
related XRPD data collections for either sample.

Figure 8. 13C (150 MHz) MAS spectra of untreated (NT) and two carbonated, T = 60 ◦C, PCO2 = 2 bar,
t = 60 min and L/S = 0.3, (Postcarb) BA samples (s < 1 mm), acquired at room temperature at a spinning
speed of 20 kHz. Following a convention of NMR data, the Y axis, which reports an arbitrary unit,
is missing. The broad peak at about 108 ppm is a spurious signal due to the rotor background.
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Figure 9. SEM images of carbonated BA samples (s < 1 mm). SEM-EDS observations show BA
grains < 1 mm after treatment, highlight the complex and aggregate structure of such particles.
(Experimental conditions: W filament, accelerating voltage 15 kV, working distance 10 mm, standard
probe current, magnification 180×, top, and 220×, bottom).

4. Conclusions

The study demonstrates that steam washing allows a successful treatment of BA. This novel
approach leads to a decrease of chlorides and heavy metals leaching from treated BA, to under the
Italian legal limits. Analyses of the solid and liquid residues resulting from steam washing point to the
occurrence of both a mild dissolution of the most soluble components (chlorides and sulfates) and a
mechanical removal of the finer dust adherent to the larger particles’ surface. This method has been
tested by employing a steam similar to that coming from the circuit dedicated to the production of
electricity used in urban district heating; this energy resource is always available in all waste-to-energy
plants equipped with a cogeneration system.

Particle size separation has been proven useful to tune the time of steam exposure for both
maximizing the efficacy of the treatment and minimizing steam usage. The BA fraction with s ≥ 4.75 mm
(36 wt%) requires 240 s to reach neutralization, while the intermediate fraction with 4.75 > s ≥ 2 mm
(24 wt%) needs a longer exposure, up to 600 s. Chlorides and sulfates, as well as heavy metals, are
reduced under the legal limits, only by steam washing. Thus, these BA fractions can be considered
suitable for reuse.

BA (2 > s ≥ 1 mm) is positively treated by steam washing (600 s) for chloride and sulfate, reduced
up to 95%, whereas carbonation is successful in reducing the leaching of heavy metals, especially
copper, which decreases by 90%, being under the legal limit. Therefore, this fraction could be recovered
by a combination of steam washing and accelerated carbonation. Steam washing affects BA by a
combination of mild dissolution and mechanical removal of the fine dust adherent to the surface of the
particles, demonstrated by both the XRPD and SEM analysis on the solid residue of the wastewater,
and the chemical composition of the wastewater.
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Steam washing cannot be conveniently employed for very fine BA (s < 1 mm), because the large
surface area induces flocculation phenomena that require dispersants. Carbonation, in turn, allows
the reduction of heavy metals to below the legal limits, but it fails to sufficiently curb chloride and
sulfate. On the BA fraction with s < 1 mm, accelerated carbonation is effective in reducing heavy metals
after 180 min of treatment (PCO2 = 2 bar, T = 20 ◦C, L/S = 0.3), especially copper, which is reduced
under the legal limit. Chlorides and sulfates yet remain over the legal value. XRPD, TGA coupled
with FTIR, and NMR analyses show that carbonation mainly takes place in terms of formation of
carbonate compounds, which are represented by calcite (major phase) with a low degree of crystallinity.
XRPD measurements and Rietveld refinements, carried out on all treated and untreated samples,
yield a slight average increase in calcite of ~3 wt%, due to carbonation. A remarkable increase of
the calcite signal intensity is also visible by 13C MAS SSNMR spectroscopy in the treated samples.
XRPD and SSNMR agree to attribute to calcite a prominent role in sequestering CO2; both methods
show a broadening of the calcite signals, thus suggesting occurrence of low crystallinity/amorphous
structures and carbonate other than calcite.

These results suggest that further investigations of physical and chemical parameters controlling
steam washing will consolidate this method for the improvement of the environmental compatibility
of coarse bottom ashes. The finer fractions of BA require further studies on their stabilization aimed at
reuse and environmental suitability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/22/9461/s1,
Figure S1: Particle size distribution of BA investigated in the present study; Figure S2: Conductivity (µS/cm)
versus time (s) of leachates of BA after steam washing treatments; Table S1: PHREEQC modelling results of
BA (2> s ≥1 mm) wastewater solution, using MINTEQ v.4 database; Table S2: Carbonation of BA 2 > s ≥ 1 mm
(T = 60 ◦C; t = 60, L/S = 0.2), PCO2 = 2 bar.
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