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Abstract: Municipal solid waste incineration fly ash (FA) can represent a sustainable supply of
supplementary material to the construction industries if it is pre-treated to remove hazardous
substances such as chloride, sulfate, and heavy metals. In this paper, the phenomenology associated
with a water washing multi-cycle treatment of FA is investigated, focusing attention upon the mineral
dissolution process. The efficacy of the treatment is assessed by leaching tests, according to the
European Standard, and discussed in light of the occurring mineral phases. The water-to-solid
(L/S) ratio is a crucial parameter, along with the number of washing cycles, for removing halite and
sylvite, whereas quartz, calcite, anhydrite, and an amorphous phase remain in the solid residue.
The sequential extraction method and dissolution kinetics modelling provide further elements to
interpret leaching processes, and suggest that dissolution takes place through a two-step mechanism.
Altogether, multi-step washing with L/S = 5 is effective in reducing contaminants under the legal
limits for non-hazardous waste disposal, while the legal limits for non-reactive or reusable material
cannot be completely reached, owing to sulfate and some heavy metals which still leached out from
the residue.

Keywords: MSWI fly ash; multiple washing; kinetics of dissolution; mineralogy; reuse

1. Introduction

Municipal solid waste incineration (MSWI) is, nowadays, a widespread technology for
MSW disposal all over the world, allowing energy recovery and waste volume reduction of
~20–25 vol% [1,2]. Fly ash (FA) is a finely powdered waste that forms as a by-product in the
flue gas purification system of MSWI and accounts for up to ~2–3% of the total waste [3,4].
MSWI-FA is classified as a hazardous waste by the European regulatory authorities [5] and
contains CaO, SiO2, SO3, Fe2O3, Al2O3, and MgO as major oxides, commonly associated
with water-leachable heavy metals (metal or metalloids with atomic number greater than
20, density above 5 g/cm3). The main mineralogical composition comprises several salts
(in particular halide, sulfate, carbonate), along with a relevant amorphous fraction (up
to 50 wt%) [6–12]. Because of these features, the recycling of MSWI-FA for profitable
applications is challenging. For instance: the presence of carbonate salt and metal oxides
leads to a highly basic natural pH (~10–12) [13–16]; the chloride content promotes corrosion
of reinforced concrete structures [17]; the high water-absorption capacity of hygroscopic
CaCl2 causes low workability of lime scrubber-treated MSWI-FA [18].

Presently, in many countries MSWI-FA is landfilled [19,20], but efforts are being
steered towards its recovery and reuse in the production of building materials [14,21,22].
The re-valorization of MSWI-FA, or at least its safe disposal, is primarily related to being
able to enhance its stability in water and curb as much as possible its heavy metal leaching,
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using treatments of low environmental impact that are economically sustainable. Among
the most common treatments to remove/curb chloride and heavy metals (primarily Zn,
Pb, Cu, and Cd) are: washing with water, deionized, or added with basic leaching sol-
vents [23–25]; thermal treatments in rotary kilns [26]; bioleaching (or microbial leaching, a
biohydrometallurgical technology that can be applied for metal recovery) [27]; electrolytic
treatments [28,29]; carbonation, reacting with CO2 to produce stable carbonate [30]; and
geo-polymerization, a geosynthetic reaction of aluminosilicate minerals in the presence of
an alkali solution at low temperatures, to stabilize and immobilize fly ash [31,32].

Washing treatments, especially with acid additives, have been shown to provide the
highest efficacy in terms of heavy metal removal, but they usually require a long time and
a considerable amount of water (liquid/solid, L/S, ratio of 25–10 and duration of 1 h, [33]),
often in combination with additives that improve the solving capacity of the solution but at
the cost of managing further potential pollutants [34].

In the present work, washing water cycles were performed to help answer the following
general question: “To which extent can the original fly ash be transformed into a product
that is a non-hazardous waste, and possibly reusable, exploiting a treatment that relies
upon iterative water washings only and uses comparatively small liquid/solid ratios?” In
particular, the focus is on how such a treatment changes the mineralogical phase composi-
tion and heavy metal speciation distribution, to shed light on its efficacy to reduce chloride,
sulfate, and heavy metal leaching from MSWI-FA.

2. Materials and Methods
2.1. Sampling and Subsampling Preparation

Fly ash was sampled at the MSW-incineration plant of Turin (Northern Italy) over
a time interval of twenty weeks in 2021. A total of about 50 kg MSW-FA was quartered
on site and stored at room temperature in polyethylene bottles for further analyses. Each
sample used for our investigations amounted to about 1 kg; it was obtained by mixing
and homogenizing fly ash by means of a laboratory riffle splitter. Eventually, sample
preparation is completed by a drying cycle at 105 ◦C for 24 h. The particle size distribution
ranges from 25 to 500 µm with a D50 ≈ 80 µm, but over 90 wt% MSW-FA lies between 250
and 53 µm (Figure S1 of Supplementary Material).

The bulk chemical composition of MSWI FA of the Turin plant was characterized by
Na (27.6 wt%), Ca (12.9 wt%), Cl (10.1 wt%), S (10.3 wt%), K (4.65 wt%), and Fe (0.75 wt%)
as major elements. Among heavy metals, Zn, Ti, and Pb exhibit the largest concentrations
with 1.38 wt%, 0.48 wt%, and 0.311 wt%, respectively [12].

2.2. Falling Head Water Washing Implementation

Each water washing cycle is constituted by a water flow traversing MSWI-FA, im-
plemented according to the water washing “falling head” (FH-WW) geometry (Figure 1)
MSWI-FA particles are loosely packed by mechanical compacting, to have an average
dry density in the range of 0.6–0.7 g/cm3. Deionized water is used to fill the free head
(Chamber 1, Figure 1).

Washing water flows downwards through MSWI-FA inducing mineral dissolution
reactions [35], which are affected by (i) mineral solubility and related kinetics, (ii) degree of
packing, and (iii) total time of water percolation; the latter is proportional to the amount of
water used. MSWI-FA is laid on a paper filter (with a thickness of 0.21 mm and a particle
retention of 10–15 µm) that retains the solid fraction, letting the resulting solution pass
through and be collected in the second chamber of Figure 1. Such a process is formalized
by Darcy’s law [36], i.e.,

∆V
A× ∆t

=
∆h
∆t

= −K
h
H

(1)

where A = head’s section; ∆V = head’s change in ∆t; h = head’s height; ∆h = height’s
change in ∆t; H = thickness of the sample; K = hydraulic permeability. K has long been
known to primarily depend on particle size and bulk density, both varying as a function
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of time because of the changes induced by the dissolution of the mineral particles [37]. If
Equation (1) is recast into its differential form and then integrated, one obtains:

H × ln
(

h(t)
h(ti)

)
= −

∫ t

ti

K(t)dt = ϕ(t) (2)

where ti is the time at which the experiment starts and h(ti) is the height of the head at
the start. A preliminary exploration of the experimental parameters (H, A and L/S = ratio
between solvent mass and solid mass, at the start of the experiment) that are related to one
another via

L/S =
h(ti)× ρliquid × A

H × ρbulk × A
=

(
h(ti)

H

)
×
(

ρliquid

ρbulk

)
(3)

where ρliquid and ρbulk are washing liquid density and MSWI-FA bulk density, respectively,
has been carried out. In particular, A and H are set equal to 20 mm2 and 30 mm, respectively,
so that once L/S is chosen, Equation (3) allows univocal determination of h(ti), and the
experimental parameter space to be explored reduces to 1D, via Equation (2). Then, the
smallest L/S value that makes it possible to observe a linear dependence of φ(t) at a
confidence level of at least 10σ is sought. In fact, a dependence of K on t is associated with
changes of MSWI-FA’s packing, induced by particle readjustment and mineral dissolution.
In this case, an L/S ratio of 5 fulfills the mentioned requirements.
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Figure 1. Scheme of the multi-step water washing.

The wastewater that is collected from percolation undergoes filtration for depuration
of the contaminant species leached out from MSWI-FA, and it is then used as a regenerated
solvent for a new washing step (the depuration process is outside of the present paper’s
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purpose). Here the focus is on the assessment of the methodology using a low electrolytic
conductivity water. Specifically, attention is concentrated on (i) the role of the washing
water’s initial temperature (T) in relation to the kinetics of the dissolution reactions, and
(ii) effects induced by washing cycles.

2.3. X-ray Powder Diffraction (XRPD)

The MSWI-FA phase composition was determined by X-ray Powder Diffraction mea-
surements using a para-focusing geometry Rigaku Miniflex 600, with Cu-Kα incident
radiation, operating at 40 kV–15 mA. The diffractometer is equipped with a DTex 250 de-
tector and optic configuration consisting of a fixed divergence slit (1/2◦) and anti-scatter
slit (1/2◦). XRPD patterns were collected on pre-dried powdered samples between 2θ in
the range of 3–70◦, with a 2θ-step size of 0.02 and scan speed of 0.5◦/min. The amorphous
phase content was determined by Rietveld analysis, using high-purity calcined α-Al2O3
as an internal standard (15 wt%). Data refinements were carried out by the software
GSASII [38]. The Rietveld strategy involved the refinement of 15 Chebyshev polynomial
background coefficients, zero parameter, cell parameters, phase fractions, isotropic crystal
size, and isotropic microstrain of each phase. For some phases (i.e., gypsum), the preferen-
tial orientation effect was considered by employing the March–Dollase model implemented
in GSASII. Preliminary phase identification was performed using the PDF-4 2020 database.

2.4. Washing and Leaching Tests

Water washing treatments (24 h shaking; L/S between 2 and 50) were performed
in triplicate to determine the concentrations of chloride, sulfate, and heavy metals that
are leached out as a function of L/S. Standard leaching tests (EN 12457-2, 2002) coincide
with washing tests at L/S = 10 (i.e., 10 mL/g) and were performed on both classically
water-washed samples and FH-WW samples.

Ion Chromatography (IC) measurements were carried out to measure the major anions
and cations in leachates, using a Metrohm 883 Basic IC plus instrument, with a loop of
20 mL, and calibration relying upon 8 analysis spots on a reference sample (detection limit:
10 µg/L).

Inductively coupled plasma mass spectrometry (ICPMS) was performed using an
Agilent 7500 ICP-MS to measure minor/trace elements with a detection limit ≤ 1 ppt for
the list of analyzed elements.

2.5. Sequential Extraction Method

A modified five-step sequential extraction method [39] was employed to gain insight
into heavy metal speciation distribution. Details about the procedure are provided in the
Supplementary Material.

3. Results
3.1. Washing Tests

Room-temperature washing tests provide a reference for MSWI-FA dissolution as a
function of L/S, assuming a constant treatment duration of 24 h; data are set out in the
Supplementary Material (Table S2) and summarized in Figure 2a,b. For convenience, the
leached ions are divided into two main categories: Σmajor ions, i.e., the sum of Na, K, Ca,
Mg, bromide, fluoride, chloride, sulfate, and nitrate; and Σheavy metals, i.e., the sum of Cr,
Ni, Cu, Zn, Cd, Fe, Ba, and Pb.

The Σheavy metals exhibits high sensitivity to the L/S ratio, as suggested by a change of
75–80% on the L/S-range 5–50. This hints at an expected relevant role of L/S in promoting
removal of heavy metals. As for Σmajor ions, a change of 25–30% occurs in the L/S-range
5–50; such a figure is comparable to the one observable in the case of weight loss.

At L/S ≥ 10, the concentrations of chloride and sulfate become weakly dependent
on time for a treatment duration over 10 min, approaching the almost invariant val-
ues of 8698 ± 100 and 3085 ± 91 mg/L, respectively, and reaching the highest EC values
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(Figures S3 and S4). Conversely, heavy metals do not show definite trends as a func-
tion of washing time, as proven by the comparatively small oscillations in concentra-
tion observable in the range of 10–1440 min (average ± e.s.d.: Cr = 6.08 ± 0.02 mg/L,
Ni = 0.32 ± 0.06 mg/L, Zn = 3.99 ± 0.07 mg/L, Cd = 4.65± 0.05 mg/L, Fe = 22.4 ± 1.22 mg/L,
Pb = 1.29 ± 0.55 mg/L).
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Figure 2. Washing treatments: 24 h duration. (a) Σmajor ions = Na, K, Ca, Mg, bromide, fluoride,
chloride, sulfate, and nitrate (filled circles), and Σheavy metals = Cr + Ni + Cu + Zn + Cd + Fe + Ba + Pb
(empty squares), versus L/S. Figures are normalized to their maximum values in terms of Σmajor ions

and Σheavy metals. (b) Weight loss (triangles) of MSWI-FA versus L/S because of mineral dissolution
due to washing.

XRD measurements on original MSWI-FA reveal (Table 1) the occurrence of minerals
such as halite (NaCl; 12 wt%), sylvite (KCl; 8 wt%), syngenite (K2Ca(SO4)2·H2O; 7 wt%),
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anhydrite (CaSO4; 10 wt%), calcite (CaCO3; 6 wt%), quartz (SiO2; 2 wt%), and gehlen-
ite (Ca2Al2SiO7; 4 wt%), along with over 50 wt% of amorphous fraction. The washing
treatment induces partial hydration of anhydrite into either bassanite (CaSO4·0.5H2O), for
L/S = 2, or gypsum (CaSO4·2H2O), for L/S > 2, while highly soluble salt (halite, sylvite,
and syngenite) are almost completely dissolved for L/S > 5, thus resulting in a relative
increase of the less soluble phases, such as quartz (5 wt%) and anhydrite (17 wt%). The
fly ash particle size distribution becomes coarser after washing, since the finer fraction,
represented mainly by salts, has dissolved.

Table 1. Mineralogical composition (wt%) of fly ash: fly ash before washing test and fly ash residual
solid (Res) after washing test at different L/S. Crystalline phase content is estimated with an error of
1% wt, while amorphous fraction content is estimated with an error of 5% wt.

wt% Bulk Fly
Ash Res.L/S 2 Res.L/S 5 Res.L/S 10 Res.L/S 20 Res.L/S 50

Halite 12 6 4
Sylvite 8 2
Calcite 6 6 6 7 8 7

Syngenite 7 5 2
Anhydrite 10 12 13 14 15 14

Quartz 2 2 4 6 5 6
Bassanite 8
Gypsum 11 12 10 12
Gehlenite 4 5 6 6 6 6

Amorphous 51 54 54 55 56 55

3.2. Falling Head Water Washing (FH-WW)

The change in composition of the solution from the water suspension with MSWI-
FA is shown as a function of the washing steps (Nws), setting L/S = 5, T = 25 or 80 ◦C.
In particular, three classes of observables are considered, namely, pH, Ct(Σmajor ions), and
Ct(Σheavy metals), to help point out the changes induced in MSWI-FA because of a flow
of washing water. Ct(Σmajor ions) and Ct(Σheavy metals) define the cumulative leaching con-
centration as a function of the washing steps and provide a measure of the capacity of
FH-WW to extract and bring into solution contaminants, thus removing them from the dry
residue (Figure 3). First, it is possible to notice that water takes ~2 min to pass through a
MSWI-FA sample at T = 80 ◦C, and ~4 min in the case of T = 25 ◦C, because of an increase
of the dissolution kinetics with temperature, thus accelerating percolation. All this is in
keeping with the fact that, at 80 ◦C, the weight loss after 5 and 12 washing steps is 18 and
21 wt%, respectively; such figures change into 17 and 19% at room temperature. In all
cases (Figure 3, top and bottom) the cumulative leaching concentration increases very
rapidly and then shows steady trends: quasi-flat for ∑major ions versus relatively steep for
∑heavy metals, the latter exhibiting a T-dependent slope (dCt(∑heavy metals)/dNws = 0.612 and
2.603 mgL−1/cycle, for T = 25 and 80 ◦C, respectively; Nws-range = 5–12).

The concentration trends qualitatively suggest that: (i) the effect of temperature is mod-
est on chloride and sulfate removal, while becoming more relevant for heavy metals; (ii) the
achievement of a quasi-steady state for most of the ions is observable after 6–7 washing
cycles, though Ca2+, Pb, Zn, and SO4

2− continue slightly increasing their concentrations
from the ninth washing treatment onwards. Conversely, the pH trend, expressed as the
average between the values measured at T = 25 ◦C and 80 ◦C, oscillates around a basic
value of the averaged value of 11.2 ± 0.4 (Figure 4) and stabilizes around 10.9 (Figure 4).
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3.3. Leaching Tests

Leaching tests (Table 2), applied to the dry solid residue after FH-WW (Nws up to 30),
show that Cr, Ni, Cd, sulfate, and fluoride are still over the Italian legal limits for reuse [38].
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Comparing Nws = 5 with Nws = 12, a significant difference is apparent in the case of Na, K,
Ca, chloride, sulfate, and Cr, which exhibit high sensitivity to dilution.

Table 2. Leaching test (L/S = 10) of the solid residue of FA after five- and twelve-step FH-WW at
80 ◦C and five-, twelve-, and thirty-step FH-WW at 25 ◦C. Explanation 1: Nws = 5, L/S = 5, T = 80 ◦C;
2: Nws = 12, L/S = 5, T = 80 ◦C; 3: Nws = 5, L/S = 5, T = 25 ◦C; 4: Nws = 12, L/S = 5, T = 25 ◦C; 5: Nws

30, L/S = 5, T= 25 ◦C; 6: 24 h washing L/S = 50, T = 25 ◦C; 24 h washing, L/S = 5, T = 25 ◦C. Legal
limits according to: [40,41].

1 2 3 4 5 6 7
Not

Reactive
[40]

Non
Hazardous

[40]
Hazardous Reuse

[41]

E.Cond. (µs/cm) 1650 1037 1858 1500 1340 1400 3160
pH 9.6 9.6 9.7 9.2 9.2 9.1 9.4 5.5–12

Na (mg/L) 36 15 45 25 20 41 167
K(mg/L) 37 31 58 15 9 31 159

Ca (mg/L) 440 240 409 329 311 273 365
Mg (mg/L) 0.3 0.2 0.3 0.3 0.2 0.6 7

Chloride (mg/L) 51 43 100 83 73 125 500 80 2500 2500 100
Bromides (mg/L) 0.5 n.d. 3.4 2.8 n.d. 1.1 n.d.
Fluorides (mg/L) n.d. 1.1 1.7 2 1.2 0.5 n.d. 1 15 50 1.5

Sulfate (mg/L) 574 431 860 662 578 475 920 100 5000 5000 250
NO3

− (mg/L) 0.4 n.d. n.d. 0.8 n.d. 1.3 n.d. 50
Cr (mg/L) 0.18 0.10 0.08 0.03 0.06 0.13 0.25 0.05 1 7 0.05
Ni (mg/L) 0.09 0.08 0.02 n.d. 0.05 0.06 0.11 0.04 1 4 0.01
Cu (mg/L) 0.04 0.05 n.d. n.d. n.d. n.d. n.d. 0.2 5 10 0.05
Zn (mg/L) 0.1 0.2 n.d. n.d. 0.005 0.05 0.04 4 5 20 3
Cd (mg/L) 0.02 0.02 n.d. n.d. n.d. n.d. n.d. 0.004 0.1 0.5 0.005
Ba (mg/L) 0.12 0.12 0.04 0.08 0.06 0.11 0.1 2 10 30 1
Pb (mg/L) 0.04 0.05 n.d. n.d. n.d. 0.005 n.d. 0.05 1 5 0.05

At T = 25 ◦C, leaching tests indicate that a five-step treatment is not sufficient to reduce
Cr, Ni, Cd, fluoride, and sulfate below the legislation limits for reuse (Table 2). Conversely,
a twelve-step treatment gives leachates in which all the analyzed heavy metals lie under
the legal limits, along with chloride, whereas only sulfate still lies above the limit (Table 2).

For comparison, the leachates of a conventional water washing treatment of fly ash
at L/S 50 and 24 h versus a thirty-step washing test at T = 25 ◦C are reported in Table 2
and Figure 5; a modest decrease both of chloride and sulfate is observable, with respect
to Nws = 12. Note that the case of Nws = 80 (not reported here) still shows a sulfate
concentration over the legal limit for reuse. The extrapolation of the sulphate concentration
versus Nws proves that a number of washing steps as large as 370 is required to have a
leachate within the legal limits for reuse. As to the heavy metals, no significant decrease is
observable when comparing Nws = 12 with Nws = 30.
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(5–30); for comparison, the cases of 24 h washing with L/S = 50 and 5 are reported. Attention is
focused on chloride, sulfate, and heavy metal (HM) concentrations. Dotted line and solid line: legal
limits for reuse in the case of sulfate (250 mg/L) and chloride (100 mg/L), respectively.

4. Discussion

The FH-WW related phenomenology can be better analyzed by employing the kinetics
reaction formalism and using the cumulative leaching concentrations as experimental
variables (Figure 3).

In a liquid/solid reaction system, the kinetics rate is generally influenced by chemical
species diffusion through the solvent, diffusion through the solid layer, and/or possible
chemical reactions at the solid particles’ surface [42]. This is described by the shrinking core
model (SCM), which assumes homogeneous spherical particles and derives two formula-
tions to take chemical reactions or diffusion through the outer layer into account [43,44]:

1− (1− α)
1
3 = kRt (4)

1− 3(1− α)
2
3 + 2(1− α) = kDt (5)

where α represents the relative cumulative leaching with respect to the maximum after
12 steps; kD (diffusion) and kR (reactions) are the reaction rate constants; t is the time
calculated by multiplying the number of steps by the mean water contact time (i.e., 4 and
2 min for 25 and 80 ◦C, respectively). Table 3 and Figure S5 show how the second SCM
formulation better fits both heavy metals and major ions data, though all the correlation
coefficients are not ideal (R2 < 0.95).

Table 3. Linear correlation coefficient of SCM plots.

Temperature (◦C) R2 (R) R2 (D)

Σheavy metals 25 0.93 0.93
80 0.91 0.93

Σmajor ions 25 0.91 0.93
80 0.92 0.94

Considering the cumulative leaching concentration trends, it is possible to parametrize
the process by a second-order rate law. This empirical approach has been successfully
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employed in similar fields, involving heavy metals extraction from sludge [45,46]. After [47]
the formulation can be written as:

dCt

dt
= k(Cs − Ct)

2 (6)

t
Ct

=
1

kC2
s
+

t
Cs

(7)

where Ct represents the cumulative leaching concentration at time t, k is the leaching
rate constant, and Cs the cumulative leaching concentration at saturation conditions (i.e.,
t → ∞ , which implies Nws → ∞ ). The resulting plots are displayed in Figure 6, where good
agreement between model and experiments is proven by the high correlation coefficient in
all cases (R2 > 0.98).
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The leaching rate constants (Table 4) were calculated by slope and intercept of the lines
of Figure 6, to extract the apparent Ea of the process by the Arrhenius linearized equation:

k = Ae
Ea
RT (8)

ln(k) = ln(A) +
Ea

RT
(9)

where A = pre-exponential factor, Ea = apparent activation energy, R = gas constant and
T = absolute temperature. Although two temperatures suffice to extract Ea, they do not
provide a robust statistical assessment. Nonetheless, Ea was tentatively calculated for both
major ions and heavy metals to roughly evaluate its order of magnitude, but leaving any
claim of precision aside. The results are set out in Table 5 and Figure S6. A diffusion-like
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process usually exhibits an Ea < 20 kJ/mol, while a chemical reaction commonly yields
Ea > 40 kJ/mol [43,44]. In both cases, the relatively low activation energies obtained here
seem to suggest that the leaching rates of both heavy metals and major ions are mainly
controlled by physical/diffusion processes.

Table 4. Kinetical parameters derived from the empirical second-order reaction model.

Cs (mg/L) k (L mg−1 min−1) R2

Σheavy metals 35.71 3.2 × 103 0.9841
111.11 7.4 × 105 0.9982

Σmajor ions 40,000 5.3 × 1013 0.9999
42,478 7.2 × 1013 0.9999

Table 5. Activation energy derived by Arrhenius Equation (9).

lnk 1/T (K−1) Ea (KJ/mol)

Σheavy metals 8.075 3.2 × 10−3 1.25
13.52 2.8 × 10−3

Σmajor ions 31.6 3.2 × 10−3 0.104
31.9 2.8 × 10−3

The relevant difference between the curves’ slopes at the beginning (Nws < 5) and at
the end (Nws > 5) of the washing process in Figure 3 suggests that the reaction is divided
into two stages: (i) an intense and fast dissolution occurs at the start, due to the scrubbing
action of the water flow and the soluble salt clustering on particle surface, as shown [12];
(ii) a slower chemical species diffusion develops from solid into solution, successively.

Leaching tests on FH-WW treated samples (Table 2 and Figure 5) indicate that FH-WW
at 25 ◦C gives a dry product that is less prone to heavy metal leaching than its counterpart
at 80 ◦C. Although such an issue is unexpected, it is confirmed by full reproducibility of the
observations. This effect is, in our opinion, engendered by the residue of incomplete disso-
lution reactions boosted by high temperature and interrupted before completion because
of kinetic reasons, thus leaving the solid portion still reactive to water (Figure 3 bottom).

A comparison with conventional single-step washing treatments at L/S = 50 and
L/S = 5 (duration: 24 h) shows the higher efficiency of FH-WW on chloride and heavy
metal removal. In particular, by comparing the washing treatment relying on L/S = 50 and
t = 24 h against FH-WW with Nws = 30, it is evident that FH-WW not only provides an
improvement in terms of dry product leaching (chloride and heavy metals), but also allows
saving both water (L/S = 50 versus 5) and time (24 versus 2.5 h).

MSWI-FA is easily converted into non-hazardous waste, whereas it is more complex
to achieve the conditions required for non-reactive waste. In particular, sulfate is the con-
taminant that shows the lowest sensitivity to those of FH-WW’s parameters (temperature
and Nws) that are technologically manageable. An increase in the L/S ratio, i.e., a dilution
of the solution, leads to a decrease in leachate’s sulfate concentration, as proven by the
leaching tests on fly ash treated with L/S = 5 and 50; yet, this is a strategy difficult to be
developed on a large scale.

The phase compositions of the FA after FH-WW (Table 6) do not show significant
differences between samples washed with five- or twelve-step treatments, at 25 and 80 ◦C,
in terms of occurring minerals and their relative amounts. In all cases, the soluble chloride
is not detectable anymore, while the most abundant crystalline phase is represented by
anhydrite that is not associated with any of its hydration products, such as bassanite and
gypsum. This is likely related to the off-equilibrium conditions due to the kinetics driving
the process. Conversely, the standard washing treatment (static batch and 24 h duration)
provides better approximate equilibrium conditions. Nonetheless, the relatively large
amount of anhydrite and its slow kinetics of dissolution [48] are probably the reason why
there is still relevant sulfate concentration in leachates even after 30 steps.
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Table 6. Mineralogical composition (wt%) of fly ash after FH-WW. Crystalline phase content is
estimated with an error of 1% wt, while amorphous fraction content is estimated with an error of
5% wt.

wt% 5-Step at 25 ◦C 12-Step at 25 ◦C 5-Step at 80 ◦C 12-Step at 80 ◦C 30-Step

Calcite 8 7 9 8 6
Anhydrite 15 14 17 16 13

Quartz 8 10 7 10 10
Gehlenite 7 8 8 7 9
Amorphous 62 61 60 59 62

The MSWI-FA leaching of heavy metals is rationalized through their speciation distri-
bution, which was obtained by the five-class sequential extraction method. The five classes
are defined as follows: easily exchangeable (F0), carbonates (F1), reducible (F2), oxidizable
(F3), and residual (F4). F0 and F1 point to speciation types that are prone to a comparatively
low acidic dissolution and, hence, are potentially responsible for most of the heavy metal
leaching. F4 speciation is associated with virtually insoluble phases, unless a very strong
acid attack is used [39]. F2 and F3 speciation types are intermediate between F1 and F4.
In so doing, the speciation distribution of pristine MSWI-FA, five- and twelve-step washing
treatments at 80 ◦C, was determined. All the results from sequential extraction experiments
are shown in Figure 7.
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Leaching tendency is mainly correlated with F0 and F1, which represent the fractions
associated with crystal/glass particles prone to species exchange and carbonate, respec-
tively [49]. Although F4 provides the highest fraction percentage for all heavy metals
(between 40–65%), it is constituted of very low soluble phases, and therefore gives a rel-
atively modest contribution to leaching. Conversely, the average large values of F0 + F1,
which lie over 20% for most species, can explain the observed relevant heavy metal leaching.
The FH-WW treatment markedly reduces the contribution of F0 and, to a lesser extent,
F1’s. The largest reduction involves Pb (16%) and is associated with chloride and car-
bonate [50,51]. For Nws > 5, a steady improvement is not observed in terms of leaching
reduction, save at the cost of a significant increase in the washing cycles (see Figure 3).
Eventually, in the case of Ni, Cr, and Cd, the residual F0 + F1 cumulative fraction (15–50%)
is sufficient to leach out heavy metals whose concentrations lie above the legislated limits
for FA reuse.
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5. Conclusions

Falling head water washing (FH-WW) treatment was investigated to reduce chloride,
sulfate, and heavy metal leaching from municipal solid waste incineration fly ash, which
has a phase composition provided by amorphous (50 wt%), halite (12 wt%), sylvite (8 wt%),
anhydrite (10 wt%), and, to a lesser extent, by quartz, calcite, and gehlenite (12 wt%).

FH-WW relies upon soluble phase dissolution and removal of the related species
that are dragged away by the gravity-driven flow of solvent traversing a FA sample. This
is shown by the speciation distribution analysis, which proves the changes in terms of
chloride/sulfate/heavy metals leaching from FA to be related to a reduction of the F0 + F1
solid fraction, i.e., ion exchangeable and carbonate phases. Dissolution kinetics is the
key reaction governing the cleaning process of FH-WW, which, in this respect, differs
much from conventional washing that takes place at quasi-equilibrium conditions. A more
detailed analysis by employing an empirical second-order kinetics model suggests that
a two-step mechanism is involved. At first, a very fast dissolution occurs, related to the
readily soluble fraction present on the FA particle surface, followed by a much slower
diffusion step. FH-WW yields a dry product with reduced contaminant leaching with
respect to that from FA treated using conventional washing at L/S = 50 for 24 h, thus
providing comparatively relevant water (L/S = 5 versus 50) and time (2.5 versus 24 h)
savings. The use of high-temperature water in FH-WW, i.e., 80 ◦C, does not provide
significant enhancement in terms of leaching behaviour of the treated FA. Altogether, room
temperature FH-WW is a successful strategy to take chloride and many heavy metals
below the legal limits for reuse, whereas it fails for sulfate, Cr, and Ni. However, not
all contaminants are reduced below the legal limits required for a non-hazardous waste
classification. Improvements are expected if washing is carried out by shifting washing
water to a more acidic regime.
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composition (wt%) of fly ash after FH-WW; Figure S5: SCM plots when chemical reactions (left) or
diffusion (right) are considered the rate-determining step; Figure S6: Arrhenius plot.
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