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Abstract: This study presents an innovative stabilization method of fly ash derived from co-combustion
of municipal solid waste and sewage sludge. Bottom ash, obtained from the same process, is used
as a stabilizing agent. The stabilization method involved the use of two other components—flue
gas desulfurization residues and coal fly ash. Leaching tests were performed on stabilized samples,
aged in a laboratory at different times. The results reveal the reduction of the concentrations of
heavy metals, particularly Zn and Pb about two orders of magnitude lower with respect to fly ash.
The immobilization of heavy metals on the solid material mainly depends on three factors—the
amount of used ash, the concentrations of Zn and Pb in as-received fly ash and the pH of the solution
of the final materials. The inert powder, obtained after the stabilization, is a new eco-material, that is
promising to be used as filler in new sustainable composite materials.

Keywords: sewage sludge disposal; municipal solid waste; co-combustion; fly ash; bottom ash; heavy
metal stabilization

1. Introduction

In recent years, the diffuse practice of sewage sludge (SS) land spreading has generated several
concerns, due to the presence of potential contaminants (such as pathogenic agents, toxic inorganic
substances, and microorganisms) [1,2], with the consequence of emerging alternatives for SS treatments
strategies, such as mono- and co-combustion. For example, co-combustion has been realized with
municipal solid waste incineration (MSWI). The co-combustion has several advantages, the main
related to the possibility to use the already existing plants (such as MSW incineration plants), avoiding
investments costs, due to the need to construct new incinerators expressly devoted to mono-combustion.
Moreover, the wastes generated from co-combustion of MSW and SS, i.e., fly ash (FA), and bottom
ash (BA), must be properly managed to avoid landfilling and/or pollution, generated by unsuitable
treating strategies. MSWI-FA is generally considered the most problematic incineration waste, due to
the presence of leachable heavy metals [3]. Several technologies for MSWI-FA stabilization have been
already proposed [4–8] with the aim to promote its reuse [9–11]. Even though some recently proposed
MSWI-FA treatments were defined as zero-waste technologies [12], they often require MSWI-FA
pre-treatments, which need the use of some additional processes and raw materials.

In a very recently published paper, we have demonstrated that MSWI-BA can be used to stabilize
MSWI-FA [13]. Indeed, after metal separation, BA is generally recovered for use in the building
industry. On the contrary, FA is generally destined to landfill. However, the recently proposed
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strategy allows the use of a waste (BA) to stabilize another waste (FA). It is important to highlight that
the proposed procedure has several advantages—it employs wastes produced at the same location,
strongly suggesting the possibility to directly apply the new technology on the incinerator plant sites;
in addition, it avoids the transport of wastes in different locations and the landfilling of MSWI-FA.
The idea to combine different wastes to take advantage of their valuable components to reduce the
contained pollutants is not new [8,14,15]. In particular, the suggestion to use wastes and by-products to
minimize energy, materials, and emissions for remediation was recently defined as the Azure Chemistry
approach [16]. In the present work, the results recently proposed, that involve the combination of
Sewage-MSWI BA and Sewage-MSWI FA to obtain a new safe eco-material, are considered to investigate
if the process can be applied also to Sewage-MSWI FA derived from co-combustion. The obtained
inert can be defined as eco-materials due to the low energies and emissions required to perform the
proposed stabilization [14]. In particular, the aim of this work is the investigation if different amounts
of SS in the co-combustion can influence the FA stabilization procedure that must be used to reduce
the leachable pollutants.

2. Experimental

2.1. Materials

In this study, FA and BA from the co-incineration of MSW and SS were recovered from the
incineration plant located in Brescia (Northern Italy). In this plant, Sewage-MSWI-FA is collected with
APC (air-pollution-control) residues, originating from cleaning the flue gases before emission to air.
These residues consist of fine particulates, that are generally defined FA.

The co-incineration of MSW and SS was implemented in this plant since 2017. The plant normally
processes an SS concentration of 7% on the flow rate of MSW. Because the aim of the present experiment
is to study the effects of different SS flow rates on the co-incineration residue stabilization, the plant
worked for one day, with the three separate combustion lines at different SS concentrations—0, 2,
and 4 tons/h. The amount of MSW incinerated on each line was 31 tons/h.

The schema representing the operation of the first, second and third combustion lines (also reporting
the SS concentrations) is shown in Figure 1.
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During the experimentation day, Sewage-MSWI FA and Sewage-MSWI BA were collected from
the three separated lines at predetermined time intervals of two hours (see Figure 1). At the end of the
day, the ashes collected at different interval times were adequately mixed to obtain a homogeneous
and representative sample of Sewage-MSWI FA and Sewage-MSWI BA for each line. In total, 6 ash
samples (2 samples for each line) were recovered (see Figure 1).

The samples obtained and considered in this study can be divided into two categories—three
samples of Sewage-MSWI BA obtained from the bottom of the combustion chamber and three samples
of Sewage-MSWI FA obtained from the bag filters.

After sampling, Sewage-MSWI BA was manually sorted—metals and particles with diameter
higher than 2 cm were separated. Then, due to the Sewage-MSWI BA moisture, a thermal treatment at
100 ◦C for about 2 h was made. After drying, Sewage-MSWI BA was grounded with Mixer Mill Retsh
(MM400) and sieved until 106 µm.

Other as-received ashes are used with the aim to stabilize FA. In particular, CFA (coal combustion
ash) is a by-product in thermal coal power plants. This ash is removed by a dust-collection system
from the combustion gases before they are emitted into the atmosphere [17].

Flue gas desulphurization (FGD) residues are produced during the removal of sulphur oxides
from coal-burning power plants. In this process, insoluble calcium sulphite and calcium sulphate solids
are formed because absorbed SO2 reacts with lime in scrubbing liquor [18]. They also are a by-product
of the coal combustion system. FGD residues contain high amounts of S and Ca [5]. Calcium hydroxide
is very important to promote the carbonation reactions.

Both CFA and FGD residues were collected from Brescia pulverized coal thermal power plant.

2.2. Stabilization Procedure

The as-received Sewage-MSWI FA samples were stabilized following a very recent proposed
technology based on the use of MSWI-BA deriving from the corresponding combustion line to stabilize
FA [4]—for each FA, the procedure (defined procedure a) involved the mix of about 130 g of FA with of
20 g of BA, about 30 g of CFA, and about 40 g of FGD [4,13] (see Table 1). Another procedure, with the
same amount of ashes reported for procedure a)), but that did not involve the BA addition, was also
realized (defined procedure b)). Procedure b) was selected to have a comparative procedure suitable to
allow us to evaluate the BA role in the stabilization. In this case, all samples exhibited a relative weight
percentage, already used for similar stabilization technology [5], as follows—65% FA, 15% CFA and
20% FGD. For both stabilization procedures, all powders were carefully mixed before adding approx.
200 mL of milliQ water (Millipore DirectQ-5 TM, Millipore S.A.S., 67120, Molsheim, France); then they
were additionally mixed for 20 min. The obtained eco-materials were aged in laboratory for 3 months
at room temperature.

Table 1. Sample descriptions.

Line Procedure
Mass (g) V (mL)

Sewage-MSWI FA CFA FGD Sewage-MSWI BA H2O

1
a) 130.2 31 40.8 20.1 200
b) 130.6 30.4 40.7 - 200

2
a) 130 30.8 40 20 200
b) 130.1 30.3 40.4 - 200

3
a) 130.2 30.1 40.8 20 200
b) 130.1 30 40.3 - 200
b) 130.1 30 40.2 - 200

Sewage-MSWI FA: sewage and municipal solid waste incineration-fly ash; CFA: Coal Fly Ash; FGD: Flue Gas
Desulphurization; Sewage-MSWI BA: Bottom Ash.
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2.3. Leaching Test and TXRF Analysis

Leaching tests were carried out according to CEN EN 12457-2 regulation (EN 13055-1:2002-CN/TC
154-CEN-CEN, 2002) on all as-received powders and stabilized samples (in this case the test was made
each month, after the stabilization). The procedure for the leaching test, reported by [5,19,20], consists
of mixing at room temperature approximately 20 g of each sample with 200 mL of milliQ water (1:10)
by means of an agitator for 2 h [20]. pH measurement by a pH-meter (Metrohm, model 827 Lab,
Origgio, Italy) is conducted immediately after the leaching test on the samples filtered by 0.45 µm
pore membranes.

After filtration, elemental chemical analysis is realized by Total-reflection X-ray Fluorescence
(TXRF) using a S2 Picofox system from Bruker (Bruker AXS Microanalysis GmbH, Berlin, Germany)
equipped with Mo tube operating at 50 kV and 750 µA and a Silicon Drift Detector (SDD). For this aim,
0.010 g of a Ga solution with a concentration of 100 mg/L is used as internal standard (Ga-ICP Standard
Soluyion, Fluka, Sigma Aldrich, Saint Louis, MO, USA). It is added to the leachate solutions and
homogenized by a mean of vortex shaker at 2500 rpm for 1 min. Three replicates are always prepared
for each sample by adding a droplet of 10 µL of sample. By the use of a dedicated instrumental
software based on mono-element profiles, the spectra are deconvolution to evaluate the peak areas.
The TXRF lower detection limits (LOD) evaluated with similar experimental conditions are reported [21].
Chemical analysis of soluble elements, with atomic numbers less than 19, such Na, cannot be made
by TXRF due to their low fluorescence yield [22]. Furthermore, Si cannot be evaluated, because the
sample holder for TXRF analysis is made of quartz.

3. Results and Discussion

In order to understand the effects of the addition of different SS amounts to the three combustion
lines, all starting ashes (FA and BA) and the obtained stabilized eco-materials were analyzed. Elemental
chemical analysis using TXRF was performed to estimate the amount of leachable metals that can
be found in the ashes. As reported in the experimental section, as-received FAs were analyzed as
well; BA samples were pre-treated before the analysis with a reduction of the grains dimension to
106 µm. Table 2 reports the results of the leaching tests made on these ashes (BA and FA). It shows the
concentration of soluble elements derived from the three combustion lines, as resulted from the TXRF
analysis. Furthermore, data about BA leaching are shown.

The leaching data of the BA and FA derived from different lines are in agreement with results
reported in literature, also considering the alkaline pH of the solutions [23–25]. The major leachable
elements in FA are Cl, Ca, K, S and Br. Relevant quantities of other elements such as Zn, Pb and Rb are
also found. The main soluble elements found in the BA solutions are Ca, Cl, K and S. The presence of a
high amount of Ca in FA in comparison to BA is expected, due to the addition of lime as a stabilizing
agent. Indeed, during the incineration process, acid gases are produced (like HCl and SO2) and lime is
normally added to absorb these gases. A higher amount of Pb and Zn are present in FA, in comparison
to BA, due to the fact that these metals are moderately volatile elements, then they are generally found
in ashes collected at the chimney after a combustion process carried out at a maximum temperature
about 1000 ◦C [15]. Comparing the leaching data of different combustion lines, it is very interesting
to notice that in FA, the concentration of leachable Zn is substantially irrespective of the amount of
co-incinerated SS. On the contrary, the amount of soluble Pb increases with the amount of SS, probably
due to the presence of this metal in sewage sludge [26]. Concerning P, an element that is well-known to
be abundant in SS [27], its concentration appears to decrease in FA with the increase of co-incinerated
SS. On the contrary, in BA the leachable P shows an inverse behavior. These results are substantially
due to the presence of this element in soluble phases (leaching tests only allow to detect soluble
elements). Moreover, it means that the increase of SS amount in co-incineration seems to increase the P
leachability in BA (see Table 2). Similar consideration can be extended to Cu, for BA.
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Table 2. Results of the Total-reflection X-ray Fluorescence (TXRF) analysis and pH values of leachate
solutions of Sewage-MSWI FA and Sewage-MSWI BA derived from different combustion lines.

Samples FA-Line 1 FA-Line 2 FA-Line 3 BA-Line 1 BA-Line 2 BA-Line 3

pH 11.89 11.92 11.9 12.09 12.2 12.18

Element (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P * 40.3 ± 16.0 25.4 ± 8.4 21.9 ± 5.7 5.4 ± 2.5 9.3 ± 2.6 12.7 ± 5.3
S * 273 ± 48 267 ± 63 217 ± 61 71 ± 3.6 131 ± 21 81 ± 21
Cl 8890 ± 193 5969 ± 954 6545 ± 958 62 ± 36 318 ± 185 408 ± 81
K 1087 ± 126 711 ± 280 595 ± 161 111 ± 17 81 ± 21 105 ± 32
Ca 6387 ± 1044 4930 ± 913 4677 ± 706 651 ± 68 979 ± 175 995 ± 258
Cr <LOD <LOD <LOD <LOD <LOD <LOD
Mn <LOD <LOD <LOD <LOD <LOD <LOD
Fe 0.4 ± 0.2 0.2 ± 0.1 0.2 ± 0.2 0.2 ± 0.1 0.07 ± 0.03 0.09 ± 0.04
Cu 0.23 ± 0.05 0.09 ± 0.03 0.33 ± 0.05 4.5 ± 0.5 5.6 ± 0.7 6.1 ± 0.7
Zn 11.7 ± 1.4 9.0 ± 0.4 10.1 ± 1.4 0.3 ± 0.2 0.7 ± 0.2 0.61 ± 0.03
Br 211 ± 26 183 ± 19 236 ± 21 1.7 ± 0.3 1.9 ± 0.2 1.8 ± 1.0
Rb 7.3 ± 1.5 7.1 ± 0.9 7.6 ± 0.8 0.4 ± 0.2 0.2 ± 0.0 0.25 ± 0.02
Sr 16.0 ± 4.3 13.8 ± 0.4 27.8 ± 3.9 3.9 ± 0.4 5.5 ± 0.6 4.7 ± 0.2
Pb 92.0 ± 15.6 94.1 ± 6.8 127.1 ± 5.4 0.58 ± 0.04 1.6 ± 0.3 1.6 ± 0.4

Values are expressed as the average ± standard deviation of three TXRF measurements. Relative sensitivities for
elements with * were calculated based on a calibration curve. LOD-lower detection limit.

After the stabilization procedure, a significant decrease in heavy metal leachability can be
noticed, if samples are analyzed one, two, and three months after the stabilization (see Tables 3
and 4), in comparison to data reported in Table 2. In particular, three months after the stabilization
the concentration of Pb is sometimes lower than LOD by TXRF spectrometry, which is 0.002 mg/L,
thus demonstrates that the stabilization procedure was effective in reducing the solubility of heavy
metals and that the stabilization efficacy increases with time. Moreover, comparing data reported in
Tables 3 and 4 (considering the corresponding month of stabilization), it seems that the use of BA is not
so fundamental in reducing the heavy metal mobility. Indeed, eco-materials obtained applying the
procedures a) and b) (the procedure b) is made without the addition of BA) sometimes show comparable
Pb concentrations in their leaching solutions. Another difference concerns the Cu concentration, that is
higher in samples treated by BA addition. Even if this metal appears to be stabilized after aging, it is
evident that this origin can be attributed to BA due to its higher concentrations in the BA than FA
(see Table 2).

In a very recent paper, the stabilization mechanism was proposed and discussed—it was shown
that dissolved amorphous silica and alumina (derived from BA) in the presence of calcium ions
(and in a highly alkaline environment) promote a pozzolanic reaction with FA, with the formation
of cementitious compounds such as C–S–H and calcium aluminate hydrates (C-A-H). Furthermore,
carbonation reactions occurred, due to the calcium hydroxide that is present in the used wastes
(for example in FGD residues) [28,29].

In particular, considering the pH of all raw FA and final stabilized eco-materials, it means that
all FAs have a starting pH about 12 (see Table 2). Instead, stabilized materials have a pH of about 11
(see Table 3) and 8 (see Table 4), depending on the procedure used for stabilization. Indeed, carbonation
produces a reduction of pH [30].
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Table 3. Results of the TXRF analysis and pH values of samples stabilized following the a) procedure with Sewage-MSWI FA from different lines after (1), (2) and
(3) months.

Samples FA + BA Line 1 FA + BA Line 2 FA + BA Line 3

Time 1 M 2 M 3 M 1 M 2 M 3 M 1 M 2 M 3 M

pH 13.5 12.1 10.5 13.5 12.0 10.8 13.8 12.1 11.2

Elements (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P * 42.8 ± 5.6 57.4 ± 6.9 33.2 ± 10.5 28.9 ± 15.2 59.6 ± 9.0 33.3 ± 13.6 37.2 ± 26.7 58.3 ± 18.2 24.9 ± 6.2
S * 423 ± 168 358 ± 21 436 ± 81 318 ± 53 369 ± 82 366 ± 129 100 ± 30 208 ± 32 251 ± 41
Cl 3164 ± 234 4911 ± 1052 2350 ± 571 2175 ± 885 4735 ± 168 3069 ± 978 4568 ± 93 4797 ± 248 2308 ± 699
K 366 ± 58 593 ± 182 237 ± 34 222 ± 78 638 ± 55 336 ± 79 493 ± 47 525.1 ± 106 174 ± 41
Ca 2222 ± 2008 3569 ± 835 1518 ± 175 1331 ± 232 3339 ± 145 1938 ± 274 3636 ± 197 3676 ± 200 1498 ± 439
Cr <LOD 0.1 ± 0.002 0.2 ± 0.1 <LOD 0.1 ± 0.1 0.1 ± 0.1 <LOD <LOD <LOD
Mn <LOD <LOD <LOD <LOD <LOD <LOD 0.1 ± 0.04 <LOD <LOD
Fe 0.10 ± 0.01 0.4 ± 0.2 0.2 ± 0.1 0.6 ± 0.3 0.3 ± 0.1 0.4 ± 0.2 0.2 ± 0.1 0.74 ± 0.04 0.2 ± 0.1
Cu 0.07 ± 0.01 0.1 ± 0.01 0.08 ± 0.01 0.1 ± 0.1 0.1 ± 0.1 0.09 ± 0.04 0.3 ± 0.01 0.2 ± 0.01 0.1 ± 0.1
Zn 0.2 ± 0.1 0.4 ± 0.1 0.1 ± 0.0 0.6 ± 0.04 0.6 ± 0.1 0.07 ± 0.04 3.5 ± 1.9 1.4 ± 0.3 0.2 ± 0.1
Br 79.5 ± 9.0 75.1 ± 4.7 88.4 ± 4.2 93.3 ± 8.9 62.0 ± 1.6 76.4 ± 1.7 62.5 ± 6.7 69.9 ± 6.5 81.7 ± 4.3
Rb 3.4 ± 0.7 3.3 ± 0.4 4.5 ± 0.3 4.6 ± 0.8 3.2 ± 0.2 3.8 ± 0.5 2.2 ± 0.3 3.1 ± 0.2 3.7 ± 1.0
Sr 12.5 ± 0.8 9.9 ± 0.5 13.2 ± 1.5 15.0 ± 2.1 10.1 ± 0.4 11.0 ± 1.5 14.2 ± 2.6 16.4 ± 0.7 18.7 ± 2.3
Pb 2.1 ± 0.4 3.0 ± 0.4 <LOD 1.7 ± 0.4 2.6 ± 0.5 <LOD 17.1 ± 10.0 6.5 ± 1.6 0.27 ± 0.05

Values are expressed as the average ± standard deviation of three measurements. Relative sensitivities for elements with * were calculated based on a calibration curve. LOD lower
detection limit.
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Table 4. Results of the TXRF analysis and pH values of samples stabilized following the b) procedure with Sewage-MSWI FA from different lines after (1), (2) and
(3) months.

Samples FA + BA Line 1 FA + BA Line 2 FA + BA Line 3

Time 1 M 2 M 3 M 1 M 2 M 3 M 1 M 2 M 3 M

pH 13.6 8.7 7.7 13.7 12.2 8.0 13.6 12.1 8.4

Elements (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

P * 65.4 ± 23.1 30.2 ± 1.9 28.2 ± 14.6 40.4 ± 17.7 57.7 ± 2.8 27.9 ± 2.8 39.5 ± 1.8 49.2 ± 2.3 32.5 ± 18.9
S * 640 ± 180 422 ± 219 604 ± 244 330 ± 121 363 ± 50 469 ± 177 244 ± 24 378 ± 54 562 ± 172
Cl 3740 ± 484 3083 ± 1181 2185 ± 677 2237 ± 1059 5123 ± 106 1953 ± 835 3677 ± 281 5381 ± 1236 2287 ± 640
K 474 ± 105 311 ± 8 257 ± 83 242 ± 126 636 ± 13 202 ± 136 369 ± 24 606 ± 201 215 ± 61
Ca 3156. ± 474 2190 ± 722 1643 ± 443 1400 ± 925 3810 ± 79 1290 ± 642 2553 ± 416 4248 ± 1396 1587 ± 524
Cr <LOD <LOD <LOD <LOD <LOD <LOD 0.110 ± 0.002 0.2 ± 0.1 <LOD
Mn <LOD <LOD 0.13 ± 0.02 <LOD <LOD <LOD 0.11 ± 0.04 <LOD <LOD
Fe 0.2 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.17 ± 0.01 0.3 ± 0.2 0.3 ± 0.2 <LOD 0.28 ± 0.02
Cu <LOD <LOD <LOD <LOD 0.1 ± 0.001 <LOD <LOD <LOD <LOD
Zn 0.2 ± 0.1 0.3 ± 0.1 1.0 ± 0.1 0.9 ± 0.2 0.9 ± 0.1 0.3 ± 0.1 1.7 ± 0.5 2.0 ± 1.1 0.07 ± 0.04
Br 64.9 ± 11.4 82.2 ± 13.1 75.3 ± 3.4 102.3 ± 27.6 85.8 ± 7.4 90 ± 32 94.1 ± 7.4 92.1 ± 6.5 107.3 ± 2.3
Rb 2.7 ± 0.2 4.6 ± 1.5 3.4 ± 0.5 4.3 ± 2.1 3.5 ± 0.3 4.5 ± 2.5 3.1 ± 0.2 3.3 ± 0.4 4.5 ± 0.6
Sr 9.7 ± 0.6 10.9 ± 1.8 9.0 ± 1.6 12.9 ± 4.0 10.4 ± 0.3 9.5 ± 4.3 17.4 ± 0.5 15.9 ± 1.4 19.0 ± 1.2
Pb 2.4 ± 0.4 <LOD <LOD 7.1 ± 1.9 7.6 ± 1.3 <LOD 8.3 ± 2.8 10.7 ± 5.7 <LOD

Values are expressed as the average ± standard deviation of three measurements. Relative sensitivities for elements with * were calculated based on a calibration curve. LOD lower
detection limit.
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Both pozzolanic and carbonation reactions have been demonstrated to be effective in heavy
metal mobilization [31], but the comparison between procedures a) and b) highlights the fundamental
contribution of carbonation. As explained in the introduction part, the difference in the amount of SS
in the co-combustion with MSW is considered to evaluate if the addition of this waste plays a role in
the stabilization mechanism. For this aim, the procedure not involving the use of BA (procedure b)
is considered. Moreover, this procedure allows for the reaching of lower pH values of the obtained
eco-materials (see Table 4), increasing the efficacy of stabilization.

Figure 2 reports the concentration of Pb and Zn in the leaching solutions of stabilized samples,
considered after different times, versus the pH of the solution (for both procedures a) and b)). Zn and Pb
are found in a high concentration in the raw FA (ranging from 9–11.7 and 92–127.1 mg/L, respectively)
with high pH values (about 12), while in the stabilized samples the concentration of these elements
is found to be often two orders of magnitude lower. Figure 2 clearly highlights that an increase of
the aging time corresponds to a decrease of pH of the solutions [32], in agreement with the already
reported evidence of carbonation. This also corresponds to a decrease of the heavy metal leachability,
as already observed and discussed [4,33]. In particular, concerning Pb, three months after stabilization
it is sometimes lower than LOD by TXRF spectrometry, as reported in Tables 3 and 4, therefore it cannot
be found in Figure 2.
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To better highlight the pH role, the variation of the concentration of Pb and Zn in the leaching
solutions of stabilized samples can be considered analyzing data reported in Figure 3. In this Figure,
the concentration of Pb and Zn in the solutions of stabilized samples (considering both procedures a)
and b)), are plotted versus their values in the leaching solution of raw FA (initial metals concentrations,
before the stabilization). Figure 3 allows for the comparison of the results of stabilization, considering
that raw FA (corresponding to different combustion lines) had a different amount of leachable Pb
and Zn. In particular, it is evident that all samples show a reduction of the Pb and Zn concentration,
after the stabilization. Obviously, samples that contained a lower amount of leachable heavy metals in
raw FA show a lower concentration of corresponding metals in the solutions of stabilized eco-materials.
This means that samples with higher initial concentrations of Pb and Zn need more time (or more
stabilizing agents) to reduce the leachable elements concentration.
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procedures a) and b)) during the first three months versus the concentration of Pb and Zn in MSWI FA.

The role of BA in the stabilization can be highlighted by analyzing data reported in Figure 4,
that show the concentration of Pb and Zn during the first three months evaluated in the leaching
solutions of all stabilized samples (considering both procedures a) and b)), versus the ratio between
the total amount of ash (FA, CFA, FGD, and BA) and the sum of CFA and BA amount. It means
that the samples that contain the higher CFA + BA amount are better stabilized in comparison to
those containing a lower amount of these stabilization agents (the concentration of Pb and Zn are
lower). Indeed, it is important to highlight that BA contains amorphous silica [4] and CFA contains
aluminosilicate glass [13,34]. Then, it is possible to suppose that dissolved amorphous silica in the
presence of calcium ions (and in a highly alkaline environment) promotes a pozzolanic reaction with
FA. Then, it is possible to conclude that BA plays a fundamental role in reducing the Pb and Zn
presence in solution of the produced eco-materials. Obviously, it was also shown that the pH role is
fundamental, and it must be controlled and possibly adjusted to obtain the best results in terms of
stability of the obtained eco-materials.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 12 

The role of BA in the stabilization can be highlighted by analyzing data reported in Figure 4, that 

show the concentration of Pb and Zn during the first three months evaluated in the leaching solutions 

of all stabilized samples (considering both procedures a) and b)), versus the ratio between the total 

amount of ash (FA, CFA, FGD, and BA) and the sum of CFA and BA amount. It means that the 

samples that contain the higher CFA + BA amount are better stabilized in comparison to those 

containing a lower amount of these stabilization agents (the concentration of Pb and Zn are lower). 

Indeed, it is important to highlight that BA contains amorphous silica [4] and CFA contains 

aluminosilicate glass [13,34]. Then, it is possible to suppose that dissolved amorphous silica in the 

presence of calcium ions (and in a highly alkaline environment) promotes a pozzolanic reaction with 

FA. Then, it is possible to conclude that BA plays a fundamental role in reducing the Pb and Zn 

presence in solution of the produced eco-materials. Obviously, it was also shown that the pH role is 

fundamental, and it must be controlled and possibly adjusted to obtain the best results in terms of 

stability of the obtained eco-materials. 

 

Figure 4. Concentration values of Pb and Zn in the leaching of stabilized samples (involving 

procedure a)) during the first three months versus the partition of total amount of ash and the sum of 

CFA and BA quantities. 

The obtained stabilized eco-material is a powder that is very similar to the inert material 

obtained by using similar treatments but using other by-products (such as silica fume) instead of BA 

for stabilization. This allows for us to suppose that the obtained eco-materials may be used in some 

applications, already explored for similar products, as a substitute of natural resources [10,33,35,36]. 

In particular, it was shown that the obtained eco-materials are biologically safe [37–39], opening the 

interesting opportunity of the investigation of their aquatic toxicity in the next future. 

4. Conclusions 

The present paper concerns the study of a method for the stabilization of heavy metals contained 

in FAs derived from the co-combustion of MSW and SS. BA, a residue of the same process, is used as 

a stabilizing agent. Leaching test reveals the reduction of heavy metals in the stabilized samples, that 

increases with the aging (to three months). In particular, the concentration of leachable Zn and Pb in 

the as-received FAs decreased to two orders of magnitude in the solution of stabilized samples. In 

addition, the reduction of pH of the same solutions confirms the occurring of carbonation reactions, 

that also contributed to reduce the heavy metal leachability. 

In summary, these results show that the efficacy of the stabilization procedure depends on 

several factors—the pH is fundamental to reduce the heavy metal leachability. In addition, the 

amount of leachable Pb and Zn in as-received FA is an important parameter to consider obtaining 

Figure 4. Concentration values of Pb and Zn in the leaching of stabilized samples (involving procedure
a)) during the first three months versus the partition of total amount of ash and the sum of CFA and
BA quantities.



Appl. Sci. 2020, 10, 6075 10 of 12

The obtained stabilized eco-material is a powder that is very similar to the inert material obtained
by using similar treatments but using other by-products (such as silica fume) instead of BA for
stabilization. This allows for us to suppose that the obtained eco-materials may be used in some
applications, already explored for similar products, as a substitute of natural resources [10,33,35,36].
In particular, it was shown that the obtained eco-materials are biologically safe [37–39], opening the
interesting opportunity of the investigation of their aquatic toxicity in the next future.

4. Conclusions

The present paper concerns the study of a method for the stabilization of heavy metals contained
in FAs derived from the co-combustion of MSW and SS. BA, a residue of the same process, is used
as a stabilizing agent. Leaching test reveals the reduction of heavy metals in the stabilized samples,
that increases with the aging (to three months). In particular, the concentration of leachable Zn and
Pb in the as-received FAs decreased to two orders of magnitude in the solution of stabilized samples.
In addition, the reduction of pH of the same solutions confirms the occurring of carbonation reactions,
that also contributed to reduce the heavy metal leachability.

In summary, these results show that the efficacy of the stabilization procedure depends on several
factors—the pH is fundamental to reduce the heavy metal leachability. In addition, the amount of
leachable Pb and Zn in as-received FA is an important parameter to consider obtaining the better
results—as expected, ashes containing higher quantities of contaminants require higher quantities of
stabilizing agents (or more time for the stabilization). Indeed, an increase in the sum of the concentration
of CFA and BA corresponds to a better result in terms of metals reduced mobility.

The obtained stabilized eco-material may be used in different applications as a substitute of
natural resources.
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