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ABSTRACT

Vitrification of municipal solid waste incineration (MSWI) bottom ash is an effective
method to produce a chemically stable glass, with metal recovery. In order to justify
the high costs of this process, the vitrified residue can then be upcycled into potential
marketable products. In this study, vitrified bottom ash was successfully converted
into strong and chemically stable porous glass-ceramics by the combination of alkali
activation and sintering. After the activation of the glass in a NaOH solution of low
molarity, foams were easily produced by intensive mechanical stirring, with the aid
of a surfactant, and stabilized by gelation. The obtained open-celled material was
further consolidated by a sintering treatment, at 800-900 °C. The addition of recycled
soda-lime glass allowed activation at low molarity and sintering at lower tempera-
ture, but it reduced the mechanical properties and the stabilization of heavy metals.
On the other hand, the increase in molarity of the alkaline solution increased the
porosity and also the strength of foams from vitrified bottom ash.

1. INTRODUCTION

The quantity of municipal solid waste (MSW) produced
has never been higher. It has been estimated that around
1.3 billion tonnes of solid waste were produced in the world
in 2012, which may dramatically increase to 2.2 billion ton-
nes by 2025 (Hoornweg & Bhada-Tata, 2012). In the EU 28,
almost 30% of MSW produced is still being landfilled, with
significantly different rates among the European countries
(Cucchiella, D’Adamo, & Gastaldi, 2017). An alternative to
landfilling of MSW is represented by incineration with ener-
gy recovery, in which up to 90 vol% of waste can be redu-
ced (Tillman, Vick, & Rossi, 1989). Besides the exhaust gas
(which is used to generate energy), municipal incinerators
produce two types of residues, fly ash and bottom ash.
Bottom ash represents more than 98% of the incineration
outputs (Joseph, Snellings, Van den Heede, Matthys, & De
Belie, 2018) and it is currently treated mechanically using
screeners, crushers, magnets, eddy current separators,
sorting technologies and washers to extract the metallic
fraction and clean as maximum as possible the mineral
fraction. In the EU, the rest of bottom ash is mostly landfil-
led, but in some other instances it can be used as aggre-
gate for road paving or construction (Sabbas et al., 2003).

In addition, previous studies reported that the treated bot-
tom ash can also be valorised into new products such as
tiles, bricks and alkali activated materials (R. V. Silva, de
Brito, Lynn, & Dhir, 2017). However, as this residue can still
contain hazardous metals, chlorides, sulphates and other
pollutants, it is crucial to perform an environmental impact
assessment of the developed material before its commer-
cialization (R. V. Silva, de Brito, Lynn, & Dhir, 2019). In fact,
environmental issues that can be caused by bottom ash
lies as one of the main reasons why this ash is still being
mainly landfilled (He, Pu, Shao, & Zhang, 2017). Another
option of managing the bottom ash is through the vitrifi-
cation of the residue, which generates a chemically stable
and homogeneous glass (Bassani et al., 2009). However,
as vitrification is an high demanding energy process, it is
only economically viable if the glass can then be upcycled
into high added value products, such as glass-ceramics
(Colombo, Brusatin, Bernardo, & Scarinci, 2003).

Upcycling of vitrified residues into marketable products
has been extensively referred to in the literature. Examples
include tiles, aggregates for reinforcement of concrete and
glass foams for thermal and acoustic insulation (Rincén,
Marangoni, Cetin, & Bernardo, 2016). The latter can offer
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a series of interesting properties for building construction
such as low density, high compressive strength, flame
resistance and nontoxicity (Rincén et al., 2016; Scarinci,
Brusatin, & Bernardo, 2006). Unlike the extensively used
polymeric foams, glass foams consist in a much safer op-
tion for building insulation in case of fire. However, these
foams are still quite expensive to be produced due to spe-
cific process and additives used (Monich, Romero, Héllen,
& Bernardo, 2018).

An alternative technique, aimed at decreasing the high
cost involved in the production of glass foams and based
on alkali activation, has been recently developed (Rincén,
Giacomello, Pasetto, & Bernardo, 2017). According to this
approach, that could be defined of ‘inorganic gel casting’,
a suspension of fine glass powders, in an alkaline solution
of low molarity, undergoes progressive hardening due to
the formation of surface gels (Elsayed et al., 2017; Garcia-
Lodeiro, Aparicio-Rebollo, Fernandez-Jimenez, & Palomo,
2016; Monich et al., 2018; Rincon et al., 2017), in turn due
to the partial dissolution of the same glass. Before com-
plete setting, a surfactant is added to the suspension, later
subjected to intensive mechanical stirring. The trapping of
air bubbles, favoured by the surfactant, determines a sub-
stantial foaming. When stirring is ceased, the ongoing gela-
tion prevents the collapse of the foamed ‘green’ structure.
The material is then extracted from the container, dried and
sintered by viscous flow (Rincon et al., 2017). This techni-
que has already been successfully applied in the produc-
tion of highly porous and strong waste derived materials
(Monich et al., 2018; Rincon, Desideri, & Bernardo, 2018;
Rincén et al., 2017; Rincon Romero, Salvo, & Bernardo,
2018) as well as bioactive glass-ceramics (Elsayed et al.,
2017).

In this study, the process of alkali activation, gelation
and sintering was extended to produce porous glass-ce-
ramics made with vitrified bottom ash (VBA). This glass
residue was obtained from the smelting of bottom ash by
using an electric arc furnace, followed by quenching. Elec-
tric arc furnace is a simple built technology with low ther-
mal losses and high output, frequently employed in the vi-
trification of residues (Colombo et al., 2003). Four different
types of porous glass-ceramics were developed in order
to minimize costs of production, especially related to the
alkaline solution and heating treatment, without compro-
mising the mechanical properties and chemical stability of
the foams. Recycled soda-lime glass (SLG) was used to aid
the gelation and sintering process of two groups of mate-
rials (Monich et al., 2018).

The overall approach does not strictly match with the
concept of ‘landfill mining’ (Monich et al., 2018), according
to which landfill remediation is performed by excavation,
removal of directly recyclable components (e.g. metallic
objects, plastics), pyrolysis (with transformation of orga-
nic compounds into combustible gas) and conditioning of
the inorganic residue. It should be noted, however, that the
conversion of vitrified bottom ash into glass-ceramics may
represent a model for the last operation of landfill mining.
Once the inorganic residue is melted, and valuable metals
are separated, a full ‘circularity’ (i.e. “enhanced landfill mi-
ning”) will be achieved only in the hypothesis of reuse also
of the non-metallic fraction.

2. MATERIALS AND METHODS

MSWI bottom ash was gently provided by the company
AVR (Netherlands) and dried at 200°C for 24h. Thereafter,
the dried bottom ash (up to 3 kg by trial) was added to a
graphite crucible and smelted in a lab-scale electric arc fur-
nace operating in DC at around 1500°C for 60 minutes. A
graphite electrode of 50 mm was used on the top (Figure
1). After the smelting, the melt residue was quenched in
water, dried and crushed (by means of a jaw crusher) in
order to separate a metal fraction (up to 14 wt%). The non-
metallic fraction was dry ball milled, until the particle size
was below 75 pm.

The chemical composition of the obtained vitrified
bottom ash (Table 1) was assessed by a PANanalytical
WDXRF spectrometer it is quite similar to the one of “slag
sitals” (specially concerning amounts of SiO,, Ca0, Na,0,
MgO, Fe,0, and Cr,0,). “Slag sitals” consisted on strong
and chemically stable slag derived glass-ceramics develo-
ped in the late USSR (Holand & Beall, 2012). Table 1 also
shows the chemical composition of soda-lime glass which
was employed in the development of two groups of porous
glass-ceramics. This glass (medium particle size equal
to 30 ym) was gently provided by SASIL SpA (Brusnengo,
Biella, Italy) after colour selection and removal of metallic
and polymeric residues from the glass cullet. This fraction
is usually not recycled due to ceramic contaminations
(Rincon et al., 2017).

Thermal analysis (DSC/TGA, 3+ STARe System, Mettler
Toledo, Columbus, OH, USA), with heating rate of 10°C/min,
was done on fine powders (particle size < 75 pm) as well
on coarse powder (particle size ~ 1 mm) of vitrified bottom
ash in order to determine the physico-chemical transfor-
mations occurring during heating.

Porous glass-ceramics were produced by firstly mixing
at 400 rpm fine powders of the waste glasses to an alkaline
solution of NaOH for 3h. The overall solid loading content
used was of 70 wt%. After the partial dissolution of the fine
powders, 4 wt% of surfactant (Triton X-100, (polyoxyethyle-
ne octyl phenyl ether — C14H220(C2H40)n, n = 9-10, Sig-
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FIGURE 1: Sketch of the lab-scale submerged arc furnace (SAF).
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TABLE 1: Chemical composition of the glasses employed in this
study (wt%).

Vitrified bottom ash Soda-lime glass

Sio, 50.32 71.9
Ca0 20.90 7.5
ALO, 19.03 12
Na,0 4.59 14.3
MgO 2.65 4

Tio, 0.85 0.1
K,0 0.75 0.4
CuO 0.21

BaO 0.18

Fe,0, 0.14 03
MnO 0.13

SrO 0.11

Zr0, 0.06

Cr,0, 0.05

P,0, 0.02

Cl 0.02

ma-Aldrich, Gillingham, UK) was added to the suspension,
which was then submitted to an intensive mechanical stir-
ring at 2000 rpm. The foamed suspension was subsequen-
tly dried at 40°C for 48h, demoulded and fired at 800°C or
900°C, with heating rate of 10°C/min and a holding time of
Th. Table 2 presents the conditions applied to produce the
four different groups of samples.

The mineralogical analysis of crushed fired foams was
performed by X-ray diffraction (XRD) (Bruker D8 Advance,
Karlsruhe, Germany), using CuKa radiation, 0.15418 nm, 40
kV-40 mA, 26 = 15-60°, step size 0.05°, 2 s counting time.
High resolution X-ray diffraction analysis was done on fine
powders of vitrified bottom ash and on not fired crushed
foams. In this case, a position sensitive detector was used,
with step size of 0.02° and counting time of 2 s. This gene-
rated a distinctive high signal-to-noise ratio, which allowed
to identify the crystalline reaction products of alkali activa-
tion. The Match!® program package (Crystal Impact GbR,
Bonn, Germany), supported by data from Powder Diffrac-
tion File (PDF)-2 database (International Centre for Diffrac-
tion Data, Newtown Square, PA, USA) was used for phase
identification.

Fourier-transform infrared spectra were collected with
Jasco 4200 FTIR spectrometer (Jasco, Japan) equipped
with an attenuated total reflection (ATR) attachment (ZnSe

TABLE 2: Approaches applied in the production of samples.

Group of samples A B (o] D
hoeoite, M s 1w
Composition 100% VBA : 100% VBA : 90% VBA/

10% SLG 90% VBA/

10% SLG

Firing temperature 900°C 900°C 900°C 800°C

crystal) on the powdered samples of vitrified bottom ash
and on the samples from group B before and after sinte-
ring. For each measurement 32 scans were coded at a re-
solution of 4 cm™, in the range of 700 cm™ to 4000 cm™.
The fired foams were cut into cubes (side of approxima-
te 10 mm) and used for further characterizations. The bulk
density of the fired foams was calculated by the ration of
the mass (measured with a digital balance) to the volume
(measured by using a caliper) of the samples. A gas pyc-
nometer (Micromeritics AccuPyc 1330, Norcross, GA) was
employed to measure the apparent and true densities of
the foams and of the finely crushed samples, respectively.
The compressive strength of 10 porous glass-ceramics
of each group was determined by using an Instron 1121
UTM (Instron Danvers, MA). The mechanical test was done
at room temperature with a cross-head speed of T mm/min.
The morphological and microstructural characteriza-
tions of the fired foams was assessed by means of an op-
tical stereomicroscopy (AxioCam ERc 5 s Microscope Ca-
mera, Carl Zeiss Microscopy, Thornwood, New York, USA).
The chemical stability of vitrified bottom ash and of
each group of fired foams was evaluated by means of lea-
ching test, based on norm EN 12457-4 (“Norm EN 12457-4,"
2002). The materials were firstly crushed and sieved below
4 mm. Thereafter, the sieved fragments were added to a
plastic flask with pure distilled water (liquid/solid ratio of
10), which was submitted to mixing for 24h at room tempe-
rature. The suspension was then filtered and centrifuged,
obtaining the eluate. Inductively coupled plasma mass
spectrometry (ICP-OES, Spectro Genesis, Germany) was
used to measure the heavy metals of the eluate. The lea-
chate values allowed for waste acceptable at landfills for
inert waste and non-hazardous waste (Directive 2003/33/
EC, 2003) was used as a reference.

3. RESULTS AND DISCUSSION

The crystallization temperature (Tc) of fine powder of
vitrified bottom ash lies around 925°C, according to the
differential scanning calorimetry (DSC) curve of the fine
powder of vitrified bottom ash (Figure 2a). This tempera-
ture was used as a reference for firing experiments, which
were performed at 900°C. Foams made with addition of
soda-lime glass were also fired at 800°C, in an attempt to
decrease energy consumption during sintering. It was not
possible to detect the crystallization temperature of the
coarse powder, which indicates that this glass is sensitive
to surface crystallization (E. Bernardo, 2008). The particle
size of the glass did not influence the thermogravimetry
analysis (TGA, Figure 2b): the TGA curves show a decrease
in mass of less than 0.5% at higher temperatures, for fine
vitrified bottom ash.

The FTIR spectra provided information on the harde-
ning mechanism (Figure 3). Even considering the strongest
activation (Figure 3a, B green), the formation of C-S-H com-
pounds, at the basis of the obtainment of glass foams from
‘inorganic gel casting’ (Rincon et al., 2017), is hardly visi-
ble: peaks at 3458 cm™ and at 1680 cm, attributed to O-H
stretching and O-H bending, remained very slight. The main
peak at 1450 cm™, visible in all groups of green foams, cor-

P.R. Monich et al. / DETRITUS / Volume 08 - 2019 / pages 101-108

103



a

-3 -|Exothermic down

Tc

Heat flow (W/g)
o \
1

Fine VBA powder
Coarse VBA powder|
T 1 T

T T T T T T
500 600 700 800 900 1000 1100

Temperature (°C)

T
100 200 300 400

98
97 ]

96 -

95 ]

T T T T T T
500 600 700 800 900 1000 1100

Temperature (°C)

T T T T
100 200 300 400

FIGURE 2: DSC (a) and TGA (b) curves of fine and coarse powder of vitrified bottom ash.
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FIGURE 3: FTIR spectra of: a) foams from groups A, B and C/D before firing; b) vitrified bottom ash and foams from group B before and

after firing.

responds to the stretching vibration of C-O (Rincon Romero
et al.,, 2018). This finding confirms recently reported expe-
riences (Rincon Romero et al.,, 2018), according to which
the hardening of the activated vitrified bottom ash is mainly
due to carbonation. Furthermore, the peak at 2900 cm™ is
associated to C-H, stretching due to the addition of the
surfactant (Monich et al., 2018). Regarding the spectrum
of vitrified bottom ash (Figure 3b), the band between 800
cm™ and 1260 cm™ corresponds to the asymmetric Si-O-Si
stretching vibration (Paola Pisciella & Pelino, 2005). This
bands becomes slightly narrower after alkali activation and
it is separated in more peaks after the firing treatment, pro-
bably due to crystallization (Rincon Romero et al., 2018).
High resolution X-ray diffraction analysis (Figure 4)
allowed to identify which carbonated and hydrated pha-

ses were formed, according to alkali activation. Trona
(Na,H(CO0,),-2(H,0), PDF#00-029-1447) was detected as
the only newly formed phases, in green foams (i.e. after
foaming and drying) from group A, in agreement with pre-
vious findings in alkali activated vitrified bottom ash (Rin-
con Romero et al., 2018), made with a stronger activating
solution (2.5 M NaOH).

Unlike in previous experiences, in order to favour the
handling of foams upon demoulding (green ‘A’ foams were
particularly weak), pre-foaming and curing step (aimed at
enhancing the dissolution) were not applied. Instead, a
slight increase in molarity of activating solution was consi-
dered. Passing from 1 M (Figure 4, group A) to 1.5 M (Figu-
re 4, group B) favoured the formation of more phases, con-
tributing to the hardening. The X-ray signals are consistent
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with  meionite  ((Ca,.4Na,,)(Al.,,Si, .,)0,,(CO,), 550012
PDF#75-1222), sodium carbonate (Na,CO,, PDF#86-0315),
tilleyite ((Ca,Si,0,(C0,)2, PDF#73-2117) and sodium alu-
minium silicate carbonate (Na,Al Si,0,,CO,, PDF#00-024-
1045). The stronger activation evidently determined some
dissolution of the glass (in turn favouring the incorporation
of Ca?*, AI** and Si** in carbonates), but it did not lead to any
practical formation of non-carbonate phases.

Significant changes occurred in foams made with ad-
dition of 10 wt% soda-lime glass (Figure 4, C/D groups).
This addition had been conceived to yield stronger foams,
in the green state, by keeping a low molarity of activating
solution (1M NaOH). The low molarity did not cause the
formation of C-S-H compounds (previously observed with
waste glass/soda lime mixtures (Monich et al., 2018), but
turned the newly formed phases from being sodium ba-
sed to being calcium based. Calcium carbonate (CaCO,,
PDF#86-2339) was clearly detected. The remaining peak
is consistent with the presence of traces of the alumino-si-
licate zeolite gismondine (CaAl,Si,0,4H,0, PDF#20-0452).
Gismondine is interesting, being found in geopolymers
from granulated blast furnace slag (Zhang, Zhao, Li, & Xu,
2008), i.e. in products from very strong alkali activation.

The different formulations had some impacts af-
ter firing. The XRD patterns (Figure 5) of foams fired at
900°C showed signals consistent with those of labradori-
te (Ca,,Na, (Al ,Si,,,0,), PDF#83-1371) and gehlenite
(Ca,(AI(AISI)0,), PDF#74-1607). Labradorite and gehlenite
have already been previously detected in glass-ceramics
made with plasma vitrified MSWI fly ashes (Bernardo et
al.,, 2011). We cannot exclude the presence also of an Al-
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Tilleyite
NagAlgSigO,,CO4
CaCO,

Na,CO,4
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© % % B w OO
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B (1.5 M NaOH) - green

A (1 M NaOH) - green

Vitrified bottom ash as received

R RS AEEARRRRas
10 15 20 25 30 35 40 45 50 55 60 65 70
20 (deg.)

FIGURE 4: High resolution XRD patterns of vitrified bottom ash and
not fired foams.

rich pyroxene (augite, CaMg, Al Si, O, PDF#78-1392).
Pyroxene solid solutions are quite typical in waste-derived
glass-ceramics (Park, Moon, & Heo, 2003), as well as pla-
gioclase and melilite solid solutions (comprising labradori-
te and gehlenite, respectively).

Figure 5 also indicates that the increase of molarity
of the alkaline solution and the introduction of soda-lime
glass had a ‘symmetrical’ effect on the crystallization: com-
pared to ‘A’ foams, both foams from stronger activation (‘'B’
type) and from glass addition (‘C’ type) exhibited more mar-
ked peaks. However, it may be seen that in the first case all
peaks became more intense; in the second, on the contrary,
gehlenite had a more significant increase.

The enhanced crystallization is reasonably due to the
increase of overall alkali content in both groups B and C,
which may have lowered the apparent activation energy for
crystal growth, as already observed for alkali rich glasses
(Watanabe, Hashimoto, Hayashi, & Nagata, 2008)). The en-
hancement of crystallization was found at 900°C; firing be-
low the crystallization temperature of vitrified bottom ash
(at 800°C, group D) led simply to fully amorphous foams.

The glass-ceramic foams presented porosity higher
than 58 vol%, mainly open, as shown by Table 3. Table 3
also indicates that the increase of molarity from 1 M to
1.5 M enabled the increase of almost 10% in porosity. The
reason probably lies on the fact that the more “gelified”
suspension (group B, as shown in Figure 4) could prevent
more efficiently the collapse of the bubbles entrapped after
foaming. Due to their high porosity, the foams from group
B could be potentially applied as thermal or acoustic in-
sulators in buildings. Regarding the mechanical properties,
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* ? @ Gehlenite
o Augite

2
Y'Y ’* o ’o 303 x Ox 2 : .x

¥ o9 A (1 M NaOH) - 900°C
v
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FIGURE 5: XRD patterns of the fired vitrified bottom ash derived
foams.
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the compressive strength reached a maximum of 8.1 MPa
for foams made with a stronger alkaline solution (group
B). This value is well above the typical crushing strength
for commercial glass foams, which lies between 0.4 and 6
MPa (Scarinci, Brusatin, & Bernardo, 2006); in addition, the
strength-to-density ratio compares well with that of com-
mercial foams (e.g. alumina foams with the similar density
hardly exceed 8 MPa) (CES EduPack, 2018).

Foams made with soda-lime glass (groups C and D),
on the other hand, did not present an increase of porosity.
In addition, the increase in firing temperature from 800°C to
900°C, enabling crystallization, determined 38% increase in
the strength of the foams.

The micrographs of the porous materials are shown in
Figure 6. As already indicated by Table 3, the foams present
high porosity, mainly open. The increase in the molarity of
the alkaline solution from 1 M (group A) to 1.5 M (group B)
decreased substantially the pore size. The decrease in pore
size could be one of the reasons lying behind the increase
in compressive strength in foams from groups B, despite
presenting a higher porosity. As already observed in ano-
ther study, foams with smaller macro-pore size presented
higher compressive strength than foams with a larger ma-
cro-pore size up to a certain level of porosity (Liu, 1997).

Regarding the foams made with addition of soda-lime
glass (groups C and D), it may be observed the influence
of the firing temperature on the pore size distribution: fo-
ams fired at 800°C (group D) present a larger pore size than
foams fired at 900°C (group C). As the foams were still
amorphous at 800°C (Figure 5), the softened glass may
have contributed to reshape the pores during firing, befo-
re crystallization. The precipitation of crystals increased
then the viscosity of the softened glass, which prevented a
further reshaping of pores at higher temperatures (Rincén,
Giacomello, Pasetto, & Bernardo, 2017).

As vitrified bottom ash is originated from waste, it is
essential to perform leaching test on the samples, in or-
der to verify if the leaching of heavy metals is within the
regulation. Table 4 shows that the vitrification of MSWI bot-
tom ash effectively yielded a safe material with very low
leaching of heavy metals. Concerning the glass-ceramic
foams made with only vitrified bottom ash (groups A and
B), the leaching of heavy metals was below the limit values
for inert and non-hazardous waste. On the other hand, due
to a high leaching of Sb, foams made with soda-lime glass
(groups C and D) could only be accepted as non-hazardous
waste.

The increase in the alkalinity of the residual glass, with

FIGURE 6: Micrographs of the four types of porous glass-ceramics developed: a) group A, T M NaOH; b) group B, 1.5 M NaOH; ¢) group C,
10% SGL fired at 900°C; d) group D, 10% SGL fired at 800°C.
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TABLE 3: Porosity and mechanical properties of the four groups of porous materials produced.

Group of samples A B (o] D
Activation 1M NaOH 1.5 M NaOH 1M NaOH 1 M NaOH
Soda-lime glass (%) - - 10% 10%
Sintering Temperature (°C) 900 900 900 800
Density determinations
Pgeom (g/cm?®) 1.04 £0.08 0.85+0.04 1.03£0.03 1.07 £0.09
Papparert (9/CM) 2.2840.01 2.59£0.03 2.45+0.04 2.54+0.04
Pree (9/cM?) 2.52+0.00 2.62+0.00 2.53+0.01 2.57+0.00
P 0.412 0.326 0.407 0.414
Porosity distribution
Total porosity, P (%) 58.8 67.4 59.3 58.6
Open porosity, OP (%) 54.4 67.0 58 58.1
Closed porosity, CP (%) 4.4 0.4 1.3 0.5
Strength determinations
O.omp (MP2) 7027 81x1.1 73138 53%20
TABLE 4: Results of the leaching test of vitrified bottom ash and of the four groups of foams (mg/kg) [*: above limit].
Limits (Directive 2003/33/EC, 2003)
VBA A B C D
Inert waste Non-hazardous waste
As 0.5 2 0.0076 <0.0049 <0.0049 <0.0049 <0.0049
Ba 20 100 0.0054 0.0354 0.0696 0.0041 0.0061
Cd 0.04 1 <0.0002 0.0004 <0.0002 <0.0002 <0.0002
Cr total 0.5 10 0.0066 0.0072 0.0021 0.0020 0.0146
Cu 2 50 0.0219 0.0128 0.0024 0.0003 0.002
Hg 0.01 0.2 <0.0004 <0.0004 <0.0004 0.0023 0.0015
Mo 0.5 10 0.0184 <0.0033 <0.0033 <0.0033 <0.0033
Ni 0.4 10 0.0017 0.0042 <0.0014 <0.0014 <0.0014
Pb 0.5 10 0.0068 0.0111 0.0072 <0.0047 <0.0047
Sb 0.06 0.7 0.0339 0.0151 0.0320 0.3518* 0.2316*
Se 0.1 0.5 <0.0122 0.0163 0.0221 <0.0122 <0.0122
Zn 4 50 <0.0203 <0.0203 <0.0203 <0.0203 <0.0203
Final pH 7.8 8.0 8.0 7.6 7.5

the addition of soda-lime glass, may have favoured its dis-
solution (Monich et al., 2018; P. Pisciella, Crisucci, Karama-
nov, & Pelino, 2001). It must be observed, however, that the
leaching tests were applied on glass foam fragments, i.e. on
samples with huge specific surface. The conditions of che-
mical attack, as well the reference limits (intended for ma-
terials to be disposed in landfills), were probably excessive.

4. CONCLUSIONS
We may conclude that:

+ The technique based on alkali activation, gelation, foa-
ming and sintering could be applied to produce porous
and strong glass-ceramics made with vitrified bottom
ash, with limited costs (considering the limited alkalini-
ty of activating solutions and low firing temperatures);

+ The valorisation of vitrified bottom ash into porous and
strong glass-ceramics by an economic process has the
potential to produce potential marketable products.

This could help to decrease the high costs of vitrifica-
tion;

+  The hardening of the suspension originates mainly
from the formation of carbonates;

+  The increase in molarity from 1 to 1.5 M produced
stronger foams with higher porosity and smaller pore
size;

+ The introduction of soda-lime glass allowed the achie-
vement of comparable compressive strength (at
900°C), with a reduced molarity of activating solution;
however, this was accompanied by some degradation
of the stabilization of pollutants.
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