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HIGHLIGHTS

« ‘Inorganic gel casting’ feasible for highly porous glass-ceramics from vitrified MSWI bottom ash.
« Hardening achieved with a low molarity alkaline solution, by formation of carbonate phases.

« Hardened foams transformed into glass-ceramics by low temperature sinter-crystallisation.

« Leaching of heavy metals from final product remaining under the thresholds specifications.
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The transformation of vitrified waste, such as bottom ash from municipal waste incineration, into cellular
glass-ceramics is convenient, if the additional processing is simple and inexpensive. The present paper
aims at presenting a possible route to achieve this goal, based on the recently proposed mechanical foam-
ing of alkali-activated suspensions of waste glass powders, followed by sinter-crystallization at moderate
temperatures (from 800 to 900 °C). Compared to previously studied glasses, in this experiment bottom
ash-derived glass suspensions underwent progressive hardening at low alkali molarity and in limited
times. The firing did not alter the open-celled structure that had developed upon low temperature foam-
ing, owing to a significant crystallization. With an overall porosity of 80%, the optimized foams exhibited
a remarkable compressive strength (>6 MPa). Finally, the process had no negative impact on the leaching
of toxic elements, which remained well below the thresholds for inert materials.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
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1. Introduction

The total amount of municipal solid waste (MSW) generated in
EU-28 by 2016 was 246 million tonnes, out of which up to 66 mil-
lion tonnes were incinerated [1]. The main goals of incineration are
the destruction of hazardous organic substances, the prevention of
their dispersion in the environment, the reduction in volume of the
initial waste, the reduction of the landfill space, and energy recov-
ery. Bottom ash is one of the final residues from municipal solid
waste incineration (MSWI); it represents about 10vol% and
approximately 20-30 wt% of the initial waste treated in the pro-
cess [2,3].

Bottom ash presents a risk of heavy metal leaching, therefore
suitable pre-treatments should be applied before it is landfilled
or reused as a secondary raw material. However, its direct reuse
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E-mail address: enrico.bernardo@unipd.it (E. Bernardo).
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is not feasible, and a delicate balance between stabilization costs
and economic benefits from using bottom ash as an alternative
raw material need to be studied carefully [4,5].

The building industry represents an excellent target for the val-
orisation of properly treated bottom ash. Depending on the formu-
lations, bottom ash may be used in the form of aggregates, in the
foundations of road constructions [6,7] and in concrete production,
to replace natural aggregates 8], or as a reactive component, again
in concretes, owing to its pozzolanic characteristics [9,10]. How-
ever, it should be observed that the presence of metallic alu-
minium or metallic zinc and chlorides leads to the long-term
degradation of concrete, and the immobilisation of the heavy met-
als may not be complete [9,11].

Waste vitrification is one the most effective techniques avail-
able to achieve the complete stabilisation of heavy metals [12].
When applied to MSWI bottom ash, vitrification destroys dioxins
and the other hazardous organic components that are present in
them, determines a significant reduction in volume (60%) and
yields a highly homogeneous glass that can be used in many

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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applications [13]. Even if the high energy demand is a significant
drawback of the process, the transformation of the by-products
to a more valuable product can compensate for the cost and help
avoiding the disposal fees [13].

Vitrified bottom ash can be used as another replacement of nat-
ural aggregates or as a pozzolanic additive in concrete [14-16], but
the most interesting applications depend on its glassy nature.
Waste-derived glass may be used as raw material for classical
glass-based products, such as glass fibres [17], ceramic glazes
[18] and, above all, glass-ceramic tiles [19-21].

Among the waste-derived glass-based materials, cellular
glasses and glass-ceramics are particularly interesting because of
their unique combination of low thermal conductivity, high
mechanical strength and high chemical and thermal stability
[13]. Compared to polymeric insulators, glass-based foams are
non-flammable, although undoubtedly more expensive. The signif-
icant production costs are mostly due to the difficult control of the
viscous flow sintering of the glass, with a concurrent gas evolution,
owing to decomposition or oxidation reactions (Quiam et al., as an
example, foamed vitrified bottom ash through the decomposition
of a calcium carbonate additive [22]). The balance is even more
delicate in the case of waste-derived glasses, which undergo crys-
tallization upon sintering.

This investigation on cellular glass-ceramics from vitrified bot-
tom ash was essentially conceived to assess the suitability of an
alternative, recently established method, which is based on the
alkali activation of the aqueous suspensions of glass powders
[23,24] or glass-slag mixtures [25,26]. In this process, the suspen-
sions undergo progressive hardening through the partial dissolu-
tion of glass and the formation of C-S-H (calcium-silicate-
hydrated) compounds as the binding phase; before complete set-
ting, the mixtures are foamed by intensive mechanical stirring,
with the help of a surfactant. The thus obtained “green” foams
are later subjected to viscous flow sintering, or sinter-
crystallization, for glasses sensitive to surface nucleation. The vis-
cous flow, besides joining adjacent glass particles, can reshape
the pores obtained upon low temperature foaming [23]; however,
in the case of significant crystallization, the increase in the viscos-
ity of the softened glass caused by crystal inclusions ‘freezes’ the
microstructural evolution, so that the open-celled structures sub-
stantially remain unaltered [24,26].

The specific glass here adopted led to a different hardening
mechanism at a low temperature. Glass suspensions could be con-
solidated by means of an activating solution of particularly low
molarity, compared to the ones used for geopolymers (also based
on bottom ash) [27]. Owing to the substantial crystallization that
was reached, the obtained glass-ceramic foams exhibited particu-
larly remarkable specific strength values.

2. Experimental procedure

The starting material consisted of vitrified bottom ash (VBA)
from a north Italian municipal solid waste incinerator (MSWI),
which was melted at 1450 °C without adding any vitrifying agent.
The vitrification process and the characteristics of the final vitrified
bottom ash (VBA) are reported elsewhere [14]. The chemical com-
position of the obtained VBA is shown in Table 1.

The VBA was milled and sieved under 75 pm. The powders were
suspended in an aqueous solution of 2.5 M NaOH (reagent grade,
Sigma- Aldrich, Gillingham, UK), to a total solid loading of 70 wt%.
The mixture was kept under mechanical stirring (500 rpm) at room
temperature for 2 h, to achieve the partial dissolution of glass and a
good dispersion of the remaining undissolved particles in the slurry.

A 4 wt% Triton X-100 solution (polyoxyethylene octyl phenyl
ether - Cy4H2;0(CoH40)n, n=9-10, Sigma-Aldrich, Gillingham,

Table 1
Chemical composition (expressed in wt%) of the
vitrified bottom ash.

Oxide (wt%) Vitrified bottom ash (VBA)
Si0, 51.7
Al,05 109
Cao 16.2
Na,0 6.9
Fe,05 5.8
MgO 4.1

K0 1.6
TiO, 0.7

BaO 0.2
ZnO 0.2
MnO 0.1
Others Balance

UK) was added to the glass suspension, which was then subjected
to intensive mechanical stirring (2000 rpm, for 10 min). Some sam-
ples were also obtained after a pre-curing step of 1 h at 70 °C; this
step was previously found to increase the pseudoplasticity of glass
slurries by promoting gelification [23].

The thus obtained wet foams were kept at 70 °C for 24 h in
sealed polystyrene cylindrical moulds to complete the hardening.
After demoulding, a thermal treatment was applied at 800-
900 °C for 1 h in air (10 °C/min heating rate).

Selected samples were subjected to thermal analysis (TGA, Met-
tler Toledo TGA/DSC 3+, Zurich, Switzerland) operating at 10 °C/
min in static air, from room temperature up to 800-900 °C.
Fourier-transform infrared spectroscopy (FTIR, FTIR model 2000,
Perkin Elmer Waltham, MA, USA) was performed, operating in
absorbance mode, with a 4cm™' resolution for 32 scans in the
4500-400 cm™! region.

The morphological and microstructural characterisations were
executed by means of optical stereomicroscopy (AxioCam ERc 5s
Microscope Camera, Carl Zeiss Microscopy, Thornwood, New York,
US) and scanning electron microscopy (FEI Quanta 200 ESEM, Eind-
hoven, The Netherlands). The mineralogical analysis was con-
ducted by means of X-ray diffraction (XRD) (Bruker D8 Advance,
Karlsruhe, Germany), using CuKo radiation, 40 kV-40 maA,
20 =10-70°, a step size of 0.02° and a counting time of 0.5-2s,
with a position sensitive detector (LinxEye, Bruker AXS, Karlsruhe,
Germany). The phase identification was completed using the
Match!® programme package (Crystal Impact GbR, Bonn, Ger-
many), supported by data from the PDF-2 database (ICDD-
International Centre for Diffraction Data, Newtown Square, PA,
USA).

The geometric density (pg) of the fired foams was evaluated by
considering the mass-to-volume ratio. The apparent (p,) and the
true density (p.) were measured using a helium pycnometer
(Micromeritics AccuPyc 1330, Norcross, GA), operating on bulk or
finely crushed samples, respectively. The three density values
(pg Pa and p;) were used to compute the amounts of open and
closed porosity. Compression tests were conducted using an
Instron 1121 UTS (Instron, Danvers, MA) machine, with a cross-
head speed of 0.5 mm/min, employing foam samples of about
10 mm x 10 mm x 10 mm, which had been cut from larger speci-
mens. Each data point corresponded to 9-10 samples.

The heavy metal release was evaluated according to the leach-
ing procedure outlined in the European Standard for waste toxicity
evaluation (EN 12457-2). Fragments below 4 mm were placed in
distilled water, with a pH value of ~7, for a liquid/solid ratio of
10, and were then softly stirred at 25 °C for 24 h. The solutions
were filtered through a 0.6 pm filter and analysed using induc-
tively coupled plasma (ICP; SPECTRO Analytical Instruments
GmbH, Kleve, Germany).
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3. Results and discussion

Fig. 1 reports the FTIR spectra of the VBA at the as received
state, after hardening and after sintering. The two activated VBA
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Fig. 1. FTIR analysis of VBA glass before and after foaming (with and without a pre-
curing step at 70 °C for 1 h) and after heat treatments at 800 and 900 °C.

plots correspond to the hardened state achieved with or without
a pre-curing step (lasting 1 h); the two plots for the sintered VBA
correspond to thermal treatments at 800 and 900 °C.

The FTIR spectrum of the original vitrified bottom ash presented
a broad band between 950 and 1050 cm™!, which was attributed to
the asymmetric tension of the Si-O-Si and Al-O-Si groups. This
band shifted to higher wavenumber values, and became narrower
and more intense in the hardened foams: this effect could be asso-
ciated with the polycondensation reactions that occur after alkali
activation [28,29]. Sintering at 800 °C almost brought the VBA to
the starting conditions, whereas the treatment at 900 °C led to
the splitting of the band in several peaks, which may have been
due to crystallization, i.e. more ordered structures.

Bands corresponding to the stretching modes (centred at about
3400 cm~!) and to the bending vibration (at around 1638 cm™!) of
the OH groups were poorly visible in the hardened VBA. This sug-
gests a limited formation of hydrated calcium silicate compounds
(C-S-H), compared to previous experiments [23-25]. However, a
quite strong band was noted at around 1458 cm~!, which was
attributed to the stretching vibration of C-0O, but again only for
the activated VBA. In addition, the sharp band at 875 cm™! was
attributed to the out-of-plane bending of CO3~, thus suggesting
that the hardening of the VBA was due also to carbonation. The for-
mation of carbonates was also observed in previous studies
[27,30]. Finally, the band at about 2800 cm™!, but only for the acti-
vated VBA, could have been due to CH, stretch vibrations of the
surfactant.

A confirmation of the findings of infrared spectroscopy was pro-
vided by high resolution X-ray diffraction analysis (with patterns
collected with a position sensitive detector, yielding a distinctive
high signal-to-noise ratio, operating with steps of 26 = 0.02° and a
counting time of 2 s), shown in Fig. 2. The activation, even with no
pre-curing step, determined some modifications of the ‘amorphous
halo’ of VBA glass; the limited intensity of the peaks did not allow
for a precise phase identification, except for sodium hydrogen
carbonate hydrate (trona, Nas;H(COs),-2H,0, PDF#29-1447). The
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Fig. 2. Mineralogical analysis of VBA, in the as received conditions and after activation (precuring time of 0-1 h).
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application of a pre-curing step (1 h) led to the development of quite
well distinguishable phases, such as sodium carbonate hydrate (Na,-
C0O3-7H,0, PDF#76-1108), calcium sodium carbonate (shortite,
CayNay(C03);, PDF#72-1026) and calcium carbonate (CaCOs,
PDF#29-0305). Besides carbonates, a crystalline calcium alumino-
silicate hydrated compound (garronite, NayCasAl;,Si»g0s4-27H,0,
PDF#85-1567) likely formed. The latter phase (a zeolite) is interest-
ing, since it has been already reported to be formed by Na* incorpo-
ration in C-A-S-H gels, obtained by alkaline activation of slags and
ashes [31-33]. Unlike soda-lime glass (leading to a tobermoritic
gel, based on C-S-H), VBA glass was evidently prone to the formation
of a truly geopolymeric-like (zeolitic) gel, amorphous (with no pre-
curing) or semicrystalline (with pre-curing).

The new hardening mechanism was confirmed by the thermal
analysis. The thermogravimetric analysis (TGA) of the initial VBA
and hardened foam, after activation and the complete setting, is
shown in Fig. 3a. The graph also reports the weight loss of the used
surfactant (Triton X-100), normalised at 4 wt% (the amount of
additive employed in the foaming process). Around 2 wt% of the
weight loss below 200 °C on the hardened foam could be attributed
to the release of physically bonded water, which is consistent with
the wide endothermic bands in the DTA plot shown in Fig. 3b. This
loss is much lower than the cases of glass suspensions hardened by
C-S-H formation shown in previous studies [23-25]. The further
weight loss, that is, of around 5.8 wt%, which occurred between
200 and 500 °C, could mostly be attributed to surfactant burn-
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Fig. 3. Thermal analysis of the VBA glass before and after foaming; (a) Thermo-
gravimetric plot of the VBA alkali-activated hardened foams and normalised Triton
X-100; (b) Differential thermal analysis of the VBA glass powder and ‘green’ glass
foam achieved as a result of alkali activation and direct foaming.

out (~4%, as shown in Fig. 2a), corresponding to the sharp exother-
mic peak at 300 °C in Fig. 3b. The remaining loss (1.8 wt%) should
be attributed to the decomposition of newly developed phases; the
thermal effects above 500 °C are hard to distinguish, as a result of
the overlapping of oxidation reactions, which caused a slight
weight increase in both the starting VBA and hardened VBA (see
Fig. 2a).

The glass transition of VGA was interpreted as occurring at
660 °C (T,). Interestingly, a clear crystallization exothermic effect
(peak centred at about 900 °C, see the arrow in Fig. 2b) was
detected only in the activated VBA. In our opinion, this could be
due to the formation of a low viscosity alkali-rich glass phase,
between adjacent VBA glass granules, after the decomposition of
the binding phases developed upon low temperature hardening.
Alkali-enriched glasses are known to feature a lower apparent
activation energy of crystal growth, so that they catalysed the
crystallization [34]. A crystallization peak at 900-950 °C is consis-
tent with the formation of calcium silicates (e.g. wollastonite,
CaSiOs3) [35-37]; the reduction of the crystallization temperature,
as an effect of the disruption the glass network (allowing rear-
rangement in turn favouring the cystallization) is also well known
[38,39].

Fig. 4 shows the overall pore structure of the developed foams,
by means of optical stereomicroscopy. The foams exhibited a high
microstructural uniformity after activation and hardening, with a
significant change due to the application of the pre-curing step;
the foams that were not subjected to a pre-curing step presented
pores with a diameter of 940 + 40 um, while the foams produced
after 1 h of pre-curing consisted of much smaller cells, with a
diameter of 330+ 10 um. The reduction in the pore size can be
attributed to the increase in the viscosity of the glass suspension
during the curing step, which prevented cell coalescence. The firing
treatment had no substantial effect on the microstructure. The
cells did not shown any sign of coarsening, and the openings
between the adjacent cells were not sealed by a thin membrane,
formed by viscous flow (as observed for soda-lime glass) [23].
The ‘freezing’ of the microstructure developed upon the low tem-
perature foaming was attributed to the control of the viscous flow
by the crystallization, as found for bioglass foams transformed into
wollastonite and diopside glass-ceramic foams [24].

The differences in cell size, without or with the application of a
pre-curing step, are again evident in Fig. 5a and b. The evolution of
the samples after firing was further investigated by scanning elec-
tron microscopy for foams fired at 900 °C. As shown in Fig. 5c, the
obtained foams actually exhibited a ‘hierarchical’ porosity, i.e.
apart from the macro-pores that formed by gel-casting, some smal-
ler pores appeared in the cell struts, which may have been due to
gas release occurring during the decomposition of the hydrated
compounds and carbonates. In addition, Fig. 5d testifies the occur-
rence of an intensive crystallization.

According to the mineralogical analysis shown in Fig. 6, sinter-
ing led to a substantial glass devitrification already at 800 °C, with
formation of calcium silicates, as expected from thermal analysis.
The developed phases consisted of wollastonite (CaSiOs, PDF#76-
0925) as well as of quite complex solid solutions of the pyroxene
(Mgo.g9Fe0.08Al0.20Cr0.04Ti0.01Ca0.76Na0.10S11.9206, PDF#85-1827)
and  melilite  ((Caj.96Nag.0s)(Mgo.24Al0.64F€0.12)(Si1.39Al0.6107),
PDF#72-2128) groups. Interestingly, when the firing temperature
was increased to 900 °C, the melilite solid solution practically dis-
appeared. This was concluded on the basis of the transformation of
the melilite into additional wollastonite and pyroxene solid solu-
tion, which was consistent with the increase in the related peaks.
The transformation of the melilite solid solution was likely due
to an interaction with silica from the residual glass phase (if we
refer, for the sake of simplicity, to the CaO-MgO-SiO, system, aker-
manite, Ca;MgSi,0; - a melilite solid solution end-member -,
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Fig. 4. Microstructural morphology of the VBA foams in the hardened state and after firing treatments (actual colours).

Fig. 5. High magnification morphology of the VBA foams in the hardened state and after a firing treatment at 900 °C: a) 0 h pre-curing; b) 1 h pre-curing; c and d) details of
the strut structure (c) and solid phase (d) of a foam treated at 900 °C after 1 h of pre-curing.
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Fig. 6. X-ray diffraction patterns of VBA glass-based foams in the hardened state and after firing at 800 and 900 °C.

reacting with silica, may turn into a mixture of wollastonite and
diopside, CaMgSi,O¢ - a pyroxene end-member -, as follows: Ca,-
Mg51207 + 5102 - CaSIO3 + CaMgSlzo(;)

Table 2 shows that the increase in firing temperature, from 800
to 900 °C, only had a slight effect on the overall porosity and on the
balance between the open and closed porosity thus further con-
firming the reduction in the viscous flow caused by crystallization.
In particular, foams sintered at 900 °C reached an excellent crush-
ing strength, if we consider the classical model proposed by Gibson
and Ahsby [40]. According to this model, the crushing strength (o)
of a cellular body is conditioned by the bending strength of the
solid phase (Gpeng) and by the porosity, expressed in terms of rel-
ative density (pre, defined as pre; =1 — P/100, where P is the total
porosity). The corresponding overall equation is:

Oc = Opend C'((D'Prez)3/2+(1 _(D)'prel (])

C is a dimensionless calibration constant (~0.2). The quantity
(1 — @) expresses the fraction of solid positioned at the cell faces.
In the case of open-celled foams, with fully interconnected pores
and solid material placed only on the cell edges, like in the present
foams, we can think at ®=1 (1 — ®=0).

Eq. (2) may be used to assess, from experimental values of &
and py.;, the strength of the solid phase. As reported in the same
table (square brackets), the calculated bending strength of the solid
phase of the foams processed with no pre-curing and fired at
900 °C exceeded 190 MPa, a level that is in good agreement with
the bending strength of monolithic glass-ceramics [13]. The
increase in the crushing strength (corresponding to a calculated
bending strength above 320 MPa), for the foams fired at 900 °C,
but processed with 1 h pre-curing, is consistent with the observed
decrease in the cell size (see Fig. 3). The cell size is not comprised in
the Gibson and Ashby model (Egs. (1) and (2)), but it is well known
that, at a given relative density, the strength of ceramic foams
increases dramatically with decreasing cell size [41]. The particurly
high strength, combined with open porosity, makes the developed
materials quite promising for many structural applications (e.g. as
thermal insulators in buildings or as filters).

Waste-derived materials, before any application, should be sub-
jected to a careful analysis of the chemical stability. In the present
investigation, the foams fired at 900 °C were compared with the as
received VBA, according to the EN 12457-2 leaching test. Table 3
shows that the VBA was particularly stable, with all the analysed
metal ions below the detection limit of the ICP device. The leaching

3/2 i i - i
Gc & Opena - C- (D py)*! (2) of the. VBA, after transforrr}atlop into glass' ceramic foams,. was
essentially above the detection limits, but this was not surprising.
Table 2
Physical and mechanical properties of the heat treated glass ceramic foams.
Pre-curing Firing T (°C) Density, p (g/cm?) Porosity (%) Crushing strength, o,
Geometric Apparent True Total Open Closed (MPa) [Gena (MPa)]
Oh 800 0.43 £0.01 2.11+£0.01 2.64 £0.01 83+2 79+2 4+1 2.2+0.1
900 0.45 +£0.01 243 +0.05 2.79+£0.01 83+2 81+4 2+2 2.7+0.2
[192.6]
1h 800 0.48 £0.01 2.55+0.05 2.66 +0.01 82+2 81+4 + 1.5+0.1
900 0.59 £0.02 2.72 £0.02 2.85+0.01 79+2 7+3 2+1 6.2+0.7

[322.1]
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Table 3
Results of the leaching tests on the selected glass ceramic foams.

Element (ppm) VBA as received (ppm) 900 °C (ppm)

Limits [2003/33/EC, 2003] (ppm)

0h gel 1h gel Inert material Non-hazardous material
As <0.0049 <0.0049 <0.0049 0.5 2
Ba <0.0000 <0.0000 <0.0000 20 100
cd <0.0002 0.0006 0.0004 0.04 1
Cr <0.0004 0.0011 0.0008 0.5 10
Cu <0.0001 0.0125 0.0003 2 50
Mo <0.0033 <0.0033 <0.0033 0.5 10
Ni <0.0014 <0.0014 <0.0014 0.4 10
Pb <0.0047 0.0125 0.0157 0.5 10
Se <0.0122 0.0617 0.0526 0.1 0.5
Zn <0.0203 0.0146 <0.0203 4 50
In fact, due to the complex redistribution of ions in the crystal Acknowledgements

phases and in the residual glass phase (with a new chemical com-
position) [26], each possesses a different chemical resistance. How-
ever, the leachates of the glass-ceramics remained well below the
limits for inert materials; the foams may be reputed as being safe,
considering that they were tested in the form of porous fragments
that feature a much-enhanced specific surface, compared to the
solid fragments of the as received VBA (in other words, the leach-
ing test on foams was much more severe).

4. Conclusions
We may conclude that:

- The approach to glass-ceramic foams by means weak alkali acti-
vation of glass suspensions/mechanical foaming/sintering can
be extended to vitrified bottom ash (VBA);

Unlike previously studied glasses, in the present experiment,
suspensions of powdered vitrified bottom ash underwent hard-
ening, mainly through the formation of carbonate phases,
which later decomposed upon firing;

Sintering at 800-900 °C did not lead to any substantial ‘reshap-
ing’ of the pores that formed upon low temperature mechanical
foaming, due to the significant crystallisation that was stimu-
lated by the same alkali activation;

The pore size can be adjusted by operating on the low temper-
ature mechanical foaming step, by applying a ‘pre-curing’ step;
with the adopted solid/liquid ratio, the porosity remained prac-
tically constant about 80% (mostly open);

The crystallization of VBA led to porous glass-ceramics that had
excellent crushing strength, for the given, substantial porosity,
with no significant degradation of chemical stability, compared
to the parent glass.

5. Summary of novel conclusions

Highly porous glass-ceramics from vitrified MSWI bottom ash

were obtained by ‘inorganic gel casting’ (mechanical foaming

of suspensions undergoing progressive hardening)

- The hardening occurred with a low molarity alkaline solution,
through the formation of carbonate phases

- Hardened foams were transformed into glass-ceramic foams
through a sinter-crystallisation process by firing at 800-900 °C.

- The chemical stability and the leaching of heavy metals of the

final product remained under the thresholds specifications
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