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� Highly porous glass-ceramics obtained by direct foaming of alkali activated glass slurries.
� Control of phase evolution by adjustment of firing temperature and atmosphere.
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� Firing at 800 �C led to electrically conductive foams for electromagnetic shielding.
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a b s t r a c t

In a circular economy perspective, waste-derived materials are attractive once the adopted manufactur-
ing technology combines low costs, absolute stabilization of pollutants and interesting functionalities of
the product. This paper deals with the enhancement of chemical stability and functionalities of highly
porous glass-ceramic foams, from vitreous residues the plasma processing of municipal solid waste
(‘Plasmastone’), by firing in nitrogen, at 800–1000 �C. Before firing, the processing relied on alkali activa-
tion of glass suspensions, followed by intensive mechanical stirring. Previous experiments had demon-
strated that the stabilization of pollutants could be achieved only by mixing Plasmastone with 30 wt%
recycled boro-alumino-silicate glass, in samples fired in air. The change in the atmosphere had a signif-
icant impact on the Fe2+/Fe3+ balance, leading to a different phase assemblage, in turn causing the stabi-
lization of pollutants even operating with more common recycled soda-lime glass. The new phase
assemblage also promoted functionalities such as electrical conductivity, relative permittivity and elec-
tromagnetic shielding effectiveness.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction gasification of organics, by pyrolysis, and metal separation upon
Circular economy relies on the extensive reuse of waste materi-
als in the manufacturing of new articles. This is undoubtedly not
straightforward for ‘mixed’ wastes, i.e. masses comprising materi-
als of different nature and origin (metals, plastics, ceramics), as
found in many landfills; however, the need for urban spaces from
the remediation of landfills and for saving natural resources is
pushing towards models of ‘enhanced landfill mining’ [1].

This paper is dedicated to a waste glass, belonging to the
CaO-Al2O3-Fe2O3-SiO2 system, from the plasma processing of
municipal solid waste. Plasma heating is an effective technology
for resource recovery from waste, since it provides both
melting (owing to reducing conditions) [2]. The energy production
from waste-derived gas (‘Syngas’) and the recovery of metals are
undoubtedly profitable, but a true circular economy approach
(and a truly ‘enhanced’ landfill mining) is realized only if also the
vitreous by-product of the plasma heating process (‘Plasmastone’)
is reused in new materials.

Significant examples of reuse are associated with the alkali acti-
vation of aqueous suspensions of Plasmastone powders [3,4]. In
condition of ‘strong’ activation (high amounts of alkali hydroxides
or alkali silicates added) [3], Plasmastone undergoes a substantial
dissolution, followed by condensation (‘polymerization’) of the dis-
solution product. The obtained ‘inorganic polymer’ resembles the
characteristics of the well-known geopolymers (produced by dis-
solution of alternative silicate and alumino-silicate materials), so
that it could be considered a valid alternative to Portland cement,
as inorganic binder.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2019.117265&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.conbuildmat.2019.117265
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:enrico.bernardo@unipd.it
https://doi.org/10.1016/j.conbuildmat.2019.117265
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


Table 1
Chemical composition of the starting materials (wt%).

Plasmastone SLG BSG

SiO2 34.26–37.32 71.9 72
TiO2 0.60–0.67 0.1
Al2O3 12.82–14.79 1.2 7
Fe2O3 20.92–24.84 0.3
MnO 0.11–0.15
MgO 1.18–2.40 4
CaO 22.97–23.20 7.5 1
Na2O 0.26–1.10 14.3 6
K2O 0.32–0.51 0.4 2
P2O5 0.03–0.18
B2O3 12
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A ‘weaker’ alkali activation (e.g. using alkali hydroxides in low
molarity) does not lead to products directly usable after processing
at low temperature (close to room temperature), but configures a
fundamental processing step in the manufacturing of highly por-
ous glass-ceramics [4]. More precisely, suspensions of fine glass
powders in alkaline aqueous solutions may exhibit a marked
pseudo-plasticity, according to the formation of gels just at the sur-
face of glass particles, by partial dissolution. While in inorganic
polymers the hardening is due at least partially to the formation
of a three-dimensional alumino-silicate hydrate network structure,
glass suspensions are mostly stabilized by the formation and inter-
locking of calcium silicate hydrates (C–S–H) [4-6]. Air bubbles,
incorporated by intensive mechanical stirring (with the help of
surfactants), at high shear rates and low viscosity, remain ‘frozen’
in glass suspensions when the stirring stops, at low shear rate
and high viscosity. A cellular structure, available at low tempera-
ture by simple drying of hardened suspensions, is later consoli-
dated by viscous flow sintering.

The additional firing step is not an issue, considering the energy
and cost savings (due to the weaker activation) and the possible
application of highly porous glass-ceramic products. In fact,
glass-ceramic foams may enter the market of thermally and acous-
tically insulating building materials, currently dominated, as a
non-flammable alternative to polymeric foams, by glass foams
[7]. Glass foams are manufactured by a quite complex process
[7], based on gas evolution (from selected additives) in pyroplastic
masses created by the viscous flow sintering of the starting glass
powders. Weak alkali activation of glass suspensions, followed by
mechanical foaming and sintering, in separating foaming and sin-
tering, brings important advantages. Since foaming is already
achieved at low temperature, the consolidation of soda-lime glass
occurs at just 700 �C; in waste-derived glasses, like Plasmastone,
the overlapping of sintering and crystallization is also an opportu-
nity to increase the mechanical properties of the final products [4].

For waste-derived glasses, the absolute stabilization of pollu-
tants is an essential requirement for safe products. The mixing
with recycled glass is useful in ‘diluting’ the pollutant and improve
the densification by viscous flow sintering [4]. However, previous
experiences have already highlighted that Plasmastone could lead
to chemically stable glass-ceramic foams, after firing in air at 800–
1000 �C, only by addition of boro-alumino-silicate glass, recovered
from discarded pharmaceutical vials [4,8]. The present paper will
show that controlling the firing atmosphere enabled an enhanced
stabilization, even operating with common soda-lime glass as
additive, and an extension of functionalities. More precisely, low
processing temperatures and nitrogen atmosphere had a synergis-
tic effect on the precipitation of Fe-rich crystalline phases (partic-
ularly magnetite, Fe3O4), in turn leading to products exhibiting
moderate electrical conductivity, high relative permittivity and
remarkable electromagnetic shielding effectiveness.
2. Experimental procedure

Plasmastone was gently provided by Scanarc Plasma Technolo-
gies AB (Hofors, Sweden). Received in form of granules with a
mean particle size of 2 mm, it was ground into fine powders, below
75 mm, by dry ball milling. Plasmastone was then mixed with soda-
lime glass (SLG) powders (medium particle size equal to 30 mm,
provided by SASIL SpA, Brusnengo, Biella, Italy) or boro-alumino-
silicate glass (BSG) powders (<45 mm, from disposed and crushed
pharmaceutical vials, provided by Nuova OMPI Piombino Dese,
Padova, Italy). The composition of the starting materials is reported
in Table 1 [4].

Foams were produced according to the alkali activation-gel
casting procedure previously reported [4,8]. Plasmastone/glass
powders were first introduced in an alkaline aqueous solution
(2.5 M NaOH/KOH, ratio 1:1; solid content of 68 wt%), under
mechanical stirring at 400 rpm, and left for 3 h, to achieve partial
dissolution. Suspensions of Plasmastone/glass powders were then
cast in closed polystyrene (PS) containers and placed at 75 �C, for
3 h. The suspensions were later added with 4 wt% Triton X-100
surfactant (polyoxyethylene octyl phenyl ether – C14H22O
(C2H4O)n, n = 9–10, Sigma-Aldrich, Gillingham, UK) and subjected
to intensive mechanical stirring (at 2000 rpm). Finally, the result-
ing ‘green’ foams were left for 48 h at 40 �C, for complete drying,
before being extracted from the PS containers.

Unlike in previous studies, the sintering treatment was applied
at 800–1000 �C, using a heating rate of 10 �C/min and a holding
time of 1 h, in flowing nitrogen atmosphere. The mineralogical
analysis of the resulting glass-ceramics, once powdered, was con-
ducted by means of X-ray diffraction (XRD) (Bruker D8 Advance,
Karlsruhe, Germany), using CuKa radiation, 0.15418 nm, 40 kV–
40 mA, 2h = 10–70�, step size 0.05�, 2 s counting time. The phase
identification was performed by means of the Match!� program
package (Crystal Impact GbR, Bonn, Germany), supported by data
from Powder Diffraction File (PDF)-2 database (International Cen-
tre for Diffraction Data, Newtown Square, PA, USA).

Large fired samples were cut into cubes with approximate
dimensions of 10 mm � 10 mm � 10 mm. The geometrical density
(qgeom) of these specimens was determined from the weight-to-
volume ratio, using a calliper and a digital balance. The apparent
density (qapparent) and the true density (qtrue) were later measured
by means of a gas pycnometer (Micromeritics AccuPyc 1330, Nor-
cross, GA), operating with He gas on whole specimens or on pow-
ders, respectively. The density values were used to compute the
amounts of open and closed porosity. The compressive strength
of foams was measured at room temperature, by means of an
Instron 1121 UTM (Instron Danvers, MA) operating with a cross-
head speed of 1 mm/min. Each data point represents the average
value of 5 to 10 individual tests.

Morphological and microstructural characterizations were per-
formed by means of optical stereomicroscopy (AxioCam ERc 5 s
Microscope Camera, Carl Zeiss Microscopy, Thornwood, New York,
USA).

Leaching tests on foams fired in nitrogen were performed based
on Norm EN 12457-4 [9], as done for analogous foams fired in air
[4,8], on samples broken into pieces smaller than 4 mm. The pieces
were immersed in pure distilled water, in order to obtain a liquid
to solid ratio of 10, and left for 24 h, under mechanical stirring. Sus-
pensions were poured in a smaller flask and centrifuged in order to
separate the solid material from the liquid, later analysed by
means of inductively coupled plasma mass spectrometry (ICP-
MS). The heavy metal content of the eluate was compared to the
Austrian Recycling Building Materials Ordinance [10] and to the
values acceptable at landfills for inert waste and non-hazardous
waste [11].
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The conductivity of the materials was evaluated on disc samples
(about 50 mm diameter and 6 mm). As shown by Fig. 1a, upper and
lower areas were first painted with a silver conductive paint (SCP)
and then connected with electrical wires, by means of copper tape
with conductive adhesive (3 M Copper Foil Tape 1181). The lateral
surfaces were carefully masked, in order to form (almost flat) con-
ductive layers just on top and bottom surfaces. The equivalent
model of the electrical configuration used in the analysis is an
inductance L, due to the thread connections, in series with a paral-
lel between a resistance R and a capacitance C, due to the cylindri-
cal sample put between parallel plates, as shown by Fig. 1b.

The DC value of R was measured by means of a Fluke 23 III mul-
timeter. A GW INSTEK LCR-819 precision LCR meter (frequency
range: 12 Hz – 100 kHz) and an Agilent 4285 precision LCR meter
(frequency range: 75 kHz – 30 MHz) were used for AC measure-
ments. The measured resistance R, given the geometry of the sam-
ples and according to Ohm’s law, yielded an estimation of the
electrical conductivity. The measured capacitance C, given the
geometry and the parallel plates capacitor configuration, yielded
an estimation the relative permittivity.

The shielding effectiveness (SE) in the frequency range 100 kHz
– 3 GHz was measured with a different set-up: hollow cylindrical
samples were placed in a coaxial holder with a continuous inner
conductor, connected to a vector network analyser Agilent
E5061B. This setup yielded the S21 parameter, in turn leading to
the shielding effectiveness SEdB = – S21dB [12–14].
3. Results and discussion

3.1. Microstructural analysis

The low temperature hardening of alkali-activated aqueous sus-
pensions of Plasmastone powders relied on the formation of cal-
cium silicate hydrate (C-S-H) compounds on the surface of each
granule, as an effect of partial dissolution [4]. The addition of glass
powders was intended to enhance the formation of C-S-H gel: this
was effectively found for soda-lime glass, whereas boro-alumino-
silicate glass could not contribute, due to the practical absence of
CaO in the formulation [4]. In any case, very homogeneous foams
could be obtained from both Plasmastone mixed with SLG
(Fig. 2a) and BSG (Fig. 2b); the evident interconnections testify a
mostly open porosity.

800 and 1000 �C were considered as the reference temperatures
for the firing treatments, based on previous investigations [4,8].
(a)
Fig. 1. Foamed sample coated with conductive paint and connect
800 �C actually corresponds to the crystallization temperature of
Plasmastone [4], so that viscous flow sintering was seriously
impeded by the precipitation of crystals. The addition of soda-
lime glass and the enhancement of firing temperature up to
1000 �C were expected to modify the viscous flow sintering/crys-
tallization balance, with the softened glass additive, not prone to
crystallization, offering extra liquid phase upon firing.

Fig. 3a shows that the glass addition could be significant even at
800 �C. The cellular structure remained substantially unaltered
(with mostly open porosity), from the ‘green’ state, but with parti-
cles well ‘glued’ together. Firing at 1000 �C slightly increased the
overall porosity, owing to gas evolution (from high temperature
reduction of Fe3+ into Fe2+: 2 Fe2O3 ? 4 FeO + O2 [15]), but there
was no coarsening (see Fig. 3c).

The substantial equivalence between samples produced at dif-
ferent temperatures, in air, may be inferred from the porosity
and strength data reported in Table 2. The strength of the solid
phase (rbend) could be estimated from the measured crushing
strength and density values, according to the Gibson & Ashby
model [15] for open-celled foams (from the model,
rcomp ~ 0.2�rbend�(qrel)1.5 = 0.2�(qgeom/qtrue)1.5, so: rbend ~ 5�rcomp�
(qtrue/qgeom)1.5). Passing from 800 to 1000 �C the strength
remained practically unaltered, on values consistent with those
typically attributed to soda-lime glass (~70–75 MPa) [16].

Sintering in nitrogen led to quite surprising changes. At 800 �C
(Fig. 3b) pores were visibly smaller; at 1000 �C (Fig. 3d) the pore
size was similar to that of foams fired in air, at the same tempera-
ture. In all cases, the colour changed from brown-red to dark grey.
The closed porosity (Table 2) did not increase; on the contrary, the
porosity in samples fired in nitrogen remained open in all condi-
tions. The cellular structure developed upon firing in nitrogen
probably derived from a substantial ‘reshaping’ of pores, with con-
tributions to porosity from overlapping phenomena, like the
above-mentioned oxygen release, by reduction of Fe3+ into Fe2+.

Firing in N2 had a different impact on crushing strength: while
the foams sintered at 1000 �C were stronger than those processed
in air, at the same temperature, the foams sintered at 800 �C were
weaker (the observed crushing strength is consistent with a bend-
ing strength of the solid phase of approximately 50 MPa). In any
case, also the latter foams still compare favourably, in terms of
strength-to-density ratio, with several commercial ceramic foams
[17].

Fig. 4 testifies that increasing the firing temperature in air just
enhanced the development of phases already present at 800 �C,
such as hedenbergite (Ca(Fe0.821Al0.179)(SiAl0.822Fe0.178)O6, PDF
(b)

L

R C

ed with threads: a) example; b) equivalent electrical model.



Fig. 2. Morphology of Plasmastone-derived samples (real colours) after low temperature hardening, from mixtures comprising recycled glasses: a) soda-lime glass; b) boro-
alumino-silicate glass.

Fig. 3. Morphology of Plasmastone-derived samples after firing (real colours): SLG, 800 �C, in air (a) and in N2 (b); SLG, 1000 �C, in air (c) and in N2 (d); BSG, 800 �C, in air (e)
and in N2 (f).
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#78-1546), andradite (Ca3Fe2(SiO4)3, PDF#84-1935) and wollas-
tonite (CaSiO3, PDF#84–0655). The firing at 1000 �C in N2, on the
contrary, favored the formation of Na-Mg-Fe doped gehlenite
((Ca1.96Na.05)(Mg.24Al.64Fe.12)(Si1.39Al.61O7), PDF#72–2128), present



Table 2
Physical and mechanical properties of selected Plasmastone-based foams.

Glass additive SLG BSG

Firing T (�C) 800 1000 800

Atmosphere Air [4] N2 Air [4] N2 Air [9] N2

qgeom (g/cm3) 0.69 ± 0.01 0.78 ± 0.01 0.65 ± 0.02 0.77 ± 0.03 0.64 ± 0.04 0.74 ± 0.01
qapparent (g/cm3) 2.74 ± 0.02 2.90 ± 0.10 2.92 ± 0.01 2.96 ± 0.01 2.24 ± 0.04 2.96 ± 0.02
qtrue (g/cm3) 2.90 ± 0.01 2.92 ± 0.01 3.20 ± 0.01 2.98 ± 0.01 2.71 ± 0.10 3.05 ± 0.01
Total porosity, P (%) 76.2 73.3 79.7 74.2 76.2 75.7
Open porosity, OP (%) 74.8 73.1 77.7 74.0 71.2 75.0
Closed porosity, CP (%) 1.4 0.2 2.0 0.2 5.0 0.7
Compressive strength, rcomp (MPa) 1.7 ± 0.2 1.4 ± 0.4 1.4 ± 0.2 2.3 ± 0.4 2.0 ± 0.4 1.3 ± 0.6
rbend (MPa) 73.2 50.7 75.4 87.6 84.6 54.4

Fig. 4. Effect of temperature and firing atmosphere for samples from Plasmastone
mixed with recycled glasses, SLG (SL) or BSG (BS).
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in minor amounts at 800 �C. The presence of solid solutions of two
groups, such as pyroxene (including hedenbergite) and melilite
(including gehlenite), is quite typical for silicate glasses containing
iron oxides [8,18,19]. The oxidation state of iron ions decreased,
considering the reduction of andradite (featuring Fe3+) and the
increase of gehlenite, with the particular stoichiometry suggested
by the phase identification software Match! (including Fe2+ ions).
Some uncertainties, however, still derive from the fact that both
pyroxene and melilite solid solutions may contain both Fe2+ and
Fe3+ ions [20,21].

The phase assemblage was not significantly affected by the
change of glass additive, passing from soda-lime glass to boro-
alumino-silicate glass (Fig. 3e, f), with gehlenite traces appearing
for the firing in nitrogen (Fig. 4). Also the crushing strength
(Table 2) did not change substantially (at 800 �C, stronger foams
in air, weaker in nitrogen).

The samples fired in nitrogen were subjected to a more detailed
mineralogical analysis, especially concerning the peaks attributed
to magnetite (Fe3O4, PDF#89-0691). The overlapping of peaks of
iron oxide phases with the previously mentioned silicate phases,
in fact, impeded a clear discussion, from Fig. 4 (especially in the
2h range marked by the box). In Fig. 5 we report the patterns col-
lected at 800 �C, in various conditions (glass additive, atmosphere)
with the specific purpose of studying the contribution to the
diffraction signals from iron oxide phases. Whereas the sample
fired at 1000 �C, with soda-lime glass, exhibited peaks distinctively
attributable to just to a single magnetite polymorph (e.g. the peaks
for 2h–43.5�), the samples fired at 800 �C featured additional
contributions.

Besides the previously mentioned magnetite polymorph
(labelled as ‘M10), we cannot exclude the presence of other two
forms (labelled as ‘M20, PDF#89-0951, and ‘M30, PDF#89-6466).
All forms have been recognized in the literature [22–24]. In addi-
tion, some peaks are compatible with hematite (Fe2O3, PDF#89-
2810). The polymorphism of Fe3O4 is already known: the specific
iron oxide exhibits many possible crystal structures passing from
cubic inverse spinel to perovskite-based orthorhombic [25], with
complications arising from the varying site occupancy [26]. M1
and M2 are attributable to a cubic symmetry (Fd-3 m space group,
according to the PDF-2 records displayed in Match!), while M3 is
orthorhombic (Pbcm space group).

The intensity of the peaks cannot be considered as proportional
to the relative amounts, for the above-mentioned overlapping with
the signals from silicate phases. In particular, for the sample with
soda-lime glass addition fired at 800 �C (Fig. 5, bottom left), the
main peak of magnetite ‘M20 at 2h–30� overlaps with the more
intense peak of pyroxene, known to form by epitaxial growth on
magnetite nuclei [27]); other peaks (e.g. at 2h–18�) are more visi-
ble in the analogous sample fired in nitrogen.

From the mineralogical analysis we may conclude that, in any
case, the presence of several iron oxide phases provides an expla-
nation for peaks, especially around 2h–35�, not indexed in Fig. 4
(see box in the same figure), for samples fired in nitrogen at
800 �C. The formation of several polymorphs could be favored by
interaction with the atmosphere: as an example, it is known that
magnetite-like structures may be formed with Fe2+ and Fe3+ bal-
anced by oxygen ions mixed with nitrogen ions, instead of simply
by oxygen ions (iron oxynitride [28]). The incorporation of nitrogen
as well as the possible replacement of Fe2+ and Fe3+ ions with other
metal ions further complicates the analysis, since solid solutions
determine displacements in the position of diffraction peaks.
3.2. Assessment of chemical stability

The previous investigation on Plasmastone [4] had evidenced
that the chemical stability of foams from alkali activation of
Plasmastone-SLGmixture, fired in air, was not optimized. In partic-
ular, the leaching of chromium, molybdenum and vanadium was
far exceeding the limits from the Austrian Recycling Building
Materials Ordinance. The same investigation established that the
replacement of soda-lime glass with boro-alumino-silicate (BSG)
could stabilize the foams, sintered at 1000 �C (leachates reported
as ‘benchmark’ in Table 3 [4]). A more recent investigation showed
that the leaching of glass-ceramic foams from Plasmastone coupled



Fig. 5. Diffraction patterns of samples fired at 800 �C with indication of the overlapping with major peaks of iron oxide phases.

Table 3
Results of the leaching tests on porous materials fired in N2.

Limits Directive 2003/33/EC [12]
(mg/kg)

Limits Austrian
Recycling Building
Materials Ordinance
[11] (mg/kg)

Benchmark (mg/kg) Observed leaching (mg/kg)

Element Inert waste Non-hazardous waste U-A U-B D PS BSG 1000 �C air PS BSG 800 �C N2 PS SLG 800 �C N2 PS SLG 1000 �C N2

As 0.5 2 <0.0002 0.015 0.0135 0.0327
Ba 20 100 20 <0.0000 <0.0000 <0.0000 <0.0000
Cd 0.04 1 0,04 <0.0002 <0.0002 <0.0002 <0.0002
Cl 800 1000 – – – –
Co 1 0.0012 <0.0012 <0.0012 <0.0012
Cr 0.5 10 0.6 1 0.3 0.0016 <0.0004 <0.0004 0.0062
Cu 2 50 1 2 0.0094 <0.0001 <0.0001 0.0113
F 10 – – – –
Mo 0.5 10 0.5 0.0033 0.0322 0.3141 <0.0033
Ni 0.4 10 0.4 0.6 0.0014 <0.0014 <0.0014 0.0289
Pb 0.5 10 <0.0047 <0.0047 <0.0047 <0.0047
Sb 0.06 0.7 <0.0099 0.0314 0,0378 <0.0099
Se 0.1 0.5 <0.0122 0.0162 <0.0122 <0.0122
Tl 0.1 0.0064 <0.0064 <0.0064 <0.0064
V 1 0.0017 0.0048 0.0318 0.0063
W 1.5 – – – –
Zn 4 50 <0.0203 <0.0203 <0.0203 <0.0203
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with BSG were below the limits even after sintering, in air, at just
800 �C [8].

Table 3 shows that the leaching of all samples was lower than
the limits for an inert material (class D). This finding is supported
by the mineralogical changes, particularly by the formation of
gehlenite instead of andradite, verified passing from SLG to BSG
(in air) and, in general, from air to nitrogen as firing atmosphere
(for both glass additives). In fact, it was already observed that an
enhanced stabilization of heavy metals derives from reduced basic-
ity (CaO/SiO2 ratio) of the residual glassy phase [29], and gehlenite
is effectively poorer, in silica content, than andradite.

3.3. Assessment of functionalities

Magnetite-containing composites already represent a valid
solution for electromagnetic shielding [30]. A previous research
actually evidenced some potential, in electromagnetic shielding,
even for magnetite-containing porous waste-derived glass-
ceramics [14], manufactured according to the same method here
described.

A first hypothesis on the mechanism of electromagnetic shield-
ing, based on electromagnetic losses in magnetization hysteresis,
made with the previous investigations [4,8], must be revised.
Magnetite is not only a ferri-magnetic material, but also an elec-
tronic conductor, owing to electron exchanges (‘electron hopping’)
between iron sites possessing a different charge (Fe2+ and Fe3+)
[31,32]. Conductive materials are known to be good electromag-
netic shields [33,34].

Samples fired in nitrogen atmosphere at 800 �C, as shown by
Fig. 6a, b, exhibited a significant conductivity: the values are gen-
erally close to those of semiconductors [35].

From the measurements obtained on the two samples fired in
nitrogen at 800 �C, done with precision LCR meters, we inferred
an ohmic-inductive behaviour (negligible capacitance contribution
in parallel with R). By using as model the series of L and R, the mea-
sured inductance was of the order of 100 nH, in agreement with
the expected value associated with the connection threads from
sample to LCR meter. From the experimental R data, we estimated
the electrical conductivity (r) from Ohm’s law (R = h/(r�A)), with h
and A height and area of top/bottom surface of disc samples).

The sample from PS/SLG mixture, fired in nitrogen atmosphere
at 1000 �C, behaved differently, being ohmic-capacitive (parallel of
R and C, with negligible contribution from the inductance of the
threads). The conductivity was estimated from the measured resis-
tance R, as done before. The relative permittivity (er) was in turn
estimated from the measured capacitance (C = e0�er�A/h, where e0



Fig. 6. Electrical conductivity of tested samples vs frequency.
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is the vacuum permittivity). As shown by Fig. 6c, the conductivity
values are about two order of magnitude lower than the ones
obtained with the materials fired at 800 �C.

The data from RLC circuit were confirmed by DC resistance
measurements, from which we inferred values of 2.1 S/m and 2.0
S/m for PS/BSG and PS/SLG samples, fired in nitrogen at 800 �C,
respectively, and 9.8�10-3 S/m for PS/SLG sample fired in nitrogen
at 1000 �C.

Data reported in Fig. 7 show higher values of SE for the two
materials with enhanced electrical conductivity. In Fig. 7a, the
sample (with thickness of about 7 mm) from BSG addition exhib-
ited a shielding effectiveness above 3 dB in all frequency range,
with a peak value of about 10 dB near to 3 GHz. In Fig. 7b, the sam-
ple (with thickness of about 7 mm) from SLG addition had a lower
value of SE than the previous case of about 1 – 2 dB in all frequency
range, with a peak value of about 8 dB near to 3 GHz. On the other
hand, the sample from SLG addition fired at 1000 �C (with thick-
ness of about 8 mm), i.e. the material with the lowest electrical
conductivity, had a very low value, at low frequencies, and a peak
value of SE lower than 2.5 dB, as reported in Fig. 7c. As an estima-
tion of the experimental error for the SE data, as reported in [13],
the measurement system without sample and a central slit of
5 mm showed a negligible SE for frequencies less than 1.5 GHz
and oscillations in the frequency range 1.5–3 GHz frequency range
mostly below 1 dB.

A shielding effectiveness above 3 dB, also at low frequency, is
significant, considering the results of other - even denser - waste-
derived materials (with SE of about 3 dB for frequencies above
Fig. 7. Shielding effectiven
8 GHz) [36]. As mentioned above, shielding in an extended fre-
quency range derived from the overlapping of electrical conductiv-
ity and ‘magnetic’ contributions. As pointed out by Chung [37],
shielding effects due to conductivity are typically observed with a
conductivity in the order of at least 0.01 S/m. Reflection losses, on
the one hand, are present in all frequency range. In the case of an
electrically conductive thin shield, absorption loss is about 0 dB;
with an electrical conductivity not sensitive to frequency, reflection
losses are known to derive simply by the product of thickness and
the same electrical conductivity [33]. On the other hand, absorption
losses increase with increasing frequency [37]. Therefore, for all the
three samples analysed, at low frequency the found values of the SE,
almost constant with frequency, are reasonably due to reflection
losses, and some absorption due to the ferrimagnetisim of mag-
netite is the reason of the increase of SE found at high frequency.

Magnetite itself may be interpreted as the cause for electrical
conductivity, but its role is conditioned by the available polymor-
phic variant: the poorly conductive sample, fired at 1000 �C, con-
tained only one variant, whereas samples sintered at 800 �C
featured two additional variants, as shown by Fig. 5. As evidenced
by Blaney [38], the electrical conductivity is sensitive to metal defi-
ciencies on octahedral sites (Fe2+ ions occupy one half of octahedral
lattice sites, determined by the close packing of oxygen ions,
whereas Fe3+ ions occupy the second half of octahedral sites and
all tetrahedral lattice sites), in turn allowing for n- and p- type
semiconductivity. A detailed structural investigation of magnetite
polymorphic structures, with their impact on electrical properties,
will constitute the focus of future efforts.
ess of tested samples.



Fig. 8. Relative permittivity for PS/SLG 70 wt%/30 wt% fired in nitrogen atmosphere
at 1000 �C.
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The sample from SLG addition fired at 1000 �C, in nitrogen,
could be interesting for other applications. Fig. 8 displays the mea-
sured values of relative permittivity, which exhibit a marked
increase with decreasing frequency. Below 1 kHz the relative per-
mittivity reached a particularly high level, approaching 1500 at
100 Hz. Huge permittivity values are known for magnetite and,
generally, for complex iron-rich oxides with the same structure
(ferrites) [39,40], and they are interpreted as an effect of interfacial
polarization, in turn due to structural inhomogeneity and free
charges, i.e. hopping electrons. The frequency sensitivity is attrib-
uted to the trapping of the hopping electrons operated by the same
inhomogeneities [40], at low frequency. Higher frequencies ‘un-
lock’ the electron exchanges. Again, a detailed analysis of the par-
ticular crystal phase will constitute the focus of further
investigations.

The present results are preliminary, but the shielding effective-
ness of samples fired at 800 �C make them interesting as example
of a new generation of safe, waste-derived materials that could
minimize the human exposure to electromagnetic fields and
reduce electromagnetic interferences. The sample fired at
1000 �C, with its particular dielectric characteristics, might be con-
sidered for novel electrical devices.

4. Conclusions

We may conclude that:

� Vitreous residues from the plasma processing of municipal solid
waste may be upcyled in the manufacturing of glass-ceramic
foams according to an alkali activation/foaming/sinter-crystalli
zation process, with the support of soda-lime and pharmaceuti-
cal glass cullet; the firing in N2 enabled the stabilization of pol-
lutants operating with soda-lime glass addition, unlike in
previous investigations (according to which, in air, only phar-
maceutical glass could lead to stabilization);

� The enhanced stabilization, by firing in nitrogen, is interpreted
as an effect of a different phase evolution, in turn enhancing
the silica content in the residual glass phase;

� The firing in nitrogen favoured the separation of iron oxide as
magnetite; at 800 �C magnetite was developed in several poly-
morphic variants;
� Treatments at 800 �C, in nitrogen atmosphere, led to electrically
conductive glass–ceramic foams, exhibiting interesting electro-
magnetic shielding effectiveness values, in a vast frequency
range with remarkable peaks at high frequency (about 8–
10 dB with a material thickness of about 7 mm); this particular
behaviour is likely due to overlapping contributions (electrical
and magnetic);

� Besides electromagnetic shielding effectiveness, selected condi-
tions (firing in nitrogen, soda-lime glass addition, sintering at
1000 �C) led to samples with particularly high relative permit-
tivity (1500 at 100 Hz).
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