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ABSTRACT

Glasses recovered from the ever-growing electrical and electronic equipment waste stream (WEEE) tend to be
ineligible for “closed loop” recycling due to contamination from metallic, polymeric, and ceramic equipment
components. They often end up in landfills unless open loop approaches are applied. As amorphous silicates,
these glasses are promising candidates as recovered precursors in low-emission, low-energy production of alkali-
activated materials (AAMs) for construction, with surface-focused “mild” alkali activation further enhancing
process sustainability by reduced reliance on synthesized activators. Waste glass powder from fluorescent lamps
and photovoltaic panels was activated and consolidated at low temperature, both on its own and in combination
with sand-like fillers from volcanic rock quarry tailings. Characterization from chemical, morphological, me-
chanical, and antimicrobial activity standpoints showed varying degrees of success in activating the waste-
derived precursors, and allowed the selection of several formulations of sustainable AAMs with desirable
properties.
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kV: kiloVolt POM: coarse pumice (d =
125-2000 pm) used as filler in

alkali-activated mortars

1. Introduction

When dealing with recovery of inorganic waste, glass is widely
considered to be among the most recyclable materials, as its chemical
stability and durability lead to a preservation of its properties over the
course of several cycles of remelting and allow a 100 % recycling rate, on
a theoretical basis. In practice, fully circular reintegration of glass waste
into production is limited by challenges linked to its separation from
externalities and sorting by composition or property affinity [1]. The
conditions for an ideal “closed loop” recycling, i.e., the complete
repurposing of material derived from a discarded product in the
manufacturing of a second-generation product, closely replicating the
makeup and function of the original with minimal mass and quality loss,
often cannot be met due to the mixing of different typologies of glass
waste with each other and with other types of waste materials upon
collection. The wide variety of glass and glass-incorporating products
leads to both cross-contamination among glasses of different composi-
tion, and contamination from metal, polymer, and ceramics externalities
[2]. Such circumstances create complications during the process of
remelting by which glass is remanufactured and can lead to a decrease in
quality in second-generation products. In the interest of sustainability,
alternative strategies of “open-loop recycling”, by which glass waste is
valorized as secondary raw material in the production of items that are
functionally distinct from the ones of origin, are deemed necessary to
boost recycling rates and to prevent excessive landfilling, which leads
not only to lost value, but increased risk of contaminants within the
waste glass leaching into soil and groundwater [3].

In recent years, numerous studies focused on the implementation of
waste glass as a precursor in the production of alkali-activated materials
(AAMs) [2-8], a class of innovative, low-impact building materials in
which interest is rapidly growing, in the field of sustainable research.
The fundamental mechanism at the root of alkali activation consists in
the partial dissolution of a silicate powder substrate into an alkaline
“activating” solution, leading to hydrolysis and recondensation of SiO4
tetrahedral units into a polymer-adjacent cross-linked 3-D framework,
embedding water from the alkali solution within itself and thus forming
an amorphous gel phase. The most commonly researched and utilized
subcategory of AAMs in the construction sector tend to be geopolymers,
developed from aluminosilicate precursors forming zeolite-like struc-
tures out of recondensed SiO4 and AlOy units, negatively charged and
balanced by counterions from the activating solution [1,9]. The amor-
phous structure and silicate-rich composition of multiple varieties of
waste glass were proven as viable powder substrates in the development
of AAMs, mostly when added a supplement to more established alumi-
nosilicate precursors for the production of geopolymers, such as meta-
kaolin or fly ash [3,4,10].

The main advantage linked to implementation of AAMs as an alter-
native to established building materials such as ordinary Portland
cement (OPC) and tile ceramics, as previously anticipated, stems from
the limited resource consumption and lower greenhouse gases emissions
linked to their production process. The industry of cement production is
among the leading sectors in fossil fuel consumption and GHG emis-
sions, being responsible for 12-15 % of all industrial energy consump-
tion and 5-8 % of total anthropogenic CO, emissions worldwide [11,
12]. Considering the emissions inherently caused by both the reaction of
limestone calcination itself and the fuel consumption required to trigger
the reaction via temperatures up to 1000 °C, 1 Mt of CO; is approxi-
mately released in the atmosphere for each of the 4100 Mt of cement
produced globally in a year [13]. Similarly, heavy reliance of the
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ceramic industry on high-temperature firing processes for production of
brick and tile, along with operations of natural resources extraction and
mines rehabilitation [14,15], leads to the emission of 0.256 kg CO2 for
every ton of manufactured product, resulting in the release of around
400 Mt of CO2 globally in a year [16]. Such prohibitive impacts related
to energy and material resource consumption can be avoided in the
production of AAMs from recovered silicates, as the process does not
require mining for extraction of raw materials and yields consolidated
products at temperatures below 80 °C without a calcination step. Re-
ports on implementation of metakaolin- and waste-based AAM:s in place
of Portland cement show that a reduction in cost up to 30 % and in
emissions up to 80 % can be achieved [11].

However, one significant aspect of the alkali activation process that
may be improved from a sustainability standpoint is the requirement of
highly concentrated activating solutions: conventional geo-
polymerization typically employs sodium hydroxide (NaOH) alkaline
solutions in the 8-12 M concentration range or combined
NaOH-NazSiOs activators, generating pH values above 14.8 and pro-
moting extensive dissolution of the aluminosilicate precursors [17].
Such solutions represent a more significant impact than the water uti-
lized for activation of one-part cements due to its synthesis requirements
[13] and are more dangerous to handle, leading to problems in process
upscaling. Previous works [5-8,18,19], conversely, have succeeded in
developing viable AAM formulations through a strategy of “mild” alkali
activation, consisting in utilizing diluted alkaline solutions (2-3 M
NaOH) to promote surface-level activation of the silicate precursors. The
alkaline environment (pH ~ 14.3-14.6 at 25 °C) disrupts surface Si-O-Si
bonds in the glass, leaving a ‘hydrated’ layer of Si-OH groups, that
subsequently condensate and recreate siloxane bridges among glass
particles, yielding a consolidated material while foregoing the extensive
dissolution and gel formation characterizing geopolymerization [5].
Compared to conventional alkali or silicate-activated AAM systems,
mild alkali activation was shown to reduce alkali consumption and thus
improve the environmental footprint of the products, while still
enabling controlled chemical activation of glass-rich waste streams [20].

Given its advantages, the present work aims to apply mild activation
as a strategy for valorization of glasses derived from waste electrical and
electronic equipment (WEEE), treating them as the main precursor in
the development of alkali activated matrices to be employed as base for
mortars. The intent is to test the susceptibility of two distinct waste glass
streams to activation via diluted alkali solution, and assess their stability
and properties as building materials via a diverse array of character-
ization tests, in order to offer a preliminary assessment of their suit-
ability as construction materials. The two glasses that were chosen,
sourced from spent fluorescent lamps and dismantled photovoltaic
panels respectively, represent interesting candidates for mild activation
in particular, partially due to their intrinsically low alumina content
which would limit aluminum availability for geopolymer gel formation,
but would have little effect in more surface-level inter-particle bridging
[21,22]. Moreover, WEEE streams in general are considered of notable
interest for open-loop recycling, as they produce waste at a rapidly
increasing rate due to continuous innovations in the sector, and they
often incorporate a diverse mixture of materials by nature of the com-
plex makeup of electrical and electronic products. These conditions
result in rapidly growing streams of waste material that are also highly
contaminated, posing unique challenges upon collection and sorting
[23]. 1.5 billion units of fluorescent lamps are produced per year
worldwide [24,25], and the glass from their husks are often destined to
landfills [26] due to high content of mercury; an extremely toxic and
persistent contaminant that determines the classification of the waste
stream as hazardous even after the discarded products have undergone
removal process [25], and therefore disincentives attempts at traditional
recycling. Similarly, the glass that is recovered from photovoltaic panels
is prone to heavy metal contamination from structural and electrical
components of the device [27,28], posing a particular leaching hazard if
destined to landfill [28,29]. Pursuit of innovative upcycling strategies
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that might allow the safe reutilization of such waste streams is evidently
compelling and represents a driving force in the experimental work here
documented.

Two additional non-glassy waste streams were considered for valo-
rization, as tailings from quarries of pumice and lapillus were employed
as a coarser, mortar sand-like filler fraction in the development of alkali
activated mortars. These aluminosilicates of volcanic origin were chosen
due to their affinity in composition to the glass precursors, in order to
promote partial reactivity and better cohesion within the activated
matrix [30]. The finer fraction of both tailings (d < 3 mm) was chosen
because of its limited marketability for other established forms of reuse
for coarser fractions in horticulture or building insulation, therefore
requiring storage and entailing additional costs for producers [31].
Implementation in AAM might prove effective in valorizing an otherwise
undesirable fraction of discarded material.

After AAM formulations were developed, characterization tests were
performed to verify the reactivity of the precursors and determine
chemical stability and mechanical performance. Structural integrity
over prolonged immersion in water was observed. X-ray diffraction and
Fourier Transform Infrared (FT-IR) spectroscopy analyses were per-
formed to determine the formation of new crystalline or amorphous
phases within the activated matrices. Scanning electronic microscopy
(SEM) was applied to observe the morphology of the materials.
Compressive strength, density, and porosity of compact monolithic
samples were assessed. Leaching tests were performed according to EN
12,457 European standard for hazardous waste classification in order to
gauge both release of potential pollutants from the AAMs relative to
health hazard threshold, and dispersion of more prevalent matrix
components such as Si, Na, Al, Ca, for quantification of chemical
integrity and correlation to antimicrobial properties of the materials.

Finally, the antimicrobial activity of pastes and mortars was also
evaluated, as it represents both a useful metric for assessing the potential
implementation of AAMs in applications such as the design of domestic
surfaces [32] and an indicator of material stability. Moreover, exam-
ining antimicrobial activity against both Gram-positive and
Gram-negative bacteria provides valuable insight into how these mate-
rials respond to biotic stresses from the environment.

2. Materials and methods
2.1. Materials

The fluorescent lamps glass (hereby referred to as FLG) was supplied
by Treee s.r.l. (Rho, Milan, Italy) as coarse cullet, previously separated
from mercury and phosphates. The photovoltaic panel glass (hereby
referred to as PVG) was supplied by Garc Ambiente S.p.A. (Carpi,
Modena, Italy), as coarse fragmented grains. The pumice and lapillus
utilized as mortar sands were supplied by Europomice s.r.1 (Milan, Italy),
and mined at “Poggio Nardeci” in Pitigliano (GR), Tuscany, and at
“Monte Cellere” in Cellere (VT), Latium, respectively. The composition
of all materials was analyzed via X-Ray Fluorescence (ARL ADVANT’X
Series, Fisher Scientific Inc., Waltham, MA, USA), and their inorganic
oxides contents are reported as weight percentage in Table 1 [33,34].
The NaOH 3 M activating solution (8.34 % NayO) was prepared by
dissolution of laboratory-grade sodium hydroxide pellets (96 wt %,
Sigma Aldrich, Italy) in distilled water.

2.2. Alkali activated pastes and mortars preparation

Both precursors underwent activation via the same procedure. After
grinding in a ceramic ball mill, the WEEE glasses were sieved into
distinct granulometric ranges, hereby referred to as @45 (d < 45 pm),
@63 (45 pm < d < 63 pm), and @125 (63 pm < d < 125 pm), to be
separately utilized. Table 2 displays D10, D50, and D90 values, obtained
by laser particle size analyzer (Malvern Instruments, model Hydro200S,
Malvern, UK). for the utilized granulometric ranges of glass. Data
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Table 1

Chemical composition wt % (XRF) of materials employed in AAMs production.
Oxide wt % FLG PVG Pumice Lapillus
SiO, 68.47 72.02 56.60 49.10
Al,O03 2.26 0.86 18.60 18.30
Fe;03 0.08 0.12 3.94 9.15
TiOy / 0.05 0.54 1.08
Cao 5.13 9.46 3.06 9.27
MgO 2.98 3.63 1.17 4.25
K20 1.61 0.37 8.55 3.66
Nay0 17.65 12.00 1.98 2.35
P,05 / 0.01 0.13 0.45
SO;3 / 0.29 0.13 /
Mnz04 / / 0.13 0.14
SrO / 0.18 / 0.11
ZrO, / 0.06 0.07 /
cdo / 0.03 / /
SnO, / 0.02 / /
Sb,03 0.08 / / /
TeOy / 0.03 / /
BaO 0.95 0.14 / 0.09
PbO 0.79 0.19 / /
L.O.I / 0.53 4.84 1.44

Table 2

Values of D10, D50 and D90 for each granulometric range of glass precursor
utilized for development of viable formulations.

Glass precursor size ranges D10 [pm] D50 [pum] D90 [pm]

FLG 045 2.78 19.73 48.46
063 4.15 42.93 68.39

PVG 045 2.36 18.08 46.28
063 4.06 43.68 68.21

confirm the nominal particle size obtained with the sieving procedure
and the behavior of the two kind of glasses is very similar. Activation
was carried out by suspension of the precursor in NaOH 3 M solution
(2:1 solid-to-liquid mass ratio) and continuous magnetic stirring for 3 h
at around 500 rpm. The activated suspensions were then transferred to
silicone molds and cured in an electric oven for 72 h at a constant heat of
75 °C. The process yielded cubic monoliths that, upon demolding, were
left to rest in sealed plastic bags for 24 h before characterization tests.

Mortar-like AAM formulations were prepared by incorporating fillers
made up of coarser fractions of pumice, lapillus, and glass, in pro-
portions meant to simulate the mixed grain size of mortar sand,
comprising d = 1000-2000 pm (35 %), d = 500-1000 pm (34 %), and
d = 125-500 pm (31 %). The fillers were implemented as a 20 wt %
addition to glass (1:5 mass ratio) before activation and stirring, to allow
exposure to the activator solution and promote surface reactivity and
cohesion between fillers and matrix.

2.3. Characterization

Samples for characterization were prepared in two different sizes:
tests requiring either a powdered sample (XRD, ICP-MS leaching eluates
analysis, antimicrobial activity) or a low-volume bulk solid sample
(integrity, SEM) were carried out starting from 10 mm x 10 mm x 10 mm
consolidated monoliths, while mechanical performance assessment was
carried out on larger monoliths (25 mm x 25 mm x 25 mm) to gauge the
cohesion of the materials in samples with a higher likelihood of crack
development.

2.3.1. Chemical stability and structural integrity

An integrity and chemical stability test was performed on the ob-
tained AAM formulations according to a procedure applied in previous
studies on similar alkali activated materials [10,35,36]. Monolithic
samples were submerged in distilled water (1:100 solid-to-liquid mass
ratio) for 24 h and, afterwards, examined for changes in texture and
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signs of dissolution in water (disintegration and loss of debris, appear-
ance of cracks). The ionic conductivity of the eluates was measured for
quantification of ions release over the submersion period, via Eutech XS
Cond 6+ conductivity meter. Mass loss was assessed by measuring the
mass of the samples before and after the full 24 h of submersion, 3 h of
drying in acetone, and 2 h allowed for solvent evaporation. For each
separate AAM formulation analyzed, values of ionic conductivity and
mass loss are reported as the average of the results obtained from
application of the procedure to 3 separate samples.

2.3.2. Mineralogical analysis

Precursors were screened for presence of crystalline phases before
and after activation via X-ray diffraction (XRD). A PANalytical X Pert
Pro diffractometer (Malvern Panalytical Ltd., Malvern, UK) was utilized,
relying on nickel-filtered Cu-Ka radiation, generated at 40 kV voltage
and 40 mA current. An X’Celerator detector collected the fractions on a
260 range of 5-90° (step size of 0.013°, 118 s scan time), and patterns
were identified and correlated to a reference database of mineral phases
via HighScore Plus software.

2.3.3. Microstructural analysis

FTIR spectroscopy analyses were performed to observe the presence
and development of characteristic chemical bonds in the glasses before
and after activation, identified by the frequency of their vibration
modes. A Bruker Vertex 70 spectrometer (Bruker Ltd., Billerica, MA,
USA) was employed to conduct 32-scans measurements over the
4000-600 cm ! spectral region with a 2 cm ™! resolution, and data sets
were elaborated via Bruker’s Opus software.

2.3.4. Microstructural characterization

The morphology of AAM samples and precursors was examined via
high-resolution scanning electronic microscopy (SEM), to determine
degree of activation and evaluate interface connectivity upon inclusion
of fillers. The samples were coated in metallic gold for surface electron
conductivity and examined via a Nova NanoSEM 450 electronic mi-
croscopy apparatus (Thermo Fisher Scientific Inc., Waltham, MA, USA;
Bruker Ltd., Billerica, MA, USA) at a 20 kV accelerating voltage.

2.3.5. Mechanical characterization (density and porosity, compressive
strength)

The geometric density (pgeom) of consolidated samples was evaluated
by considering the mass-to-volume ratio of cubic samples (25 mm x 25
mm x 25 mm). The mass of the samples was measured with an analytical
balance and the volume with a digital caliper. The apparent (p,pp) and
the true density (p¢ue) Were measured by using an Ultrapyc 3000 helium
pycnometer (Anton Paar S.r.l., Rivoli, Italy), considering bulk or finely
crushed samples, respectively. Average density value from five samples
was used to compute the values of open (OP), closed (CP) and total
porosity (TP). The compressive strength of AAMs was determined by
using a Quasar 25 Universal Testing Machine (Galdabini S.p.a., Cardano
al Campo, Italy) with 25 kN maximum load, following the UNI EN 826
European standard and operating with a crosshead speed of 0.5 mm/
min, on cubic samples (25 mm x 25 mm x 25 mm). Formulations were
tested after 28 days, which is the standard hardening period before
compressive strength testing of cements and mortars. For each formu-
lation, 5 samples per were tested and the results were averaged. Com-
parisons were drawn between the characterized alkali-activated systems
and commercial construction materials by means of density-compressive
strength charts, developed based on data stored in the latest version of
the software Ansys CES (Cambridge Engineering Selector, EduPack,
version 2025 R1), with new glass-based cementitious materials intro-
duced as additional entries.

2.3.6. Standardized leaching test
Precursors and AAMs were tested following the EN 12,457 European
standard for waste characterization [37], for the purpose of quantifying
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the release of silicon, sodium, potassium, calcium, aluminum, and
various metal pollutants and micro-components in leachates, by means
of inductively coupled plasma mass spectrometry (ICP-MS). In compli-
ance with standard procedure, 5 g of sample for each formulation were
ground and sieved to a particle size below 2 mm, placed within Teflon™
containers, submerged in distilled water (1:10 solid-to-liquid mass
ratio), and magnetically stirred for 24 h in order to homogenize and
maximize contact between liquid and ground solid. Leachates were
separated from solids by filtration through sterile 0.45 pm filters, and
acidified to pH = 2 with HNOg3 Suprapur® 65 wt % to avoid cation
precipitation in preparation for spectrometric analysis, performed via
ICP-MS iCAPTQ spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The liquid samples were diluted in HNO3 Suprapur® 2 wt %
solution before the analysis, and concentrations in the original leachates
were calculated taking dilution into account.

2.3.7. Antimicrobial activity analysis

The slightly modified Kirby-Bauer method has been used to examine
the samples' antibacterial activity [38]. For this purpose, 200 mg discs
were made by finely grinded and compressed samples. These discs were
then directly exposed a one-hour UV sterilization time before their
plating on Petri plates containing media and bacteria. Bacteria solutions
were prepared by dissolving Escherichia coli ATCC25922 and Enter-
ecoccus faecalis ATCG29212 pellets into NaCl 0.09 % solutions at 10°
CFU/mL of microbial strain. The bacteria have been incubated both with
and without the samples after being plated on their own agar-based solid
media (TBX and Slanets-Bartley media, respectively). E. coli was incu-
bated for 24 h at 44 °C, while E. faecalis was incubated at 36 °C for 48 h.
Following microbial growth, the inhibition halo diameter (IHD, cm) was
assessed. Every Petri plate has undergone four measurements and data
were expressed as Mean + Standard deviation.

3. Results and discussion
3.1. Chemical stability and structural integrity

The ionic conductivity and mass loss values provided significant
information about the resistance of the inter-particle bonding formed
within the AAMs after prolonged contact with water. Values of mass loss
for tested formulations are reported in Table 3 and the trend of ionic
conductivity in the eluates are reported in Fig. 1. Activated FLG samples
developed from both @45 and @63 granulometric ranges, before any
addition of fillers, displayed high stability upon water immersion
testing, in the form of persistent structural integrity (no development of
visible surface cracks or instances of severe disintegration, marginal loss
of fine debris mostly affecting the #63 samples), low mass loss, and low
ionic conductivity of the eluates (< 30 mS/m). The formulation obtained

Table 3
Mass loss data on mortars and filler-less pastes based on FLG and PVG, obtained
over the course of integrity tests.

AAM mortars ML [ %]
FLG 045 (no fillers) 6.8 + 0.4
POM 6.1 +£0.5
LAP 6.5+ 0.7
COAR 4.7 £ 0.5
063 (no fillers) 8.2+ 0.6
POM 53+ 0.4
LAP 58 + 0.6
COAR 5.4+ 0.6
0125 (no fillers) 16.1 + 1.4
PVG 045 (no fillers) 7.2+ 0.6
POM 7.1 +£0.9
LAP 8.6+1.0
063 (no fillers) 7.9+ 0.6
POM 7.7 £0.3
LAP 85+19
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Fig. 1. Ionic conductivity measured for eluates of FLG-based AAMs (a.) and PVG-based AAMs (b.) after integrity test. [REQUIRES COLOR IN PRINT].

from activation of the #125 granulometric range of precursor, on the
other hand, was immediately deemed unviable due to the substantial
loss of mass and hardness registered after immersion, denoting the for-
mation of an insufficiently stable activated matrix, and was discarded in
further experimentation. Beyond the extreme instance represented by
the @125, a finer grain size range was slightly favored from an ion
dispersion and mass loss point of view when comparing the performance
of @45 and @63 pastes, a difference that can be ascribed to the more
extensive available surface that the finer precursor provides for the
alkali-induced formation of siloxane bridges. Previous studies on ap-
plications of waste glass in concrete and AAM formulations have high-
lighted correlation between finer particle size and enhanced pozzolanic
activity and matrix cohesion [39-41]. Activated PVG does not distin-
guish itself significantly from FLG in terms of mass loss trends, although
PVG immersion eluates present a markedly higher conductivity, up to
120 mS/m. Such a discrepancy in ion dispersion between two activated
glasses could be a consequence of different degrees of activation, as the
hydroxide solution employed to activate PVG might have promoted
inter-particle condensation to a lower extent and remained inactive
within the structure, forming separate phases that dissolve upon im-
mersion in water and release unreacted hydroxide ions that cause an
increase in eluate conductivity [30].

Addition of fillers to FLG paste led to development of hardened
monoliths that were less subject to mass loss upon immersion compared
to their non-reinforced counterparts, while presenting slightly higher
ion release in their eluates (Fig. 1a), attributable to the higher concen-
tration of metals prone to dissolution as trivalent ions (Al, Fe) within
pumice and lapillus. It is worth noting that coarse FLG cullet also had the
effect of raising ion release when added as filler, possibly by virtue of the
lower reactivity of the filler particles compared to the finer precursor
ones leading to an overabundance of unreacted hydroxide within the
structure. The PVG matrix appears to be differently influenced by
addition of fillers, compared to FLG: while eluates conductivity appears
to decrease with the presence of pumice and lapillus in the system,
values of mass loss are reportedly higher for monoliths incorporating
lapillus, and essentially comparable to non-reinforced PVG samples for
ones incorporating pumice (Fig. 1b). This suggests a generally more
extensive activation in filler-added PVG formulation compared to ones
obtained from PVG, given the lower ion dispersion, and the formation of
a more soluble activated phase in the case of lapillus addition.

3.2. Mineralogical analysis

XRD analysis yielded predominantly amorphous diffractograms for
all analyzed formulations, in close proximity to the signal of the non-
activated glass precursors (Fig. 2). Traces of similar crystalline phases

,

PVG @63

PVG @45

PVG

Intensity (a.u.)

FLG 063

20/deg

Fig. 2. XRD patterns of FLG and PVG glass precursors and AAMs, distinct by
granulometry. [REQUIRES COLOR IN PRINT].

were detected across formulations and identified as sodium carbonate
(NayCOg, natrite), a species that is frequently observed to be forming as
a side effect of alkali activation on the surface of silicates; when the
slurry presents surplus of unreacted hydroxide ions from the activating
solution, such ions react with atmospheric carbon dioxide to form car-
bonate as surface efflorescence during consolidation of the AAMs [42].
No apparent shifts in the amorphous signals (broad band at 26° = 18-38)
towards higher or lower diffraction angles are detected across analyzed
AAMs compared to their precursor, which might be reflective of the
superficial nature of the activation of glass particles, not leading to any
deep or extensive alteration of the original amorphous structure of the
glass. Similar intensities are reported for the natrite peaks of maximum
height in the diffraction patterns of all samples, hovering in the 500-600
counts range, suggesting analogous development of carbonate across
formulations. Very slight differences in development of carbonates were
observed between samples of different grain size in both glasses, via
Calcimeter (Dietrich-Friihling) measurements: a lower amount of car-
bonates was reported for ¢#45 samples (5.5 % for PVG and 7 % for FLG,
compared to 6.6 % and 10 % for @63 samples of PVG and FLG respec-
tively), confirming more thorough activation of precursors of finer grain
size.
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3.3. Microstructural analysis (FT-IR spectroscopy)

FTIR spectroscopy corroborated the formation of carbonates in the
glass upon alkali activation, already signaled by the diffractograms.
Peaks associated with vibrations of the C—O bond previously absent
from the non-activated glass, namely in the 1420-1430 cm™! and the
860-880 cm ™! range [43,44], appear on the spectral profiles for all
activated formulations (Fig. 3). The behavior of the main 960-970 cm !
peak across samples, associated with asymmetrical stretching of the
Si-O-Si bond [45] is another salient aspect of the spectral profiles. Rather
than undergoing a shift towards higher wavenumbers commonly
observed in alkali-activated aluminosilicates [44,45], corresponding
Si-O-Si peaks between AAMs and their respective starting glass display
close overlap in frequency, suggesting that the activation of the glass did
not determine a deep alteration of its structure or reorganization of its
bonds. Such interpretation would also align with the lack of a shift in the
amorphous signal from the diffractograms, reflecting the persistence of
the molecular structure of the original glass and a surface-level sus-
ceptibility to activation.

3.4. Morphological characterization

SEM morphological analysis was instrumental in observing the
responsiveness of the glass to mild activation, along with verifying
certain hypotheses that emerged during chemical stability testing,
concerning the relative degree of responsiveness of the glasses to the
activator and its correlation to parameters such as precursor composi-
tion and granulometry.

FLG formulations distinct by finer and coarser matrix reported
remarkable differences in morphology. The FLG 345 sample appears as
generally homogeneous, with crystals of varied shape less than 1 pm in
length dispersed on the surface and microcracks up to 8 pm-wide. Glass
fragments such as the ones visible in Fig. 4a can be identified, but there
seems to be continuous melding among single fragments, consistent with
siloxane bridges formation among glass particles (Fig. 4b). The
morphology in 63 samples appears instead fragmented and heteroge-
neous, disseminated with crystallites ascribed to efflorescing carbon-
ates, and bigger, unreacted glass granules can be identified (Fig. 4c).

The most salient difference between FLG- and PVG-based pastes can
be found in the development of siloxane bridges upon glass activation.
Upon comparison with images of non-activated PVG (Fig. 5a), the @345
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matrix morphology of activated PVG appears to have undergone partial
activation when examining it at higher magnifications (Fig. 5b), pre-
senting itself, however, as considerably less homogeneous than its FLG
counterpart on a larger scale. The @#63 presents an even more disjointed
surface, interspersed with pronounced needle-like carbonate crystals up
to 30 pm in length, and appears as less compact than its FLG counterpart
(Fig. 5¢).

The drastic difference in reactivity to alkali activation between the
two glasses can be linked to their chemical composition. As previously
reported in works experimenting with reactivity of glass in alkaline
environment, alkaline earth elements (CaO, MgO) act as network sta-
bilizers, which means that their presence in high percentage within the
composition of a glass such as PVG determine a stronger structure and a
lower tendency to solubilization; on the other hand, alkaline oxides
(Nay0, K»0) are considered network modifiers, as they yield ions with a
larger radius that disrupt the glass network in their points of insertion,
meaning that their higher presence in the composition of a glass such as
FLG affords higher reactivity [46]. Thus, the precursor has a more
pronounced tendency to maintain its original form in PVG formulations,
undergoing only partial superficial binding, while FLG formulations
show a more marked solubilization and homogenization among single
particles.

FLG-based mortars present a variety of distinct morphologies from
their filler-less counterparts, with varying degrees of implementation of
the coarser filler particles. FLG @63LAP is distinguished by its generally
disjointed microstructure already observed in the @#63 matrix (Fig. 4c),
albeit with an apparently higher degree of overlap and smoother in-
terfaces between particles, which make it resemble the more homoge-
neous surface structure of a @#45 matrix, complete with microcracks
under 2 pm in width (Fig. 6); this is possibly a consequence of the partial
reactivity of the lapillus filler coming into play, contributing to inter-
particle bridging reactions in the glass via dissolved aluminate and sil-
icate units and giving the activated portions of the sample a distinct
morphology, also influenced by the underlying porous filler particles
(wide pore size distribution, between 2 pm and 20 pm in diameter). FLG
(#63POM presents a partially homogeneous morphology comparable to
its lapillus-integrated counterpart (Fig. 7), albeit less extensive and
characterized by a higher proliferation of carbonate crystallites. FLG
@45POM (Fig. 8), while displaying a more homogenized morphology
compared to @63POM, is revealed to develop intense surface cracking
(crack width up to 3 pm), along with significant crystallite proliferation.
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Fig. 3. FT-IR spectroscopic profiles of FLG and PVG glass precursors and AAMs, distinct by granulometry. [REQUIRES COLOR IN PRINT].
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Fig. 5. SEM imaging of unactivated PVG precursor at 2000x magnification (a.), PVG @45 at 2000x with focus at 4000x on activated surface layer (b.), and PVG ¢63

at 1000x with focus at 4000x on carbonate crystal (c.).

Fig. 6. SEM imaging of FLG @63LAP at 2000x magnification.

FLG @45COAR, given its fully glassy composition, shares the closest
similarities to non-integrated FLG matrices, as it presents a homoge-
neous morphology where the melding of glass particles is occasionally
interrupted by coarser glass grains and agglomerates of smaller crys-
tallites (Fig. 9); cracks in the homogeneous surface appear as thin
(maximum width of 0.5 pm), extended, and interconnected.

The morphology of a selection of samples among PVG-based mortars
possibly signal an improvement in precursor reactivity upon imple-
mentation of partially reactive fillers in a glassy matrix of lower

Fig. 7. SEM imaging of FLG @63POM at 5000x magnification.

reactivity. PVG @45LAP presents as more compact and homogeneous
than non-integrated @45 paste, displays multiple instances of smooth
interface between glass grains (Fig. 10), and is distinguished by a surface
microstructure that appears closer in shape to the one formed on FLG
P63LAP, again signaling a possible participation of the lapillus fillers to
the activation reaction. PVG @#63POM, on the other hand, appears closer
in morphology to the @63 matrix, presenting as clusters of large,
disjointed silicate particles that only appear to participate in inter-
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Fig. 9. SEM imaging of FLG (#345COAR at 1000x (a.) and 5000x (b.)
magnification.

Fig. 10. SEM imaging of PVG @45LAP at 2000x magnification.

particle bridging with the smaller granules distributed on their surface
(Fig. 11).

3.5. Mechanical and physical characterization

The results of mechanical tests and porosity and density measure-
ments are reported in Table 4. These data sets provide insight into the
mechanical performance of FLG-based and PVG-based activated pastes
and mortars, revealing that the grain size distribution of the fine
matrices critically influenced both the absolute values of compressive
strength and the consistency of measurements across samples of the
same formulations. Table 4 also provides benchmark values of
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Fig. 11. SEM imaging of PVG @#63POM at 2000x magnification.

Table 4

Density, porosity (open OP, closed CP, total TP) and compressive strength values
of AAMs from FLG and PVG waste; comparison with properties of OPC mortars
and AAMs based on blast furnace slag, fly ash, a 50-50 mixture of metakaolin
and glass from construction waste (CW), and 100 % fiberglass.

pgeom [8/  OP[%]  CP[ TP[%] o
cm?] %] [MPa]
FLG 045 (no 1.95 £ 12.77 2.15 14.92 25.24
fillers) 0.04 +1.97 +0.05 +1.92 + 3.87
POM 1.66 + 31.03 0.52 31.54 12.20
0.10 + 4.30 +0.03 + 4.27 +2.09
LAP 1.75 £ 28.64 0.14 28.78 24.87
0.07 =+ 3.06 +0.01 + 3.05 +7.03
COAR 1.85 £ 20.73 3.26 23.99 28.85
0.06 + 2.54 +0.10 + 2.44 =+ 5.89
063 (no 1.94 £ 15.60 4.54 20.15 31.55
fillers) 0.03 + 1.44 +0.08 +1.36 =+ 3.00
POM 1.66 + 32.31 0.96 33.27 34.06
0.06 +2.42 +0.03 +2.39 + 3.48
LAP 1.66 £ 33.20 0.85 34.05 38.76
0.04 + 1.66 +0.02 + 1.64 =+ 3.41
COAR 1.81 £ 26.17 0.29 26.47 26.84
0.07 + 293 +0.01 + 2.92 + 4.92
PVG 045 (no 1.58 £ 34.19 1.10 35.29 9.44 +
fillers) 0.06 +2.33 +0.04 +2.29 4.67
POM 1.77 £ 28.67 4.50 33.17 20.40
0.03 +1.29 +0.08 +1.21 +3.75
LAP 1.76 £ 30.37 2.55 32.92 29.10
0.03 +1.38 +0.05 +1.33 =+ 6.63
063 (no 1.70 £ 29.97 0.66 30.63 11.68
fillers) 0.03 +1.13 +0.01 +1.12 =+ 3.67
POM 1.70 £ 32.57 4.01 36.59 20.88
0.04 +1.75 +0.10 + 1.64 + 1.06
LAP 1.64 £ 35.61 2.53 38.14 20.98
0.02 + 0.84 +0.03 +0.81 + 6.48
OPC 1.9-2.2 / / 20-35 40-65
Slag 21+ / / 16 +1 15+1
0.1
Fly ash 22+ / / 12+1 60+1
0.1
MK-CW glass 50-50 25+ / / 17.0 + 16 £1
0.3 0.1
Fiberglass 1.7 + / / 36.5 + 16 +2
0.1 0.1

mechanical properties sourced from literature, for OPC mortars [47,48]
and AAMs derived from precursors such as slag [49], fly ash [50], and
other streams of waste glass [43,7] via comparable curing regime and
more aggressive activation with respect to the AAMs developed in the
work.

Among FLG-based mortars, those prepared using glass particles in
the @63 grain size range exhibited better mechanical properties. These
formulations consistently show compressive strength values, exceeding
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30 MPa and even approaching 40 MPa across multiple replicates when
enhanced with pumice or lapillus fillers. This trend highlights not only
the mechanical resistance but also the reproducibility of results for this
matrix type, making @63-based systems promising candidates for
structural applications. The (345 matrix, on the other hand, whether
integrated or not, yielded materials of poorer mechanical properties and
a wider berth of compressive strength values for each formulation, with
only the coarse cullet-based mortar approaching, while not consistently
surpassing, the 30 MPa threshold. These samples exhibited both lower
average compressive strength and greater variability between trials. The
only exception was the mortar formulated with coarse cullet as filler,
which approached, but failed to consistently exceed, the 30 MPa
threshold. The inferior performance of @¥45-based paste and mortars
could be attributed to a higher propensity for development of inter-
connected microcracks, displayed in the SEM morphological profiles
(Fig. 4b, Fig. 7, Fig. 8), possibly due to the finer granulometry exacer-
bating sintering phenomena between glass particles during the consol-
idation phase [51]. An interesting pattern characterizing FLG systems
thus emerges: there is not a strict correlation between chemical stability
and mechanical performance, as the precursor particle size range
determining better integrity of the matrix when undergoing environ-
mental stress tends to lack in strength compared to the coarser range.
This might be an argument towards the combined utilization of both
granulometries in development of FLG-based AAMs, which might prove
more advantageous in the context of large-scale productions, as it im-
plies a less demanding process of grinding and sieving.

PVG-based mortars exhibited a different behavior profile with
respect to ones based on FLG. The distinction between different grain
sizes was less pronounced in this series, with a more uniform perfor-
mance observed across @¥45 and @63 matrices. Furthermore, while
addition of fillers to FLG matrices did not consistently determine an
increase in compressive strength, all PVG-based formulations integrated
with coarse pumice or lapillus reported an improvement in mechanical
properties. However, such improvement was marginal, as the best per-
forming PVG-based system proved weaker than the best performing
system developed from FLG matrices. As with FLG, the highest strength
values for PVG mortars were achieved through the incorporation of
lapillus, with @45-based samples averaging around 30 MPa. It is possible
that the combined effect of the coarser filler particles limiting crack
formation and the partial reactivity of the lapillus itself, releasing
aluminosilicate particles in the activation slurry and contributing to the
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proliferation of an amorphous phase that appears severely limited in the
filler-less PVG @45 samples, promote the formation of a more cohesive
structure within the @45 powder phase, which is already pre-disposed to
higher reactivity by virtue of its finer granulometry, leading to compact
monoliths that can better withstand more intense compression. How-
ever, this performance remained limited in scope and reproducibility.
The relatively lower mechanical strength and higher open porosity
observed in PVG-based mortars are likely to be a consequence of
incomplete activation, leading to the formation of a fragmented, loosely
bonded matrix that is more susceptible to mechanical failure. These
findings underscore the importance of both precursor chemistry and
granulometry in determining the final performance characteristics of
alkali-activated systems.

A visual representation of the results obtained is provided by Fig. 12
(FLG) and Fig. 13 (PVG). Materials with the highest porosity content
typically exhibit the lowest strength values (and highest values of 1/
compressive strength) and vice versa [6]. AAMs developed from WEEE
glasses are undoubtedly promising since they exhibit properties com-
parable to those of lightweight concretes, thanks to the combination of
relatively high compressive strength and lower density mainly afforded
by the inclusion of volcanic fillers and their inherently high porosity
percentage. As observed from Table 4, the FLG (@63 series, which en-
compasses the best-performing formulations, reach the lower compres-
sive strength threshold for comparison with OPC mortar. While none of
the formulations match the strength-density balance of
higher-performance fly ash AAMs, the FLG pastes and the majority of
FLG and PVG mortars surpass the performance of an average slag AAM,
and especially of both glass-incorporating samples displayed in the
table, derived from a 50-50 mixture of metakaolin and glass from
construction waste, and pure fiberglass waste respectively. This can be
seen as a testament to the viability of FLG as a reactive precursor in mild
alkali activation, as well as the effectiveness of pumice and lapillus
especially as fillers.

3.6. Standardized leaching test

Leaching tests allowed quantification of released constituent ele-
ments of the AAMs (Si, Al, Na, K, Ca), along with heavy metals and
minor components. By testing both the glasses as raw material and as
activated monoliths, it was determined that activation led to increased
release of all identified species in the leachates, attributed to the
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mobilization of ions upon alkaline attack of the precursors. The different

grain size in the matrices was shown to only slightly influence the
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release values. The leachates concentrations were reported for the
constituent elements in general as very low, but the difference in Si
release in the two glasses confirms the more stable and less reactive
nature of PVG.

With regards to FLG- and PVG-based pastes, results of quantification
of constituent elements and micro-components are reported in Fig. 14a
and Fig. 14b, respectively. Sodium was the predominantly released
element (3162 ppm peak among mortars, beyond 3000 ppm among
matrices), both present in high concentration in the glass precursors (18
% NayO for FLG, 12 % for PVG) and deposited from the activating so-
lution as carbonate. Aluminum, relatively low in concentration in both
precursors, displayed a slightly higher release in PVG formulations
despite less significant presence in the precursor (0.86 % vs 2.26 % for
FLG), possibly ascribed to more extensive activation leading to more
significant structural incorporation of AlO4 units. Minor components
quantification shows that, except for Mo (higher releases before and
after activation) and Cd contained in coating present only in PVG, higher
releases were mostly reported for FLG-based materials, possibly due to
the glass’s more pronounced susceptibility to alkali attack. Effects of
activation are especially noticeable for release of amphoteric species
such As and Sb, converted to a highly soluble form in alkaline envi-
ronment. Cd and Te, detected exclusively in PVG, derive from traces of
cadmium telluride photoactive film in the dismantled panels [52]. No
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overall trend linked to matrix grain size can be observed between PVG
formulations, while slightly lower releases are more consistently re-
ported for FLG @63 compared to FLG (45.

Constituents and micro-components release values for FLG-based
mortars are reported in Fig. 15a and Fig. 15b, respectively. While little
difference in susceptibility to release was displayed between 345 and
?63 in the case of simple pastes, more definite and distinct trends linked
to matrix grain size are highlighted by analysis of mortar leachates. For
(63 matrices, the mortar incorporating coarse FLG cullet as filler
(COAR) was shown to release more constituents, possibly due to the high
susceptibility of FLG to solubilization determining its selective alkaline
attack with respect to the volcanic fillers, that only react partially when
implemented. This is particularly evident with aluminum leaching, with
an especially pronounced gap between POM or LAP formulations and
COAR ones, in terms of concentration released. The mere presence of
less reactive particles within the matrices might also determine the
lower release of constituents when compared to filler-less matrices, as
the content of the volcanic fillers mostly remains unreacted in the core of
the coarser particles, and the percentage of the precursor, more sus-
ceptible to leaching, is diminished by their presence. A similar trend to
the one registered for macro-components can be observed for release of
micro-pollutants, with pumice- and lapillus-integrated formulations
presenting more contained releases compared to both the simple paste

10000.0

1000.0

100.0

-
e
o

C [ppm]

1.0

0.1

i

Na

a.

0@45 DO@45POM O@4SLAP O@45COAR O@63 B@63POM BE@63LAP W@63COAR

Si K Ca

10.000

1.000

0.100

C [ppm]

0.010

0.001

Ti Fe Ni

b.

A

s Mo

O0@45 O@45POM O@45LAP O@45COAR O@63 BM@P63POM BP63LAP M@P63COAR mLIMIT

Sb Ba Pb

Fig. 15. ICP-MS-derived concentrations of constituent elements (a.) and micro-components (b.) in leachates from non-activated FLG precursor, and alkali-activated
mortars based on FLG. Black bar signals leachate concentration limit for disposal as non-hazardous waste according to Italian Ministerial Decree 27 Sett 2010.

[REQUIRES COLOR IN PRINT].

11



E. De Rienzo et al.

and the cullet-integrated mortar. (45 matrices, on the other hand,
generally experienced an increase in releases of both major and minor
components upon addition of fillers, relative to values reported for
simple pastes. These results correlate to the worse mechanical perfor-
mance of such filler-incorporating matrices compared to ones based on
precursor sieved in the @63 range, and suggest the formation of an
overall less cohesive activated matrix, less capable of withstanding both
high compressive strength and prolonged environmental stress. Values
for Fe and Ti release present a notable exception to these trends, being
reported as significantly higher in both @45 and (63 matrices after
pumice or lapillus addition due to their more pronounced presence in
the volcanic aluminosilicates.

According to the constituents and micro-components releases re-
ported in Fig. 16a and Fig. 16b respectively, addition of fillers appeared
not to consistently determine lower leachates concentrations for PVG
matrices, as opposed to FLG ones. Most noticeably, analysis of leachates
from the mortar samples highlighted a higher Fe and Ti concentration,
attributable to the substantial natural presence of the elements within
the volcanic fillers, and a substantially mitigated release of Te, exclusive
to the composition of the precursor. The varied dynamics of release for
each element might be a signal of the further extent of activation which
the volcanic aluminosilicates undergo when introduced in the same
environment as a glass precursor such as PVG, less prone to dissolution
and activation compared to FLG, and the differentiated partition of ions
between the inert bulk of silicate grains and the activated surface.
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Release of more concentrated components is reported as more sub-
stantial in mortars compared to pastes. Al is an exception, which could
be linked to implementation of AlO4 units in a more structural capacity.

Leachate concentration values obtained across all analyzed formu-
lations for those microcomponents that are considered environmental
pollutants, were compared to legislated threshold values for classifica-
tion of waste as non-hazardous, established by Italian Ministerial Degree
27 Sett 2010 and referring to EN 12,457 standardized test. Threshold
values are displayed in Fig. 15b and Fig. 16b for all elements of interest.
FLG-based formulations present more potentially hazardous releases,
with As levels slightly exceeding threshold and Sb and Pb more signif-
icantly surpassing it, while PVG-based formulations only present an
excess in Sb. The presence of such ions in the original glass precursors,
acting as stabilizers and refining additives within the glass reticule [53,
54], and their release in the reported amounts over the 24-hour leaching
test, signal both a potential hazard inherent to discarding artifacts
produced out of the examined alkali-activated materials in landfills, but
also the occurring of activation on the glass surface particles. This
behaviour renders further optimization necessary for the activated for-
mulations to be environmentally acceptable for real-life applications.
Such an optimization could be achieved via addition of more reactive
aluminosilicates precursors such as metakaolin or slag [55,56], phos-
phate binders and other addictives for chelation or reduction [57-59], or
by carrying out carbonate curing [56,60] or simply raising the consoli-
dation temperature, to foster a more extensive condensation of Si-OH
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unit and proliferation of siloxane bridges among alkali-activated glass
particles.

3.7. Antimicrobial activity analysis

The evaluation of the antimicrobial properties of the FLG and PVG
mortars has been reported in terms of inhibition halo diameter (IHDs)
obtained after incubation time of the samples with E. coli and E. faecalis
strains. Regardless of the matrix particle size and the presence of pum-
ice, lapillus, or cullet as fillers, FLG mortars showed the same antimi-
crobial properties (Fig. 17a), with respect to E. coli (IHD ranges from 2.5
to 2.7 cm) and toE. faecalis (IHD ranges from 1.3 to 1.5 cm). According to
the leaching results, these trends can be explained by the combination of
Na, K and Ca as macro components and, even at lower concentration, by
trace elements such as Pb. Indeed, the outer membranes of both Gram-
positive and Gram-negative bacteria are rich in negatively charged
lipids that face the extracellular environment [61]. Calcium ions can
bind to the phosphate groups of phospholipids, thereby reducing elec-
trostatic repulsion between the polar heads. This interaction alters
membrane stability and fluidity, potentially causing leakage of cellular
contents and resulting in cell death [62]. pPb+ may compete with Cca®t
bindings of phosphate groups of phospholipids and take part in meta-
bolism resulting in cell growth inhibition [63]. Moreover, potassium
ions also play a critical role in bacterial viability. Bacteria tightly
regulate intracellular potassium levels to maintain osmotic balance and
membrane potential. Elevated extracellular potassium can disrupt this
balance by drawing water into cells through osmotic mechanisms,
leading to cell swelling and mitochondrial dysfunction [64]. Addition-
ally, potassium is essential for enzymatic and metabolic functions; its
dysregulation can impair protein synthesis and other vital processes,
ultimately leading to cell death [65]. Beside Ca and K ions, even the
huge amount of sodium released contributes to the hyperosmotic con-
dition that causes cell death. The increased antimicrobial activity of FLG
mortars against E. coli strain is also enhanced by the alkaline environ-
ment (range of pH among samples was 9-10). This Gram-negative
bacterium has a lower tolerance than E. faecalis (Gram-positive strain),
which showed the lower values of IHD [66,67]. Finally, the presence of
Sb does not affect the microbial growth of E. coli since this bacterium is
able to reduce Sb(V) to Sb(III) in the extracellular matrix avoiding its
toxicity [68].

Regarding PVG mortars, a different behavior can be observed ac-
cording to the size and the choice of filler. Firstly, from the histogram in
Fig. 17b, it can be seen that PVG mortars showed higher antimicrobial
properties than FLG mortars (all IHD values above 2.7 cm). In particular,
PVG @45 and @63 had IHD values of 4.5 and 4.2 cm that indicate a very
strong antimicrobial activity since most of the bacteria could not grow.
This strong enhancement can be attributable to a combination of: i) Na,
K and Ca release, ii) the alkaline environment (pH between 9 and 10),
and iii) the antimicrobial effect of tellurium. This latter is known as
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antimicrobial toxic metal since it causes prokaryotic membrane damage
thus leading to cell disruptions especially with respect to gram-negative
strains [69]. PVG mortars containing pumice or lapillus showed lower
antimicrobial activity with respect to the PVG mortars without filler.
The slightly higher antimicrobial activity of PVG @45 and @63LAP is
attributable to the higher presence of leached Ca ions in microbial
media. PVG @45 mortar showed even higher antimicrobial activity
against E. faecalis (IHD = 2.6 cm). This behavior could be related to
improved interaction between the microbial strain and the activated
mortar, thus leading to higher antimicrobial activity originating from
the K, Na, Ca and Te ions.

4. Conclusion

The study explored mild alkali activation as a strategy of valorization
of glass from the WEEE stream, with compelling results varying on the
basis of preparation parameters, glass types, and choice of Nsupple-
mentary materials. Through characterization, specific formulations
were selected that demonstrated remarkable chemical stability, along
with mechanical properties comparable to those of OPC-based mortars
and lightweight concretes. Mineralogical and microstructural analyses
showed that mild activation did not substantially alter the structure of
the starting glasses, which largely retained their amorphous nature. This
suggests that the inter-particle bonding mechanism leading to AAM
formation was confined to the surface of the glass grains. Throughout
chemical integrity testing and morphological analysis, fluorescent lamp
glass appeared drastically more susceptible to activation compared to
photovoltaic glass, displaying more extensive inter-particle condensa-
tion and a more homogeneous morphology. The lower amount of sta-
bilizer ions in its composition was considered a likely cause of such
distinction in behavior.

When considering the activated pastes before filling, differences in
properties linked to precursor granulometry (@45 or @63) over integ-
rity, compressive strength, leaching, and antimicrobial activity tests
showed marginally better viability of a coarser precursor. Such differ-
ences were substantially amplified in FLG formulations by addition of
coarse fillers, especially with regards to mechanical properties and
components release in water, as mortars obtained by addition of pumice
and lapillus especially to @63 matrices displayed a compressive
strength-to-density ratio comparable to that of lightweight concretes
and markedly improved ions retention, when compared to their @45
counterparts. This was attributed to the interaction between @63-sized
glassy precursor and volcanic aluminosilicates in the alkaline environ-
ment leading to the formation of a cohesive amorphous phase where
internal cracking appeared severely limited. Such a notion might pro-
mote efficiency in industrial scale-up, as grinding could be limited for
the obtainment of a coarser precursor that is still reactive, and a wider
grain size range could be considered acceptable for use, saving on both
grinding and sieving costs. Mortars obtained out of a PVG matrix yielded

Antimicrobial properties of PVG mortars
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Fig. 17. Antimicrobial properties of FLG-based AAMs (a.) and PVG-based AAMs (b.). [REQUIRES COLOR IN PRINT].

13



E. De Rienzo et al.

more mixed results, with the interaction between the less reactive pre-
cursor and the fillers leading to generally higher compression strength
compared to non-integrated pastes but also more substantial leaching of
components. Overall, PVG-based formulations displayed less viable and
reliable properties for use as construction material.

Leaching tests showed that the chemical attack of the glasses entailed
by alkali activation broadly led to a higher susceptibility to leaching in
AAMs compared to their precursors. The extent of release of certain
pollutants, especially in FLG-based materials, render further optimiza-
tion necessary for stabilization and environmentally viable application
of the AAM formulations. A degree of antimicrobial activity was re-
ported for all examined formulations and attributed to the high content
and release of sodium, potassium and calcium highlighted by the
leaching tests. In the case of PVG-based materials, markedly higher
antimicrobial activity with respect to FLG-derived ones was attributed to
the additional presence and activity of tellurium in the leaching envi-
ronment. While this aspect of the PVG matrix may make it more suitable
for inhibiting the growth of microbial colonies in surface and outdoor
applications, the marginal enhancement in antimicrobial properties
associated with leached metal ions could be constrained by material
optimization aimed at limiting ion release. Moreover, this effect is ul-
timately outweighed by the comparatively inferior chemical and me-
chanical properties of activated panel glass relative to FLG.

Overall, experimental results were provided supporting the efficacy
of mild activation as a methodology for recycling waste glass of complex
composition, along with undesirable railings from extraction of volcanic
rock, into low-emission, low-energy construction materials with desir-
able chemical and mechanical properties. Potential pathways towards
strategy improvement were also highlighted, such as employment of the
precursor in a wider granulometric range, and enhancement of internal
ions stabilization via addition of more reactive precursor components
and optimization of activation parameters.
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