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Abstract

Glass-ceramic foams (BVZ: bottle glass waste—zirconia residue-bentonite) were produced using the
polymeric replica method from low-cost raw materials, comprising approximately 85 wt% bottle
glass waste and zirconia residue, and 15 wt% regional bentonite. To evaluate the effect of zirconia
residue on the microstructure and physicochemical properties of the BVZ foams, aqueous precursor
suspensions were prepared with varying proportions of bottle glass waste (59.7-69.7 wt%) and
zirconia residue (14.9-19.9 wt%), and sintered at 750 °C, 800 °C, and 850 °C. X-ray diffraction (XRD)
analysis revealed a reduction of the amorphous halo (15-35° 20) and an increase in crystallinity with
increasing temperature, indicating devitrification of the glassy matrix. The main crystalline phases
identified were zircon (ZrSiOs), nepheline (NaAlSiOs), AIPO4, and zirconia (ZrO2), with evidence of
minor domains structurally compatible with NASICON-type phases (NaZr2(POs)3). In general, glass-
ceramic foams produced with high waste content showed greater densification and reduced porosity
at 850 °C. The mechanical strength was sufficient for handling and assembly in electrochemical cell
components, while the reduced brittleness supports safe processing and indicates potential for
scalable manufacturing.

Keywords: glass-ceramic foams; industrial waste recycling; NASICON structure

1. Introduction

The development of sustainable materials based on the recycling of industrial by- products has
received increasing attention in functional materials, particularly to produce porous glass-ceramics,
due to their multifunctional properties and potential for structural and environmental applications
[1,2].

Among alternative raw materials, glass waste has been widely investigated for the fabrication
of glass-ceramics, which exhibit low density, high mechanical strength, low thermal conductivity,
incombustibility, and chemical resistance. These characteristics make such materials suitable for
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applications in the construction industry, particularly as thermal and acoustic insulating materials
[3-5].

Powder sintering is traditionally one of the main processing routes for producing glass-ceramics,
in which glass powders are subjected to controlled heat treatments to promote crystallization of the
glassy matrix [6]. During sintering, the glass softens, and the foaming agents employed release gases,
leading to bubble formation within the viscous matrix. As temperature increases, the reduction in
glass viscosity and surface tension favors bubble expansion and the development of porosity [3,7,8].
Conventional foaming agents include carbonates, sulfates, silicates, and carbon-based materials,
which decompose upon heating and release gaseous species.

However, alternative routes for producing porous glass-ceramics have also been explored, such
as gel casting, freeze casting, pore-forming agent-assisted methods, and the polymeric sponge
technique, also known as the replica method [9,10]. In this approach, porosity is generated through
the thermal decomposition of a sacrificial polymer template previously impregnated with a glass
suspension [2]. This method enables improved control over pore architecture and pore
interconnectivity and is particularly promising for obtaining lightweight structures with high specific
surface area.

Despite advances in sustainable glass-ceramic materials, the combined use of different residues
in the development of NASICON-type porous systems remains limited, especially regarding phase
evolution and the resulting microstructure under different thermal treatment conditions.

Therefore, the present study aimed to develop NASICON-type porous glass-ceramics using
soda-lime glass waste, zirconia residue, and bentonite through the polymeric replica method. The
study investigates structural evolution, crystalline phase formation, and the influence of thermal
treatment conditions on the properties of the resulting foams.

2. Materials and Methods

2.1. Synthesis of Glass-Ceramics

The replica method was employed to produce glass-ceramics from bentonite, glass waste, and
zirconia residue investigated in this study. Open-cell polyurethane foams with a pore density of 25
ppi were used as templates. The raw materials consisted of soda-lime glass bottle waste, zirconia
residue, bentonite (used as a plasticizer), and sodium silicate (used as a dispersant). The chemical
composition was determined by energy-dispersive X-ray spectroscopy (EDX) using a SHIMADZU
EDX-720 system to define the slip formulations.

The soda-lime glass waste was crushed and milled in a ball mill (Servitech, CT-242) at 380 rpm
for 30 minutes. The raw materials were sieved through an ABNT N° 200 mesh (74 pm), and the
average particle size was determined by dynamic light scattering (DLS) using an SZ-100 nanoparticle
analyzer (HORIBA Scientific). The crystalline phases present in the raw materials were identified by
X-ray diffraction (XRD) using a Bruker D2-Phaser diffractometer equipped with Cu Ka radiation (A
=1.5418 A). Measurements were carried out over a 20 range of 5°-80°, with a step size of 0.02°.

Three suspensions (BVZs) were prepared according to compositions reported in previous
studies, which emphasize the importance of balancing rheological properties and sinterability to
obtain glass-ceramics with optimized functional performance [1,2]. The formulation of the precursor
slips for the glass-ceramics are presented in Table 1. The three suspensions were designated BVZ1,
BVZ2, and BVZ3.

Table 1. Formulations of aqueous precursor suspensions used to produce BVZ glass-ceramics.

Glass Composition (%wt.) Solid content (%owt)
ceramics Solid Liquid Bentonite Glass Zirconia Sodium
content content Waste Waste Silicate
BVZ1 74.2 25.8 14.9 69.7 14.9 0.5
BVZ2 70.6 29.4 14.8 64.8 19.9 0.5
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BVZ3 70.7 29.3 19.9 59.7 19.9 0.5

The raw materials were homogenized in a mechanical mixer at 600 rpm for 30 minutes. The
polyurethane foams were subsequently immersed in the prepared suspension at 30-minute intervals.
After impregnation, the foams were calendered to remove excess slurry. The drying process was
carried out in two stages: first at room temperature for 24 hours, followed by oven drying at 110 °C
for 2 hours. Finally, the impregnated foams were subjected to heat treatment at different temperatures
to obtain the glass-ceramics, as illustrated in Figure 1 [1,3].

Waste and raw materials

Glass residue Bentonite

Mechanical mixer Impregnation
Zirconia residue Sodium silicate

BVZs glass-ceramics Smtem:g;i% 800 or Drying for 2 hours Drying in 24 hours at
in the oven room temperature

Figure 1. Synthesis process of glass-ceramics.

The sintering process was carried out at 750 °C, 800 °C, and 850 °C for 60 minutes. The cooling
procedure was performed in three stages: first, the samples were cooled to 540 °C and held for 30
minutes, then cooled to 440 °C and held for 60 minutes. In both stages, a cooling rate of 10 °C-min-!
was applied. Finally, the samples were cooled to room temperature by the natural thermal inertia of
the furnace, as shown in Figure 2. A progressive lightening in color can be observed with increasing
sintering temperature. However, the BVZ3 glass-ceramic exhibits a darker coloration due to the
higher Fe:0s content originating from the bentonite.

750°C 800 °C 850 °C
AR .
ey e

BVZ3 %
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Figure 2. Images acquired of glass-ceramic foams BVZ1, BVZ2 E BVZ3 obtained at temperatures of 750 °C, 800
°C and 850 °C.

2.2. Characterization of the Glass-Ceramics

The chemical composition of the raw materials, in terms of the oxides present, was determined
by energy-dispersive X-ray spectroscopy (EDX) using a SHIMADZU EDX-720 system. The
amorphous/crystalline nature of the glass-ceramics was characterized by X-ray diffraction (XRD)
using an X'Pert Pro?® diffractometer (PANalytical, Netherlands) equipped with a Cu Ka radiation
source. Measurements were performed over a 20 range of 10°-130°, with a step size of 0.02°. Optical
photomicrographs were acquired using an OPTIKA SLX stereomicroscope.

The glass transition temperature (Tg), crystallization onset temperature (Tc), and crystallization
peak temperature (Tp) were determined by differential thermal analysis (DTA) using a SHIMADZU
DTG-60H thermal analyzer. The experiments were conducted under a nitrogen atmosphere with a
flow rate of 50 mL-min, a heating rate of 10 °C-min, and alumina crucibles. The accuracy of the
characteristic temperature measurements was +1.5 °C.

The mechanical strength of the glass-ceramic foams was evaluated by compression testing using
a universal testing machine (SHIMADZU AG-25TA, Trapezium) equipped with a 1 kN load cell, at a
crosshead speed of 0.5 mm-min-'.

3. Results

3.1. Characterization of Raw Materials

3.1.1. EDX Analysis of the Chemical Composition of Raw Materials

Table 2 presents the chemical composition of the raw materials. The glass waste used in this
study is classified as soda-lime-silica glass, as evidenced by the high contents of 5iO: (70.3 wt%),
Na20 (12.3 wt%), and CaO (12.0 wt%). In addition, the presence of Al20s (4.1 wt%) contributes to
increased mechanical strength and thermal stability of the glassy matrix, as widely reported in the
literature [1,2]. The zirconia residue exhibits a markedly different chemical profile, with a high P2Os
content (41.9 wt%), followed by significant amounts of ZrO: (34.5 wt%) and SiO:z (21.3 wt%).

The high concentration of ZrO: suggests strong potential for improving the mechanical and
thermal properties of the resulting glass-ceramic system, while the presence of P20s may influence
crystallization behavior and phase formation during heat treatment [11]. The bentonite originating
from northeastern Brazil [12] showed SiO2 (56.0 wt%) and AlOs (30.6 wt%) as the predominant
oxides, followed by Fe20s (5.3 wt%). The presence of Na:0O, MgO, and CaO confirms its polycationic
nature and its influence on viscosity, sintering behavior, and pore formation in the glass-ceramics.

Table 2. Chemical composition of the raw materials.

Composigao (wt%)

Raw
. Na: Ca S Fe2 M Zr
Materials : . g
SiO2 o o AlOs K0 0s O TiO: o 02 HfO: P10
12.
Glass-Waste 703 123 0 4.1 06 04 02 0.1 — - - -
Zirconia 34.
Waste 21.3 -—- - 15 - - 01 -—- -—- 5 0.5 419
Bentonite 560 24 11 306 -—- 05 53 07 20 -- - -

3.1.2. Granulometric Compatibility of Raw Materials

The particle size characterizations (Table 3 and Figure 3) reveal that zirconia (Dm = 0.186 pum),
bentonite (Dm = 0.121 um), and glass (Dm = 0.113 pum) exhibit a strictly submicrometric nature (D90
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<1 pum) and narrow monomodal distributions. This high degree of uniformity enhances chemical
reactivity and microstructural control, reducing defects in the final product [13-15]. In particular, the
dimensional similarity between glass and bentonite is strategically important for processing;
according to [15,16], this granulometric synergy optimizes the dispersion of the glassy phase within
the ceramic matrix. This condition promotes the formation of a homogeneously distributed liquid
phase during heat treatment, resulting in superior structural consolidation of the glass-ceramics.

Table 3. Granulometric distribution of raw materials.

Raw 2. Fine (x <2 pum) D10 (um) Dso (um) Dso (um) Dm (pum)
Zirconia Waste 100% 0.140 0.181 0.260 0.186
Bentonite 100% 0.105 0.115 0.140 0.121
Glass Waste 100% 0.085 0.100 0.160 0.113
T T T T — Lo .
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Figure 3. Granulometric distribution of the waste glass (a), waste zirconia (b) and bentonite (c).

3.1.3. XRD Analysis of Raw Materials

Figure 4 presents the diffraction patterns of the glass waste (a), zirconia residue (b), and
bentonite (c), respectively. The X-ray diffraction pattern of the soda-lime glass waste (Figure 4a) is
characterized by a diffuse halo between approximately 20° and 30° (20), typical of amorphous
materials, confirming the glassy nature of the silicate matrix. The absence of sharp, well-defined
peaks indicates that no crystalline phases are detectable within the limits of the technique,
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demonstrating that the material is predominantly amorphous, in agreement with the expected
behavior of soda-lime glass waste [17].

600 — 10 .
Glass waste ® Waste zirconia
* m-ZrO, (monoclinic zirconia)

500 —

400

300 +

Intensity (u.a)
Intensity (a.u)

04
200 -

0 10 20 30 40 50 60 10 20 30 40 50 60 70 80
26(°) 26(°)
(a) (b)
10 - e )
- Bentonite
* Montmorillonite (smectite)
© Kaolinite
08 - A

A Calcite (CaCoOy

oA

Intensity (a.u)

26(°)

()
Figure 4. X-ray diffraction patterns of (a) glass waste, (b) zirconia residue, and (c) bentonite.

The X-ray diffraction (XRD) pattern of the zirconia residue (Figure 4b) reveals the predominant
presence of the monoclinic ZrO: phase, characterized by intense reflections at 20 = 28.2° and 34.3°,
along with secondary peaks at higher angles, confirming the dominance of this crystalline phase
[18,19]. The presence of sharp and well-defined peaks indicates a high degree of crystallinity of the
m-ZrO:2 phase. A diffuse halo around 20 = 20° is also observed, associated with an amorphous
fraction, a feature frequently found in industrial residues and zirconia particulate materials [19]. No
reflections related to tetragonal or cubic phases were observed, indicating the absence of dopant-
induced stabilization.

The X-ray diffraction (XRD) pattern of bentonite (Figure 4c) shows a mineralogical composition
typical of bentonitic clays, with a basal reflection at low angles (20 = 5-7°) associated with
montmorillonite, the main phase responsible for the technological properties of bentonite, such as
high cation exchange capacity, swelling behavior, and rheological characteristics [20,21]. Additional
peaks around 20 ~ 12.3° and 24.8° indicate the presence of kaolinite, while the intense reflection at =
26.6° is attributed to quartz (SiOz), a common accessory mineral in natural bentonites. Low-intensity
reflections at higher angles, including signals consistent with calcite (CaCOs), indicate the presence
of carbonate phases in trace amounts, in agreement with quantitative XRD analyses reported in the
literature [22].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Characterization of Glass-Ceramics

3.2.1. Chemical Composition and Role of Oxides in the Sintering of BVZ Glass-Ceramics

The compositions of the BVZ glass-ceramics (Table 4) characterize a complex silicate system with
a high zirconia content (17.4-22.0 wt%), which acts as the main reinforcing refractory phase. Silica
(510z) is the predominant network former (44.9-51.0 wt%), while the low alumina content (3.2-3.9
wt%) prevents the system from being classified as an aluminosilicate. Structural integrity arises from
the network modified by fluxing oxides (Na2O and CaO, 15-18 wt%), which promote sintering
through liquid-phase formation. Phosphorus pentoxide (P20s) acts as a nucleating agent (6.2-10.5
wt%), while iron oxide (Fe20s) is present as a minor constituent (0.6-2.1 wt%). At 850 °C, this
compositional profile promotes atomic diffusion and the encapsulation of zirconia within a dense
glassy matrix, as discussed by [23].

Table 4. Chemical composition of BVZs glass-ceramics.

Composition (wt%)

Glas-
Ceramics SiO: 1\(1;12 CaO ALlOs K20 ZrO: Fe:0s TiO2 l\él)g HfO: P05
BVZ1 51.0 9.0 94 3.4 0.7 17.4 1.7 0.3 04 0.3 6.2
BvVZ2 45.8 7.5 8.3 3.2 0.6 22.0 1.6 0.3 04 0.4 9.6
BVZ3 449 7.1 7.7 3.9 0.6 21.7 2.1 0.4 0.5 04 105

3.2.2. Phase Evolution and Structural Characterization by X-Ray Diffraction (XRD)

The X-ray diffraction patterns of the BVZ samples (Figures 5, 6, and 7), sintered at 750 °C, 800
°C, and 850 °C, exhibit behavior typical of glass-ceramic materials obtained through controlled heat
treatment. In all compositions, the simultaneous presence of an amorphous halo centered in the 15-
35° (20) range and crystalline diffraction peaks is observed, confirming the coexistence of a residual
glassy phase and crystalline phases formed during sintering [24]. With increasing temperature, a
progressive reduction in the amorphous contribution and an increase in the intensity and sharpness
of the crystalline peaks are evident, indicating the advancement of the devitrification process and the
growth of crystalline domains [25,26].

This behavior is characteristic of glass-ceramics, in which the structural reorganization of the
glassy matrix promotes the nucleation and growth of thermodynamically more stable crystalline
phases. The identification of crystalline phases was performed by comparison with crystallographic
standards available in the Crystallography Open Database (COD), using the Match! software for
phase analysis.

Figure 5 shows the evolution of crystalline phases in the BVZ1 sample with increasing sintering
temperature. At 750 °C, the most intense peaks are consistent with nepheline (NaAlISiOs, COD 96-
901-3314) and AIPO4 (COD 96-155-0017), along with reflections attributed to zircon (Zr5iOs, COD 96-
900-2563) and cristobalite (5iO2, COD 96-901-5301). The presence of these phases indicates that, at this
temperature, crystallization is predominantly governed by the structural reorganization of silicate
and aluminosilicate phases derived from soda-lime glass and bentonite.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. X-ray diffraction (XRD) patterns of BVZ1 glass-ceramics sintered at 750 °C, 800 °C, and 850 °C, showing
the evolution of crystalline phases with increasing temperature.

Figure 6 reveals significant changes in the evolution of crystalline phases in the BVZ2 sample
compared to BVZ1, particularly regarding the role of zirconium- and phosphate-containing phases.

—— BVZ 2750°C
— BVZ 2800°C
—— BVZ 2850°C

Intensity (a.u)

10 20 30 40 50 60 70 80 90 100 110 120 130

200)

Figure 6. X-ray diffraction (XRD) patterns of BVZ2 glass-ceramics sintered at 750 °C, 800 °C, and 850 °C, showing
the evolution of crystalline phases with increasing temperature.

In the sample sintered at 750 °C, zircon (ZrSiOs, COD 96-900-2555) is predominant, accompanied

by nepheline (NaAlSiOs, COD 96-901-0305), cristobalite (SiOz2, COD 96-901-6226), and AIPO: (COD
96-155-0017). The higher fraction of zircon already at this temperature indicates that the increased Zr

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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content in the composition favors the early crystallization of thermodynamically stable zirconium
silicates, altering the devitrification pathway compared to BVZ1.

At 800 °C, a significant growth of the AIPOs phase (COD 96-155-0017) is observed, becoming
comparable in intensity to zircon (COD 96-900-2557). This increase in the phosphate fraction indicates
a greater participation of POs* groups in the structural reorganization of the glassy matrix, promoting
the formation of P-O-Zr linkages. This structural reorganization represents an important step in the
evolution of three-dimensional zirconium phosphate frameworks, often associated with the
nucleation of NASICON-type phases in systems containing Na, Zr, and phosphates [27-29].

In the sample treated at 850 °C, the diffraction pattern becomes dominated by zircon (COD 96-
500-0120), accompanied by AIPO4 (COD 96-432-9331), nepheline (COD 96-100-8762), and cristobalite
(COD 96-901-6226). Under this condition, an intensification of peaks is observed in the 27-33° (20)
region as well as between 35-40° (20), angular ranges that coincide with characteristic reflections of
sodium-zirconium phosphates with NASICON-type structure, such as NaZr2(POs)s.

Figure 7 illustrates the evolution of crystalline phases in the BVZ3 sample with increasing
sintering temperature. At 750 °C, the most intense peaks correspond mainly to zircon (ZrSiOs, COD
96-900-2555) and cristobalite (5102, COD 96-901-7023), along with contributions from AIPOs in the
form of a-moganite (COD 96-432-9331) and traces of nepheline (NaAlSiOs, COD 96-900-9464). This
set of phases indicates that, at this temperature, crystallization is still dominated by silicates,
aluminosilicates, and aluminum phosphates formed through the structural reorganization of the
glassy matrix.

—BVZ3750 °C
BvZ3800 °C
——BVZ3850°C

Intensity (au)

TS

T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130

20(9

Figure 7. X-ray diffraction (XRD) patterns of BVZ3 glass-ceramics sintered at 750 °C, 800 °C, and 850 °C, showing
the evolution of crystalline phases with increasing temperature.

With the temperature increased to 800 °C, a rise in the intensity of reflections associated with
AIPO4 (COD 96-155-0017) and zircon (COD 96-900-2560) is observed, accompanied by a relative
reduction in nepheline contributions. At the same time, reflections in the approximate 27-33° (20)
range become more evident, an angular region that coincides with characteristic peaks of sodium-—
zirconium phosphates with NASICON-type structure, such as NaZr2(POs)s [27,28]. This behavior
suggests that, as sintering progresses, species containing Na, Zr, and PO«*- groups play a greater role

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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in structural reorganization, favoring the formation of more structurally ordered zirconium
phosphate domains.

At 850 °C, the peaks become sharper and more intense, indicating crystal domain growth and
increased structural order. Zircon (COD 96-500-0120) remains the major phase, while alumino-
phosphate and sodium silicate phases show a lower relative contribution. The persistence and
improved definition of reflections in the 27-33° (20) region reinforce the possibility of the formation
of domains structurally compatible with the three-dimensional NASICON-type framework.

Thus, for the BVZ3 composition, the presence of a NASICON-type phase can be considered
probable in minor amounts, favored by the increase in sintering temperature and the coexistence of
Na, Zr, and phosphate groups within the glassy matrix.

Overall, the progressive evolution from BVZ1 to BVZ3 indicates that increasing the availability
of Zr and phosphates promotes the structural conditions necessary for the nucleation of NASICON-
type domains, although these remain secondary phases masked by the predominant silicate and
zircon phases.

3.2.3. Thermal Behavior and Crystallization of Glass-Ceramics (DTA)

Figure 8 shows the Differential Thermal Analysis (DTA) curves of the BVZ1 (a), BVZ2 (b), and
BVZ3 (c) glass-ceramics sintered at 750 °C, 800 °C, and 850 °C, obtained under a heating rate of 10
°C'min in a N2 atmosphere. The characteristic thermal parameters, glass transition temperature (Tg),
crystallization temperature (Tx), and partial melting temperature (Tm), are summarized in Table 6.
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Figure 8. DTA curves of BVZ1 (a), BVZ2 (b), and BVZ3 (c) glass-ceramics sintered at 750, 800, and 850 °C,

obtained at a heating rate of 10 °C-min under a N2 atmosphere.

Table 6. Characteristic temperatures of glass-ceramics.

. . Tg Tx Tm
0
Samples Sintering Temperature (°C) () (C) C)
438 599 930
750
BVZ1 800 420 603 802
850
440 548 868
750 435 556 848
432 604 850
BVZ2 500
850 420 621 849
422 621 964
750
BVZ3 800 372 557 904
850
413 590 897

The glass transition temperature (Tg), identified as an inflection in the baseline, shifts to higher
values with increasing sintering temperature. This behavior indicates increased rigidity of the
residual glassy phase, associated with reduced structural mobility and enhanced network
polymerization after partial crystallization, a phenomenon typical of glass systems undergoing
structural stabilization [30,31].

The subsequent exothermic event (Tx), visible in the curves of Figure 8a-c, is related to the
crystallization of the remaining glassy phase. The progressive decrease in the intensity of this peak
in samples treated at higher temperatures indicates that crystallization had already advanced during
sintering, resulting in a smaller amorphous fraction available for further thermal transformation. This
behavior confirms the typical progressive microstructural evolution of glass-ceramics at advanced
crystallization stages [31].

A slight shift of Tx toward higher temperatures is also observed in samples sintered at 850 °C,
suggesting increased thermal stability of the partially crystallized microstructure. This effect is
associated with the presence of previously formed crystalline phases, which reduce diffusional
mobility and increase the energy required for further crystal growth [30].

At higher temperatures, the broad endothermic trend observed in the curves is related to
structural relaxation and viscous flow of the residual glassy phase and may also involve partial
reorganization of crystalline phases. Differences in this behavior among BVZ1, BVZ2, and BVZ3
reflect compositional variations that influence the viscosity of the residual glass and the thermal
stability of the formed phases [30].

Comparatively, BVZ3 (Figure 8c) shows a lower crystallization peak intensity and a greater Tg
shift, indicating a higher degree of prior crystallization and enhanced structural stabilization. BVZ1
(Figure 8a) retains a larger residual glass fraction, while BVZ2 (Figure 8b) exhibits intermediate
behavior. Overall, the DTA results demonstrate that increasing the sintering temperature promotes
greater structural ordering, reduction of the amorphous fraction, and improved thermal stability of
the BVZ glass-ceramics.”

3.2.4. Surface Microstructure and Porosity Evolution

Figure 9 shows optical micrographs obtained from the surface of BVZ1, BVZ2, and BVZ3 glass-
ceramic foams sintered at 750 °C, 800 °C, and 850 °C. In general, increasing both the glass waste
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content and the sintering temperature led to a reduction in porosity. This behavior is associated with
enhanced viscous flow of the glassy phase and progressive densification during liquid-phase
sintering [23,30].

750°C 800 "C 850"C
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Figure 9. Optical micrographs (500um) acquired from the surface of the BVZs foams. (a) BVZ1-750 °C, (b) BVZ1-
800 °C, (c) BVZ1-850 °C, (d) BVZ2-750 °C, (e) BVZ2-800 °C, (f) BVZ2-850 °C, (g) BVZ3-750 °C, (h) BVZ3-800 °C e
(i) BVZ3-850 °C.

As expected, for a given glass-ceramic foam composition, increasing the temperature increased
the amount of liquid phase formed during sintering. This liquid phase penetrated the strut channels
within the foams, sealing pores and consequently increasing the bulk density. Such pore closure is
typical of glass-based foams subjected to higher thermal treatments, where reduced viscosity
promotes mass transport and structural consolidation [23].

At all investigated temperatures, pore closure became more pronounced as the glass waste
content increased. This trend indicates that higher amounts of low-viscosity glass favor the formation
of a continuous liquid network during sintering, enhancing particle bonding and reducing open
porosity.

3.2.5. Compressive Strength of Glass-Ceramic Foams

The results of uniaxial compressive strength for the BVZ glass-ceramic system are presented in
Table 7 and Figure 10. Only compositions that exhibited sufficient structural integrity for handling
were selected for testing, a criterion met by samples sintered at 800 °C and 850 °C. Increasing the
sintering temperature to 850 °C, combined with a higher glass waste content in the BVZ-1
formulation, promoted the formation of a larger amount of liquid phase.
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Figure 10. Compressive strength of BVZ glass-ceramics at 800 °C and 850 °C (mean + SD).

Table 7. Compressive strength of BVZ glass-ceramics heat-treated at 800 °C and 850 °C (mean =+ SD).

Glas-Ceramics Compressive Strength Standard Deviation
Temperature °C (N/mm?) (N/mm?)

BVZ1 - 800 °C 0.044 0.025

BVZ1 - 850 °C 0.130 0.055

BVZ2 -850 °C 0.112 0.025

BVZ3 -850 °C 0.235 0.075

This phenomenon led to the consolidation of a continuous glassy matrix acting as a binding
phase between the refractory zirconia and bentonite particles. In addition, the granulometric synergy
between the precursors allowed the glassy phase to coat the particles, reducing residual porosity and
improving mechanical stress distribution more effectively. This behavior is consistent with the
findings of Owoeye et al. [32], who reported an inverse relationship between porosity and strength,
indicating that the mechanical integrity achieved is compatible with the operational requirements for
use as electrodes.

5. Conclusions

Glass-ceramic foams were successfully produced using approximately 85 wt% soda-lime glass
waste and zirconia-containing residues. Variations in color and microstructure were influenced by
both composition and sintering temperature. Increasing the glass waste content and raising the
sintering temperature to 850 °C promoted enhanced densification, as evidenced by reduced porosity
observed in the micrographs.

X-ray diffraction analysis indicated that crystallization in the BVZ system is predominantly
governed by phases of silicates and aluminosilicates, especially nepheline (NaAlSiOs) and zircon
(ZrSiOs), whose crystallinity increased with temperature. In addition, tetragonal zirconia (t-ZrO2)
was identified, and minor domains structurally compatible with NASICON-type phases
(NaZr2(POs)s) were suggested, particularly in BVZ2 and BVZ3 sintered at 850 °C, although these
remain secondary compared to the dominant silicate and zircon phases.

The mechanical behavior of the glass-ceramic foams demonstrated compressive strength
sufficient to withstand handling and assembly stresses associated with electrochemical cell
components. The reduced fragility observed at higher sintering temperatures further supports their
structural integrity and potential for scalable processing.
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Overall, the combined structural, microstructural, and mechanical results indicate that the
controlled devitrification of glass waste-based compositions can yield porous glass-ceramics with
promising characteristics for structural and functional applications.
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