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Abstract: Climate change is characterized by shifts in temperature and climate patterns. Constructing
new high-rise environments using materials that incorporate agro-industrial waste can help mitigate
this impact without compromising technological properties. This study produced vitreous foams
intended to replace natural aggregates in lightweight concrete partially. These foams were sintered
in a microwave oven at temperatures of 750 ◦C, 800 ◦C, and 850 ◦C, utilizing glass powder and
sugarcane bagasse ash as raw materials. The homogenization and preparation of these materials
were conducted through a mechanical pelletization process, employing a constant rotation engine at
approximately 40 rpm. The efficacy of microwave sintering was assessed by comparing the outcomes
with those from sintering in a conventional electric muffle furnace under identical conditions. The
results indicated that the microwave-sintered vitreous foams exhibited the following values for
apparent density (≤0.30 g/cm3), porosity (86% to 94%), and compressive strength (0.48 MPa to
0.58 MPa), which align with the global standards for commercial vitreous foams. The microwave
sintering route proved to be economically feasible by reducing sintering time and, consequently,
energy costs, without sacrificing technological properties. The materials produced in this study
offer a promising solution to minimize the environmental impact associated with constructing new
buildings, particularly tall structures. Additionally, they support the circular economy by converting
waste into valuable by-products.

Keywords: circular economy; sustainability; lightweight concrete; lightweight aggregate; density;
ash; glass

1. Introduction

Climate change, a key driver behind the shifts in temperature and weather patterns
globally, significantly impacts human health and quality of life [1–3]. Numerous stud-
ies have explored strategies to mitigate or eliminate environmental damage. However,
everyone must recognize the impossibility of meeting present needs at the expense of
future generations.

Burning plant waste such as sugarcane bagasse releases carbon dioxide (CO2), a major
greenhouse gas, into the atmosphere, contributing to global warming. This process also
emits particulate matter and pollutants like carbon monoxide, nitrogen oxides, and volatile
organic compounds, which can deteriorate air quality and human health. Additionally,
these emissions can indirectly influence climate change by affecting cloud formation and
the absorption of solar radiation.

A potential solution lies in developing the Blue Economy, which encourages a capitalist
society to enhance sustainability across all facets, particularly through the promotion of
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cleaner energy sources [4]. In this scenario, the Circular Economy emerges as a viable
model. It emphasizes the recovery and utilization of food waste [5], promotes the use
of renewable resources, and supports the recycling of waste into new materials, thereby
keeping them in the economic loop far longer than traditionally expected [6–8]. This
approach not only extends the life cycle of materials but also significantly reduces pollution
from production processes and improper disposal, effectively decoupling economic growth
from environmental degradation [6].

The construction sector significantly contributes to the development of the global econ-
omy but also imposes a substantial environmental burden. This burden primarily arises
from its high energy consumption, significant emissions that contribute to the greenhouse
effect, and the generation of vast amounts of solid waste [9,10]. The global trend towards
building taller structures has escalated concrete production, making it the most utilized
material worldwide [11–14], with annual production nearing 10 billion cubic meters [15].
Research has indicated that construction processes can integrate various waste materials
into concrete, such as vitreous foams [7,8], bamboo fibers [16], PET bottles [17], and glass
bottles [18], to mitigate environmental impacts.

Vitreous foams, in particular, have gained attention in the construction industry for
their desirable attributes, such as lightweight, rigidity, and high compressive strength [19–22],
alongside being effective thermal insulators [23]. These foams are fabricated using a base
of recycled glass powder [24], with soda-lime glass—a type constituting 90% of global glass
production—being a primary material [15,25]. This glass category is chemically stable and
softens at approximately 800 ◦C [26].

Agricultural by-products, such as sugarcane bagasse ash (SCBA) from the cogeneration
of energy in sugar and alcohol-producing plants, provide a sustainable silica source for
glass powder without compromising its properties [27,28]. With Brazil, India, and China
leading in sugarcane production, a significant portion of the crop residue ends up as ash.
Despite its high silica content, which is advantageous for vitreous foam production, this
ash is underutilized and often disposed of in landfills [28–33].

In the manufacture of vitreous foams, calcium carbonate (CaCO3) is an effective
and economical foaming agent [33]. It decomposes at temperatures between 650 ◦C and
1000 ◦C [7,34], producing CaO and CO2, with the latter playing a crucial role in pore
formation, as it is trapped within the glass matrix during the molten phase [15,35]. CaO
aids in lowering the viscosity of the melt, and during the casting phase, it reduces the
resistance to pore growth, allowing for volumetric expansion. This reduced viscosity
enhances oxygen transfer, which facilitates the oxidation of carbon within the cellular
structure, thereby increasing the gas content [36]. The sintering process significantly affects
the technological properties of vitreous foams [34,37,38].

New sintering techniques could make the production of vitreous foams for industrial
use more economically viable. An innovative approach is sintering using a microwave
oven, which has shown greater energy efficiency due to the shorter processing times
at high temperatures compared to traditional sintering methods [39–41]. Microwave
sintering emerges as a compelling alternative to conventional high-temperature treatment
techniques [39,41]. The process conducted in the microwave oven enhances volumetric
expansion and mechanical properties while reducing the apparent density—a crucial
characteristic of commercial glass foams [15,24,40–43].

This study focused on producing vitreous foams sintered in a microwave oven to
partially substitute natural aggregate in concrete [7,8,15]. Compared to conventional
sintering methods, this new sintering route is more efficient as it reduces sintering time
and, consequently, energy costs, offering economic advantages in the production of the
vitreous foams under investigation. Raw materials such as soda-lime glass powder, SCBA,
and calcium carbonate were selected to further decrease production expenses. Vitreous
foams boast technological properties such as compressive resistance, low density, and
minimal water absorption. Notably, this material does not require mixing with water,
thereby avoiding competition with concrete hydration.
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The glass foams produced in this study can serve as a lightweight aggregate to partly
replace conventional aggregate. Manufacturing this novel product through a cost-effective
process helps minimize waste disposal associated with this research, converting it into
valuable co-products. Moreover, this approach aligns with the principles of the circular
economy and promotes revenue generation through the sale of waste.

2. Materials and Methods

The methodology of the manuscript is presented in the subsequent sections. The
steps, procedures, and techniques used in the research are described in detail, ensuring
transparency and reproducibility of the results obtained. The experimental flow of this
investigation is illustrated in Figure 1.

Figure 1. (a) Sugarcane bagasse, (b) SCBA, (c) glass powder, (d) pelletizing machine, (e) pellets in
green state, (f) vitreous foam sintered in a conventional electric muffle furnace, and (g) vitreous foam
sintered in a microwave oven.

2.1. SCBA

The SCBA used in this study was obtained from the sugarcane grinding process for
ethanol production and energy generation at Usina Bunge, located in Pedro Afonso, TO,
Brazil (8◦58′4′′ S; 48◦10′30′′ W), as depicted in Figure 1b. The sugarcane bagasse (Figure 1a)
underwent washing, cleaning of residual impurities, and drying at room temperature,
followed by oven drying at 100 ◦C for 48 h. The bagasse was then manually cut into
approximately 5 mm sizes. Subsequently, it was incinerated in an electric muffle furnace at
a temperature of 900 ◦C, at a heating rate of 100 ◦C/min [7,8,44] (Figure 1b).

Sintering in the laboratory was conducted to achieve the same temperature that
produced the SCBA used in this study. The SCBA was sieved using a 150 mesh ABNT sieve
(106 µm), and the material that passed through underwent particle size distribution analysis
using a laser particle size analyzer (CILAS 1180). A sample sintered at each temperature
was selected, pulverized, and analyzed by X-ray diffraction (XRD) (Shimadzu, Tokyo,
Japan).

2.2. Glass POWDER

The glass used in this study was obtained from transparent bottles typically utilized
as beverage containers (Figure 1c). The bottles were washed and oven-dried before being
manually crushed to yield particles <10 mm. These particles were further processed in a
ball mill [11] (TS RUBENS, São Paulo, Brazil) at a speed of 100 rpm with steel grinding
bodies (36.5; 30.2; 25.4; 19.1; 15.9 mm) until they were fine enough to pass through a



Buildings 2024, 14, 1643 4 of 16

150 ABNT standard mesh sieve (106 µm). The milling time was not regulated. Following
the methodology described in [7], the material that passed through the sieve was then
analyzed for particle size distribution using a laser particle size analyzer (CILAS 1180).

2.3. CaCO3

Industrial-grade calcium carbonate (CaCO3) manufactured by Dinâmica (São Paulo,
SP, Brazil) (23◦33′1′′ S; 46◦38′2′′ W) was utilized as a foaming agent because of its proven
efficiency [7,8,15,45,46] and economic viability [26]. The material underwent particle size
distribution analysis using a laser particle size analyzer (CILAS 1180).

2.4. Production of Vitreous Foams

The technological properties of the samples sintered at 750 ◦C, 800 ◦C, and 850 ◦C in
both a conventional electric muffle furnace and a microwave oven were examined. A mass
formulation consisting of 78% glass powder, 16% SCBA, and 6% CaCO3 was used for the
analysis. This formulation was proved successful in a previous study conducted by the
first author [15]. The specific formulation is detailed in Table 1.

Table 1. Formulation investigated.

Material (%)

Sample
Glass powder SCBA CaCO3

78 16 6

2.5. Pre-Test

Before sintering (Figure 1e), the samples underwent preliminary testing to deter-
mine the ideal binder for producing the vitreous foams. Four binders were evaluated:
starch (Maizena®), a polyfunctional water-reducing plasticizing additive (MIRA® SET)
according to the (ABNT: NBR 11768/201), PVA, and clay (provided by Cerâmica Reunidas,
Cristalândia, TO, Brazil) (10◦36′14.7′′ S; 49◦11′56.0′′ W). Three samples from each formula-
tion were tested to assess their behavior at various sintering temperatures in a conventional
electric muffle furnace (750 ◦C, 800 ◦C, and 850 ◦C).

2.6. Pelletizing

The formulated samples (referenced in Table 1) underwent a granulation process
employing the mechanical pelletization method (illustrated in Figure 1d) for approximately
5 min, with the motor rotating at about 40 rpm. Throughout the pelletizing process, water
(5%) was manually sprayed, accompanied by the addition of 5% PVA (Polyvinyl Alcohol
P.S, Dinâmica, São Paulo, Brazil) [47], resulting in the production of pellets ready for
sintering [18,47].

2.7. Sintering of Samples

The samples underwent the sintering process identically in both a conventional electric
muffle furnace and a microwave oven, following the temperature ranges explored in this
study and previous research [7,39]. The authors of these works produced vitreous foams
by sintering in both a microwave oven and a conventional electric muffle furnace at
temperatures ranging from 700 ◦C to 1000 ◦C. For conventional sintering, an electric muffle
furnace (EDG 1800, Rio de Janeiro, Brazil) was used, following a sintering cycle of 100 ◦C/h
and a 30 min sintering time [8,34]. Microwave sintering was performed in a 1000 W oven
(SHARP R-8720, Chicago, MA, USA), using a hybrid approach. A silicon carbide susceptor
was placed inside the chamber to achieve a heating rate of 50 ◦C/min [39].
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2.8. Characterization of Vitreous Foams
Volumetric Expansion

The volumetric expansion of the samples sintered in both an electric muffle furnace
and a microwave oven was measured through Equation (1). This involved calculating
the mass of the sample before sintering, following pelletization and drying (in ambient
conditions), to determine its initial volume (Vi). The post-sintering volume (Vf ) was
ascertained by immersing the sample in a beaker filled with pentane petals (>180 µm) to a
pre-measured volume [15]. To ensure accuracy, this process was repeated three times. The
increase in the height of the pentane indicated a volume change, from which the volumetric
expansion of the vitreous post-sintering foam was calculated through Equation (2).

Vi = π.r2.h, (1)

where Vi = initial volume, r = base radius, and h = height.

Expansion =

(
v f − vi

vi

)
× 100 (2)

where Vi represents the volume of the sample after forming and drying, measured in grams
per cubic centimeter (g/cm3), and Vf denotes the volume after sintering, also in g/cm3.

The volume determined through the displacement method within the beaker, com-
bined with the mass obtained from weighing the vitreous foam post-sintering, enabled the
calculation of density through Equation (3).

ρ
= m

ν .

(3)

where m is the mass (g) and v is the volume (cm3) of the vitreous foam.

2.9. Porosity

The total porosity (ϵ%) of the foams, whether sintered in a conventional electric muffle
furnace or a microwave oven, was calculated through Equation (4). This calculation is
based on the comparison between the apparent density (ρa) of the sintered foam and the
theoretical density (ρt) of the initial powders.

ε(%) =

[
1 − ρa

ρt

]
(4)

The apparent density of the samples was calculated based on their mass and geometric
dimensions.

The internal architecture and formation of pores were visualized by examining cross-
sectional images captured by an optical microscope (Olympus, 3Z61, Taiyuan, China).

2.10. Water Absorption

The water absorption of the vitreous foam samples, whether sintered in a conventional
electric muffle furnace or a microwave oven, was measured following the procedures
outlined in the technical (ABNT-NBR NM 53:2009)—Coarse aggregate—Determination of
specific mass, apparent specific mass, and water absorption, as specified by Equation (5).

A =
ms − m

m
× 100 (5)

where A represents the water absorption percentage, ms is the mass of the sample in air when
in a saturated surface-dry condition (g), and m is the mass of the dry sample in air (g).
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2.11. Compressive Strength

The uniaxial compressive strength of the vitreous foam, sintered in both a conventional
electric muffle furnace and a microwave oven, was determined for samples with a particle
size retained on a 12.5 mm sieve (ABNT-NBR NM-ISO 3310-1:1997). Compression tests
were conducted using a universal testing machine (EMIC, model DL-2000), at a crosshead
speed of 10 mm/min, adhering to the (ASTM C133–97R15, 2015 standard). Five samples
from each sintered vitreous foam formulation were assessed for compressive strength,
ensuring compliance with the granulometric specification of 12.5 mm, as required by this
standard. Given the samples’ non-standard geometric shapes and their interface with
the loading cell, 2 mm thick EVA (ethylene-vinyl acetate) plates were utilized to achieve
homogeneous load transfer and compensate for any surface irregularities [15,48].

2.12. Granulometry

The granulometric analysis of the vitreous foams produced in this study was con-
ducted using a sieve set, adhering to the specifications outlined in the (ABNT-NBR
7211:2009), specifically employing a 12.5 mm mesh for retaining the material [7,15].

3. Results and Discussion
3.1. Granulometry

The results concerning the grain size of the raw materials (Table 2) indicate that the
grain size favored the production of vitreous foams in this investigation, regardless of the
sintering temperature or method. This effect may have been enhanced by the pelletizing
process of the raw materials before sintering, where smaller grains occupy the empty
spaces between larger grains, filling potential voids that might arise. The average size of
the SCBA grains (102.77 µm) likely makes a significant contribution, as the glass powder
must incorporate the SCBA during its liquid phase to form the cellular structure of the
foam during sintering [15].

Table 2. Granulometry: SCBA—Glass powder—CaCO3.

Material
D10 D50 D90 Daverage

(µm)

SCBA 26.20 100.28 175.64 102.77
Glass powder 7.21 44.12 94.00 48.33

CaCO3 1.15 2.39 4.86 2.74

3.2. Chemical Composition

Table 3 presents the results of the chemical composition of the raw materials inves-
tigated, where SCBA predominantly contains SiO2 (55.52%) [39], and the glass powder
consists of soda-lime glass [38]. The chemical composition of CaCO3 predominantly fea-
tures CaO (97.77%), which is typical for industrialized CaCO3 [7,8,45].

Table 3. Chemical composition: SCBA, glass powder, and CaCO3.

Material
Composition *

SiO2 CaO Na2O AI2O3 K2O Fe2O3 P2O5

SCBA 55.52 8.99 4.78 2.67 5.67 - 0.99
Glass powder 72.26 12.01 12.61 1.48 0.87 0.77 0.36

CaCO3 0.40 97.77 - 0.06 - 0.14 1.09

* Expressed in oxides. MnO, MgO, SrO, and SO3 were found in smaller proportions.

3.3. Binding Agent

The results of the preliminary test to determine the binding material are illustrated
in Figure 2. The binding materials investigated were starch (Maizena®), a polyfunctional
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water-reducing plasticizer additive (MIRA® SET), PVA, and clay. The results show the
values of volumetric expansion of the vitreous foams relative to the sintering temperature in
a conventional electric muffle furnace and the type of binder used. PVA demonstrated the
highest efficiency at all temperatures tested, with volumetric expansion ranging from 160%
to 320%, followed by starch (45–170%), the superplasticizer (45–145%), and clay (35–125%).
The effectiveness of PVA as a binder was anticipated, as this material has been previously
utilized in several other studies [7,8,15,39,43,49].

Figure 2. Volumetric expansion of the vitreous foam concerning the type of binder by sintering
temperature in a conventional electric muffle furnace.

3.4. Sintering

The sintering of the vitreous foams produced in this study in both a conventional
electric muffle furnace and a microwave oven favored volumetric expansion, regardless
of the method used. This condition was supported by the formulation (Table 1), and the
result was expected, as this formulation has been previously tested. The external geometric
shapes of the samples sintered in a conventional electric muffle furnace and a microwave
oven are illustrated in Figures 3 and 4, respectively.

Figure 3. Geometric shape of vitreous foams sintered in an electric muffle furnace: (a) 750 ◦C,
(b) 800 ◦C, and (c) 850 ◦C.
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Figure 4. Geometric shape of vitreous foams sintered in a microwave oven: (a) 750 ◦C, (b) 800 ◦C,
and (c) 850 ◦C.

Visual assessment (within the field of view) of the external geometric shape (pellets)
of the vitreous foams, as shown in Figures 3 and 4, after sintering in a conventional electric
muffle furnace and a microwave oven, respectively, reveals that their geometries are similar
regardless of the sintering method. There is no significant variation in the apparent density
values, which is a crucial characteristic. This similarity can be attributed to the formulation,
the pelletizing process, and the grain size of the raw materials, which were consistent
across samples. The predominance of SiO2 (55.52%) in the SCBA may have played a role
in the formation of the cellular structure during the liquid phase of the glass powder. The
formation of the internal architecture of the pores in the foams sintered in a conventional
electric muffle furnace and a microwave oven is illustrated in Figures 5 and 6, respectively.

Figure 5. Formation of the architecture and geometric shape of the pores of vitreous foams sintered
in a conventional electric muffle furnace: (a) 750 ◦C, (b) 800 ◦C, and (c) 850 ◦C.

From visual inspection (Figures 5 and 6), it is evident that the vitreous foams sintered
in both a conventional electric muffle furnace and a microwave oven exhibit no cracks on
their internal walls. Instead, they feature uniformly distributed pores with closed porosity
and very similar morphology. The porosity of the samples, ranging from 85% to 91%, was
likely enhanced by the decomposition of CaCO3 into CaO, which acted as a modifier for
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the silicate networks. This process reduced the viscosity of the molten silicate material by
breaking SiO2 tetrahedra [22], leading to the formation of larger pores or those connected
with microspores [36,50]. The similarity in pore architecture could also be linked to the
effectiveness of the binding material, the pelletization process, and the influence of CaCO3.
According to the results, CaCO3 contributed to increased porosity due to its decomposition
at high temperatures [22,51].

Figure 6. Formation of the architecture and geometric shape of the pores of vitreous foams sintered
in a microwave oven: (a) 750 ◦C, (b) 800 ◦C, and (c) 850 ◦C.

Visually, within the observation area, a difference in pore size is notable. This non-
uniform pore structure is attributed to the temperature of foam formation during the molten
liquid phase [22,51,52]—a result of the gradual temperature increase which significantly
affects the size and formation of pores [15,53]. As temperature rises, CaCO3 decomposes
more, generating new gases, primarily CO. These gases, initially trapped within the pores,
begin to escape as the temperature continues to rise and pressure inside the pore increases.
This process allows the gases to break through the internal walls, interconnecting the pores
and forming the internal architecture of the vitreous foam [15,54]. Observing Figure 6, the
formation of calcium hydroxide (Ca(OH)2) can be seen, likely resulting from prolonged
sintering in a conventional electric muffle furnace.

When sintering in a microwave oven, the absence of Ca(OH)2 is notable, attributed
to the unique energy transfer process during microwave sintering. This process involves
the conversion of energy from electromagnetic fields into molecular kinetic energy, which
is then transformed into heat [55]. This method differs fundamentally from sintering in a
conventional electric muffle furnace because of the nature of heat transfer [42]. Microwave
energy—as electromagnetic energy operating at frequencies ranging from 0.3 to 300 GHz—
enables a distinctive heating mechanism. As microwaves penetrate and move through
dielectric materials, they interact with molecular dipoles. This interaction creates an electric
field that reorients these dipoles to align with the fluctuating electromagnetic field. Despite
the continuous change in the electromagnetic field, leading to a phase difference between
the field and the dipoles, the dipoles undergo random collisions. These collisions result in
energy loss, which is subsequently converted into thermal energy.

The optical microscopy results depicted in Figure 7 confirm the observed resemblance
between Figures 5 and 6, illustrating the needle-shaped crystals. Furthermore, Figures 7 and 8
reveal areas that appear relatively flat, with minor fractures at different elevations. These plane
fractures bear resemblance to the cleavage fractures often observed in many ceramics [56].
Microwave sintering, as depicted in Figure 6, results in isolated pores, which contribute to
a decrease in water absorption [39,42]. This characteristic of vitreous foams sintered in a
microwave oven is crucial for their application as lightweight aggregate materials in construction,
particularly beneficial in high-rise buildings [7]. Additionally, a homogeneous distribution of
pores, observed in the same figure, could enhance compression resistance.

The specific geometric shape of the vitreous foams (pellets) produced in this study,
characterized by closed pores, is advantageous for incorporating into lightweight concrete.
This is because the cement paste cannot infiltrate the foam’s pores, thereby preventing
paste loss and reducing the need for additional cement to achieve proper adhesion [15].
Moreover, this geometric shape assists in occupying the voids between natural aggre-
gates, thus improving the compressive strength of lightweight concrete by filling these
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gaps with vitreous foams, which contributes to concrete strength as it leaves fewer voids
subject to stress.

Figure 7. Optical microscopy images of the vitreous foams sintered in an electric muffle furnace:
(a) 750 ◦C, (b) 800 ◦C, and (c) 850 ◦C.

Figure 8. Optical microscopy images of the vitreous foams sintered in a microwave oven: (a) 750 ◦C,
(b) 800 ◦C, and (c) 850 ◦C.

The formation of these structures was also significantly influenced by the average
particle size of the raw materials (Table 2). The average grain size of CaCO3 (2.74 µm)
played a vital role in the stability and formation of the internal cellular structure, as CaCO3
acts as a flux, ensuring a structure dominated by closed pores. This results in low or
negligible permeability, which competes with the cement’s hydration reactions for the
mixing water [15,57,58].

Sintering vitreous foams at temperatures between 750 ◦C and 850 ◦C in a microwave
oven also helps lower the production costs of this material, facilitating its manufactur-
ing and wider adoption in the construction sector through innovative production tech-
niques [15,26,59]. The vitreous foams developed in this study are tailored to meet the
specific requirements of lightweight concrete [7,35,60]. Their porosity, pore size, and
compressive strength values are detailed in Table 4.

The vitreous foams sintered in both a conventional electric muffle furnace and a mi-
crowave oven were sorted using an sieve (12.5 mm), with the observed porosity ranging
from 86% to 94%. This range indicates a relative similarity, likely facilitated by consistent
sintering temperatures and formulations across different sintering methods. Despite vari-
ations in the sintering temperatures, the values were closely aligned, underscoring the
effectiveness of the chosen temperatures for processing the vitreous foams produced in this
study [15,24,34,49]. A slight increase in porosity was noted (as shown in Figures 6c and 7c)
at a temperature of 850 ◦C, which likely contributed to the formation of larger pores due to
the gas release from CaCO3 sintering at this temperature.
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Table 4. Porosity, pore size, and compressive strength of vitreous foams.

Conventional electric
muffle furnace

Description Temperature (◦C)

750 800 850

Porosity (%) 85 ± 2 87 ± 2 91 ± 2
Pore size (mm) 1.2 ± 1 1.6 ± 1 2.1 ± 1

Compressive strength 0.58 ± 0.02 0.55 ± 0.02 0.51 ± 0.02

Microwave oven

Description Temperature (◦C)

750 800 850

Porosity (%) 86 ± 2 86 ± 2 94 ± 2
Pore size (mm) 1.32 ± 1 1.69 ± 1 2.28 ± 1

Compressive strength 0.62 ± 0.02 0.61 ± 0.02 0.59 ± 0.02

Pore sizes were measured between 1.32 mm and 2.28 mm, with no significant differ-
ences observed across samples sintered at varying temperatures. The presence of larger
pores is attributed to the porosity resulting from the decomposition of CaCO3 at tempera-
tures conducive to glass expansion. Conversely, smaller pores are thought to arise from
newly nucleated pores by CO2 that did not expand significantly.

The mechanical compressive strength of the vitreous foams was found to be between
0.48 and 0.58 MPa. Given their relatively uniform porosity and pore size, the vitreous foams
sintered at from 750 ◦C to 800 ◦C are expected to exhibit similar mechanical resistance to
compression. It is noteworthy that commercial vitreous foams generally present compres-
sive strength ranging from 0.4 to 6 MPa for porosity levels >70% (Scheffler, 2005). Hence,
the vitreous foam spheres produced in this study satisfy the fundamental requirements for
commercial vitreous foams.

3.5. Density—Water Absorption

The results for the apparent density and water absorption of vitreous foams sintered
in both a conventional electric muffle furnace and a microwave oven are depicted in
Figure 9a,b. All values for density and water absorption met the expected criteria. The density
values (≤0.30 g/cm3) align perfectly with those of commercial vitreous foams produced
globally [18,35,57,60]. These findings underscore the potential impact of the vitreous foams
developed in this study on the construction industry, particularly concerning the ‘wet’ of
lightweight concrete. The wet refers to the mass per unit volume of fresh concrete, which is
primarily influenced by the type and quantity of materials used in the concrete mix [61].

Figure 9. (a). Density and water absorption values of vitreous foams sintered in a conventional electric
muffle furnace. (b). Density and water absorption of vitreous foams sintered in a microwave oven.
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3.6. X-ray Diffraction (XRD)

The results depicted in Figure 10, related to the XRD analysis, clearly indicate the
amorphous nature of the samples. This suggests a significant influence from the high
concentration of the vitreous phase when sintered at 750 ◦C, 800 ◦C, and 850 ◦C. Crystalline
phases, identified by the presence of cristobalite (SiO2) and wollastonite (CaSiO3), are
clearly visible because of the excessive presence of silica in SCBA (55.52%) and glass
powder (72.26%). Additionally, the CaCO3 shows a high content of CaO (97.77%).

Figure 10. XRD patterns of samples sintered at 750 ◦C, 800 ◦C, and 850 ◦C in a microwave oven.

Some silicas were not incorporated into the cellular structure of the foams during
their formation in the vitreous phase, resulting in calcium hydroxide (Ca(OH)2), which
only appeared in samples sintered in a conventional electric muffle furnace [62,63]. This
confirms the strong influence of temperature on the formation of the cellular structure of
this material.

The presence of the crystalline phase raises concerns about the potential for devitrifi-
cation of the foams during their manufacturing process, as devitrification can negatively
influence the crystallization process during the formation of the cellular structure, affecting
the properties and formation of the vitreous foam [62].

These findings highlight the reactive nature of SCBA within the structure of soda-
lime glass and suggest that residual carbon was sintered, promoting the crystallization of
amorphous silica ash into cristobalite. This transformation was anticipated, as the sintering
temperatures used are conducive to the formation of this specific silica phase, although the
peak intensities indicate a system that retains significant amorphism.

3.7. Sintering Time

In this study, it was found that the microwave oven demonstrated the highest energy
efficiency for sintering, reaching temperatures of 750 ◦C in 4 min, 800 ◦C in 6 min, and
850 ◦C in 8 min. In contrast, the conventional electric muffle furnace required an average of
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12 h to achieve the same temperature levels (750 ◦C, 800 ◦C, and 850 ◦C). This significant
reduction in processing time results in substantial energy savings. These findings align
with those of previous studies that have confirmed the technical and economic feasibility
of using microwave ovens for industrial-scale, high-temperature processes [39,40]. The
reduced sintering time not only optimizes the manufacturing process of glass foams but
also enhances the sintering quality and the overall technological characteristics of the
product [64].

4. Conclusions

The results of this study confirm that using waste materials—specifically glass powder,
sugarcane bagasse ash, and calcium carbonate as a foaming agent—to produce glass foams
is both technologically and economically viable when sintered in a microwave oven at
temperatures of 750 ◦C, 800 ◦C, and 850 ◦C. The properties achieved, such as apparent
density (≤0.30 g/cm3), porosity (86–94%), and compressive strength (0.59–0.62 MPa), align
well with the standards of commercial foams produced globally. Microwave oven sintering
proves highly efficient, processing materials from the inside out in significantly less time
than conventional electric muffle furnaces.

Sugarcane bagasse ash is effectively integrated into the cellular structure of the glass
powder during its liquid phase, enhancing the formation of closed pores. Calcium carbonate
also demonstrates high efficacy as both a pore-forming agent and a fluxing material.

Moreover, the utilization of agro-industrial waste—78% glass powder and 16% sugar-
cane bagasse ash—not only adds value but also transforms the waste into a by-product,
promoting the principles of the circular economy within small communities.
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