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The growing volume of environmental waste glass underscores the importance of recycling for sustainable development. A
promising approach is the recycling of waste glass into porous materials. This study investigates the influence of sintering tem-
perature on the properties of porous materials made from waste glass. Material samples were fabricated by adding liquid sodium
silicate to glass powder at a glass powder/liquid sodium silicate ratio of 9/1. The optimal sintering temperature range for the po-
rous material was determined through a heating microscope, revealing a suitable range of 770-830 °C. The sintered porous glass
samples were evaluated based on the properties such as pore size distribution, density, water absorption, and porosity of the
product. Furthermore, Fourier transform infrared spectroscopy was employed to assess the functional group composition of the
product. This research provides an effective recycling solution for waste glass by transforming it into porous materials with sig-
nificant potential applications.
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Usmeritev v trajnostni razvoj zaradi globalnega segrevanja povecCuje zahteve po ponovni predelavi (recikliranju) in uporabi
vedno vecjih koli¢in odpadnega stekla. Obetaven pristop je recikliranje odpadnega stekla v porozne materiale. V tem ¢lanku
avtorji opisujejo raziskavo vpliva temperature sintranja na lastnosti poroznih materialov izdelanih iz odpadnega stekla. Vzorce
materiala so avtorji izdelali z dodatkom raztaljenega natrijevega silikata k odpadnemu steklenemu prahu v razmerju
steklo/Na-silikat 9:1. Optimalno obmocje temperatur sintranja so avtorji dolocili s pomoc¢jo ogrevalnega mikroskopa in
ugotovili da se nahaja med 770 °C in 830 °C. Vzorce sintranega poroznega stekla so avtorji nato okarakterizirali. Dolocili so
velikostno porazdelitev por, gostoto, absorpcijo vode in celokupno poroznost. Nadalje so s pomoc¢jo Furierjeve Transformacijske
Infrardece spektroskopije (FTIR; angl.: Fourier Transform Infrared Spectroscopy) ocenili funkcionalno skupinsko sestavo
sintranih vzorcev. Avtorji v zakljuckih ugotavljajo, da so s pomocjo te raziskave predstavili in podali ucinkovito reSitev za
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recikliranje odpadnega stekla z njegovo predelavo v porozni material, ki ima velike moznosti za nadaljnjo uporabo.

Kljuc¢ne besede: odpadno steklo, porozni materiali, ogrevalni mikroskop, reciklirani materiali, sintranje

1 INTRODUCTION

Vietnam generates over 120,000 tons of glass waste
annually, which is expected to rise with an ongoing pop-
ulation growth and urbanization. Unfortunately, with a
recycling rate of only about 10 %, most of this material
is sent to landfills. When landfilled, hazardous sub-
stances from the glass can leach into soil and water, con-
taminating water sources and impacting public health.
Furthermore, discarded waste glass detracts from urban
aesthetics, affecting the landscape and quality of life.
Therefore, developing methods to recycle this waste is
crucial for protecting the environment, conserving re-
sources, and reducing landfill pressure.
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One promising route for recycling waste glass is its
conversion into porous materials, which have wide-rang-
ing applications in construction, water treatment, and in-
sulation. While several fabrication methods exist, chemi-
cal routes involving sintering with foaming agents' or
binders are most common for glass-based materials.>®
Previous studies have demonstrated the feasibility of us-
ing additives such as CaCOj; or sodium silicate (liquid
glass) to induce a porous structure during thermal pro-
cessing. Among these, sodium silicate is recognized as a
particularly effective and low-cost additive.

Following this research direction, B. K. Thach et al.
investigated a process for recycling waste glass from
photovoltaic panels to produce porous glass materials.
The study focused on incorporating CaCO; and liquid
glass with waste glass to form a porous structure. The
sintering process was carried out within a temperature
range of 830-910 °C, with key thermal parameters deter-
mined using a heating microscope.” Pat Sooksaen et al.
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studied a process for fabricating lightweight glass foam
with applications in thermal insulation, using finely
ground glass powder from waste glass bottles as the pri-
mary raw material. In this process, sodium silicate was
used as the binder, while yellow glycerol and sodium
carbonate served as foaming agents, forming the mate-
rial’s porous structure.® Seun Samuel et al. synthesized
glass foam from waste glass, using liquid glass as the
foaming agent. The study utilized different glass particle
sizes and performed sintering at 800 °C and 850 °C. The
results showed that the glass foam’s porosity increased
proportionally with temperature and particle size.’

The studies above demonstrated that waste glass
needs to be mixed with a supporting additive and
sintered at the melting temperature of the glass to create
porosity. Sodium silicate can be considered an effective
and low-cost option among various supporting additives.
Despite the established efficacy of sodium silicate in
pore formation, a systematic investigation into the influ-
ence of sintering temperature on the final microstructural
and physical properties of the resulting material remains
limited in the existing literature. This knowledge gap is
significant, as the thermal conditions within the glass
softening range are paramount to controlling pore devel-
opment,'? yet this process-property relationship has not
been thoroughly elucidated.!”

Therefore, the primary objective of this study is to
systematically investigate the effect of sintering tempera-
ture within a range of 770-830 °C, on the properties of
porous materials fabricated from waste glass using so-
dium silicate as the binder. Key characteristics are thor-
oughly analyzed, including bulk density, water absorp-
tion, total and open porosity, and pore size distribution.
The goal is to establish a relationship between the pro-
cessing temperature and the material’s final properties,
providing a scientific basis for process optimization and
future applications.

2 EXPERIMENTAL PART
2.1 Materials

Waste glass was sourced from Thien Phu Co., Ltd. It
originated from processing flat glass sheets used in con-
struction applications. Glass powder was collected and
milled in a high-energy ball mill for 15 min. Each batch
had a mass of 250 g. The chemical composition of the
waste glass was determined by X-ray fluorescence. The
mineralogical composition was determined by X-ray dif-
fraction.

In addition to waste glass, liquid sodium silicate was
the supporting material for the pore formation. Sodium
silicate was obtained from Central Chemical Supplies.
Its chemical formula is Na,O-nSiO,-mH,0. It exhibited a
density of 1.38 g/cm?.

2.2 Methods

The research process flowchart is depicted in Fig-
ure 1. Waste glass, after milling, was analyzed by X-ray
fluorescence, X-ray diffraction, and Fourier transform
infrared spectroscopy to assess the properties of the raw
material. Subsequently, waste glass was mixed with lig-
uid glass at a waste glass/liquid glass mass ratio of 9/1.
Additionally, water was added at 20 % by mass of waste
glass to improve the formability of the samples. After
thorough mixing to achieve a homogeneous mixture, the
blend was poured into molds with a diameter of 42 mm
and a height of 18 mm and then dried to remove mois-
ture. After that, the samples were sintered at different
temperatures and a heating rate of 3 °C/min. The dwell
time at the maximum temperature was 4 h to promote
pore formation. Finally the samples were cooled rapidly
to room temperature. The sintering temperature range
was determined using a heating microscope. The sintered
samples were then subjected to measurements of their
physical properties and pore size distribution to evaluate
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Figure 1: Research process flowchart
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Table 1: Summary of characterization techniques and parameters

Analysis technique | Instrument/ standard

Purpose

Key parameters / sample form

X-ray fluorescence Thermo ARL To determine the chemical composition Powder sample
Y ADVANT’X of the raw waste glass p
. . D2 PHASER To identify the crystalline phases present| Cu-K, radiation (4 = 0.15418 nm),
X-ray diffraction (Bruker) in the waste glass 26 range: 10-80°, step size: 0.026°

Fourier transform infra- NICOLET 6700
red spectroscopy

To identify the functional groups in the
raw and sintered materials

Wavenumber range: 4000-480 cm ',
mixed with KBr to form pellets

EM 201 (Hesse In-

Heating microscopy strument)

To observe the thermal behavior (soften-
ing, sintering) and determine the optimal
sintering temperature range

Cylindrical sample (H = 6 mm,
D = 4 mm); heating rate: 3 °C/min

surement dard

Physical property mea- | ASTM C20-00 stan- | To quantify bulk density, water absorp-
tion, total porosity, and open porosity

Measurements conducted according to
the standard’s procedures

Pore structure analysis | Image] software

To analyze the pore size and distribution | Analysis performed on digital images
from sample images

of the sintered sample surfaces

the effectiveness of the process for producing porous ma-
terials from waste glass. For physical properties, three
separate samples were prepared and tested to ensure the
reproducibility of the results. The physical property data
presented herein include mean values, with error bars in-
dicating the standard deviation.

2.3 Analysis methods

The chemical compositions of waste glass were ana-
lyzed using X-ray fluorescence (XRF) to assess purity.
The analysis was performed using a Thermo ARL
ADVANT’X instrument on 10 g powder samples.

The functional group composition of a sample was
determined using Fourier transform infrared spectros-
copy (FTIR) with a NICOLET 6700 instrument (Thermo
Scientific). Samples were prepared as fine powders and
mixed with KBr to form pellets. FTIR spectra were re-
corded in the transmission mode over a wavenumber
range of 4000-480 cm', with a spectral resolution of
0.21 cm™'. Characteristic absorption peaks in the FTIR
spectra were analyzed to identify the presence of func-
tional groups in the samples.

The phase composition of waste glass was deter-
mined using X-ray diffraction (XRD) with a D2
PHASER instrument (Bruker). XRD patterns were re-
corded in the reflection mode, using Cu-Ka radiation
(A =0.15418 nm), over a 20 range of 10-80° with a step
size of 0.026°. Samples were prepared as fine powders.
Diffraction peaks in the XRD patterns were used to iden-
tify the crystalline phases present in the waste glass.

A heating microscope (HM) was used to observe the
thermal behavior of the pellet samples during heating.
From this, characteristic temperatures of the material
were determined. An HM analysis was performed using
an EM 201 instrument (Hesse Instrument). The samples
were cylindrical, with dimensions of H = 6 mm and
D = 4 mm. The sample holder was made of steel, con-
forming to the DIN 51730 standard. The samples were
heated at a rate of 3 °C/min.

The shape, size, and distribution of pores were ana-
lyzed using digital images of the material. These param-
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eters were quantified using ImageJ software. The physi-
cal properties of the samples, such as bulk density, water
absorption, total porosity, and open porosity, were deter-
mined according to the ASTM C20-00 standard.

Analytical methods are summarized in Table 1.

3 RESULTS AND DISCUSSION

3.1 Characterization of waste glass raw material

The chemical composition of waste glass was deter-
mined using the XRF analysis. The results are presented
in Table 2.

Table 2: Chemical composition of waste glass (w/%)

SiO, | CaO | Na,O
53491 9.25 | 8.05

) L.o.I - loss on ignition

AlLO;
0.96

K>O |Others|L.o.I™
0.34 0.5 |2247

MgO
2.65

The chemical composition analysis revealed that a
waste glass sample primarily consists of SiO,
(53.49 w/%). SiO, is the main component in the glass
structure. Typically, the SiO, content in glass ranges
from 70-73 %.""12 A reduced SiO, content is attributed
to impurities incorporated into glass during processing
and storage. These impurities prevent glass from being
reused via a glass melting process. Therefore, alternative
treatment methods are required for this type of glass. Be-
sides SiO,, the loss of ignition (L.o.I.) content of
22.47 wl/%, is also a significant component in the waste
glass. L.o.I. represents the volatile components of a sam-
ple that are released upon heating up to 950 °C. Spe-
cifically, a temperature range of 300—-600 °C corresponds
to the decomposition of organic compounds, while a
range of 600-950 °C corresponds to the decomposition
of carbonates. A high L.o.I. value suggests that a signifi-
cant gas is generated during sintering. This phenomenon
is fundamental to creating porous materials from this
glass source. When sintered at an appropriate tempera-
ture, the high viscosity of molten glass traps this gas,
forming a porous structure.
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Figure 2: XRD pattern of the waste glass

The mineralogical composition of the waste glass, as
determined by the XRD analysis, is presented in Fig-
ure 2. The XRD pattern in this figure shows that the
sample contains the following main crystalline phases:
Al O;, MgO, CaSiOs;, MgCOs;, and CaCO;. The AlLOs
crystalline phase is indicated by diffraction peaks at 20
values of 34.79°, 57.40°, 65.64°, and 71.92°.1314 The
MgO crystalline phase exhibits diffraction peaks at 26
values of 14.51°, 22.58°, and 26.75°."5 The CaSiO; crys-
talline phase is represented by diffraction peaks at 26
values of 25.70°, 27.28°, 30.69°, 33.11°, and 51.91°.16
MgCOs is indicated by peaks at 20 values of 34.16°,
60.79°, 62.02°, 69.35°, and 70.84°.'7 CaCO;s is presented
by peaks at 26 values of 21.29°, 48.76°, and 49.39°.18
These crystalline phases are impurities incorporated into
the waste glass during processing and storage. These
components render waste glass unsuitable for reuse in
glass manufacturing. In addition to the crystalline impu-
rity phases, the XRD pattern reveals a weak amorphous
phase. This weak amorphous phase is characteristic of
the waste glass component.

The functional group composition of the waste glass
was also assessed using FTIR. Figure 3 shows the FTIR
spectrum of a waste glass sample. The results indicate
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Figure 3: FTIR spectrum of the waste glass
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the presence of the following functional groups in the
waste glass: -OH at a wavenumber of 3473 cm™','” C-H,
at wavenumbers of 2933 cm™! and 2865 cm™! 202!, C=C at
a wavenumber of 1652 cm™ 2223, CO;2 at a wavenumber
of 1433 cm™',%* Al-O at a wavenumber of 1027 cm™ %,
Si-O at wavenumbers of 788 cm™ and 655 cm! 2027 and
Mg-0O, Ca-O at a wavenumber of 453 cm".2%2° These
functional groups are consistent with the results of the
XRD analysis. The results once again confirm the pres-
ence of impurities related to Al,Os;, CaSiOs;, MgO,
CaCQOs;, and MgCOs; in the sample. Additionally, func-
tional groups associated with C-H,, and C=C indicate the
presence of certain organic compounds in waste glass.
These organic compounds, along with CaCO; and
MgCOs;, decompose and release gases at high tempera-
tures. This is the reason for the high L.o.I. value ob-
served in the chemical composition of the waste glass in
Table 2.

Based on the results of the chemical composition and
phase composition analyses, it is evident that waste glass
can be effectively utilized as a primary raw material for
the fabrication of porous materials. The loss-of-ignition
component of waste glass, comprising organic impurities
and carbonate compounds, can release gases during
sintering. Meanwhile, the high-viscosity glass phase can
trap the released gas bubbles, forming a porous material.

3.2 Determining the sintering temperature

HM was employed to determine the appropriate
sintering temperature range. Test samples were prepared
from a mixture of waste glass and liquid glass (at a 9:1
mass ratio), with water added at 20 % by mass of the
waste glass to enhance formability. After thorough mix-
ing, the mixture was shaped into cylindrical pellets with
a diameter of 4 mm and a height of 6 mm. Figure 4 pres-
ents the results of the HM analysis. They indicate that
the changes in a sample’s shape can be divided into three
stages corresponding to different temperature ranges:

200
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Change height - H/H, (%)
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Figure 4: Analysis of the deformation of the sample height with re-
spect to temperature

Materiali in tehnologije / Materials and technology 59 (2025) 5, 777-784



N. V. U. NHI et al.: STUDY ON THE EFFECT OF SINTERING TEMPERATURE ON THE PROPERTIES OF ...

Stage 1 corresponds to a temperature range of
100-630 °C. During this stage, the decomposition of or-
ganic compounds occurs. However, since waste glass has
not yet undergone significant physicochemical changes,
the generated gas escapes from the sample through capil-
lary pores. Therefore, the shape of the sample does not
exhibit significant changes.

Stage 2 occurs within a temperature range of
630-840 °C. The sample undergoes significant deforma-
tion in this temperature range, characterized by increased
volume. In studies related to thermal transformation pro-
cesses, this temperature range corresponds to the final
stage of organic compound decomposition and the initial
stage of carbonate decomposition!”3%3!. Carbonate min-
erals in the waste glass can be identified in Figures 2
and 3. The substantial increase in size during this stage
indicates that this temperature range corresponds to the
softening/melting of the glass. As it is softened, the vis-
cosity of the glass is relatively high in this stage. As a re-
sult, the evolved gas cannot completely escape, thus con-
tributing to the formation of a porous structure in the
material. It should also be noted that, typically, construc-
tion glass has a melting temperature above 900 °C.3?
However, the addition of liquid glass helps lower the
construction glass’s softening temperature to approxi-
mately 630 °C.

Stage 3 corresponds to temperatures above 840 °C.
Within this temperature range, the sample exhibits a sig-
nificant decrease in size. During this stage, carbonate de-
composition continues to occur. However, at these ele-
vated temperatures, molten glass exhibits a low viscosity,
which causes it to fill the existing pores and shrink the
sample. Therefore, it can also be predicted that the po-
rosity of the sample decreases during this stage. Within
the temperature range above 840 °C, there is a region be-
tween 904 °C and 938 °C where the sample shows a
slight increase in size; this temperature range corre-
sponds to intensified carbonate decomposition reactions.
Nevertheless, the pore-forming effect is negligible com-
pared to the pore-filling impact of the molten glass, so
this temperature range is not selected for sintering waste
glass into a porous material.

These results indicate that the 630-840 °C tempera-
ture range is optimal for producing porous glass. Nota-
bly, porosity is expected to increase significantly as the
temperature approaches 840 °C. Consequently, tempera-
tures of (770, 790, 810 and 830) °C were selected for a
further analysis of the temperature’s impact on the prop-
erty of the porous material derived from waste glass.

3.3 Characterization of sintered porous material

Based on the material characterization and thermal
behavior of the mixture, the shaped samples were
sintered at temperatures of (770, 790, 810, and 830) °C
to produce porous materials with varying properties. The
sintered products were then characterized to evaluate dif-
ferent aspects of the material. Figure 5 presents the re-

Materiali in tehnologije / Materials and technology 59 (2025) 5, 777-784

sults of the density and water-absorption analyses of the
products.

The results in Figure 5 show that the bulk density of
the samples decreases as the sintering temperature in-
creases. The most significant decrease in bulk density
occurs within a temperature range of 770-790 °C. The
water-absorption measurements indicate that this mate-
rial has high water-absorption capacity. Water absorption
increases continuously over a temperature range of
770-830 °C, which is consistent with the decrease in
bulk density of the samples. These results demonstrate
that the sintering temperature significantly influences the
porous structure of the material. This trend is governed
by the interplay between gas generation and the tempera-
ture-dependent viscosity of the glass matrix. As the tem-
perature rises, the decomposition of organic and carbon-
ate compounds accelerates, increasing gas release. At
lower temperatures like 770 °C, the glass viscosity is
high, which traps the gas but constrains bubble expan-
sion and merging. This results in smaller, less connected
pores. As the temperature increases towards 830 °C, the
viscosity of the molten glass decreases significantly. This
lowered viscosity facilitates the expansion of individual
gas bubbles and their coalescence into larger voids. This
mechanism directly leads to an increase in the average
pore size (Figure 8) and a more interconnected pore net-
work, thus decreasing the material’s bulk density and in-
creasing its water-absorption capacity.

Changes in the material structure are shown by the
FTIR analysis results for the samples sintered at different
temperatures. Figure 6 presents the FTIR spectra of the
samples sintered at (770, 790, 810 and 830) °C. Com-
paring the results from Figure 6 with the FTIR analysis
of the waste-glass raw material from Figure 3 reveals
significant changes in the functional group composition
of the product after sintering compared to the raw mate-
rial. Functional groups such as Al-O, Si-O, Mg-O, and
Ca-O are still found in the composition of the product.
These bonds are associated with inorganic compounds
that are stable at high sintering temperatures. Conversely,
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Figure 5: Density and water absorption of the samples
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Figure 6: FTIR spectra of the samples

functional groups such as C-Hn and C=C, at
wavenumbers of (2933, 2865 and 1652) cm™!, are no lon-
ger observed in the FTIR analysis results of the product.
Notably, the intensity of the characteristic peak for the
CO;* group at 1433 cm! is significantly decreased. This
decrease becomes more pronounced with increasing
sintering temperature. These results structurally demon-
strate the thermal decomposition of organic compounds
and carbonate compounds at elevated temperatures. This
thermal decomposition contributes to the formation of
pores in the product. Furthermore, the observed decrease
in bulk density and increase in water absorption at
sintering temperatures above 770 °C are primarily attrib-
uted to the continued decomposition of carbonate salts.
Changes in the pore structure of the material at dif-
ferent sintering temperatures can also be visually ob-
served on digital images of the samples. Sample surfaces
are shown in Figure 7. Visually, these images also dem-
onstrate a successful creation of porous material from

Figure 7: Surface morphologies of the samples after sintering
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waste glass and liquid sodium silicate at sintering tem-
peratures ranging from 770 °C to 830 °C. The higher
sintering temperature altered the pore structure of the
material. Specifically, the size of the pores increased, and
the thickness of pore walls decreased. The pore size and
pore-size distribution were measured and analyzed in de-
tail using ImageJ software. Figure 8 presents the results
of the pore size distribution analysis of the samples using
the software.

The pore size distribution analysis results in Figure 8
show that the pore sizes vary from less than 1 mm to a
maximum of approximately 7-8 mm, depending on the
sintering temperature. The pore size distribution of the
samples tends to be skewed to the left, indicating a
greater number of smaller pores compared to larger ones.
As the sintering temperature increases, the average pore
size tends to increase. Specifically:

At a sintering temperature of 770 °C, the pores are
most concentrated in the 1-2 mm range, with a signifi-
cant number of pores being smaller than 1 mm. The
number of pores decreases as the pore size increases.

At a sintering temperature of 790 °C, the pore size
distribution is broader compared to that at 770 °C. The
pores are most concentrated in the 2-3 mm range. Larger
pores, exceeding 7 mm, also appear, although their num-
ber is still small.

At a sintering temperature of 810 °C, the pore size
distribution is similar to that at 790 °C, but the peak is
shifted towards larger sizes, indicating an increase in the
distribution of larger pores. The number of pores smaller
than 1 mm is also fewer compared to that at 770 °C.

At a sintering temperature of 830 °C, the pore size
distribution is the broadest among the four temperatures.
The peak of the distribution is significantly shifted to-
wards larger sizes, indicating a substantial increase in the
formation of large pores. Pores larger than 8 mm also ap-
pear, and the number of pores smaller than 1 mm is very
small.
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Figure 8: Pore-size distribution of the samples
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Figure 9: Influence of the sintering temperature on porosity

These results demonstrate that the sintering tempera-
ture directly influences the pore size and its distribution.
Specifically, as the temperature rises, the average pore
size and breadth of the distribution increase. This trend
can be attributed to enhancing processes like particle co-
alescence and volatilization of pore-forming agents at el-
evated temperatures. The pores also tend to coalesce,
creating larger pores and reducing the number of smaller
pores.

Besides the pore size distribution, the relationship be-
tween open porosity and total porosity was also deter-
mined according to the ASTM C20-00 standard. Fig-
ure 9 analyses the relationship between open and total
porosity in the samples. The results show that both total
and open porosity increase with increasing sintering tem-
perature. However, the increase in open porosity is more
pronounced than in total porosity. This suggests that
higher temperatures may promote the formation or ex-
pansion of pores within the material. As a result, more
interconnected pores are formed. The correlation be-
tween total and open porosity also indicates that open
porosity is the dominant component in the pore structure.
In particular, the rapid increase in open porosity in the
temperature range of 770-790 °C, and the slower in-
crease between 790 °C and 830 °C further suggest that
the reduced viscosity of the liquid phase at higher tem-
peratures also reduces the rate of open pore development
in the material. Overall, this material exhibits high po-
rosity, making it a promising candidate for applications
such as filtration, adsorption, sound and thermal insula-
tion, catalysis, or as a support material.

The observed trend of increasing porosity with tem-
perature is consistent with the findings of Owoeye et al.
relating to similar foam glass materials.” However, the
novelty of the present study lies in its systematic analysis
across a narrow and critical temperature range, allowing
for a detailed characterization of the pore architecture.
The achievement of over 92 % total porosity and nearly
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90 % open porosity highlights the effectiveness of this
process. This high degree of interconnectivity is a key
contribution, suggesting strong potential for applications
like filtration or catalyst support, which rely on perme-
able structures.

4 CONCLUSIONS

This study successfully demonstrated the fabrication
of highly porous materials from waste glass using so-
dium silicate as the binder, with sintering temperature
emerging as the critical control parameter. The investiga-
tion confirmed that increasing the sintering temperature
from 770 °C to 830 °C enhanced the material’s porosity.
The results showed that the bulk density significantly de-
creased from 0.21 to 0.15 g/cm?, while the total porosity
rose to an exceptionally high 92.67 % at the optimal tem-
perature of 830 °C. Most significantly, the open porosity
reached 89.78 %, indicating a highly interconnected pore
network, which was further confirmed by an increase in
the average pore size up to 8 mm. The high degree of
open porosity makes this material a promising candidate
for applications in filtration, absorption, and catalyst
support. Future research should focus on quantifying the
material’s mechanical properties, including compressive
strength, and assess its application-based performance
through key metrics such as filtration efficiency and ther-
mal conductivity.
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