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https://doi.org/10.18280/rcma.340613 ABSTRACT

This research presents the results of synthesis foaming geopolymer using glass cullet.
They were prepared by activating glass waste powder from recycled green glass bottles
using potassium hydroxide solution with different molar concentrations (3, 6, and 9)
without/with foaming agent additives. Magnesium carbonate and borax were used as
pore-forming agents with a 10-weight percentage replacement from glass powder.
Additionally, cement paste was prepared as a reference. All specimens were subjected to
thermal treatment at different temperatures (450, 550, 650, 750, and 850)°C for 1 hour.
An investigation involves analysis of the chemical and mineralogical composition,
microstructure, and physical and mechanical characteristics. The compressive strength
values dropped to less than 10.5 MPa after heat treatment at 650, 750, and 850°C. These
values are usually indicated as foaming materials. Also, an increase in volume was
recorded for all geopolymer formulations due to the occurrence of foaming phenomena
at temperatures of 650, 750, and 850°C. Additionally, the weight loss for geopolymer
paste (without/with additives) increases as the thermal treatment temperatures increase.
The GK9-Mgl10 paste exhibited the highest weight loss (17.71 to 20.01%). It is worth
mentioning that these foaming geopolymers can be utilized in the building industry for
various applications, such as thermal insulation, fire protection, and sound absorption.

Received: 19 May 2024

Revised: 29 July 2024

Accepted: 12 November 2024
Available online: 28 December 2024

Keywords:
foaming geopolymer, green glass, potassium
hydroxide solution, thermal treatment, additive

1. INTRODUCTION made of tetrahedral silica and alumina linked by covalent

bonds [12, 13]. Geopolymers are produced by mixing a solid

The material construction industry is a significant energy
user, contributing 36% of total energy consumption and 39%
of carbon dioxide emissions worldwide [1]. The International
Energy Authority (IEA) reports that Portland cement
production contributes 6-7% of CO, emissions and consumes
significant energy, making it the third largest energy use after
the aluminium and steel industries [2, 3]. New, effective, and
environmentally friendly materials need to be developed to
improve the construction of green and sustainable buildings
[4].

Today, a variety of municipal and industrial waste is reused
and recycled. Millions of waste glass are produced annually
worldwide, representing 7 to 10% of the total waste dumped
in landfills [5, 6]. Glass is an excellent choice for employment
and recycling, and it can considerably contribute to preventing
or reducing ecological contamination [7, 8]. All these negative
impacts prompted researchers and scientists to explore
alternative construction materials that are eco-friendly,
sustainable, durable, and cost-effective. Utilizing waste is
an important way to decrease costs and environmental
deterioration [9, 10].

In 1976, Joseph Davidovits introduced the concept of
geopolymers [11]. Three-dimensional network structures are
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material (aluminosilicate) with a liquid material (alkaline
solution). The primary solid component contains a high
concentration of silicon and aluminium. This could involve
natural minerals like clays, kaolinite, etc., and "waste"
materials such as red mud, fly ashes, waste glass, slags, etc.
[14-16]. The liquid is composed of a solution containing
potassium (hydroxide or silicate) or sodium (hydroxide or
silicate) [17, 18]. The SiO»/Al,O; ratio of the resultant material
influences the physical characteristics of the produced
geopolymers. The material hardened after curing the mixture
at 40°C and 100°C [19, 20]. Recent research has found that
foamed concrete is used in many critical applications,
particularly insulation. Due to its high void content, it is a
promising material for lightweight roof panels and shock
absorption applications in airport runway safety [21, 22]. Also,
dampening vibrations for high-speed rail and seismic isolation
of civil infrastructure structures [23]. This material can be
replaced with recycled waste materials, lowering construction
costs and reducing environmental impact, thus offering a new
solution for sustainable construction [24].

Foamed geopolymer is a widely used thermal and acoustic
insulation material in various industries and building
construction due to its low thermal conductivity, high stability,
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water impermeability, low carbon dioxide emissions, and low
energy consumption during manufacturing [25-28]. Producing
geopolymer foams requires considering treatment parameters
such as heating rate, foaming agent amount, time, and
sintering temperature, which can influence product formation
[29, 30]. Foamed geopolymers are produced by releasing
water bubbles at high SiO/Al,O3 ratios. Also, heating
hardened geopolymers in the range of 100-500°C creates
bubbles, which is considered energy-intensive. Also, foaming
agents, such as peroxides, perforates, etc., are employed to
produce porous materials, and they usually exhibit low
mechanical characteristics due to large pores [31, 32].
Geopolymer foam concrete is a suitable and efficient material
for manufacturing precast building components like blocks,
beams, panels, columns, etc. It offers lightweight, fire-
resistant insulation and low thermal conductivity, reducing
energy consumption. Its low density and high porosity make it
ideal for construction noise barriers around highways and
trains, as its acoustic absorption capabilities minimize noise
pollution [33-36].

Many researchers have studied geopolymers' different
properties and performance as alternative construction
materials and their use in various applications. Al-Saadi et al.
[4], used alkali-activated glass powder to create foaming
geopolymer materials. After heat treatment, the volume
increased by 18-41%, with a partial melting at 700°C. Polat
and Giliden [25] synthesize geopolymer foams by activating
waste glass powder with alkali solutions (Na,SiO3; and NaOH),
revealing compressive strength and thermal conductivity
increase with density increase. Hribar et al. [ 1] investigated the
foaming mechanism of glass made from a cathode ray tube
with water glass. The results show that a combination of glass
powder and water glass results in the forming of a carbonate
phase responsible for foaming. Also, Al Saadi et al. [20]
investigated the foaming geopolymers created using mixed
glass powder and sodium hydroxide, with or without yeast
additions. The results showed a significant increase in volume
and weight loss with heat treatment. The geopolymer with
yeast added had a low heat conductivity coefficient and
reduced compressive strength.

In this study, the possibility to reuse the glass waste from
green glass bottles for synthesizing geopolymers by using
potassium hydroxide solution (KOH) as an alkali activator at
various concentrations (3, 6, and 9) molarity. Also, these new
materials without/with two types of foam agent materials
(magnesium carbonate, and borax) were assessed for foaming

behavior after being thermally treated at high temperatures.
The particle size analysis, XRD, the effects of thermal
treatment, compressive strength, microstructures, volume, and
weight change were assessed.

2. METHODOLOGY
2.1 Materials

Aluminosilicate precursor green glass waste powder GP is
a solid component for geopolymer synthesis. The green glass
soda bottles from municipal waste were crushed by a Los
Angeles steel ball mill for 9 hours, then milled in a local
ceramic ball mill at a speed of (50) rpm for 18 hours to achieve
a degree of fineness with an accurate measurement of surface
area 3670 cm?g, and average particle size (d 0.5) of 13.724 pm
examined by MASTERSIZER 2000 (MALVERN) - United
Kingdom, as illustrated in Figure 1. Also, two types of
powders were used as foaming agents, as listed below:

e  Magnesium carbonate basic light (MgCO3), a 40% pure
product by Loba Chemie Pvt. Ltd., India, was used as a
pore-forming agent with a 10% wt. replacement ratio from
glass powder represented by (Mgl0). Magnesium
carbonate basic light is a lightweight, low-density
material with thermal insulation and fire resistance; due to
its non-flammable properties and high heat resistance, it
is ideal for building use.

e Di-Sodium Tetraborate Decahydrate (Borax), a product
by Loba Chemie Pvt. Ltd., India, with a purity of 99.5%,
was used as a pore-forming agent with a 10% wt.
replacement ratio from glass powder represented by (B10).
Borax decahydrate lowers the glass transition and melting
point temperature, promoting the creation of more
crystalline phases at lower temperatures.

The main elemental and mineral compositions of green
glass powder (GP) include Si (26.6), Na (8.7), Ca (6.1), Mg
(1.5), Al (1.1), C (9.3), Fe (0.3), and O (46).

Figure 2 displays the SEM images with EDX for green glass
powder. The photos reveal a mixture of angular glass grains of
different sizes, as indicated by the red arrows. Figure 3
presents the X-ray diffraction analysis of green glass powder
amorphous structure using ADX 2700 - USA.

The alkali activator (potassium hydroxide KOH), a product
by S. D. Fine-CHEM Limited - India, was utilized in this study
as a liquid component by dissolving the KOH pellets with a
purity of 85% in distilled water.
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Figure 1. Particle size distributions of green glass powder
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Figure 2. (a) SEM image and (b) EDX analysis of green glass powder
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Figure 3. X-ray diffraction patterns of green glass powder
2.2 Methods

Five formulas of geopolymer paste were prepared, as
illustrated in Table 1. (KOH) alkaline solution was utilized 24
hours after preparation with different concentrations (3, 6, and
9) M. The solution was gradually incorporated into the base
components, consisting of glass powder without or with
additives, and mixed for 5 minutes. Multiple experiments
determined the ideal ratio for adding potassium hydroxide
solution to the solid combination, as shown in Table 1 for each
formula. The cement paste was also prepared as a reference
material. The paste mixture was poured into the Teflon mould
with dimensions of 20x20x20 mm that had been prepared and
lubricated earlier, then vibrated for three minutes. The moulds
were encased in a polyethylene cover and placed in an oven at
60°C for 24 hours for heat curing. Afterwards, the mould was
disassembled, and the samples were exposed to an atmosphere
at 20+2°C for six days until the testing period. The samples

were then subjected to thermal treatment at different
temperatures (450, 550, 650, 750, and 850)°C for 1 hour, with
the heating rate in the electric furnace set at 10°C per minute.
Subsequently, the specimens were allowed to cool in the
furnace until the next day. The selection of a heat treatment
temperature ranges between 450°C to 850°C for geopolymers
based on glass powder is significant for several reasons related
to glass transition temperature (Tg) is about 570°C for glass
and sintering temperature approaches 800°C.

For evaluating the proportional changes in volume and
weight of the investigated paste sample by using the Egs. (1)
and (2) [4].

AVY Va—Vb 100(% (D
= |——| *
0 [ Vb ] (%0)

where:
Vb and V,: volume of specimens before and after heat
treatment (mm) respectively.

Awoe = [V2=WbT oo @)
b o (%)

where:

Wy, and W,: weight of specimens before and after heat
treatment (g) respectively.

All the pastes were examined using Energy Dispersive X-
ray Spectroscopy (EDS) utilizing the Axia chemo SEM-
thermal scientific, Holland. The samples' compressive strength
values before and after thermal treatment were obtained using
the ADR Touch Solo (3000 KN capacity), United Kingdom.

Table 1. The component studied for geopolymer and cement paste

Solid Component Liquid Component .

Samples Formula —G cen Glass Powder Additive (KOH Solution) /5 Ratio
GK3 450 gm Without additive 3IM 0.32
GKo6 450 gm Without additive 6 M 0.3
Geopolymer Paste GK9 450 gm Without additive oM 0.3
GK9-B10 405 gm 45 gm Borax (B) IM 0.22
GK9-Mg10 405 gm 45 gm MgCOs (Mg) I9M 0.37
Cement Paste Cement 450 gm Without additive Tap water 0.3

3. RESULTS AND DISCUSSION
3.1 Visual aspect of thermal treatment

To assess the thermal behavior of the geopolymer pastes
(without/with) additives, the specimens were cured for the first
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24 hours at 60°C and 20°C for up to 7 days, then were
subjected to thermal treatment at temperatures ranging from
450°C to 850°C for one hour. Subsequently, the sintered
specimens were left in the same furnace for 24 hours to cool,
as shown in Figures 4 and 5.

Figure 4 illustrates the visual aspect of geopolymer paste



specimens (without additives) before and after thermal
treatment. It can be noticed the thermal treatment for pastes
GK3, GK6, and GK9 at 450°C and 550°C leads to shrinkage
of the geopolymer matrix. This is probably due to dehydration
(moisture loss), and the GP does not undergo a phase change
at these temperatures. In contrast, when the thermal treatment
temperature increases at 650°C and 750°C, the GP particles
might transform from solid to liquid due to exceeding their
melting point. This phase change contributes to swelling and
increasing porosity to form foaming behavior [37]. Thermal
treatment of most specimens at 850°C can cause partial
melting of the material, with foam appearing due to the
sintering process.
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Figure 4. Paste specimen images of a) GK3, b) GK6, ¢) GK9
before and after thermal treatment at (450, 550, 650, 750, and
850) °C/ 60 min
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Figure 5. Paste specimens of a) GK9-B10, b) GK9-Mg10, c)
Cement before and after thermal treatment at (450, 550, 650,
750, and 850) °C/ 60 min

Figure 5 (a) with 10% borax additives GK9-B10. The
geopolymer pastes specimens exhibit high volume increase
(intumescent behavior) and open porosity after being
thermally treated at 650°C. Also, an increase in volume with
partial melting and self-glazing occurred at temperatures of
750°C due to the sintering process of this paste in agreement
with the study [38]. The GK9- B10 paste melts when thermal
treatment is performed at 850°C. It is essential to mention the
melting temperature of these specimens is determined by the
melting point of the borax component, which is 743°C.

Figure 5 (b) shows the geopolymer with 10% of MgCOs3
additives GK9-Mgl0. The specimens showed foaming
behavior at the low temperature of 450°C. Small porosities,
cracks, and shrinkage were observed after thermal treatment at
550°C and 650°C. The paste specimens changed shape, and
swelling with increased apparent porosity was noticed at
750°C. Thermal treatment at 850°C partially melted and self-
glazed the material, probably due to the sintering process.

As aresult, adding 10 %wt. of borax and MgCOj3 to the raw
mix significantly reduced the temperature at which specimens
began to foam, ranging from 100°C to 300°C, respectively,
compared with geopolymer specimens without additives.

Figure 5 (c) illustrates the cement paste specimen before and
after thermal treatment between 450°C to 850°C. Shrinkage,
cracks, and small porosities occur during thermal treatment
due to the evaporation of gel water, partial dehydration, and
decomposition of C-S-H.

3.2 Compressive strength

Figure 6 shows the compressive strength values of
geopolymer before and after thermal treatment for all paste
samples without/with additives. It can be observed the
geopolymer pastes recorded high compressive strength values
with increasing concentrations of KOH solutions, most
probably due to high reactivity with the aluminosilicate
material, which led to an acceleration of the
geopolymerization process; this agreement with study [12].
Before thermal treatment, the compressive strength decreased
with foaming agent additives, contrasting with paste without
additives due to increased porosity [39]. After being subjected
to thermal treatment at temperatures 650, 750, and 850°C
temperatures, the compressive strength values for all pastes
less than 10.5 MPa were recorded (see Figure 6). The
reduction in compressive strength of these paste specimens as
the temperature increases is probably caused by the formation
of pores with different sizes and volume increases. The
relation between compressive strength and porosity content is
known to be inversely proportional agreement with [40].
However, compressive strength values ranging from (5.5—
10.9) MPa and less than 5Mpa usually indicate foamed
materials in agreement with researchers [20, 41]. It is worth
mentioning that the compressive strength is still high (13.01-
19.36 MPa), and this is due to the solidification during the
thermal treatment at 450°C and 550°C, except for the two
formulas (GK6 and GK9-Mg10) due to foaming behavior (see
Figure 6). Formula GK9-B10 specimens at 850°C compressive
strength values do not have recordable magnitudes, which
melted due to the borax turning point at 743°C. Additionally,
increasing thermal treatment temperatures for cement paste
increases vapor pressure. It leads to surface cracks and the
decomposition of hydration products, such as calcium
carbonate whiskers and other substances that break down,
influencing its microstructure and mechanical characteristics
in agreement [42].
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Figure 7. Volume change of GK3, GK6, GK9, GK9-B10, GK9-Mg10, and cement paste specimens after thermal treatment at
(450, 550, 650, 750, and 850) °C/ 60 min

3.3 Volume change

Figure 7 shows the percentage of volume change for
geopolymer and cement pastes after thermal treatment at
450°C to 850°C. For geopolymer pastes, most specimens
exhibited contraction (reduction in volume) after being
thermally cured at temperatures of 450°C and 550°C. This is
due to the dehydration of sodium-calcium silicate aluminate.
An increase in volume was observed in GK9-Mgl10 at 450°C
and GK9B10 at 550°C due to foaming agent additives.
Additionally, the foaming behavior for studied formulas
started after thermal treatment at (650, 750, and 850)°C for
geopolymer [4, 43]. This increase in volume is due to an
increase in porosity (with different shapes and sizes), which
indicates foaming behavior, as illustrated in Figures 4 and 5.
Furthermore, the superposition approach can clarify the
increase in pores and volume. This process involves the
desiccation and deviation of sodium/calcium silicate-
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aluminate that occurs through the activation process, which
utilizes an alkaline solution (KOH) for glass powder. Cement
paste shrinkage during thermal treatment 450°C to 850°C can
be affected by various factors, including the evaporation of gel
water, partial dehydration, and decomposition of C-S-H [44].

3.4 Weight change

Figure 8 illustrates the weight change percentage for
geopolymer pastes during thermal treatment between 450°C to
850°C. The GK9-Mg10 paste exhibited the highest weight loss
(17.71 t0 20.01%) above curing temperatures. The weight loss
for most geopolymer (without/with additive) paste increases
as the heating temperatures rise due to the diversion and
dehydration of sodium/calcium silicate-aluminate, which is
responsible for the foaming behavior of the materials [4, 43].

For cement paste, the weight loss reported after heat
treatment is due to the decomposition of the products of



hydration and the release of hydrate water, in addition to
changes in the pore structure during heating [45].

3.5 Microstructure

Figures 9 and 10 display the EDX analysis for cement, GK9,
GK9-Mgl10, and GK9-B10 pastes before thermal treatment.
The pastes were cured for 24 hours at 60°C and 28 days at
20°C. The presence of glass grains can be observed in the
interconnected  structure  primarily = composed  of
sodium/calcium silicate-aluminate (illustrated by red arrows),
created by activating the glass powder with a (KOH) solution.
The images showed the presence of pores of different sizes
(illustrated by yellow arrows). This porosity is mainly due to
the preservation of air throughout the paste mixture.
Additionally, the analysis using EDX indicates the existence
of silicon (Si), sodium (Na), potassium (K), and calcium (Ca)
in the specimens under study.

The SEM images Figures 11 and 12 illustrate the surface
morphology of geopolymer and cement samples before and

after thermal treatment with a temperature range of 450°C to
850°C. Figure 11 displays the SEM of cement and GK9 paste
specimens. The different sizes and shapes of pores were
noticed before thermal treatment (see yellow arrows). This is
due to the gas released during mixing. It is worth mentioning
that the contraction (reduction in volume) of these GK9 pastes
was noticed at temperatures 450 and 550 C and for cement
pastes at temperatures 450°C to 850°C. This is due to the
solidification under high temperatures (see Figure 7).
Additionally, the pores appear with different sizes and shapes
(see arrows) and increase after thermally treated started at (650,
750, and 850)°C due to the foaming behavior for geopolymer
pasts (i.e., high increase in volume see Figure 7) [4, 43].
Furthermore, for cement pastes at temperatures higher than
450°C, the compound of Portland cement C-S-H breaks down
into C,S and CsS until calcium hydrates are lost at 750°C. This
increases the average porosity, a significant reduction in
mechanical strength, and the development of damaging cracks
[44].
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Figure 8. Weight change of GK3, GK6, GK9, GK9-B10, GK9-Mg10, and cement paste specimens after thermal treatment at
(450, 550, 650, 750, and 850) °C/ 60 min
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Figure 12 shows the SEM image for glass-based-
geopolymers paste specimens with two types of powders as
foaming agent additives (i.e., 10% wt. of borax and MgCOs as
a replacement with glass powder) before and after thermal
treatment. The images exhibit a spherical shape with various
sizes of pores. This is attributed to the decomposition of
sodium silicate and the resulting stable pressure exerted on the
surrounding walls. As a result, the fixed pressure
predominantly gives porosity with a spherical appearance, as
indicated by the yellow arrows. It is worth mentioning that the
GK9-Mgl10 pastes have a higher weight loss percentage than
that of GKO9-B10 with increasing thermal treatment
temperatures (shown in Figure 8). This is due to the foaming
behavior [4, 43]. Therefore, the morphology exhibits
noticeable differences as a result of the use of different types
of additives.

4. CONCLUSION

This study assessed the synthesis of foaming geopolymer by
activating the green glass powder with a potassium hydroxide
(KOH) solution (without or with) additives. Parametric studies
involving activator concentration, foam agent type, and
treatment temperature influence geopolymer's physical,
mechanical, and microstructure. From the results provided
above, the following conclusions can be listed:

1- Increasing the compressive strength values with

increasing the alkali activator (KOH) solution
concentration.
A decrease in the compressive strength values (less than
10.5 MPa) with 10wt. % additives of MgCOs or borax as
a foaming agent to the green glass-based-geopolymers
paste were recorded during thermal treatment at 650, 750,
and 850°C due to the formation of pores with various sizes.
A sharp increase in the volume of geopolymer specimens
(GK9-B10) after thermal treatment at 650, 750, and 850°C
due to increased porosity indicates a foaming behaviour.
The weight loss percentage for most geopolymer (without
or with additives) pastes increases as the thermal
treatment temperatures increase. The GK9-Mgl0 paste
exhibited the highest weight loss (17.71 to 20.01%) at
temperature curing. The weight losses (lightweight
products) are significant due to the diversion and
dehydration of sodium/calcium silicate-aluminate.

The SEM image samples for geopolymer formulas with

two additive types (10% wt. of borax and MgCO3) exhibit

a spherical shape with pores of various sizes and shapes.

At temperatures above 450°C, cement Portland, the

compound C-S-H breaks down into C,S and CsS until

calcium hydrates are lost at 750°C, causing an increase in
porosity, reduced mechanical strength, and the
development of damaging cracks.

This research highlights the potential of producing foaming

materials employed in engineering applications. These

applications benefit from interconnected porosity with a large
volume, including thermal, and acoustic insulations, passive
fire protection, and lightweight construction which offer
economical alternatives with environmental benefits.

Additional investigation is required to optimize the

microstructure and improve the durability of glass powder-

based geopolymer foams under different ecological conditions,
such as chemical attacks and freeze-thaw cycles, for long-term
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performance, contributing to developing more sustainable and
durable construction materials.
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