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Abstract: In order to protect the environment and counteract climate change, it is necessary to take
any actions that enable a reduction in CO, emissions. One of the key areas is research focused on
developing alternative sustainable materials for construction to reduce the global demand for cement.
This work presents the properties of foamed geopolymers with the addition of waste glass as well as
determined the optimal size and amount of waste glass for improving the mechanical and physical
features of the produced composites. Several geopolymer mixtures were fabricated by replacing coal
fly ash with 0%, 10%, 20%, and 30% of waste glass by weight. Moreover, the effect of using different
particle size ranges of the addition (0.1-1200 pum; 200-1200 pum; 100-250 um; 63-120 pm; 40-63 um;
0.1-40 um) in the geopolymer matrix was examined. Based on the results, it was found that the
application of 20-30% of waste glass with a particle size range of 0.1-1200 um and a mean diameter
of 550 pum resulted in approximately 80% higher compressive strength in comparison to unmodified
material. Moreover, the samples produced using the smallest fraction (0.1-40 um) of waste glass in
the amount of 30% reached the highest specific surface area (43.711 m?/g), maximum porosity (69%),
and density of 0.6 g/cm3.
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1. Introduction

Global economic development and perpetual growth in the world population are
both connected with a continuing increase in the demand for food, water, and materials,
especially for the construction industry. The worldwide annual production of cement
reached 4.4 billion tons and 1.39 billion tons in 2021 and 1995, respectively [1,2]. Thus, the
production of this material has increased more than threefold in a matter of 26 years and it
has been estimated that 3 tons of concrete are manufactured each year per every person
around the world [3]. Moreover, global warming and climate change are considered the
most significant environmental issues of this millennium. Cement production, due to the
decomposition of calcium carbonate (CaCOj3) into lime (CaO), is one of the main sources of
carbon dioxide (CO;) emissions, and therefore has a significant impact on climate change [4].
It is estimated that it generates approximately 7% of entire worldwide CO, anthropogenic
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; i emissions [5]. Therefore, there is an immediate need to develop new sustainable materials
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that will cause an effective reduction in the amount of the most common greenhouse gas,
CO, emitted into the atmosphere [6]. Furthermore, this assumption is consistent with
requirements imposed by the European Commission, which decided to reduce greenhouse
Attribution (CC BY) license (https://  $aS €missions by at least 40% by 2030 compared to the level of 1990 [7].
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Their landfill may result in ecological problems due to the impact of pollutants on soils,
surface water, and groundwater. In addition, it requires financial outlays, as well as poses a
risk of self-ignition. Fly ash ranks among the most substantial waste from the furnaces in
coal combustion plants. Polish industry generates about 5 million tons of fly ash annually,
with only a small part of it recycled [8,9].

Therefore, the prospect of using such waste products after processing as a base material
for the production of geopolymers should be emphasized [10]. Geopolymer is an inorganic
polymeric material obtained from silica-aluminate materials, such as metakaolin [11], fly
ash [12], silica fume [13], clay [14], and red mud [15] by the geopolymerization process [16].
The geopolymer primary structure consists of [SiO4]*~ and [AIO4]°~ anions linked by
an oxygen atom [17]. Geopolymers are currently becoming increasingly popular in the
scientific community as well as the construction industry due to their properties, such
as high fire resistance (they show stability up to 1000-1200 °C) [18], great mechanical
properties, including good compressive (even more than 100 MPa) and flexural strength
(up to 25 MPa) [19], frost resistance (even at the level of F300) [20], excellent dimensional
stability [21], and acid resistance [22]. However, apart from the technical issues offered by
geopolymers, their positive impact on the environment should also be considered. Geopoly-
merization is a low-cost technology, which enables the use of waste materials, reduces
energy consumption, as well as decreasing the total carbon dioxide footprint because high
temperatures are not required in the geopolymer manufacturing process and therefore CO,
emissions are reduced by around 70% compared to in the process to manufacture Ordinary
Portland Cement (OPC) [23-25]. Due to their properties, geopolymers are becoming more
and more widely used in various industries, in applications such as materials capable of
immobilization toxic substances [26], construction materials [27], structural materials [28],
and protective coatings [29].

Glass is a widely used material all over the world [30] because of its properties, such
as transparency [31] and chemical durability [32]. According to the literature data, the
total global production of glass reached approximately 89.4 Mt in 2007 [33]. However,
many end-of-life glass products or glass waste are landfilled [34,35]. The global recycling
rate of waste glass reached only 21% in 2018 [36], whereas in China it was about 50%
in 2021 [37] and Australia achieved 59% in 2020-2021 [38]. The rest of the material has
been continuously accumulating in landfills for years because it is a non-flammable and
non-biodegradable material. Waste glass may be reused in the glass industry, however, an
insufficient quantity of reused glass results from, among other things, requirements for the
quality of the raw material, which is necessary to obtain high-quality products. Moreover,
multicolored waste glass might not meet requirements in regards to its properties after
the deinking process, making it difficult to recycle it into new glass products. However,
the use of recycled glass would contribute to reducing landfill volumes, managing waste,
reducing CO, emissions, protecting the energy required to melt glass, and saving natural
resources [39-41]. It was found that the addition of 10 % of glass cullet in the furnace during
glass manufacturing decreases energy consumption by 3%, as well as CO, emissions by
around 5%.

As waste glass contains large amounts of silica and alumina, it may be an alternative
source of building materials. Studies indicate the possibility of using waste glass for
geopolymer production [33,39]. The addition of waste glass powder can positively affect the
mechanical properties of geopolymers [28,33,42,43], or their fire resistance [8]. Additionally,
glass cullet can be used to produce geopolymer foams [41,42,44], as well as nonporous
materials [45,46].

Waste glass is commonly used as an additive in concrete. The most beneficial effect
is achieved through the application of waste glass with a particle size of 75 pm [47]. In
general, there is a tendency to use waste glass characterized by small particle sizes, as a
pozzolan and fine aggregate in concrete manufacturing [48]. Shi et al. [49] stated that the
pozzolanic activity of waste glass is higher the finer particle size is. However, there is still a
research gap relating to the application of waste glass in geopolymer foam.
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In general, one of the most popular methods for producing geopolymer foam with
glass is the application of the sintering process. Badanoiu et al. [50] investigated geopolymer
foam based on red mud and cullet obtained using thermal treatment at 600-800 °C for
1 h. Similarly, other authors [41] used temperatures ranging from 600 °C to 750 °C for
1 h during the manufacture of geopolymers with waste glass particle sizes of 23 and
72 um, whereas Tramontin Souza et al. [51] used temperature treatment at 900 °C for
30 min. Moreover, Siddika et al. [52] applied a sintering process for geopolymer with a
particle size of D50 = 25 pm waste glass for 10-60 min at 800 °C. However, high-temperature
treatment is associated with high energy consumption and carbon dioxide emissions.
Therefore, there is a possibility to obtain geopolymer foam with waste glass without using
the sintering process. Zhang et al. [53] explored geopolymer foams with three particle sizes
of waste glass, D50 = 49.2 um, 159.1 pm, and 302.1 um, cured at 20-100 °C, and found that
finer particles influenced the higher level of geopolymerization and improved compressive
strength. Ruan et al. [54] proved that aluminium powder is a suitable foaming agent for
geopolymers obtained at low temperatures (80 °C). However, to date, no study has focused
on the impact of the percentage content and particle size of five different fractions of waste
glass in the range between 0-1200 um on the properties of produced foamed geopolymer
composites, obtained without the application of a high-temperature treatment, and the
presented work purposes complement the existing lack of information. Furthermore,
researchers in previous studies [33,44,55] had used only glass waste after cleaning, without
contamination. However, these proceedings required water and energy consumption, as
well as having a negative impact on the environment due to the wastewater generated.
Wang et al. [44,56] studied the influence of contaminated waste glass fines on the concrete
behavior at 10 wt% substitutions of sand. It was found that the application of such a
quantity of unwashed waste glass does not cause a higher environmental risk than the use
of traditional concrete. Therefore, in the present work, unwashed waste glass with different
particle diameters was used in the range of: 0.1-1200 pm; 200-1200 pm; 100-250 pm;
63-120 pm; 40-63 pm; 0.1-40 pm, with a weight fraction of from 0 to 30%, was used as
an additive to geopolymers to evaluate the effect of the applied amount on the properties
of produced samples. Density, porosity, specific surface area, mineralogical composition,
morphology, leachability, water absorption, and mechanical properties, such as flexural
strength and compressive strength were investigated. Moreover, the effect of partially
replacing river sand and coal fly ash with waste glass was described.

2. Materials and Methods
2.1. Materials

Coal fly ash (with the chemical composition presented in Table 1) was supplied by
the Skawina Coal Power Plant (Skawina, Poland) and it was labeled as Class F fly ash in
accordance with the ASTMC618 standard [57]. The loss of ignition (LOI) of coal fly ash was
3.284 and this parameter is usually used to evaluate the residual carbon content [58]. The
quartz sand was supplied by an indigenous company (Swietochtowice, Poland). Sodium
silicate (Na;5iO3) R-145 was purchased from Chemi Kam sp. Z o.0. (Bedzin, Poland). The
waste glass (WG) that was applied in this study (with the chemical composition shown in
Table 1) was sourced from a local supplier Grabowski Import-Export (Sedziszowa, Poland).
The waste glass was derived from unserviceable brown bottles. The company crushed and
ground the glass waste to obtain particles size smaller than 12 mm. Using a set of sieves
and a laboratory shaker, the delivered glass waste was divided into fractions: 0.1-1200 um;
200-1200 um; 100-250 um; 63-120 um; 40-63 pm; 0.1-40 pm.
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Table 1. Chemical composition of coal fly ash and waste glass.

Compound Material
(%) Coal Fly Ash Waste Glass
SiO, 48.22 73.40
ALO; 26.13 143
F6203 7.01 -
FeO - 0.45
CaO 5.12 11.30
K0 3.48 0.20
Na,O 1.62 11.96
MgO 1.72 1.25
SO, 111 -
TiO, 111 -
P,0s 0.70 -
MnO 0.090 -
Cl 0.09 -

2.2. Samples Preparation

To provide a homogeneous mixture, all dry components (coal fly ash, waste glass,
sand) were mixed for 2 min in a GEOLAB cement mortar mixer (GEOLAB, Warsaw,
Poland). Alkali activator solution was then added to the starting materials. A mix of
sodium hydroxide solution of 8 M and an aqueous solution of sodium silicate was used
as an alkaline activator in a proportion of 2.5:1. The solution was prepared 24 h before
use to provide complete mixing of the ingredients and reach a constant temperature. The
liquid-to-solid ratio (L/S) was set at the level of 0.4 to get proper workability. The final
step before the casting of samples was adding aluminum powder (5-7350 type, Benda-Lutz,
Skawina, Poland) as a foaming agent (0.15% by weight). Mixtures were then put into
wooden molds of the appropriate shapes and sizes. Geopolymer samples were heated in
the drying apparatus (Chemland) for 24 h at 75 °C. After demolding, samples were cured
at ambient conditions for 28 days.

Varied weight ratios and different particle sizes of waste glass were added to the
geopolymer mixture to evaluate the effect of the used addition on the properties of the
samples. The compositions of geopolymer mixtures were fixed based on the previous studies,
which indicates that waste glass should be applied in quantities of 10% to 30% [47,59,60].
Therefore, three different weight ratios of waste glass were used in geopolymers: 10%, 20%,
and 30%, which correspond to the calculated theoretical SiO, / AlO3 mole ratios of 5.19,
6.07, and 7.22, respectively. As a reference, a sample without added glass with a theoretical
SiO, / Al,O3 molar ratio of 4.48 was used. Moreover, the Na,O/SiO, molar ratios were 0.14,
0.15, 0.16, and 0.17 for samples with 0%, 10%, 20%, and 30% of waste glass, respectively.
The composition of the designed geopolymer samples is given in Table 2.

2.3. Analytical Methods for Raw Materials and Geopolymers Characterization

The mineralogical composition of the raw materials and geopolymers was determined
by a PANalytical Aeris diffractometer (Malvern Panalytical, Almelo, The Netherlands)
using Cu K« radiation, scanning range from 10° to 100° 26, step size 0.003° (20), and
measurement time per step of 340 s. High Score Plus software version 4.8 (PANalytical)
equipped with the ICDD (International Center for Diffraction Data, PDF4+) database was
used to identify the diffraction patterns.

The particle size distribution of the raw materials was measured using a Particle Size
Analyser PSA 1190 LD (Anton Paar, Graz, Austria).

The morphology of the raw materials and geopolymers samples were examined using
a Keyence VHX-E100 digital microscope (Keyence, Osaka, Japan) as well as a scanning
electron microscope JEOL JSM-6390LV (JEOL, Tokyo, Japan).
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Table 2. The composition of the evaluated geopolymer samples.
Composition
Designation Waste Glass Waste Glass
of Samples Quantities Particle Size Coal Ijly Ash Sand
o (%) (%)
(%) (um)

REF - - 920 10
A10 10 0.1-1200 80 10
B10 10 200-1200 80 10
C10 10 100-250 80 10
D10 10 63-120 80 10
E10 10 40-63 80 10
F10 10 0.1-40 80 10
A20 20 0.1-1200 70 10
B20 20 200-1200 70 10
C20 20 100-250 70 10
D20 20 63-120 70 10
E20 20 40-63 70 10
F20 20 0.1-40 70 10
A30 30 0.1-1200 60 10
B30 30 200-1200 60 10
C30 30 100-250 60 10
D30 30 63-120 60 10
E30 30 40-63 60 10
F30 30 0.1-40 60 10

The specific surface area of the raw materials and geopolymers was determined by
the Brunauer-Emmett-Teller (BET) gas adsorption method. Before registering adsorption-
desorption isotherms, the specimens were degassed at 300 °C for 24 h to remove expend-
able vapors and gases adsorbed on the sample surface. Nitrogen adsorption-desorption
isotherms of the investigated materials were recorded using Autosorb-iQ/MP Quan-
tachrome Instruments gas sorption analyzers (Anton Paar company, Graz, Austria).

The density of the produced geopolymers was calculated by the geometric method
as the ratio of the mass to the volume of the samples. The masses of the specimens were
measured using a Radwag XA 60/220/Y balance (RADWAG, Radom, Poland).

The samples intended for use in testing the mechanical properties had dimensions of
50 mm x 50 mm x 50 mm, and 200 mm x 50 mm x 50 mm for the compressive and flexural
strength tests, respectively. Compressive strength tests were carried out according to the
PN-EN 12390-3:2019 standard using a MATEST 3000 kN machine (MATEST S.p.A., Arcore,
Italy). Flexural strength tests were performed in accordance with the PN-EN 12390-5:2019
standard on a concrete press (MATEST S.p.A., Arcore, Italy).

The leaching assessment was conducted according to the PN-EN 12457-4:2006 stan-
dard. The pH of the water extract was analyzed by the potentiometry method, at a
temperature of 21.9-23.2 °C. The concentrations of zinc, cadmium, copper, lead, nickel,
barium, chromium, arsenic, selenium, molybdenum, and antimony were determined by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). The dissolved
organic carbon (DOC) content of samples was characterized by Fourier Transform Infrared
Spectroscopy (FTIR). Determination of the total dissolved solids (TDS) was made by the
gravimetric method. The mercury concentration was defined by Cold Vapor Atomic Ab-
sorption (CVAA) spectroscopy. The SO4>~ and Cl~ ion content was measured using the
ion chromatography method.

The water absorption tests were conducted in accordance with PN-88/B-06250 “Ordi-
nary concrete” on 5 cm geopolymer cubes. The following relationship was used:

Ny = Gzc;lcl.loo [%] (1)
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Intensity [a.u.]

where 1y, is water absorption; G; is the average mass of dry samples; and G is the average
mass of the samples saturated with water.

Image]J software version 1.53t was used to calculate the porosity, average cell size, and
cell density of materials, using 2D photographs of geopolymer structures.

The average cell density of samples was determined based on the following equation:

[cells/cm?] 2

where N is the cell density; n is the number of cells in the SEM image; A is the area of the
analyzed image; and M is the magnification [61].

Regardless of the research method used and the type of materials analyzed, the
measurements were performed with at least three repetitions.

3. Results and Discussion
3.1. Properties of Raw Materials

X-ray diffraction (XRD) patterns of the coal fly ash and glass waste used in the exper-
iment as raw materials are shown in Figure 1. The qualitative X-ray diffraction analysis
of coal fly ash enabled the identification of the following crystalline phases: quartz (5iO,
card no.: 01-089-8936), mullite (AlgSi, O3, card no.: 00-015-0776), hematite (Fe,O3, card
no.: 01-079-0007), anhydrite (CaSOj, card no.: 01-085-6123), and magnetite (Fe3Oy, card
no.: 01-080-6407). However, the coal fly ash also contained a broad hump in the range from
15° to 30° 20, suggesting the existence of amorphous components, which are primarily in
charge of the reactiveness of the raw materials [62]. Quantitative X-ray analysis of the coal
fly ash enabled a determination of the content of individual phases, whose shares were
respectively: 50.3% SiOZ, 45.0% A16Sizol3, 2.1% F8203, 2.4% CaSO4, and 0.2% Fe3O4. The
results of the quantitative analysis can only be considered as approximate values due to
the existence of the amorphous phase, the high intensity of background noise, and over-
lapping reflections. The XRD pattern of the waste glass indicates that this is a completely
amorphous material, different from the coal fly ash.

A A - Quartz

m - Mullite

e - Hematite
o - Anhydite
& - Magnetite

L]

- o
- om A m, A
sh T A
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Waste Glass
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20
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Position [°20]

Figure 1. XRD patterns of waste glass and coal fly ash.
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Distribution [%]

Figure 2 presents the particle size distribution of the coal fly ash and waste glass before
and after separation into different fractions. Coal fly ash has the smallest average particle
size among all used starting materials. Moreover, Table S1 in Supplementary Materials
demonstrates the averaged results of the size distribution of coal fly ash and waste glass
used in this study.

1 —Fly ash h
47 —0.1-1200 WG (all fractions)
—200-1200 WG
12 1 —100-250 WG
—63-120 WG
o | —40-63WG
—0.1-40 WG
8 .
6 o
4 =
2 =
0
0.01 0.1 1 10 100 1000 10,000

Particle diameter [um]

Figure 2. The particle size distribution of coal fly ash and glass waste before and after the division
into different fractions.

The coal fly ash was characterized by comparable median and mean values (12.3 4= 1.3 um
and 17.3 £ 2.5 um, respectively) and a small span range, which indicates an approximately
normal particle size distribution [57]. Conversely, the as-delivered waste glass is distin-
guished by higher variations in this regard, with a mean particle size of 550.1 £ 18.9 um.
As can be seen in Figure 2, the particle size distribution curve of the unsorted waste glass
consists of two peaks, representing particles about 170 um and 600 pm in size. More-
over, in the case of the waste glass after division into fractions, the mean particle size was
584.9 £ 4.4 um, 155.2 £ 0.5 pm, 55.4 + 1.2 um, 33.3 £ 0.1 pm, and 19.8 & 0.3 um, which
was adequate for 0.1-1200 WG, 100-250 WG, 63-120 WG, 40-63 WG, and 0.1-40 WG. The
obtained results were in line with expectations.

Figure 3a—g illustrates the morphology of the raw materials. The as-delivered waste
glass consisted of particles of varying shapes and sizes (Figure 3a). Furthermore, the ob-
tained images also confirmed the effectiveness of sieving concerning the obtained particle
size and distribution of waste glass. The coal fly ash consisted of many porous particles of
various sizes and shapes, such as spherical, irregular, and angular, but consisted predomi-
nantly of spherical particles. Such a morphology of coal fly ash has a beneficial effect on
the geopolymerization process, as it enhances its reactivity [63].
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Figure 3. SEM images of waste glass with different particle sizes: (a) 0.1-1200 WG (all fractions),
(b) 200-1200 WG, (c) 100-250 WG, (d) 63-120 WG, (e) 40-63 WG, (f) 0.1-40 WG and (g,h) coal fly ash.

The nitrogen adsorption-desorption isotherms of coal fly ash and the as-delivered
waste glass (all fractions WG) are presented in Figure 4, whereas the isotherms of waste
glass after separation into different fractions are shown in Figure S1 in Supplementary
Materials. The specific surface area was determined by using the multi-BET method and
was found to be 7.804 m?/g and 0.152 m?/g for coal fly ash and unsorted brown waste
glass, respectively. Moreover, the specific surface area of waste glass after separation
into five different fractions reached the following values: 0.048 m?/g for 2001200 WG,
0.114 m?2 /g for 100-250 WG, 0.375 m? /g for 63-120 WG, 0.594 m? /g for 40-63 WG, and
0.693 m?/g for 0.1-40 WG. Based on the ITUPAC (International Union of Pure and Applied
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Chemistry) classification, the N; isotherms of coal fly ash and waste glass correspond to
type Il isotherms with an H3-type hysteresis loop. Type Il nitrogen adsorption-desorption
isotherm indicates that the investigated material was non-porous or microporous, as well
as having a comparatively low surface area [64,65].

45
014 | b)
40
= 35 o2
E 30 Eo10
g 25 % 0.08
3 20 2006
g 15 3
g €004
g —Adsorption £ —Adsarel
=8 - -Desorption w00 = -Dessg:’[;tlig?]
0.0 0.00
0.0 02 0.4 06 0.8 1.0 0.0 02 0.4 06 0.8 1.0
Relative pressure [P/Pg] Relative pressure [P/Pc]
Figure 4. Nitrogen adsorption-desorption isotherms of (a) coal fly ash; (b) unsorted waste glass.
3.2. Properties of Produced Geopolymers
Figure 5 shows the density results of the produced geopolymer samples includ-
ing waste glass determined using the geometrical method after 28 days of seasoning.
The reference sample, not containing added waste glass, demonstrated a density of
0.69 & 0.04 g/cm3. On the basis of the obtained results, a visible effect of increasing
density with higher content of waste glass was observed. A similar tendency was noticed
by other authors [66-69]. Siddika et al. [47] observed that a higher content of waste glass
increased the density and reduced the porosity of cement concrete. In contrast, regarding
the effect of the particle size of the waste glass on the density of the materials produced,
it was generally found that the use of a smaller additive size resulted in a decrease in
geopolymer density. This effect was independent of the proportion of the introduced
addition of glass waste to the matrix.
0.80 -
0.781 m10% WG m20% WG 30% WG
0 75 0.746
0.726
€
L
(=}
= 0.70 A
= ° 6o 0.684
(2]
S 0675
o 0.658
0.654
0.65 - —
0.615
0.60 -
0.1-1200 200-1200 100-250 63-120 40-63 0.1-40

The particle size of the used waste glass [um]

Figure 5. The density of geopolymers depending on the percentage and size of the fraction of the
waste glass addition.
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As can be seen, the density of geopolymers with added waste glass with a particle size
up to 120 um (0.1-40 WG, 40-63 WG, 63-120 WG) was the highest for samples containing
20% of waste. Similar findings were obtained by Ahmad et al. [70] who investigated the
properties of concrete with the addition of waste glass with a particle size of up to 75 um. It
was concluded that waste glass undergoes a pozzolanic reaction, creating additional C-S5-H
gel resulting in an increase in the viscosity and density of the blends. At the same time, the
higher content of waste glass hinders the compaction process, causing the formation of a
larger number of pores and thereby decreasing material density.

The specific surface area (calculated using the BET equation) of the produced geopoly-
mers was significantly higher than that of the raw materials and in the case of the reference
sample, without the addition of waste glass, it reached a value of 22.772 m? /g. The addition
of unsorted waste glass caused an increase in the surface area by up to 65% in the case of
the A20 sample. Moreover, it was found that the decrease in the size of the waste glass
particles introduced into the matrix resulted in an increase in the specific surface area of the
produced composite. Janowska-Renkas et al. [66] confirmed that waste glass with lower
particle sizes is characterized by higher surface area. The decrease in particle sizes of waste
glass, and therefore the increase in their specific surface area cause increased pozzolanic
reactivity [47]. Coal fly ash has a higher surface area than waste glass; therefore, increasing
the amount of used waste cullet and consequently reducing the applied coal fly ash in
specimens with unsorted waste glass should increase their surface area, which would be
entailed by the summation of their properties. However the specific surface area of the A20
and A30 samples amounts to 37.556 m? /g and 36.435 m? /g, respectively, and, therefore,
this trend is not clearly visible here due to the wide and somewhat random range of particle
sizes of waste glass or the structure of the samples. All the designated values of BET are
shown in Table S2 in Supplementary Materials.

All the obtained adsorption-desorption isotherms (Figure 6) of produced geopolymers
based on coal fly ash with the addition of waste glass can be qualified as IV type with an
H3 hysteresis loop in compliance with IUPAC categorization [71]. The obtained IV type
of adsorption-desorption isotherms is a typical result of the investigation of mesoporous
samples with 2-50 nm diameter [72]. The presence of hysteresis is a result of condensation
within the capillaries of slit-shaped mesoporous structures [73,74].

Percentage amount of waste glass [%] b) Mean particle size of waste glass
0 10 20 30 40 0 200 400 00 800
40 90 -
] - / —B30 Adsorption = =B30 Desorption &
35 80 1@ ——D30 Adsorption = =D30 Desorption 2
. 70 4 —F30 Adsorption - ~-F30 Desorption 40 —
30 o2 B m m Specific surface area 2
E % > E
20 s .6 0 8
——REF Adsorption REF Desorption g 2 g
—A10 Adsorption - = A10 Desorption 20 2 % 25 3
—A20 Adsorption = = A20 Desorption 15 Yy ; 20 L
—A30 Adsorption — = A30 Desorption " i E 15 Lr
® Specific surface area 10 = ] ~n 5
5 3 10 9
2 o
5 & < 5 &
v . ' . + 0 0 T T T T 0
02 04 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0

Relative Pressure [P/Py] Relative Pressure [P/Py]

Figure 6. The nitrogen adsorption-desorption isotherms of geopolymers with the addition of waste
glass with (a) various amounts by weight (0-30%); (b) different diameters of particle sizes.

The result of various amounts of waste glass addition on the mineralogical composition
of the geopolymers is presented in Figure 7. After the geopolymerization process, the
obtained samples contained crystallized phases, such as quartz (5iO,, card no.: 01-075-8320)
as the primary phase occurring in geopolymers because of the substantial silica amount [75],
as well as mullite (AlgSi,Oq3, card no.: 01-082-1237), and hematite (Fe;O3, card no.: 01-079-
0007), which indicate the presence of unreacted elements from the raw materials [76,77].
However, the diffuse broad hump between 20-40° 20 in all specimens proves the presence
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of an amorphous component in the form of C-S-H gel (as a Rosenhahnite, card no.: 00-029-
0378). This is also confirmation that the geopolymerization process took place [78,79]. C-5-H
gel developed due to the adequate content of calcium oxide in the starting materials [80].
On the basis of the obtained results, it can be concluded that the change in the amount
of glass waste addition as well as the size of their fractions had a negligible effect on the
type of mineralogical composition present in the produced geopolymers. The degree of
crystallinity of the geopolymers based on their XRD pattern was also determined, and it
reached the following levels: 0.324 for REF, 0.322 for A10, 0.308 for A20, 0.248 for A30, 0.230
for B30, 0.248 for D30, and 0.270 for F30.
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’ F30
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5,
>
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Figure 7. The XRD patterns of geopolymers with varying waste glass content.

It is well known that porosity depends on various factors, such as the type and fineness
of the foaming agent [81], stabilizer [82], alkali content [83], curing temperature [84], and
the type of raw materials [85]. The influence of waste glass on the obtained porosity
of geopolymers is shown in Figure 8. An example of the determination of porosity is
presented in Figure S2 in Supplementary Materials. In the presented study, the porosity
of the geopolymers with waste glass ranged from 50.3% to 68.5%, whereas for reference
specimens it was 50.5%. The application of unsorted waste glass in the amount of 30%
resulted in a reduction in porosity of 9.5% in comparison to the reference material; while
reducing the amount of additive introduced to 20% or 10% caused the opposite effect.

The effect of waste glass on the compressive strength of the geopolymers is shown in
Figure 9. On the basis of the results, it was noticed that the highest results were obtained
for foams containing unsorted waste glass. The addition of 20% as well as 30% of unsorted
glass waste to the geopolymer increased the compressive strength of samples by 80%
compared to the reference specimens, tested after 28 days of curing. In general, the higher
compressive strength of geopolymers with the addition of waste glass may result from
a more efficient pozzolanic reaction due to higher access to dissolved aluminum and
silica [30]. Moreover, the application of this type of waste glass is also an environmentally
and economically friendly solution due to the elimination of the necessity to use additional
processing such as grinding or crumbling. At the same time, it should be noted that the
use of the addition of waste glass in the same proportion but with a different particle size
may result in obtaining different effects than for unsorted glass. For example, the use of
waste glass with a particle size of up to 63 um, initially up to 20% of the additive, increases
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the compressive strength, however, the samples containing 30% of the additive showed a
decrease in properties even below the values obtained for the reference materials.

70 1
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Figure 8. The porosity of geopolymers depending on the percentage and size of the fraction of the
waste glass addition.
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Figure 9. The compressive strength of geopolymers depending on the percentage and size of the
fraction of the waste glass addition, after 28 days of curing.

The obtained results for compressive strength are consistent with the results of porosity
presented earlier. Generally, it can be stated that increasing the porosity of the geopolymers
decreased the compressive strength. A similar observation was made by Deng et al. [86],
who noticed that the increase in strength was related to the filling of the existing porosity
in the material by glass additive.

The influence of waste glass content and particle size on the flexural strengths of
geopolymers is presented in Figure 10. The incorporation of waste glass reduced the
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flexural strength of all samples, regardless of the particle size and amount of waste glass
used for geopolymer synthesis. A similar effect was noticed by Ali et al. [87] and Toniolo
et al. [88] in their studies. However, the effect of waste glass particle size is clearly visible
here. The flexural strengths of samples tended to increase along with the application of
smaller particle sizes of the introduced additive.
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2.
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= 16 o % {»
! -
= 1.5
= 14 1.4 rh 14
=) 13 13 B
=] .

o ‘I‘ 1.2
® h
©

5 11

x

)

L

0.1-1200 200-1200 100-250 63-120 40-63 0.1-40
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Figure 10. The flexural strength of geopolymers depending on the percentage and size of the fraction
of the waste glass addition, after 28 days of curing.

Siddika et al. [47] indicated that the particle size of waste glass should be in the range
of 38-75 pm to obtain the optimal value of pozzolanicity as well as silica dissolution in
concrete. When considering the influence of waste glass with particle sizes ranging from
100-250 um, 63-120 um, 4063 pm, and 0.1-40 pum on the flexural strength, the highest val-
ues were reached for 20% content of the cullet. A possible explanation for this phenomenon
is the developing value of the NayO/SiO; ratio in the geopolymers. After exceeding the
optimal value, the additional Na* ions may have resulted in excessive efflorescence, as
well as a strength decrease [89]. The specimens containing bigger particle sizes of waste
glass (0.1-1200 WG and 200-1200 WG) present an increasing trend in flexural strength with
increasing incorporation of waste from 10% to 30%, but the obtained results are significantly
lower than the reference material. Tahwia et al. [60] noticed that the incorporation of waste
glass may result in the appearance of empty voids within the material due to their particle
angularity and this may result in reduced mechanical properties. Even though the flexural
strengths of the specimens are decreased due to the incorporation of waste glass, it should
be noticed that samples included 20% of cullet with a particle size of up to 0.1 mm (D20,
E20, F20) have results close to the values of the reference sample.

Based on the results obtained it can be concluded that the use of waste glass can
significantly influence the mechanical properties of geopolymers by reducing their flexural
strength and simultaneously increasing their compressive strength. Moreover, it was
noticed that there is no correlation between compressive strength and flexural strength [90].
A similar effect, which is the opposite of the relations occurring in concrete technology
in which compressive strength is associated with flexural strength, was also observed by
other researchers [91-93]. The different fracture processes in both types of loads could
be the reason for this phenomenon. Moreover, in the presented study, foamed samples
were investigated. The pore size and their distribution affect the mechanical properties of
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geopolymer, as well as the material’s fracture resistance. Furthermore, the distribution of
the additive has a crucial impact on the fracture properties of geopolymers.

Leaching test results from the geopolymer samples are presented in Table S3 in Sup-
plementary Materials. Introducing a supplement in the form of waste glass particles into
geopolymers proved to have an insignificant influence on the content of heavy metals such
as Hg, Cd, Ni, Cr, Cu, Zn, and As in the leachates. Only the content of Pb is higher for
geopolymers with the addition of the lowest particle size of waste glass than in the case
of the reference material. The higher Pb content in the F30 leachates resulted from the
dissolution of metals from the glass particle surface, which increases with the reduction
in the particle size (Table S2 in Supplementary Materials) [94]. Shi et al. [95] noticed a
similar tendency that, with increasing particle size, the content of Pb decreases, and it was
concluded that it is related to the type of additives in the geopolymer structure. Bobirica
et al. [96] investigated the leaching behavior of geopolymers with the addition of waste
glass obtained from worn linear fluorescent lamps. It was found that Pb was leached in a
larger amount in the case of geopolymers characterized by finer particle sizes.

The content of all examined hazardous metals in geopolymers was within the range
of leaching limit values for inert waste in compliance with European Council Decision
2003/33/EC [57,97] except for the level of total dissolved substances, which is beyond the
range of values for inert waste. However, it is below the limit of non-hazardous waste.
It can be associated with the porosity and density of the produced geopolymers. Within
samples with 30% of various sizes of waste glass, the highest concentration of TDS was
reached for F30, which has the highest porosity and smallest density.

The influence of the content of unsorted waste glass (with particle size from 0.1 pm
to 1200 um) on the geopolymer structure depending on the percentage is presented in
Figure 11, while the effect of the particle size for the samples containing 30% of the waste
glass addition is presented in Figure 12. It was found that, with an increase in the content of
the unsorted waste glass, the pores had smaller diameters and were more evenly distributed
in the geopolymer structure. Moreover, the addition of waste cullet has a beneficial
influence on the homogeneity of the porous structure of the samples. It is well known that
porosity has a fundamental influence on a material’s compressive strength [98]. Samples
without the addition of waste cullet have large porous macrostructures, which can cause
deterioration of mechanical properties. The pictures presented in Figure 12 show that a
significant amount of large-sized pores was generated as a result of the application of waste
glass with larger diameters. In general, the size of the pore reduces with the reduction in
waste glass particle size.

The correlation between cell density and cell size is presented in Figure 13. In general,
with the increase in the introduced waste glass, the cell size of geopolymers decreased.
However, an opposite relationship existed between cell density and waste glass content,
and with increasing waste glass addition, cell density also increased. A similar tendency
was also noticed by Fei et al., who proved that introducing the additive into a polymer
resulted in a larger average cell size and smaller cell density of the investigated material [99].
On the basis of the presented results for geopolymers with different percentage amounts of
waste glass (D50 = 483.4 um), it can be concluded that samples with 30% of WG have the
highest density (0.079 cells/ cm?) and the smallest cell size (2233 pum).

Representative SEM images of foamed geopolymers with 0% and 30% content of
unsorted waste glass (0.1-1200 WG) are shown in Figure 14. It was noticed that the reference
geopolymer sample had a homogeneous porous compact microstructure. However, in the
geopolymer microstructure with the addition of glass waste, one can observe spherical
particles of unreacted coal fly ash and particles of undissolved waste cullet (with irregular
shapes, smooth surfaces, and sharp edges) in the geopolymer matrix. The presence of such
undissolved glass particles influenced the leachability results described earlier.
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Figure 11. The structure of the geopolymer with waste glass with a particle size of 0.1-1200 pum,
depending on the waste glass content.
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Figure 12. The structure of the geopolymer with the 30% addition of waste glass, depending on the
particle size fraction.



Materials 2023, 16, 2044

17 of 23

0.09 - - 3000
0.08 -
L 2500
0.07 -
T 0.6 - L 2000
S -
8 3
8 0.05 4 %
2 L 1500
%) w
S 0.04 - =
E (&)
& 0.03 A L 1000
0.02 -
L 500
0.01 -
0.00 0

0 10 20
Content of waste glass [%]
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Figure 14. SEM microstructure of geopolymer samples: (a) REF; (b) A30%.

Figure 15 shows the water absorption results of the geopolymer samples containing
varying amounts of waste glass. In general, water absorption depends on the voids content
present in the examined materials [100]. On the basis of the obtained results, it was found
that the water absorption of the geopolymers tends to decrease with increasing waste glass
content. Thus, the addition of waste glass to the geopolymer matrix fills the pores formed,
changes the porosity morphology, and influences capillary processes; it also increases the
packing of particles in the geopolymerization process [101]. For the geopolymers with 10%,
20%, and 30% of unsorted waste glass, the decrease in water absorption relative to the
reference sample was 15.8%, 22.5%, and 26.7%, respectively.
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Figure 15. Water absorption of geopolymer samples containing varying amounts of unsorted
waste glass.

4. Conclusions

For the first time, the impact of content and particle size of the addition of waste
glass ranged between 0-1200 um and divided into five fractions on foamed geopolymer
composites was characterized. The density, specific surface area, mineralogical composition,
compressive strength, flexural strength, leachability, water absorption, and porosity of
foamed geopolymers were determined.

Based on the presented results, it was found that the content and particle size of waste
glass both have a crucial impact on the porosity of the geopolymers. The formation of
smaller, evenly distributed pores in the geopolymer structure can be achieved by increasing
the content of waste glass with a particle size of 0.1 to 1200 pm or reducing the size of the
added waste glass particles. The highest porosity (68.5%) was achieved by samples with
30% of waste glass with the smallest particle sizes (0.1-40 um). Moreover, an increase in
the weight share of waste glass, as well as a decrease in their particle size range, causes a
higher BET surface area of the geopolymer. The compressive strength of coal fly ash-based
geopolymers can be controlled by waste glass addition.

The application of 20-30% of unwashed and unsorted waste glass (550.1 um mean
particle size) pm to the geopolymer matrix resulted in 65-60% higher specific surface area,
6-9% higher density, and 80% higher compressive strength compared to the unmodified
samples. Furthermore, it is an economical and environmentally friendly solution to use
this type of waste glass, due to the reduced energy consumption and costs associated with
grinding or sorting raw materials.

Moreover, the results of leaching tests confirm that these types of materials can be
classified as non-hazardous waste in accordance with the European Council Decision
2003/33/EC. Potential applications of the geopolymer composites described in this paper
include materials for the manufacture of porous prefabricated elements, as well as materials
for hardening outdoor pavings. Future research will focus on determining environmental
and fire resistance for these types of materials.



Materials 2023, 16, 2044 19 of 23

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mal6052044/s1.

Author Contributions: Conceptualization, C.Z., A.G. and M.H.; Formal analysis, C.Z., A.G. and
M.H.; Funding acquisition, M.H.; Investigation, C.Z.; Methodology, C.Z., A.G. and M.H.; Resources,
C.Z. and M.H.; Supervision, M.H.; Visualization, C.Z. and M.H.; Writing—original draft, C.Z. and
M.H.; Writing—review & editing, C.Z. and M.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the POLI DOCTUS project: “ROAD TO EXCELLENCE—a
comprehensive university support programme” implemented under the Operational Programme
Knowledge Education Development 20142020 co-financed by the European Social Fund WND-
POWR.03.05.00-00-2214/18.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Belaid, F. How Does Concrete and Cement Industry Transformation Contribute to Mitigating Climate Change Challenges? Resour.
Conserv. Recycl. Adv. 2022, 15, 200084. [CrossRef]

2. Marey, H.; Kozma, G.; Szab¢, G. Effects of Using Green Concrete Materials on the CO2 Emissions of the Residential Building
Sector in Egypt. Sustainability 2022, 14, 3592. [CrossRef]

3.  Gagg, C.R. Cement and Concrete as an Engineering Material: An Historic Appraisal and Case Study Analysis. Eng. Fail. Anal.
2014, 40, 114-140. [CrossRef]

4. Gibbs Michael, ].; Soyka, P.; Conneely, D. CO, Emissions from Cement Production. In Good Practice Guidance and Uncertainty
Management in National Greenhouse Gas Inventories; IPCC: Geneva, Switzerland, 2000.

5. Strunge, T.; Naims, H.; Ostovari, H.; Olfe-Kréutlein, B. Priorities for Supporting Emission Reduction Technologies in the Cement
Sector-A Multi-Criteria Decision Analysis of CO, Mineralisation. J. Clean. Prod. 2022, 340, 130712. [CrossRef]

6.  Fletcher, W.D.; Smith, C.B. Introduction. In Reaching Net Zero: What It Takes to Solve the Global Climate Crisis; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 1-8. [CrossRef]

7. Cirovi¢, M.D. Risk Analysis of the European Union 2030 Greenhouse Gas Emission Target Compliance. Int. J. Glob. Warm. 2018,
16, 64. [CrossRef]

8.  Strzatkowska, E. Morphology, Chemical and Mineralogical Composition of Magnetic Fraction of Coal Fly Ash. Int. . Coal. Geol.
2021, 240, 103746. [CrossRef]

9.  Cieslik, E.; Fabianiska, M.]. Preservation of Geochemical Markers during Co-Combustion of Hard Coal and Various Domestic
Waste Materials. Sci. Total Environ. 2021, 768, 144638. [CrossRef]

10. Zhang, X.; Bai, C.; Qiao, Y.; Wang, X.; Jia, D.; Li, H.; Colombo, P. Porous Geopolymer Composites: A Review. Compos. Part A Appl.
Sci. Manuf. 2021, 150, 106629. [CrossRef]

11.  Grela, A.; Lach, M,; Bajda, T.; Mikuta, J.; Hebda, M. Characterization of the products obtained from alkaline conversion of tuff
and metakaolin. |. Therm. Anal Calorim. 2018, 133, 217-226. [CrossRef]

12.  Kumar Yadav, V.; Hiraman Fulekar, M. Advances in Methods for Recovery of Ferrous, Alumina, and Silica Nanoparticles from
Fly Ash Waste. Ceramics 2020, 3, 384-420. [CrossRef]

13. Prabha, V.C,; Revathi, V. Geopolymer Mortar Incorporating High Calcium Fly Ash and Silica Fume. Arch. Civ. Eng. 2019, 65, 3-16.
[CrossRef]

14. Dogan-Saglamtimur, N.; Bilgil, A.; Szechyriska-Hebda, M.; Parzych, S.; Hebda, M. Eco-Friendly Fired Brick Produced from
Industrial Ash and Natural Clay: A Study of Waste Reuse. Materials 2021, 14, 877. [CrossRef] [PubMed]

15. Bajpai, R,; Shrivastava, A.; Singh, M. Properties of Fly Ash Geopolymer Modified with Red Mud and Silica Fume: A Comparative
Study. SN Appl. Sci. 2020, 2, 1846. [CrossRef]

16. Lach, M.; Gado, R.A.; Marczyk, J.; Ziejewska, C.; Dogan-Saglamtimur, N.; Mikuta, J.; Szechyriska-Hebda, M.; Hebda, M. Process
Design for a Production of Sustainable Materials from Post-Production Clay. Materials 2021, 14, 953. [CrossRef] [PubMed]

17.  Feng, B,; Liu, J.; Chen, Y,; Tan, X.; Zhang, M.; Sun, Z. Properties and Microstructure of Self-Waterproof Metakaolin Geopolymer
with Silane Coupling Agents. Constr. Build. Mater. 2022, 342, 128045. [CrossRef]

18.  Yong, H.C.; Ming, L.Y.; al Bakri Abdullah, M.M.; Hussin, K. Fire Resistant Properties of Geopolymers: A Review. Key Eng. Mater.

2015, 660, 39—-43. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16052044/s1
https://www.mdpi.com/article/10.3390/ma16052044/s1
http://doi.org/10.1016/j.rcradv.2022.200084
http://doi.org/10.3390/su14063592
http://doi.org/10.1016/j.engfailanal.2014.02.004
http://doi.org/10.1016/j.jclepro.2022.130712
http://doi.org/10.1016/B978-0-12-823366-5.00001-4
http://doi.org/10.1504/IJGW.2018.094311
http://doi.org/10.1016/j.coal.2021.103746
http://doi.org/10.1016/j.scitotenv.2020.144638
http://doi.org/10.1016/j.compositesa.2021.106629
http://doi.org/10.1007/s10973-018-6970-z
http://doi.org/10.3390/ceramics3030034
http://doi.org/10.2478/ace-2019-0001
http://doi.org/10.3390/ma14040877
http://www.ncbi.nlm.nih.gov/pubmed/33673275
http://doi.org/10.1007/s42452-020-03665-3
http://doi.org/10.3390/ma14040953
http://www.ncbi.nlm.nih.gov/pubmed/33670453
http://doi.org/10.1016/j.conbuildmat.2022.128045
http://doi.org/10.4028/www.scientific.net/KEM.660.39

Materials 2023, 16, 2044 20 of 23

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lahoti, M.; Tan, K.H.; Yang, E.H. A Critical Review of Geopolymer Properties for Structural Fire-Resistance Applications. Constr.
Build. Mater. 2019, 221, 514-526. [CrossRef]

Jiao, Z.; Li, X;; Yu, Q. Effect of Curing Conditions on Freeze-Thaw Resistance of Geopolymer Mortars Containing Various Calcium
Resources. Constr. Build. Mater. 2021, 313, 125507. [CrossRef]

Verma, M.; Dev, N.; Rahman, I.; Nigam, M.; Ahmed, M.; Mallick, J. Geopolymer Concrete: A Material for Sustainable Development
in Indian Construction Industries. Crystals 2022, 12, 514. [CrossRef]

Bakharev, T. Resistance of Geopolymer Materials to Acid Attack. Cem. Concr. Res. 2005, 35, 658-670. [CrossRef]
Szechyniska-Hebda, M.; Marczyk, J.; Ziejewska, C.; Hordynska, N.; Mikuta, J.; Hebda, M. Neutral geopolymer foams reinforced
with cellulose studied with the FT-Raman spectroscopy. IOP Conf. Ser. Mater. Sci. Eng. 2019, 706, 012017. [CrossRef]

Ahmad, J.; Zhou, Z.; Martinez-Garcia, R. A Study on the Microstructure and Durability Performance of Rubberized Concrete
with Waste Glass as Binding Material. . Build. Eng. 2022, 49, 104054. [CrossRef]

Alhawat, M.; Ashour, A.; Yildirim, G.; Aldemir, A.; Sahmaran, M. Properties of Geopolymers Sourced from Construction and
Demolition Waste: A Review. J. Build. Eng. 2022, 50, 104104. [CrossRef]

Guzman-Carrillo, H.R.; Gasca-Tirado, ].R.; Lopez-Romero, ] M.; Apatiga-Castro Luis, M.; Rivera-Muiioz Eric, M.; Pineda-Pifi6n,
J.; Pérez-Bueno, ].J.; Feregrino-Montes, C.; Lopez-Naranjo, E.].; Manzano-Ramirez, A. Encapsulation of Toxic Heavy Metals from
Waste CRT Using Calcined Kaolin Base-Geopolymer. Mater. Chem. Phys. 2021, 257, 123745. [CrossRef]

Roopchund, R.; Andrew, J.; Sithole, B. Using Cellulose Nanocrystals to Improve the Mechanical Properties of Fly Ash-Based
Geopolymer Construction Materials. Eng. Sci. Technol. Int. ]. 2022, 25, 100989. [CrossRef]

Refaie, FA.Z.; Abbas, R.; Fouad, EH. Sustainable Construction System with Egyptian Metakaolin Based Geopolymer Concrete
Sandwich Panels. Case Stud. Constr. Mater. 2020, 13, e00436. [CrossRef]

Kretzer, M.B,; Effting, C.; Schwaab, S.; Schackow, A. Hybrid Geopolymer-Cement Coating Mortar Optimized Based on Metakaolin,
Fly Ash, and Granulated Blast Furnace Slag. Clean. Eng. Technol. 2021, 4, 100153. [CrossRef]

Hamada, H.; Alattar, A.; Tayeh, B.; Yahaya, F; Thomas, B. Effect of Recycled Waste Glass on the Properties of High-Performance
Concrete: A Critical Review. Case Stud. Constr. Mater. 2022, 17, €01149. [CrossRef]

Li, S.; Zhang, J.; Du, G.; Mao, Z.; Ma, Q.; Luo, Z.; Miao, Y.; Duan, Y. Properties of Concrete with Waste Glass after Exposure to
Elevated Temperatures. J. Build. Eng. 2022, 57, 104822. [CrossRef]

Feng, J.; Wu, D.; Long, M,; Lei, K.; Sun, Y.; Zhao, X. Diopside Glass-Ceramics Were Fabricated by Sintering the Powder Mixtures
of Waste Glass and Kaolin. Ceram. Int. 2022, 48, 27088-27096. [CrossRef]

Jiang, X.; Xiao, R.; Ma, Y.; Zhang, M.; Bai, Y.; Huang, B. Influence of Waste Glass Powder on the Physico-Mechanical Properties
and Microstructures of Fly Ash-Based Geopolymer Paste after Exposure to High Temperatures. Constr. Build. Mater. 2020,
262,120579. [CrossRef]

Xiao, R.; Huang, B.; Zhou, H.; Ma, Y,; Jiang, X. A State-of-the-Art Review of Crushed Urban Waste Glass Used in OPC and AAMs
(Geopolymer): Progress and Challenges. Clean. Mater. 2022, 4, 100083. [CrossRef]

Jochem, L.F,; Casagrande, C.A.; Onghero, L.; Venancio, C.; Gleize, P].P. Effect of Partial Replacement of the Cement by Glass
Waste on Cementitious Pastes. Constr. Build. Mater. 2021, 273, 121704. [CrossRef]

Fu, C,; Liang, ].; Yang, G.; Dagestani, A.A.; Liu, W.; Luo, X,; Zeng, B.; Wu, H.; Huang, M.; Lin, L.; et al. Recycling of Waste Glass
as Raw Materials for the Preparation of Self-Cleaning, Light-Weight and High-Strength Porous Ceramics. J. Clean. Prod. 2021,
317, 128395. [CrossRef]

Maitlo, G.; Alj, I.; Maitlo, H.A.; Ali, S.; Unar, LN.; Ahmad, M.B.; Bhutto, D.K.; Karmani, R.K.; Naich, S.U.R; Sajjad, R.U.; et al.
Plastic Waste Recycling, Applications, and Future Prospects for a Sustainable Environment. Sustainability 2022, 14, 11637.
[CrossRef]

Pickin, J.; Wardle, C.; O’farrell, K.; Stovell, L.; Nyunt, P.; Guazzo, S.; Lin, Y.; Caggiati-Shortell, G.; Chakma, P.; Edwards, C.; et al.
National Waste Report 2022. Available online: https://www.dcceew.gov.au/environment/protection/waste /national-waste-
reports/2022 (accessed on 26 February 2023).

Novais, R.M.; Ascensao, G.; Seabra, M.P.; Labrincha, J.A. Waste Glass from End-of-Life Fluorescent Lamps as Raw Material in
Geopolymers. Waste Manag. 2016, 52, 245-255. [CrossRef]

Si, R.; Dai, Q.; Guo, S.; Wang, ]. Mechanical Property, Nanopore Structure and Drying Shrinkage of Metakaolin-Based Geopolymer
with Waste Glass Powder. J. Clean. Prod. 2020, 242, 118502. [CrossRef]

Polat, D.; Giiden, M. Processing and Characterization of Geopolymer and Sintered Geopolymer Foams of Waste Glass Powders.
Constr. Build. Mater. 2021, 300, 124259. [CrossRef]

Senff, L.; Novais, R-M.; Carvalheiras, J.; Labrincha, J.A. Eco-Friendly Approach to Enhance the Mechanical Performance of
Geopolymer Foams: Using Glass Fibre Waste Coming from Wind Blade Production. Constr. Build. Mater. 2020, 239, 117805.
[CrossRef]

Xiao, R.; Ma, Y; Jiang, X.; Zhang, M.; Zhang, Y.; Wang, Y.; Huang, B.; He, Q. Strength, Microstructure, Efflorescence Behavior and
Environmental Impacts of Waste Glass Geopolymers Cured at Ambient Temperature. J. Clean. Prod. 2020, 252, 119610. [CrossRef]
Hajimohammadi, A.; Ngo, T.; Kashani, A. Sustainable One-Part Geopolymer Foams with Glass Fines versus Sand as Aggregates.
Constr. Build. Mater. 2018, 171, 223-231. [CrossRef]

Du, Y,; Yang, W,; Ge, Y.; Wang, S.; Liu, P. Thermal Conductivity of Cement Paste Containing Waste Glass Powder, Metakaolin and
Limestone Filler as Supplementary Cementitious Material. J. Clean. Prod. 2021, 287, 125018. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2019.06.076
http://doi.org/10.1016/j.conbuildmat.2021.125507
http://doi.org/10.3390/cryst12040514
http://doi.org/10.1016/j.cemconres.2004.06.005
http://doi.org/10.1088/1757-899X/706/1/012017
http://doi.org/10.1016/j.jobe.2022.104054
http://doi.org/10.1016/j.jobe.2022.104104
http://doi.org/10.1016/j.matchemphys.2020.123745
http://doi.org/10.1016/j.jestch.2021.04.008
http://doi.org/10.1016/j.cscm.2020.e00436
http://doi.org/10.1016/j.clet.2021.100153
http://doi.org/10.1016/j.cscm.2022.e01149
http://doi.org/10.1016/j.jobe.2022.104822
http://doi.org/10.1016/j.ceramint.2022.06.020
http://doi.org/10.1016/j.conbuildmat.2020.120579
http://doi.org/10.1016/j.clema.2022.100083
http://doi.org/10.1016/j.conbuildmat.2020.121704
http://doi.org/10.1016/j.jclepro.2021.128395
http://doi.org/10.3390/su141811637
https://www.dcceew.gov.au/environment/protection/waste/national-waste-reports/2022
https://www.dcceew.gov.au/environment/protection/waste/national-waste-reports/2022
http://doi.org/10.1016/j.wasman.2016.04.003
http://doi.org/10.1016/j.jclepro.2019.118502
http://doi.org/10.1016/j.conbuildmat.2021.124259
http://doi.org/10.1016/j.conbuildmat.2019.117805
http://doi.org/10.1016/j.jclepro.2019.119610
http://doi.org/10.1016/j.conbuildmat.2018.03.120
http://doi.org/10.1016/j.jclepro.2020.125018

Materials 2023, 16, 2044 21 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ulugol, H.; Kul, A.; Yildirim, G.; Sahmaran, M.; Aldemir, A.; Figueira, D.; Ashour, A. Mechanical and Microstructural Charac-
terization of Geopolymers from Assorted Construction and Demolition Waste-Based Masonry and Glass. J. Clean. Prod. 2021,
280, 124358. [CrossRef]

Siddika, A.; Hajimohammadi, A.; Ferdous, W.; Sahajwalla, V.; Blanco, I.; Catauro, M. Roles of Waste Glass and the Effect of
Process Parameters on the Properties of Sustainable Cement and Geopolymer Concrete-A State-of-the-Art Review. Polymers 2021,
13, 3935. [CrossRef]

Kiligoglu, C.; Coruh, S. Recycling of Waste Glass in Concrete Plant as Aggregate and Pozzolan Replacement. Int. J. Glob. Warm.
2017, 11, 250-262. [CrossRef]

Shi, C.; Wu, Y,; Riefler, C.; Wang, H. Characteristics and Pozzolanic Reactivity of Glass Powders. Cem. Concr. Res. 2005, 35,
987-993. [CrossRef]

Badanoiu, A.I; al Saadi, T.H.A.; Stoleriu, S.; Voicu, G. Preparation and Characterization of Foamed Geopolymers from Waste
Glass and Red Mud. Constr. Build. Mater. 2015, 84, 284-293. [CrossRef]

Tramontin Souza, M.; Onghero, L.; Batista Passos, A.; Simao, L.; Honorato Piva, R.; Longuini Repette, W.; Novaes de Oliveira, A.P.
Sustainable Glass Foams Produced with Stone Waste as a Pore-Forming Agent: Assessing the Role of Heating Rate in Foamability
and Glass Foams Recyclability. J. Clean. Prod. 2022, 338, 130596. [CrossRef]

Siddika, A.; Hajimohammadi, A.; Sahajwalla, V. Recycling of Automotive Vehicle’s Waste Glass to Develop Sustainable Glass
Foam Using a Curing-Sintering Process. In Proceedings of the Concrete Institute of Australia’s Biennial National Conference
(Concrete 2021), Perth, Australia, 8 September 2021.

Zhang, Y.; Xiao, R.; Jiang, X.; Li, W.; Zhu, X.; Huang, B. Effect of Particle Size and Curing Temperature on Mechanical and
Microstructural Properties of Waste Glass-Slag-Based and Waste Glass-Fly Ash-Based Geopolymers. |. Clean. Prod. 2020,
273,122970. [CrossRef]

Ruan, S.; Kastiukas, G.; Liang, S.; Zhou, X. Waste Glass Reuse in Foamed Alkali-Activated Binders Production: Technical and
Environmental Assessment. Front. Mater. 2020, 7, 581358. [CrossRef]

Catauro, M.; Dal Poggetto, G.; Sgarlata, C.; Vecchio Ciprioti, S.; Pacifico, S.; Leonelli, C. Thermal and Microbiological Performance
of Metakaolin-Based Geopolymers Cement with Waste Glass. Appl. Clay. Sci. 2020, 197, 105763. [CrossRef]

Mahesh, Y.; Lalitha, G. Durablilty Propeties of Geopolymer Concrete Partial Replacement of Fine Aggaregate with Waste Crushed
Glass. Mater. Today Proc. 2022, 51, 2466-2470. [CrossRef]

Marczyk, J.; Ziejewska, C.; Gadek, S.; Korniejenko, K.; Lach, M.; Géra, M.; Kurek, I.; Dogan-Saglamtimur, N.; Hebda, M.;
Szechynska-Hebda, M. Hybrid Materials Based on Fly Ash, Metakaolin, and Cement for 3D Printing. Materials 2021, 14, 6874.
[CrossRef] [PubMed]

Chen, H.J.; Shih, N.H.; Wu, C.H.; Lin, S.K. Effects of the Loss on Ignition of Fly Ash on the Properties of High-Volume Fly Ash
Concrete. Sustainability 2019, 11, 2704. [CrossRef]

Vafaei, M.; Allahverdi, A. High Strength Geopolymer Binder Based on Waste-Glass Powder. Adv. Powder Technol. 2017, 28,
215-222. [CrossRef]

Tahwia, A.M.; Heniegal, A.M.; Abdellatief, M.; Tayeh, B.A.; Elrahman, M.A. Properties of Ultra-High Performance Geopolymer
Concrete Incorporating Recycled Waste Glass. Case Stud. Constr. Mater. 2022, 17, 01393. [CrossRef]

Azdast, T.; Hasanzadeh, R. Increasing Cell Density / Decreasing Cell Size to Produce Microcellular and Nanocellular Thermoplastic
Foams: A Review. J. Cell. Plast. 2020, 57, 769-797. [CrossRef]

Mugcsi, G. Mechanical Activation of Power Station Fly Ash by Grinding—A Review. Epa.-]. Silic. Based Compos. Mater. 2016, 68,
56-61. [CrossRef]

Shee-Ween, O.; Cheng-Yong, H.; Yun-Ming, L.; Abdullah, M.M.A B.; Li Ngee, H.; Chan, L W.L.; Wan-En, O.; Jaya, N.A.; Yong-Sing,
N. Cold-Pressed Fly Ash Geopolymers: Effect of Formulation on Mechanical and Morphological Characteristics. J. Mater. Res.
Technol. 2021, 15, 3028-3046. [CrossRef]

Ankrah, A.F,; Tokay, B.; Snape, C.E. Heavy Metal Removal from Aqueous Solutions Using Fly-Ash Derived Zeolite NaP1. Int. ].
Environ. Res. 2022, 16, 17. [CrossRef]

Segneanu, A.E.; Marin, C.N.; Vlase, G.; Cepan, C.; Mihailescu, M.; Muntean, C.; Grozescu, I. Highly Efficient Engineered Waste
Eggshell-Fly Ash for Cadmium Removal from Aqueous Solution. Sci. Rep. 2022, 12, 9676. [CrossRef] [PubMed]
Janowska-Renkas, E.; Kaliciak, A. Properties of Geopolymers from Conventional Fly Ash Activated at Increased Temperature
with Sodium Hydroxide Containing Glass Powder Obtained from the Recycling of Waste Glass. MATEC Web Conf. 2020, 322,
01018. [CrossRef]

Abdallah, S.; Fan, M. Characteristics of Concrete with Waste Glass as Fine Aggregate Replacement. Int. |. Eng. Technol. 2014, 2,
11-17.

Barkauskas, K.; Nagrockiené, D.; Girniené, I. The Effect of Glass Powder on Physical and Mechanical Properties of Hardened
Cement Paste. In Proceedings of the 13th International Conference Modern Building Materials, Structures and Techniques,
Vilnius, Lithuania, 16-17 May 2019. [CrossRef]

Mendes, B.C.; Pedroti, L.G.; Vieira, C.M.E; Carvalho, ].M.E,; Ribeiro, ].C.L.; Albuini-Oliveira, N.M.; Andrade, . K.R. Evaluation of
Eco-Efficient Geopolymer Using Chamotte and Waste Glass-Based Alkaline Solutions. Case Stud. Constr. Mater. 2022, 16, e00847.
[CrossRef]


http://doi.org/10.1016/j.jclepro.2020.124358
http://doi.org/10.3390/polym13223935
http://doi.org/10.1504/IJGW.2017.10001534
http://doi.org/10.1016/j.cemconres.2004.05.015
http://doi.org/10.1016/j.conbuildmat.2015.03.004
http://doi.org/10.1016/j.jclepro.2022.130596
http://doi.org/10.1016/j.jclepro.2020.122970
http://doi.org/10.3389/fmats.2020.581358
http://doi.org/10.1016/j.clay.2020.105763
http://doi.org/10.1016/j.matpr.2021.11.617
http://doi.org/10.3390/ma14226874
http://www.ncbi.nlm.nih.gov/pubmed/34832276
http://doi.org/10.3390/su11092704
http://doi.org/10.1016/j.apt.2016.09.034
http://doi.org/10.1016/j.cscm.2022.e01393
http://doi.org/10.1177/0021955X20959301
http://doi.org/10.14382/EPITOANYAG-JSBCM.2016.10
http://doi.org/10.1016/j.jmrt.2021.09.084
http://doi.org/10.1007/s41742-022-00395-9
http://doi.org/10.1038/s41598-022-13664-6
http://www.ncbi.nlm.nih.gov/pubmed/35690618
http://doi.org/10.1051/matecconf/202032201018
http://doi.org/10.3846/mbmst.2019.137
http://doi.org/10.1016/j.cscm.2021.e00847

Materials 2023, 16, 2044 22 of 23

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ahmad, J.; Aslam, F; Martinez-Garcia, R.; de-Prado-Gil, J.; Qaidi, S.M.A.; Brahmia, A. Effects of Waste Glass and Waste Marble
on Mechanical and Durability Performance of Concrete. Sci. Rep. 2021, 11, 21525. [CrossRef]

Rahman, M.M.; Muttakin, M.; Pal, A.; Shafiullah, A.Z.; Saha, B.B. A Statistical Approach to Determine Optimal Models for
IUPAC-Classified Adsorption Isotherms. Energies 2019, 12, 4565. [CrossRef]

Henderson, J. The Analysis of Ancient Glasses Part I: Materials, Properties, and Early European Glass. JOM 1995, 47, 62-64.
[CrossRef]

Lowell, S.; Shields, J.E.; Thomas, M.A.; Thommes, M. Characterization of Porous Solids and Powders: Surface Area, Pore Size and
Density; Springer Science & Business Media: Berlin, Germany, 2004; Volume 16. [CrossRef]

Yurdakal, S.; Garlisi, C.; Ozcan, L.; Bellardita, M.; Palmisano, G. (Photo)Catalyst Characterization Techniques: Adsorption
Isotherms and BET, SEM, FTIR, UV-Vis, Photoluminescence, and Electrochemical Characterizations. In Heterogeneous Photo-
catalysis: Relationships with Heterogeneous Catalysis and Perspectives; Elsevier: Amsterdam, The Netherlands, 2019; pp. 87-152.
[CrossRef]

Arokiasamy, P.; al Bakri Abdullah, M.M.; Rahim, S.Z.A.; Arif Zainol, M.R.R.M.; Salleh, M.A.A.M.; Kheimi, M.; Chaiprapa, J.;
Sandu, A.V,; Vizureanu, P.; Razak, R.A.; et al. Metakaolin/Sludge Based Geopolymer Adsorbent on High Removal Efficiency of
Cu2+. Case Stud. Constr. Mater. 2022, 17, €01428. [CrossRef]

Qiuy, J.; Zhao, Y.; Xing, J.; Sun, X. Fly Ash/Blast Furnace Slag-Based Geopolymer as a Potential Binder for Mine Backfilling: Effect
of Binder Type and Activator Concentration. Adv. Mater. Sci. Eng. 2019, 2019, 2028109. [CrossRef]

Sathonsaowaphak, A.; Chindaprasirt, P.; Pimraksa, K. Workability and Strength of Lignite Bottom Ash Geopolymer Mortar. J.
Hazard. Mater. 2009, 168, 44-50. [CrossRef]

Toniolo, N.; Rincén, A.; Roether, J.A.; Ercole, P.; Bernardo, E.; Boccaccini, A.R. Extensive Reuse of Soda-Lime Waste Glass in Fly
Ash-Based Geopolymers. Constr. Build. Mater. 2018, 188, 1077-1084. [CrossRef]

Wang, S.; Yu, L.; Xu, L.; Wu, K; Yang, Z. The Failure Mechanisms of Precast Geopolymer after Water Immersion. Materials 2021,
14, 5299. [CrossRef] [PubMed]

Bagheri, A.; Moukannaa, S. A New Approach to the Reuse of Waste Glass in the Production of Alkali-Activated Materials. Clearn.
Eng. Technol. 2021, 4, 100212. [CrossRef]

Kozub, B.; Bazan, P; Gailitis, R.; Korniejenko, K.; Mierzwiriski, D. Foamed Geopolymer Composites with the Addition of Glass
Wool Waste. Materials 2021, 14, 4978. [CrossRef]

Lach, M,; Plawecka, K,; Bak, A.; Lichocka, K.; Korniejenko, K.; Cheng, A.; Lin, W.T. Determination of the Influence of Hydraulic
Additives on the Foaming Process and Stability of the Produced Geopolymer Foams. Materials 2021, 14, 5090. [CrossRef]
Al-Bakri Abdullah, M.M.; Jamaludin, L.; Hussin, K.; Bnhussain, M.; Ghazali, C.M.R.; Ahmad, M.I. Fly Ash Porous Material Using
Geopolymerization Process for High Temperature Exposure. Int. . Mol. Sci. 2012, 13, 4388. [CrossRef]

Luna-Galiano, Y.; Ferndndez-Pereira, C.; Izquierdo, M. Contributions to the Study of Porosity in Fly Ash-Based Geopolymers.
Relationship between Degree of Reaction, Porosity and Compressive Strength. Mater. De Construccion 2016, 66, €098. [CrossRef]
Szechyriska-Hebda, M.; Marczyk, J.; Ziejewska, C.; Hordyniska, N.; Mikuta, J.; Hebda, M. Optimal Design of PH-Neutral
Geopolymer Foams for Their Use in Ecological Plant Cultivation Systems. Materials 2019, 12, 2999. [CrossRef]

Deng, Q.; Lai, Z.; Xiao, R.; Wu, J.; Liu, M,; Lu, Z,; Lv, S. Effect of Waste Glass on the Properties and Microstructure of Magnesium
Potassium Phosphate Cement. Materials 2021, 14, 2073. [CrossRef]

Ali, E.E.; Al-Tersawy, S.H. Recycled Glass as a Partial Replacement for Fine Aggregate in Self Compacting Concrete. Constr. Build.
Mater. 2012, 35, 785-791. [CrossRef]

Toniolo, N.; Taveri, G.; Hurle, K.; Roether, J.A.; Ercole, P.; Dlouhy, I.; Boccaccini, A.R. Fly-Ash-Based Geopolymers: How the
Addition of Recycled Glass or Red Mud Waste Influences the Structural and Mechanical Properties. J. Ceram. Sci. Technol. 2017, 8,
411-419. [CrossRef]

Dadsetan, S.; Siad, H.; Lachemi, M.; Sahmaran, M. Extensive Evaluation on the Effect of Glass Powder on the Rheology, Strength,
and Microstructure of Metakaolin-Based Geopolymer Binders. Constr. Build. Mater. 2021, 268, 121168. [CrossRef]

Korniejenko, K.; Figiela, B.; Miernik, K.; Ziejewska, C.; Marczyk, J.; Hebda, M.; Cheng, A.; Lin, W.-T. Mechanical and Fracture
Properties of Long Fiber Reinforced Geopolymer Composites. Materials 2021, 14, 5183. [CrossRef]

Wielgus, N.; Kubica, J.; Gérski, M. Influence of the Composition and Curing Time on Mechanical Properties of Fluidized Bed
Combustion Fly Ash-Based Geopolymer. Polymers 2021, 13, 2527. [CrossRef]

Taher, S.M.S.; Saadullah, S.T.; Haido, ].H.; Tayeh, B.A. Behavior of Geopolymer Concrete Deep Beams Containing Waste Aggregate
of Glass and Limestone as a Partial Replacement of Natural Sand. Case Stud. Constr. Mater. 2021, 15, e€00744. [CrossRef]

Ercoli, R.; Laskowska, D.; Nguyen, V.V,; Le, V.S.; Louda, P; Lo$, P; Ciemnicka, J.; Pratat, K.; Renzulli, A ; Paris, E.; et al. Mechanical
and Thermal Properties of Geopolymer Foams (GFs) Doped with By-Products of the Secondary Aluminum Industry. Polymers
2022, 14, 703. [CrossRef] [PubMed]

van Jaarsveld, ].G.S.; van Deventer, ].5.].; Lorenzen, L. Factors Affecting the Immobilization of Metals in Geopolymerized Flyash.
Met. Mater. Trans. B 1998, 29, 283-291. [CrossRef]

Shi, P; Zhang, Y.; Sun, Q.; Ta, X. Eluviation and Leaching of Elements from Broken Fly-Ash-Based Porous Geopolymer. Materials
2021, 14, 6884. [CrossRef] [PubMed]

Bobirica, C.; Shim, J.H.; Park, J.Y. Leaching Behavior of Fly Ash-Waste Glass and Fly Ash-Slag-Waste Glass-Based Geopolymers.
Ceram. Int. 2018, 44, 5886-5893. [CrossRef]


http://doi.org/10.1038/s41598-021-00994-0
http://doi.org/10.3390/en12234565
http://doi.org/10.1007/BF03221315
http://doi.org/10.1007/978-1-4020-2303-3
http://doi.org/10.1016/B978-0-444-64015-4.00004-3
http://doi.org/10.1016/j.cscm.2022.e01428
http://doi.org/10.1155/2019/2028109
http://doi.org/10.1016/j.jhazmat.2009.01.120
http://doi.org/10.1016/j.conbuildmat.2018.08.096
http://doi.org/10.3390/ma14185299
http://www.ncbi.nlm.nih.gov/pubmed/34576528
http://doi.org/10.1016/j.clet.2021.100212
http://doi.org/10.3390/ma14174978
http://doi.org/10.3390/ma14175090
http://doi.org/10.3390/ijms13044388
http://doi.org/10.3989/mc.2016.10215
http://doi.org/10.3390/ma12182999
http://doi.org/10.3390/ma14082073
http://doi.org/10.1016/j.conbuildmat.2012.04.117
http://doi.org/10.4416/JCST2017-00053
http://doi.org/10.1016/j.conbuildmat.2020.121168
http://doi.org/10.3390/ma14185183
http://doi.org/10.3390/polym13152527
http://doi.org/10.1016/j.cscm.2021.e00744
http://doi.org/10.3390/polym14040703
http://www.ncbi.nlm.nih.gov/pubmed/35215616
http://doi.org/10.1007/s11663-998-0032-z
http://doi.org/10.3390/ma14226884
http://www.ncbi.nlm.nih.gov/pubmed/34832284
http://doi.org/10.1016/j.ceramint.2017.12.085

Materials 2023, 16, 2044 23 of 23

97.

98.

99.

100.

101.

Council of the European Union. Council Decision Establishing Criteria and Procedures for the Acceptance of Waste at Landfills
Pursuant to Article 16 of and Annex II to Directive 1999/31/EC. Off. . Eur. Communities 2003, 11, 27—49.

Lubhar, S.; Cheng, T.W.; Nicolaides, D.; Luhar, I.; Panias, D.; Sakkas, K. Valorisation of Glass Wastes for the Development of
Geopolymer Composites-Durability, Thermal and Microstructural Properties: A Review. Constr. Build. Mater. 2019, 222, 673-687.
[CrossRef]

Fei, Y,; Chen, F; Fang, W.; Xu, L.; Ruan, S.; Liu, X.; Zhong, M.; Kuang, T. High-Strength, Flexible and Cycling-Stable Piezo-Resistive
Polymeric Foams Derived from Thermoplastic Polyurethane and Multi-Wall Carbon Nanotubes. Compos. B Eng. 2020, 199, 108279.
[CrossRef]

Jindal, B.B.; Jangra, P; Garg, A. Effects of Ultra Fine Slag as Mineral Admixture on the Compressive Strength, Water Absorption
and Permeability of Rice Husk Ash Based Geopolymer Concrete. Mater. Today Proc. 2020, 32, 871-877. [CrossRef]

Boum, R.B.E.; Kaze, C.R.; Nemaleu, ].G.D.; Djaoyang, V.B.; Rachel, N.Y.; Ninla, P.L.; Owono, EM.; Kamseu, E. Thermal Behaviour
of Metakaolin-Bauxite Blends Geopolymer: Microstructure and Mechanical Properties. SN Appl. Sci. 2020, 2, 1358. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.conbuildmat.2019.06.169
http://doi.org/10.1016/j.compositesb.2020.108279
http://doi.org/10.1016/j.matpr.2020.04.219
http://doi.org/10.1007/s42452-020-3138-9

	Introduction 
	Materials and Methods 
	Materials 
	Samples Preparation 
	Analytical Methods for Raw Materials and Geopolymers Characterization 

	Results and Discussion 
	Properties of Raw Materials 
	Properties of Produced Geopolymers 

	Conclusions 
	References

