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Abstract: The construction industry faces a growing challenge in managing waste materials,
making the development of sustainable alternatives critical. This study investigates the
preparation of geopolymers using construction and demolition waste materials, such as
cement, brick, and glass waste. Specifically, crushed glass was used to produce sodium
silicate, a key source of silicate ions and alkali necessary in geopolymerization processes. The
performance of this in-house activator was compared to that of the commercial counterpart.
Seven geopolymer formulations were prepared and characterized using SEM-EDX, ATR-FTIR,
and XRD techniques. Chemical resistance against harsh environments was assessed through
a 7-day immersion in water, hydrochloric acid (pH ~ 1), and sodium hydroxide (pH ~ 13)
solutions. The samples were then dried and weighed to determine mass loss, revealing
the promising resistance of specific formulations. Similarly, Portland cement specimens of
the same dimensions as the geopolymer ones were prepared, tested, and compared to the
geopolymers. Our study emphasizes the potential of transforming waste materials into high-
performance, resistant geopolymers for construction materials. By optimizing waste-derived
geopolymers, we may achieve significant environmental benefits through waste recycling and
contribute to advancing sustainable construction technology.

Keywords: geopolymers; waste recycling; sustainability; circular economy; alkaline
activated materials

1. Introduction

The construction industry stands as a major contributor to global waste generation,
with the accumulation of construction and demolition debris (C&D) posing a significant
environmental challenge [1]. This ever-increasing waste volume necessitates a fundamental
shift towards sustainable practices, driving research and development into innovative,
eco-friendly construction materials [2]. Among these promising alternatives, geopolymers
have emerged as a compelling substitute for traditional cement-based materials, offering a
pathway to significantly reduce the industry’s carbon footprint and mitigate the environ-
mental impact associated with C&D waste [2]. Geopolymers, formed through the alkali
activation of aluminosilicate precursors, present a versatile platform for utilizing a wide
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range of source materials. These precursors can be derived from naturally occurring miner-
als, industrial by-products such as fly ash and slag, and, importantly, components of C&D
waste like crushed concrete, brick, ceramic tile, and glass [2-8]. The geopolymerization
process involves the reaction of these aluminosilicate materials with an alkaline activating
solution, forming a dense and durable material that is often highly resistant [9].

Numerous studies have explored the feasibility of incorporating various waste ma-
terials into geopolymer production, investigating their influence on the resulting mate-
rial’s mechanical properties (compressive and flexural strength), durability (resistance
to chemical attack, freeze-thaw cycles), and overall performance [10-15]. Researchers
have experimented with different combinations of waste streams, optimizing mix de-
signs, varying activator concentrations, and adjusting curing conditions (temperature,
humidity) to achieve desired material characteristics tailored to specific applications. For
instance, studies have investigated the use of fly ash-based geopolymers for structural
elements, slag-based geopolymers for pavements, and waste glass-based geopolymers for
decorative applications. Furthermore, the development of activators derived from waste
materials, such as employing waste glass to produce sodium silicate solutions, has gained
increasing attention, further enhancing the sustainability and circularity of geopolymer
production [16]. Life Cycle Assessments (LCA) are increasingly crucial in evaluating the
holistic environmental impact of geopolymer materials, being compared to traditional
cement to provide a comprehensive framework for guiding the development of truly sus-
tainable construction solutions [17]. These assessments consider the entire material life
cycle, from raw material extraction and processing to manufacturing, use, and end-of-life
disposal or recycling.

While existing research has extensively investigated the use of waste materials in
geopolymer synthesis, a critical gap remains in the comprehensive utilization of exclusively
waste-derived components, spanning from the aluminosilicate source to the activating
solution. The reliance on commercially produced chemicals for activation limits the full
potential for waste valorization and the realization of a truly circular economy. Achieving
a 100% waste-derived geopolymer would represent a significant step towards greater
sustainability. Despite incorporating waste materials as the primary aluminosilicate source,
many studies still rely on commercially produced chemicals in the activation process. For
instance, while waste glass might be used to produce the silicate solution, the precursor
material to be activated is often metakaolin [6], a commercially processed clay mineral.
In other cases, waste may be used as a precursor, but they are activated with commercial
sodium silicate or require high curing temperatures (T > 150 °C). This reliance on virgin
materials, even in limited quantities, reduces the full potential for waste valorization and
the realization of a truly circular economy within the construction sector.

This study aims to address this critical gap by focusing on developing geopolymers
derived entirely from waste materials, effectively closing the loop on material flows. We
explore the production of geopolymers using a carefully selected combination of waste
cement and crushed brick as the primary aluminosilicate sources. These materials are readily
available in C&D waste streams and offer diverse chemical compositions crucial for successful
geopolymerization. We report on developing and thoroughly characterizing a novel, entirely
waste-derived activator. This novel activator utilizes crushed glass waste to produce sodium
silicate, a key component in the geopolymerization process. This approach aims to close
the loop on material flows by using waste glass, another abundant component of C&D
waste, to create the necessary alkaline environment for geopolymerization. Developing a
reliable method to produce sodium silicate from waste glass on-site or regionally could
significantly reduce the cost and environmental impact associated with transporting and
using commercially produced activators. The resulting geopolymers are then tested to assess
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their chemical resistance under harsh environmental conditions. This assessment includes
exposure to highly acidic and alkaline solutions simulating challenging scenarios to evaluate
their potential for practical applications in various construction contexts, thus showing the
feasibility of producing high-performance geopolymers entirely from waste materials.

This research aims to advance sustainable construction practices significantly, con-
tribute to a circular economy, and pave the way for a more environmentally responsible
built environment by demonstrating the feasibility of producing high-performance geopoly-
mers entirely from waste materials.

2. Results and Discussions
2.1. Chemical Resistance Tests

Water, acid, and alkali resistance are important durability properties in construction
materials [9,10], and their effects were investigated in this research work. Table 1 presents
the weight loss for each sample, including commercial Portland cement, following immer-
sion in tap water, 0.1 M HC], and 0.1 M NaOH. At the same time, Figure 1 illustrates the
average sample mass after immersion, normalized to the average initial mass (see Figure
51 for the average absolute masses).

Table 1. Percentage weight loss of Samples 1-7 and commercial Portland cement after 7-day immer-
sion in tap water, HCl, and NaOH.

% Weight Loss After 7-Day Immersion in

Sample
Tap Water HCI (0.1 mol/dm®)  NaOH (0.1 mol/dm?)
1 0.29 £ 0.09 2.57 £0.02 1.74 + 0.08
2 0.19 £ 0.08 1.90 £ 0.02 1.12 £0.07
3 0.25 £ 0.01 2.96 £ 0.01 1.92 + 0.05
4 0.17 £ 0.06 1.77 £0.01 1.17 + 0.06
5 0.26 £0.10 2.39 £0.02 1.88 + 0.07
6 0.12 £ 0.07 1.18 +0.02 1.11 + 0.05
7 0.30 £0.10 2.34 £0.01 1.74 + 0.04
Portland cement 0.26 £0.05 5.66 £ 0.01 1.97 £ 0.08

Uncertainties as average absolute deviations.

VLI

0.98 T i ]

B Before immersion

0.96 m After H,O immersion
1 After HCl immersion
0.94 . .
After NaOH immersion
0.92

Normalized average sample mass

090 1 2 3 4 5 6 7 Portland
Samples cement

Figure 1. Average sample mass after immersion in tap water, 0.1 M HCl, and 0.1 M NaOH normalized
for the average initial mass.

Sample 6, comprising 50 wt% of brick waste (B) and 20 wt% cement waste (C) geopoly-
merized with glass-derived silicate, exhibits the lowest weight loss (0.12%) in tap water
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immersion, indicating the highest resistance among the tested samples. In contrast, Sam-
ple 7, which has the same composition but is geopolymerized with commercial silica,
shows the highest weight loss (0.30%) in water, indicating the lowest resistance. Portland
cement displays a weight loss of 0.26%, comparable to most geopolymeric samples, except
Sample 6, which outperforms it.

In HCI, Sample 6 demonstrates the highest resistance, with a weight loss of 1.18%.
Sample 3, produced from brick waste geopolymerized with commercial silica, exhibits the
highest weight loss (2.96%) in this environment, indicating the greatest vulnerability to acidic
conditions. Portland cement showed a weight loss of 2.66%, higher than most geopolymer
samples except Sample 3, suggesting greater susceptibility to acid attack than the other
geopolymeric materials. In fact, the orange coloring in Figure 2 indicates the formation of
iron(I1I) oxide at the specimen surface, which may be attributed to the surface migration of
Fe(1II) ions from the tetracalcium aluminoferrite within the Portland cement clinker.

Figure 2. Photographs of a Portland cement sample after 7-day immersion in 0.1 M HCI.

Sample 6 again exhibits the lowest weight loss (1.11%) in NaOH, indicating strong
resistance to alkali exposure. Conversely, Sample 3 shows the highest weight loss in NaOH
(1.92%), consistent with its behavior in HCl, suggesting a generally lower resistance to harsh
environments. Portland cement displays a weight loss of 1.97, exceeding most geopolymer
samples, excluding Sample 3.

Given that Samples 2, 4, and 6 were produced using the same alkaline activator derived
from glass waste, the differences in their chemical resistance could primarily stem from the
variations in their precursor compositions (ratios of brick waste and cement waste) and the
resulting Si/Al, S5i/Na, Si/Ca, Si/K, Si/Mg, and Si/Fe mass ratios within the geopolymer
matrix (Table 2).

Table 2. Si/M mass ratio (M = Al, Na, Ca, K, Fe, and Mg).

Sample Si/Al Si/Na Si/Ca Si/K Si/Fe Si/Mg
B 248 + 0.04 25.50 £ 0.15 248 +0.10 8.91 £ 0.16 445+ 0.16 98.00 + 0.52
C 1.41 £0.06 8.31 £0.35 171 £0.10 10.23 £0.27 5.54 +0.29 12.09 £0.13
2 1.94 + 0.07 3.98 £ 0.08 3.63 £0.13 18.45 £ 0.66 8.12 £0.30 29.00 £ 0.17
4 1.75 £ 0.09 447 £0.11 1.34 + 0.07 23.00 £ 0.60 9.47 £0.44 40.25 £ 0.28
6 1.81 £0.08 3.48 + 0.08 3.13+0.13 20.89 + 0.47 723 +£0.29 26.86 £ 0.17

Uncertainties as average absolute deviations.

Despite its Si/ Al ratio of 1.8 falling within the range of Samples 2 (1.93) and 4 (1.75),
Sample 6, composed of a specific blend of 50 wt% brick and 20 wt% cement, demonstrated
the best performance in chemical resistance, highlighting the complex interplay of various
elemental ratios. While not exhibiting the highest Si/ Al ratio, the ratio in Sample 6 may
represent a more optimal balance for the alkali activation conditions provided by the
glass-derived activator, potentially leading to a well-polymerized network with a favorable
balance of durability, unlike less stable or more soluble gel structures that can result
from excessively high or low ratios [9,18]. Among the three samples activated with the
same glass-derived activator, Sample 6 presented the lowest Si/Na ratio (3.48), which can
contribute to a higher density of negatively charged aluminate and silicate species, resulting
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in a more tightly bound network due to enhanced electrostatic interactions with sodium
ions, thus hindering the penetration of aggressive H* and OH™ ions [19]. With a Si/Ca ratio
of 3.13, intermediate to Samples 2 and 4, the balanced calcium content in Sample 6 likely
contributed to a denser microstructure by filling pores and potentially forming bridging
structures without compromising the aluminosilicate network’s integrity [20]. Similarly,
the Si/K ratio of 20.89 in Sample 6, situated between the ratios of the other two samples,
in conjunction with sodium, may have resulted in a more stable and less leachable alkali
aluminosilicate gel, as the type and concentration of alkali cations influence the geopolymer
matrix’s stability in aggressive environments [21]. The intermediate Si/Mg ratio of 26.85
in Sample 6 suggests a balanced presence of magnesium that might have contributed to
denser phase formation or positively influenced the gel structure for chemical resistance [8].
Finally, the Si/Fe ratio of 7.23 in Sample 6, again intermediate to the other two samples,
indicates a moderate iron content that might have positively influenced the polymerization
process or surface properties, potentially enhancing resistance to aggressive solutions,
unlike the iron-related degradation observed in Portland cement exposed to HCI [22].
Therefore, the superior chemical resistance of Sample 6 might be due to a synergistic effect
of a more optimized balance across multiple elemental ratios resulting from its specific
precursor blend and its interaction with the glass waste-derived activator.

Overall, samples produced using glass waste-derived silicate demonstrate greater
immersion resistance than those fabricated with commercial sodium silicate or Portland
cement under identical conditions.

2.2. Characterizations

The following studies focus on the characterization of samples produced by alkalin-
ization with waste glass-derived silicate.

Figure 3 displays ATR-FTIR spectra recorded for the geopolymeric Samples 2, 4,
and 6, all made with SG, the noise observed in the spectral region between 2500 and
2000 cm~! being probably due to instrumental interference. The characteristic bands are
summarized in Table 3 and are in agreement with the literature on similar geopolymerized
samples [23,24].

Table 3. ATR-FTIR characteristic bands.

Sample Band Position (cm—1)
2 3160 1424 998
4 3240 1408 968
6 3204 1424 968
Characteristic . . 5i-O-5i and
bands O-H stretching O-C-O stretching 5i-0-Al stretching

References [25] [11] [26,27]

The spectra of Samples 2, 4, and 6 (Figure 3) show characteristic bands (Table 3) around
3160-3240 cm ™, 1408-1424 cm ™!, and 968 cm™!. The bands around 3160-3240 cm ™! can be
attributed to O-H stretching, indicating the presence of hydroxyl groups, likely from residual
water or structural OH within the geopolymer matrix [25]. The bands in the 1408-1424 cm!
range correspond to O-C-O stretching, suggesting the presence of carbonate species, which can
arise from atmospheric carbon dioxide reacting with alkaline components in the geopolymer [11].
The prominent band at around 968 cm ™! can be assigned to Si-O-Si and Si-O-Al stretching
vibrations, which are the primary indicators of the geopolymerization process, signifying the
formation of the aluminosilicate gel network [26,27]. These FTIR results align with the observed
chemical resistance. The presence of a well-formed aluminosilicate network contributes to the
material’s ability to withstand aggressive chemical attack. Sample 6, which demonstrated the
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best chemical resistance, also exhibits these characteristic bands, suggesting a denser and more

stable geopolymer structure.
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Figure 3. ATR-FTIR spectra of Samples 2, 4, and 6.

Figure 4 shows the X-ray diffractograms of Samples 2, 4, and 6, which were geopoly-
merized using SG. These Diffractograms indicate the presence of quartz, calcite, portlandite,
and wollastonite phases, consistent with literature data for similar geopolymers produced
with commercial silicates [28]. Comparison with the diffractograms of the starting waste-
derived matrices (Figure 5) reveals the formation of portlandite and wollastonite crystalline
phases upon geopolymerization, as these phases are absent in brick and cement waste.
While B (Figure 5, blue line) exhibits diopside and quartz phases, Sample 2, where B is
the only aluminosilicate matrix, also shows portlandite and calcite [25]. Quartz is likely
derived from the original waste materials, as it is a common mineral in both cement and
brick. Calcite can form due to carbonation during the geopolymerization process or sam-
ple storage, while portlandite and wollastonite are products of the alkali activation and
subsequent reactions. The formation of these crystalline phases provides further insight
into the chemical resistance of the geopolymers. For instance, the presence of wollastonite,
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a calcium silicate mineral, can contribute to improved mechanical properties and chemical
stability. As suggested by XRD, the absence of significant amounts of highly soluble phases
in Sample 6 correlates with its superior performance in the chemical resistance tests.

Q
60 4 C: Calcite
50 4 P: Portlandite Sample 2
40 Q: Quartz
30 4 W: Wollastonite
20
10 4 P Qwce » c @
0 L B B | T 1 T T T LN B |
~ Q
& 501 :
e/ 40 3 Sample 4
> 301
'z 20
5 104 Q w1 °
k= ().,.,*.**,*J.,.,.,....-,5?-1 s
Q
4_ Sa (
2 1 Q¢ 1 [
TN P35 .S S
0 LN B A B S SN AN S SRS BN B A R B A B B
10 15 20 25 30 35 40 45 50 55 60 65 70

2Theta (°)
Figure 4. XRD Patterns and mineral phase of geopolymer 2, 4, and 6.
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Figure 5. XRD Patterns and mineral phase of bricks and Portland cement wastes.

Scanning Electron Microscopy (SEM) micrographs are recorded to examine the mi-
crostructural changes in waste-derived precursors following geopolymerization with glass-
derived silicate (Figure 6). Sample 4 exhibits a compact, flaky structure, which is also
observed in Samples 2 and 6. These latter samples also show that unreacted or partially
reacted glass materials are incorporated into their structure. Pristine brick waste (Figure 7)
presents characteristics of a vitreous morphology, probably forming during kiln firing and
not due to geopolymerization, which occurs at room temperature. Table 4 summarizes
the results of the EDX elemental analyses of the rectangular regions shown in the SEM
micrographs presented in Figure 6 and 7. Table 4 summarizes the EDX elemental analyses
of the rectangular regions in the SEM micrographs shown in Figures 6 and 7. The Si/M
ratios presented in Table 2 were calculated according to the results of the EDX elemental
analysis. Microstructural and chemical composition changes were observed in Samples 2, 4,
and 6 compared to the precursors. SEM images reveal a compact and flaky microstructure
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in all three samples, indicating the formation of a dense geopolymer matrix. The pres-
ence of unreacted or partially reacted glass particles suggests that the geopolymerization
process may not have fully consumed all the precursor materials. However, providing a
heterogeneous structure can also contribute to the material’s overall stability. The vitreous
morphology of the pristine brick waste is a result of the high-temperature firing process
used in brick production. This structure is distinct from the geopolymer matrix formed
at room temperature, highlighting the microstructural transformation achieved through
alkali activation.

Sample 2

Sample 4

200 pm

e

200 pm

Figure 6. SEM micrographs (left column) and EDX analysis (right column) of Samples 2, 4, and 6
(first, second, and third row, respectively).

As shown in Figure 6 and detailed in Table 4, the EDX spectra of the geopolymers re-
vealed an increased percentage of silicon, aluminum, and calcium, confirming the presence
of wollastonite and portlandite, which was previously established by XRD. Additional
SEM micrographs of the samples, captured at varying magnifications, are presented in
Figures 52-54.
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Concrete
waste

200 pm

Figure 7. SEM micrographs and EDX Analysis of concrete and brick waste.

Table 4. Quantitative EDX analysis results (expressed as atomic mass percentages) of the samples
corresponding to the presented SEM micrographs presented.

Symbol

Element B c 2 4 6
O 57.0£0.8 63.0 0.9 541+£09 56.4 + 0.9 554 +0.9
Si 19.6 £ 0.4 13.3 £ 0.5 203 +0.5 16.1 £0.5 18.8 0.5
Al 79+02 94402 10.5 £ 0.5 9.2+ 0.5 104 £ 0.6
Na 0.8+0.1 1.6 +05 51+0.3 3.6 +0.3 54 +0.3
Ca 79+ 0.6 78+ 0.5 5.6 £ 0.6 12.0 =05 6.0 £ 0.6
K 22403 1.3+03 1.1+07 0.7+04 0.9+ 04
Fe 44406 24406 25407 1.7+07 2.6 +0.7
Mg 0.2+0.1 1.1 +0.1 0.7 +0.1 04 +0.1 0.7 +0.1

Uncertainties as standard deviations.

The EDX data presented in Table 4 were acquired from area scans corresponding to
the SEM micrographs shown in Figures 6 and 7. EDX analysis supports the XRD findings,
showing an increase in silicon (5i), and aluminum (Al) content in Sample 6 compared to
the starting materials. This increase confirms the formation of the aluminosilicate gel and
calcium-containing phases like wollastonite and portlandite. The elemental composition,
particularly the Si/ Al and Si/Ca ratios, plays a crucial role in determining the geopolymer’s
properties. Sample 6, with its specific elemental ratios (as discussed in Section 2.1), exhibits
a microstructure that contributes to its enhanced chemical resistance.

3. Materials and Methods
3.1. Materials
Commercial Portland cement, construction cement (C), and hollow clay brick (B) waste

were supplied by the construction company Procori srl (Catania, Italy) and were used as
raw materials. Waste cement and brick materials were crushed using a ball mill for 60 min
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and sieved through 500 um sieves. Dusty glass waste was supplied by the glazier A. Scarfi
and E D’Arrigo (Messina, Italy), and it was used to produce the alkaline activator solution.
The manufacturer provided the glass directly in powder form; therefore, it was only sieved
through 50 pm sieves before use. Silicate standard solution, sodium hydroxide, hydrochloric
acid, hydrofluoric acid, ultrapure water, ammonium molybdate, ascorbic acid, oxalic acid,
and glycerin were purchased at VWR (Milan, Italy), and sodium silicate was purchased at
Ingessil s.r.l. (Verona, Italy). All chemicals were used without any further purification.

3.2. Preparation of Sodium Silicate from Glass Waste

Sodium silicate was prepared from dusty glass waste (“Silicate from Glass”, SG) by adding
120 g SG to sodium hydroxide pellets to obtain sodium silicate with molar ratios of SiOp /NayO
and HyO/NayO equal to 0.5 and 10, respectively [6,26]. The mixture was mixed with 700 cm? of
water for 2 h using a magnetic stirrer to enhance the dissolution of silica. The exothermic effect
of the solubilization of sodium hydroxide caused an increase in the suspension’s temperature,
which was thermally isolated to exploit the spontaneous heating favoring silica dissolution.
Before being used, the suspension was stored for at least one week to allow complete silica
solubilization/equilibration [6] and to decant the supernatant from the undissolved glass
powder. The resulting solution was used as an alkaline activator for the geopolymerization
reaction, with an aliquot being reserved for the quantitative analysis of silica.

3.3. Sodium Silicate Solution Titration

The silica-molybdenum blue reaction, with ascorbic acid as the reducing agent, was
employed to establish a reliable method for determining sodium silicate content [29].
The standard solutions and samples were analyzed spectrophotometrically. 1 cm® of
acidified ammonium molybdate solution (8.38 mM), 5 cm? of oxalic acid 5% (m/V), 1 cm?
of ascorbic acid 0.04 mol/dm?, 1 cm? of glycerin 1% (v/v), and purified water (up to
50 mL total volume) were mixed, the resulting solution being used as blank. The above-
described conditions were also used to prepare standard sodium silicate solutions (final
concentrations: 0.1 to 1.5 mg/dm?), and the aliquot (10 mL) of the above-described SG
dissolution to be analyzed. All solutions were left in polyethylene bottles for 20 min to
develop a blue color.

The absorbance at A = 818 nm for the standard (Figure 8, black squares) and unknown
(Figure 8, red dot) samples were measured in 1 cm PMMA cuvettes against the blank solu-
tion. The unknown silicate concentration was determined against the obtained calibration
curve, obtaining a value of (6.72 4 0.15) mg/dm3.

m Std solution
e Sample .
1.0 4
| |
(9]
Q
g
(4]
=
8 0.5 4
8
<
0.0 . . , . v -
0.0 0.5 1.0 1.5

Concentration (mg/dm?)

Figure 8. Calibration curve for the quantitative determination of sodium silicate in SG sample.
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3.4. Geopolymer Samples Preparation

Raw materials C and B were crushed and ground using a laboratory crusher and a
ball mill, the resulting powders being sieved through a chrome-plated mesh sieve with a
0.45 mm aperture size.

Seven geopolymer samples were prepared with compositions, reported in Table 5 as
mass % and kg/m?3, designed to verify the successful geopolymerization under various
conditions. This design accounts for the inherent heterogeneity of construction waste
materials collected without distinguishing between bricks and cement, thus simulating
potential real-world waste combinations.

Table 5. Geopolymers composition.

Sample Mixture (w/w% || kg/m®) Commercial Sodium SG
C B Silicate (W/w% || kg/m3)  (W/w% || kg/m3)
1 70 || 1925 - - 30 || 825
2 - 70 || 2052 - 30 || 879
3 - 70 || 2292 30 || 982 -
4 50 | 1475 20 590 - 30 || 885
5 50 || 1530 20 || 612 30 || 859 -
6 20 || 634 50 || 1584 - 30 || 950
7 20 || 769 50 || 1923 30 || 1154 -
The symbol “||” is used as separators for the two measurements.

The precursors were mixed in a domestic mixer for 30 min and subsequently poured
into silicone molds with a volume of 7.57 cm?3, calculated for a solid composed of a rectan-
gular prism and a truncated pyramid. They were left to cure covered in sealed vessels at
room temperature to inhibit carbonation.

Similarly, commercial Portland cement specimens with the same dimensions as the
geopolymer ones were prepared for comparison by mixing cement powder with water and
subsequent air drying.

Figure 9 shows the seven geopolymeric specimens described in Table 5, while Figure 10
shows a Portland cement specimen.

C+SG

B+ Commercial

B +SG Silicate

70 % B + 30% C
=g

-+ Commercial

- Silicate

30% B + 70% C

+ Commercial

+8G Silicate

Figure 9. Samples of geopolymers labeled 1-7 and the relative compositions, as described in Table 5.
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Figure 10. Commercial Portland cement sample.

3.5. Chemical Resistance Tests

Preliminary analysis of weight loss after immersion in water across three independent
batches (3 samples per batch) demonstrated reasonable repeatability and reproducibility,
with a 95% confidence interval for the mean weight loss of (0.21%, 0.36%), supporting the
use of triplicate samples for the main experimental conditions.

Tests of the chemical resistance of geopolymers were performed in triplicates for the
different compositions and environmental conditions. Individual 8 cm® samples were
weighed and immersed for 7 days at room temperature (20 °C) in 1 dm? of:

e tap water, with pH =8.12 4+ 0.01 and A = (0.6 £ 0.1) mS cm !
e (0.1 M HCl solution, with pH =1.03 £ 0.05 and A = (42.6 £ 0.1) mS cm™!
e (0.1 M NaOH solution, with pH =13.11 + 0.07 and A = (23.3 £ 0.1) mS cm™!

Following immersion, each specimen was dried in a ventilated oven at 60 °C overnight
and weighed to determine mass loss. The pH of all solutions and the electrical conductivity
of the tap water solutions were recorded. Mass loss, pH, and conductivity values were
calculated as the measurements” average on the three replicate samples. The reported
uncertainty represents the average absolute deviation.

The geopolymer cubes were finally crushed into thoroughly homogenized powder to
be used for all other characterizations.

3.6. Characterizations

UV /vis spectrophotometric titrations were carried out on a Stellarnet BLACK-Comet-
SR diode array spectrophotometer equipped with a combined deuterium/tungsten halogen
lamp (Stellarnet mod. SL5) and a multimodal fiber optic cable (length: 1 m; diameter: 1 mm;
optical range: 190-1100 nm).

The crystallinity and purity of synthesized phases were evaluated by X-ray powder
diffraction (XRD) in the 5° < 20 < 70° region, with a step size of 0.025° s! and X-ray
wavelength of 1.5406 A (Bruker D2 Phaser).

Fourier Transform IR (FTIR) spectra were recorded in Attenuated Total Reflection
(ATR) using a Thermo Scientific (Milan, Italy) spectrophotometer model iS50 ATR. The
scans were performed at a resolution of 4 cm~!, and the spectra were reported as absorbance
vs. wavenumbers (cm ™ 1).

Samples’ particle morphology, microstructure, and chemical composition were exam-
ined using a Phenom scanning electron microscope model ProX Desktop equipped with
an Energy-Dispersive X-ray Spectroscopy probe (SEM-EDX). To this end, the powdered
samples were deposited onto SEM stubs covered by a conductive carbon adhesive.

4. Conclusions

This study demonstrates the feasibility of transforming construction and demolition
debris and glass waste into resistant, high-performance geopolymer-based construction
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materials. The successful utilization of an in-house glass-derived sodium silicate activa-
tor validates its effectiveness as a sustainable alternative to commercial sodium silicate,
embodying circular economy principles by closing the loop on material flows.

Geopolymer samples demonstrated promising chemical resistance under aggressive
environmental conditions, including immersion in acidic and alkaline solutions. Notably;,
Sample 6 consistently exhibited the lowest weight loss across all immersion tests, signifying
its superior resistance to water, acid, and alkali. This composition, incorporating brick
waste and glass-derived silicate, outperformed both Portland cement and other geopolymer
formulations. Conversely, Sample 3 exhibited the highest weight loss in both HCI and
NaOH, indicating its lowest resistance to chemical attack.

Portland cement generally exhibited higher weight loss than most geopolymer sam-
ples, particularly in HCl and NaOH, indicating that geopolymeric materials may offer
improved chemical resistance in specific environments. These findings highlight the poten-
tial for superior performance of select geopolymer formulations compared to traditional
Portland cement, especially under chemically aggressive conditions.

Characterization techniques, including XRD, FTIR, and SEM-EDX, provided valu-
able insights into the mineralogical phase transformations, bonding mechanisms, and
microstructural characteristics of the geopolymers. The formation of crystalline phases,
such as wollastonite and portlandite, coupled with the development of a compact, flaky
microstructure, suggests the potential for enhanced mechanical durability.

Building upon the findings related to chemical resistance, future research will extend
to comprehensive mechanical property evaluation, essential for structural applications.
Long-term durability studies are also planned to provide a complete understanding of
material performance.

This research presents a sustainable and environmentally sound approach to con-
struction by effectively utilizing waste materials and reducing reliance on traditional
Portland cement. The demonstrated feasibility of producing high-performance construc-
tion materials from readily available waste streams offers a practical avenue to minimize
environmental impact, conserve natural resources, and reduce greenhouse gas emissions
associated with cement production. Furthermore, the development of a waste-derived
activator enhances the sustainability of this methodology.

The enhanced chemical resistance of the developed geopolymer, particularly Sample 6,
suggests its suitability for applications in harsh environments where traditional Portland
cement may degrade prematurely. This includes:

e  Construction in contaminated soils: Geopolymers can be used for foundations or under-
ground structures in soils with high acidity or alkalinity, preventing structural damage.

e  Industrial flooring: Geopolymers can withstand exposure to chemical spills and harsh
cleaning agents in factories and warehouses.

To further advance the practical application of waste-derived geopolymers, future
research should focus on:

e Mechanical properties: Comprehensive evaluation of compressive strength, flexural
strength, and toughness to ensure structural integrity.

e  Optimization of formulations: Further research into the ideal ratios of waste materials
and activators to maximize performance and consistency.

e  Durability studies: Long-term assessment of resistance to freeze-thaw cycles, abrasion,
and UV exposure.

e  Scale-up and production: Developing cost-effective methods for large-scale production
of geopolymers from waste materials.

e  Life Cycle Assessment (LCA): A detailed LCA to fully quantify the environmental bene-
fits compared to traditional cement, including energy consumption and CO, emissions.
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By addressing these areas, we can pave the way for the wider adoption of sustainable,
waste-derived geopolymers in the construction industry, promoting a circular economy
and reducing the environmental footprint of the built environment. This research aligns
with broader efforts in materials science and engineering to develop innovative, resource-
efficient solutions that meet societal demands while minimizing environmental impact and
promoting a circular economy.
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/ /www.mdpi.com/article/10.3390/recycling10030118/s1. Figure S1: Mass loss for Samples 1-7 and
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and 840 x magnification. Figure S3: Samples 2, 4, 6, B, and C at 50 pm scale and 1700 x magnification.
Figure S4: Samples 2, 4, 6, B, and C at 30 um scale and 2700 x magnification.
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Abbreviations

The following abbreviations are used in this manuscript:

C&D Construction and demolition

C Concrete waste

B Hollow clay brick waste

SG Glass waste-derived sodium silicate

PMMA Poly(methyl methacrylate)

ATR-FTIR  Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy
XRD X-Ray Diffraction

SEM-EDX  Scanning Electron Microscopy—Energy Dispersive X-Ray Spectroscopy
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