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Abstract

:

Glass is considered a sustainable material with achievable recovery rates within the EU. However, there are limited data available for construction glass waste management. Furthermore, glass is a heavy material, and considering the geographical limitations of Cyprus, the transportation trading cost within the EU is extremely high. Therefore, another method for utilizing this by-product should be developed. The aim of this research is to investigate the production of a low-cost, lightweight and fireproof material able to retain its structural integrity, using the geopolymerization method with the incorporation of randomly collected construction glass waste. The glass waste was initially processed in a Los Angeles abrasion machine and then through a Micro-Deval apparatus in order to be converted to a fine powder. Mechanical (compressive and flexural strength), physical (setting time and water absorption) and thermal properties (thermal conductivity) were investigated. The fire-resistant materials presented densities averaging 450 kg/m3 with a range of compressive strengths of 0.5 to 3 MPa. Additionally, a techno-economic analysis was conducted to evaluate the viability of the adopted material. Based on the results, the final geopolymer product has the potential to be utilized as a fire resistance material, preventing yielding or spalling.






Keywords:


recycled glass waste; geopolymerization; fire-resistance; thermal properties; density; lightweight; circular economy












1. Introduction


While large amounts of glass waste are annually derived worldwide, approximately 60% of the waste is disposed via landfill. Many cities are producing waste glass at an increasing rate, causing the available space for landfill to shrink. In the EU, waste glass packaging had a recovery rate of 73% in 2020, while in Cyprus, the recovery target was 27% lower than the targeted goal. Unlike many types of solid waste such as wood and plastic, glass is chemically stable and thus non-biodegradable [1,2]. This has led to an upsurge in glass recycling attempts within the engineering sector including, but not limited to, concrete [3], glass foam [4], asphalt [5,6,7], as well as many other uses and applications, extending past the scope of building material science. The implementation of recycled glass as a partial replacement of fine aggregates in cementitious mixtures was successfully investigated through extensive research. For non-structural applications, recycled glass was implemented into pre-cast specimens [8], asphalt mixtures mostly as a mineral powder filler [9,10,11,12], and insulation materials (glass foam) [4].



Within the aforementioned scope, numerous usage attempts have been achieved through geopolymerization. One of the very first researchers that introduced geopolymerization was Joseph Davidovits (1991) [13] who discovered that various calcined clays, predominately calcined kaolinite (metakaolin), could react with an alkaline solution to produce hardened ceramic-like products at a temperature lower than 100 °C [14]. The geopolymerization process is based on a heterogeneous chemical reaction that occurs between solid materials rich in aluminosilicate oxides and highly alkaline silicate solutions, which provide efficient thermal and fireproof properties.



A recent review of case studies on the valorization of glass waste for the development of geopolymer composites, focusing on their mechanical properties and rheological characteristics, has yielded positive results. Regarding their rheological characteristics, the increased slump and overall better workability are directly correlated to the increased proportion of glass and alkaline agent used [15,16]. With regard to their strength properties, porosity has been noted to increase through the use of hydrogen peroxide, and their curing conditions were more important than the molarity of NaOH used for the polymerization process [17]. The compressive strength is mostly governed by the Si/Al ratio, with a direct correlation between the two [18], with an optimal Si/Al ratio around 3.3 and 4.5 [19]. A decrease in apparent density is observed with age, attributed to water discharge during geopolymerization and curing [20]. Relative humidity was also found to inversely affect early compressive strength [21]. It is entirely possible to blend finely crushed glass, if supplemented with reactionary alumina through other means to facilitate the reaction as a substitute material, in construction and building materials to develop geopolymer building materials [22].



A further review on the valorization of glass waste with regard to its durability properties affirms its use as a substitute cementitious material for the fabrication of geopolymer composites, and its addition can serve as a systemic solution to waste glass management [23]. Recent research has shown that glass has a positive influence on geopolymer composite matrix densification [24]. Geopolymer composites using glass as a substitute also exhibit increased acid resistance [25].



Fire safety is also one of the prevailing issues in the engineering sector. Containment failure can lead to the loss of human lives while incurring significant repair costs. According to existing EU Directives, passive fire protection is required (among other uses) in commercial buildings, specific points of residential dwellings and various other buildings where human activity takes place. Fire safety is also prevalent in other sectors such as the petrochemical industry, the marine industry, the aerospace industry and the tunnel industry.



Of particular interest is the fact that geopolymer composites exhibit enhanced performance regarding their heat-resistive properties. Due to their internal structure, they are particularly suitable in high-temperature applications. The ceramic-like properties exhibited by geopolymer composites have exhibited solid phases reaching 1100 °C [26]. This high-temperature resistance is also correlated to a high degree of shrinkage and deformation [27]. In contrast to Ordinary Portland Cement (OPC), geopolymer composites do not spall under high heat [28]. A multitude of recent papers discuss the heat-resistive properties of geopolymer composites as well as their deformations, new mineral formations [29,30] and color change [31,32,33]. Although minor cracking can also be observed, it was attributed to the presence of iron oxide in relation to heating [31,34,35]. A recent review paper supports the theory that geopolymer composites can be used as an alternative fire-resistant construction material [32].



More recent state-of-the-art techniques include the use of waste glass in geopolymerization as a replacement for sodium silicate [36], its combination with chamotte as a precursor [37] and the production of mortars utilizing waste glass with ceramic tile waste achieving 9–12 MPa of compressive strength [38]. Furthermore, a carbonation treatment as an alternative to mechanical and/or chemical treatment method was successfully investigated in [39], while [40,41] evaluated alkali-activated materials derived from photovoltaic waste glass. Additionally, considering the requirements for establishing a global circular economy, further research emphasizes the environmental and life cycle assessment of products that valorize recyclable materials such as waste glass [42,43].



The aim of this research is to explore the novel use of waste glass (with supplementary aluminum powder) as a primary material for geopolymerization. This approach aims to produce a lightweight, economic, heat-resistant inorganic material suitable in fire security. Waste glass has demonstrated the ability to enhance workability and increase geopolymer matrix density and is free of crack-inducing oxides. The usage of glass would allow for a new purpose of this otherwise disposable material, valorizing it as fully recyclable and environmentally sparing.



Applications of the end product are envisioned for the construction sector, primarily as a core material for fireproof doors and secondarily as a façade in exterior building walls. Current market data trends have shown a growing focus on and investment in the passive fire protection of buildings, with the European market valued at EUR 1096.44 million in 2022 and a projected annual growth rate of 4% until 2030 [44]. Therefore, a comprehensive analysis was conducted, aiming to create a material that meets these criteria and fulfills the desired specifications. Twelve different geopolymer formulations were tested and evaluated for their physical, mechanical and durability properties, while the optimum formulation underwent fire exposure to analyze its thermal properties.




2. Materials and Methods


2.1. Characterization of Recycled Waste Glass


2.1.1. ED-XRF Results


To assess the reactivity potential of the treated recycled waste glass powder, Energy-Dispersive X-Ray Fluorescence (ED-XRF) analysis was conducted. Additionally, the ED-XRF analysis aimed to investigate, as illustrated in Figure 1, color fluctuations observed on the ground material from the Los Angeles apparatus (as described in Section 2.1.2). This may suggest a possible increase in the amount of iron oxide (Fe2O3), which could potentially react with the substances in the designed formulations and impact the physical characteristics of the end product. As presented in Table 1, all samples contained an average of 76.80% silicon oxide (SiO2), indicating the potential utilization of glass waste as a precursor in the geopolymerization process; however, an absence of aluminum oxides (Al2O3) was also observed. Aluminum and sodium oxides are important solid precursors that, combined with the liquid alkaline activators, create an inorganic polymer. An absence of the Al2O3 highlights the need to add Al2O3 in the mixture design to facilitate the geopolymerization. Quantities of Fe2O3 did not show significant differences between the samples; therefore, the yielded fluctuations would not affect the enhancement in the physical properties of the samples.




2.1.2. Los Angeles and Micro Deval Grinding


The requirement for obligatory processing before use has led to the acquisition of the primary raw material (waste glass) through numerous industrial glass processing facilities in Cyprus. Random sampling of the waste material, without specifically choosing a particular source with targeted characteristics, ensures the reliability of the results. Upon sourcing, the recycled product underwent mechanical treatment for crushing into finer particles. The Los Angeles abrasion apparatus (EN 1097-2:2020) [45] was initially employed for this treatment. Quantities of 10 kg and 20 kg of recycled glass were subjected to multiple cycles of abrasion (500, 3500 and 20,000 cycles) and impact by rotating the sample inside a drum with ten steel balls (438 g each) to determine the optimal quantity of glass per round and the optimum cycle duration. Subsequently, after the treatment, each batch was sieved through pre-defined sieves (5, 1, 0.5, 0.25, 0.125 and 0.075 mm) to evaluate the particle size distribution and the remaining mass in each sieve (Figure 2).



As shown in Figure 2, applying the abrasion method to waste glass, irrespective of the number of rotation cycles and glass quantity, resulted in the entire amount of treated material passing through the 5 mm sieve. This might indicate that a fairly fine-graded material can be achieved with a minimum number of treatment cycles for applications without requiring less fine material. At 500 cycles, the mass passing the remaining sieves was observed as significantly low, especially for 10 kg of recycled glass, where the passing mass below the 0.125 sieve was zero. This suggests that the number of rotation cycles was not high enough to sufficiently treat the examined material for producing fine-grade glass. Similar behavior can be observed for the same treatment duration at 20 kg of waste. At 3500 rotation cycles, the percentage passing through the 0.075 μm sieve increased to 14.54%, while for 20,000 cycles and 10 kg of glass of treatment, the passing mass on each sieve was increased, with 46.27% recycled glass passing through the 0.075 μm sieve. Nevertheless, applying 20,000 cycles for 20 kg of the examined material produced a less fine-graded glass, as noted in the declined tradeline in Figure 2. This indicates the presence of a local maximum, where beyond that point, increasing the rotation cycles and/or the amount of added material did not produce higher quantities of fine-graded waste glass. The tradeline for 10 kg of recycled glass implies that after 20,000 cycles, increasing the number of treatment cycles will increase the 75 μm passing mass, compared to 20 kg (27.87%). However, the numerical difference does not justify the corresponding increase in energy consumption and cost. Consequently, the optimal mechanical treatment for the Los Angeles abrasion treatment (considering fine material) was chosen, which included the introduction of 20 kg of recycled glass to the abrasion machine for 20,000 cycles.



However, due to the low fraction of sub-75 μm particles produced using the Los Angeles abrasion treatment, a secondary milling method was introduced by employing a Micro-Deval machine [46]. The apparatus was loaded with a determined optimal steel ball to a material ratio of 5.0/1.5 kg, where the glass had been previously treated by the Los Angeles machine; it was ground during a 16 h operation at 100,000 rpm; and the resulting percentage passing through the 0.075 μm and 0.063 μm sieve (to calculate the number of ultrafine particles) is summarized for six different samples in Table 2. Optimal results were achieved with a sub-75 μm fraction as each tested batch yielded almost 100% passing through this specific sieve, while the fraction of ultrafine particles ranged between 89.34% and 99.33%. It was determined that the existence of ultra-fines could not significantly affect the density of the material. Therefore, regarding the mixing procedure, the incorporated waste glass was milled using both mentioned treatment methods (Los Angeles and Micro-Deval) to achieve the required passing fractions.




2.1.3. Density, Water Absorption and Fineness


To account for the solubility of the waste glass during the mixing process, each batch of glass underwent testing for density, water absorption and fineness characteristics. EN 1097-6:2023 [47] was employed for the determination of particle density and water absorption of recycled waste glass powder. The pyknometer method was used, with each sample immersed in water at 22 ± 3 °C and then placed inside a water bath at a temperature of 22 ± 3 °C for 24 ± 0.5 h. Afterwards, the pyknometer was removed from the water bath, the cover was placed on top, overfilled with water and weighed (M2). The same procedure was repeated after the sample was removed from the pyknometer and was also weighed (M3). The drained test portion was saturated and surface-dried and the sample was weighed (M1). Afterwards, it was oven-dried at a temperature of 110 ± 5 °C until a constant mass and weighed (M4). Particle densities in saturated and surface-dried conditions and water absorption were calculated as presented from the following equations:


ρssd = [(ρw × M1)/(M1 − (M2 − M3))]



(1)






WA24 = [(M1 − M4)/(M4)] × 100



(2)




where ρssd is the saturated and surface-dried particle density (in megagrams per cubic meter), WA24 is the water absorption for 24 h (in %), ρw is the density of water at the test temperature (in megagrams per cubic meter), M1 is the mass of the saturated and surface-dried aggregates in the air (in grams), M2 is the mass of the pyknometer containing the sample of saturated aggregates and water (in grams), M3 is the mass of the pyknometer filled with water only (in grams) and M4 is the mass of the oven-dried test portion in air (in grams).



Particle fineness was assessed in accordance with EN 196-6:2018 standard [48], utilizing a Blaine apparatus. As defined in the guidelines, this principle involves measuring the specific surface area by observing the time needed for a fixed quantity of air to flow through a compact bed of specified dimensions and porosity. It is noteworthy that this experiment is primarily designed for cement; therefore, for glass testing, it was calibrated based on reference cement samples. The procedure was conducted by layering two beds of recycled glass powder in a permeability cell, with a perforated disc and paper filters. Each layer was compacted with a metallic plunger, where with the correct compaction yielded a porosity of e = 0.50. Following compaction, the cell was placed in a manometer device and a plug sealed the top. The time required for the manometer liquid to flow through predetermined points in the tube was recorded and the second sample followed the same procedure. Based on the following simplified equation, the specific surface was calculated:


S = [(ρο/ρ) × (t1/2/to1/2)] × So



(3)




where So is the specific surface of the reference material (in square centimeters per gram), t is the measured time under test (in seconds), to is the mean time measured on the reference material, ρ is the density under testing (in grams per cubic centimeter) and ρο is the density of the reference material (in grams per cubic centimeter). It is important to note that the simplified equation can be applied when e = 0.50 and the experiment was conducted in regulated conditions of temperature (20 ± 2 °C) and humidity (lower than 65%).



Resulting data revealed an average density of 2480 kg/m3, which yielded no significant deviation from the reference value of 2500 kg/m3 and was consistent thought the preliminary experimental work on the geopolymerization of recycled glass. Water absorption of the waste product averaged at 0.32%, while the specific surface was determined at 4081.90 cm2/g. These results were consistent through the experimental study of the recycled glass, confirming the waste material as adequate and not adversely affecting the properties of the final geopolymerized product.




2.1.4. Rest of Materials


Table 3 presents the remaining material properties incorporated into the mixture design. Sodium hydroxide (NaOH) with a molarity of 7 M served as the alkaline activator to facilitate geopolymerization. Sodium silicate (Na2SiO3) with a concentration of 30–40% was used as an activator to improve physical characteristics and it was incorporated at various Na2SiO3:NaOH ratios. Deionized water was used in creating the sodium silicate liquid. As mentioned in the ED-XRF analysis, the inclusion of aluminum powder (Al) is required to optimize the Si/Al ratio. Nevertheless, the quantities of Al powder should be optimized, since beyond a specific point, it can adversely affect the density of the geopolymerized material. Hostapur OSB is a material commonly used in soap detergents, well known for its properties related to surface activities. In the mixture design, it was employed for the stabilization and appropriate dispersion of bubbles in the matrix.





2.2. Mixture Design, Properties and Testing


2.2.1. Mixture Design


Table 4 demonstrates the investigation of twelve different formulations of geopolymerized mixtures. The nomenclature for these mixtures in this research paper is identified as MXX_YY:ZZ, where XX represents the quantity of Al powder in % by weight of solids, YY is the quantity of sodium silicate in % by weight of liquids and ZZ is the alkaline activator (NaOH) in % by weight of liquids. It is noteworthy that the quantity of Hostapur OBS is adjusted primarily based on the added amount of aluminum powder that will initiate the foaming process. The S/L ratio for all mixtures was approximately similar at 2.87 and the molarity of NaOH was maintained at 7.




2.2.2. Mixing Procedure


The mixing process initiated when an alkaline solution (NaOH and deionized water) was prepared at least 24 h before the actual mixing process which requires all the materials to be added in a specific sequence. The reaction of these materials is highly exothermic, resulting in an increased temperature. As elevated temperatures can accelerate the geopolymerization, it was necessary to cool the alkaline solution before incorporating into the mixture. Measurement of all substances was undertaken, with aluminum and recycled glass powder (solid materials) being initially mixed for 5 min to ensure cohesiveness. NaOH solution and sodium silicate were precisely combined and also added into a 5 L mixer. The critical mixing procedure ensued, with the prepared components blended at 408 rpm for 5–10 s to facilitate the geopolymerization process. It is important to note that the dissolution rate of NaOH was relatively rapid, typically fully dissolving within 20 s, and therefore quick and fast mixing is significantly important. Following mixing, the casting procedure was carried out, involving the dispensing of the mixture into silicon-lubricated plastic molds to prevent sticking. Following casting, the molds were transferred to an oven chamber at a temperature of 70 ± 2 °C for a duration of 24 h, allowing the newly formed structure to set, facilitate the solidification and develop its intended properties. Before demolding and after 3 h in the oven, specimens were taken out of the oven. This particular timing makes it easier to trim the excess material from the top of the mold without affecting the sample’s morphology. To prevent internal cracking and to retain the moisture within the sample, these were wrapped in cling film and returned to the oven for the remaining 21 h of curing. Finally, the specimens were removed from the oven, unwrapped from the cling film, demolded and placed in a storage room with regulated temperature and relative humidity (25 ± 2 °C and 60 ± 5%, respectively).




2.2.3. Hardened Properties


Table 5 outlines the experimental work conducted to assess the physical, mechanical, durability and thermal properties of the geopolymerized-glass-based formulations.



EN 196-1:2016 [49] was employed for evaluating the compressive strength in the geopolymerized mixtures. Cubic specimens (40.0 × 40.0 × 40.0 mm) underwent testing at 7 days of age in a MATEST Servo-Plus Progress 2000 kN load-capacity fully automatic compression machine, using a compression device designed for smaller cubes (3 cubes per test, with a load rate of 2400 ± 200 N/s). For determining flexural strength, EN 196-1:2016 [49] was also used where prismatic specimens (40.0 × 41.0 × 160.0 mm) were tested at 7 days of age, applying three-point loading with a center-point load and a constant stress rate of 50 ± 10 N/s. It is noteworthy that specimens were positioned to ensure the load was applied perpendicularly to the casting direction. Open porosity was conducted based on [50], where three cubic specimens (40.0 × 40.0 × 40.0 mm) were oven-dried at a temperature of 70 ± 5 °C until a constant mass. Afterwards, the specimens were placed in vacuum desiccator, where the pressure was gradually reduced to 2.0 ± 0.7 kPa and maintained for 2 ± 0.2 h. Demineralized water was slowly introduced at a temperature of 20 ± 5 °C and when all the specimens were fully immersed, the vessel was returned to atmospheric pressure and left under water for 24 ± 2 h. Each specimen was weighed underwater, and the saturated surface-dried mass was also recorded. The following calculations (4) were made:


po = [(ms − md)/(ms − mh)] × 100



(4)




where md is the oven-dried mass (in grams), mh is the mass immersed in water (in grams) and mssd is the saturated and surface-dried mass (in grams). The density of the final product can be determined through the porosity experiment and further validated by calculating the mass-to-volume ratio. It should be noted that all the aforementioned experimental tests were conducted at 7 days of age, determined as the optimum testing day following an extensive preliminary series of tests.



Following evaluation of mechanical and durability characteristics of the investigated geopolymerized combinations, the mixture exhibiting the optimal balance of density, strength and porosity was selected for a thorough examination of its thermal properties. A board with dimensions of 150.0 × 150.0 × 30.0 mm was cast and subjected to a 2 h fire exposure using a blowtorch with maximum temperature of 1850 °C as the heat source. On the back surface of the board, in predetermined locations (Figure 3), holes were drilled to insert thermocouples for temperature recordings. These points included the center of the fire (C7), above it (C8 at a distance of approximately 4 cm from the fire), distant points from the heat source (C2 though C6) and a point far away from the fire exposure (C1). Heat maps were generated at different time intervals during the experiment to visualize the thermal distribution within the geopolymerized formulation. It is noteworthy that the light-colored section in the middle of the board was a piece of paper placed during casting to prevent the leaking of the fresh mixture.





2.3. Techno-Economic Analysis


Following a comprehensive assessment, two strategic approaches, denoted as “Scenario A” and “Scenario B,” were considered for conducting a techno-economic analysis. “Scenario A” proposes securing investment to patent the final thermal proof product and its associated technology. This strategy is deemed the most advantageous, envisioning the sale of licenses to distributors, and involves granting a five-year exclusive license initially, followed by offering more affordable licenses to additional distributors.



“Scenario B” involves all fixed and variable costs contributing to the financial performance of the geopolymerized material, along with the financial parameters investigated (Table 6). A predetermined initial investment and a five-year timeline restriction for a payback period were considered. It should be noted that the financial model projection of the end product is considered confidential; therefore, specific cost amounts cannot be provided. Instead, for the examined parameters of the annual cost per square meter of material and the annual profit per year after deducting the initial investment, normalization is carried out based on the 1st year values. For example, in the first year, the XX cost per square meter of the material is defined as the reference value at 100%. For the second year with the YY cost, it is calculated by dividing it by the reference value, and the same methodology follows for the remaining timeline and the parameters. An assumption was also made that every two years, sales of the products will exponentially increase, allowing for turnover (total sales calculated as the sale price multiplied by the sold quantity).





3. Results and Discussion


3.1. Hardened Properties


This section analyzes the mechanical and durability experimental outcomes on twelve geopolymerized formulations with various aluminum powder contents and Na2SiO3:NaOH ratios. As presented in Table 7, the documented temperature and humidity conditions were recorded to ensure controlled environmental conditions prior to mixing. Density, compressive strength, flexural strength and porosity underwent evaluation to determine the optimal mixture design, which would be fire-exposed to analyze its thermal properties. Regarding the choice of optimal mixture, careful consideration should be made based on the application of the final product. For the door core, the most cost-effective formulation was considered, meaning the mixture with the lowest aluminum quantities (costlier constituent out of all mixture materials) while also demonstrating satisfactory physical and mechanical properties. For application as a façade, porosity was the predominant factor in selecting the optimum geopolymerized combination.



The values provided represent the average of three specimens as stated in Table 5 and the standard deviation for each parameter yielded within the ranges of 14.0–37.0 kg/m3 for density, 0.11–0.20 MPa for compressive strength, 0.10–0.22 MPa for flexural strength and 0.63–1.75% for porosity results. It is noteworthy that mixture M0.6_80:20 did not yield results for the investigated parameters, due to demolding issues, mainly deformation presented during the curing process.



Figure 4 demonstrates the relationship between the compressive strength and density for all geopolymerized formulations, focusing on the effect of added Al powder and Na2SiO3:NaOH ratio. In general, compressive strength serves as an indicator of the matrix density and can be correlated with the measured density to evaluate the thermal properties of the end product. M0.9_60:40 achieved the highest compressive strength among all mixtures (3.0 MPa at 7 days of testing). The remaining mixtures with 0.9% of Al content exhibited lower compressive strengths; however, their densities remained approximately similar. This indicates that increasing the Na2SiO3:NaOH ratio to a specific value may influence the pore distribution. The recorded density range for all formulations was averaged at 450 kg/m3 and the compressive strength ranged from 0.5 to 3.0 MPa, which are promising results in terms of the geopolymerization process. Furthermore, we can observe that there is no linear relationship between compressive strength and density for 0.6% and 0.7% added Al content mixtures when increasing the Na2SiO3:NaOH. However, an increasing linear relationship yielded for the 0.8% Al content, indicating greater cohesiveness in the mixture and lesser effect by altering these parameters. Additionally, mixtures with a Na2SiO3:NaOH ratio of 70:30 for high Al quantities yielded similar strengths and densities, indicating that similar characteristics can be obtained with a more cost-effective mixture. It is noteworthy that mixtures with 0.6% Al content, as the Na2SiO3:NaOH ratio increased, demonstrated insufficient mixing, resulting in the inability to test M0.6_80:20, and for the remaining 0.6% mixtures, significant variability in the tested specimens was also observed.



The relationship of flexural strength and density on the geopolymerized specimens is presented in Figure 5. In terms of passive fire protection, the final product must exhibit efficient flexural performance to prevent cracking that might compromise the thermal properties. A minimum flexural strength of 0.2 MPa is required in fire-resistant specimens and we can observe that all the investigated formulations surpassed this specific limit. In contrast to the compressive strength results, M0.7_70:30 yielded the highest flexural strength (0.9 MPa at 7 days of testing), while mixtures with high Al content yielded lower results. This denotes that up to a specific Al content, there might be a compromise in flexural strength characteristics. A similar linear increase pattern for 0.7% and 0.8% aluminum powder content, as observed in the compressive strength results, signified the importance of finding the optimum balance between aluminum powder and solution ratio quantities.



Figure 6 illustrates the relationship between the mechanical properties of compressive strength and porosity of the investigated formulations. Porosity is considered a significant parameter for evaluating the suitability of utilizing the material as an external wall façade or if waterproof insulating layers are required with the application process. As visually observed, the number of pores, the pore distribution network, the physical and mechanical characteristics and the significantly high porosity values yielded for all the mixtures, reaching up to 51.0% (M0.6_60:40). Furthermore, increasing the aluminum powder content reduced the porosity value of specimens regardless of the Na2SiO3:NaOH ratio, which mostly affected the compressive strength in 0.9% Al content mixtures. For the remaining formulations, the Na2SiO3:NaOH ratio seemed to be the predominant parameter affecting the compressive strength, while porosity values were differentiated by approximately 5.0%.



The experimental results indicate that even though the required density and strengths can be achieved for use in fire protection, the application of the geopolymerized material, as mentioned before, should be carefully considered. For utilization as a door core, M0.7_70:30 might be a suitable choice since the mixture had lower quantities of aluminum powder and a higher density, strength requirements can be met and porosity performance is not a significantly defining parameter. However, considering application as a façade, M0.9_70:30 yields satisfactory porosity values and strength performance; nevertheless, waterproof insulation will still be required in the application process.




3.2. Fire Testing


For the evaluation of the thermal performance of the selected optimum mixture for application as a core in fireproof doors (M0.7_70:30), as described in Section 2.2.3., a 150.0 × 150.0 × 30.0 mm board was cast and underwent fire exposure using a blowtorch with a maximum temperature of 1850 °C for a duration of 2 h (Figure 7a). Visual inspection of the specimen on the front side of the specimen (Figure 7c) reveals minimum damage only on the location directly impacted by the fire, and also curved deformation on the surface was observed at that particular point. However, examination of the damage on the back side of the specimen (Figure 7b) shows intensive cracking where the fire occurred. It is important to note that the width of the specimen was intentionally designed to be less than the typical width of a door at 5 cm to simulate a worst-case scenario and that the black section in the middle of the specimen corresponds to the piece of paper placed during molding.



Figure 8 presents all the temperature fluctuations throughout the entire experimental process in the predetermined locations outlined in Figure 3 and described in Section 2.1.3., while Figure 9a–f ((a) (T = 0 min), (b) T = 10 min, (c) T = 20 min, (d) T = 60 min, (e) T = 90 min, (f) end of experiment (T = 120 min)) illustrate the thermal distribution through heat maps during fire exposure at various time intervals. The center of the specimen reached the highest temperatures at 308.7 °C and 299.5 °C (C8 and C7, respectively) after twenty minutes of the experiment’s initiation. An intense heat distribution in the specimen can be observed with warmer, darker orange colors at points C8 and C7 where the main fire exposure occurred. It is worth noticing that all examined points reached their pick temperature at twenty minutes, whereas afterwards, the temperature remained steady or slightly decreased. This is probably attributed to the cracking that occurred at the back surface, allowing heat to escape the specimen. Points that were distant from the heat source recorded values between 70 and 100 °C, while moving further away from the fire, C1 exhibited significantly cooler tone colors, remaining mostly unaffected by the fire, reaching a maximum temperature of 42.3 °C after a 2 h fire exposure. This indicates that in case of a fire incident, thermal spread can be slowed down to a point where fire services can interfere, ensuring the fire integrity of the building and the safety of the residents. Considering that the heat source was impacting the specimen at 1850 °C and that a worst-case scenario of lower thickness was being examined, the thermal performance can be considered satisfactory.




3.3. Technoeconomic Analysis


As described in Section 2.3, “Scenario B” includes all the cost variables related to the financial performance of the investigated product. Figure 8 demonstrates a financial analysis based on the predetermined normalization method, comparing the annual cost per square meter of material compared to the annual profit per year after deducting the initial investment.



Since the total cost includes fixed and variable costs that would not increase as much as the turnover, it allows for the annual cost per square meter to decrease each year. In the fifth year of production, the cost per square meter will be 37.9% of the initial cost. Regarding the profit parameter, in the first year, the initial investment required for equipment and other fundamental cost was deducted from the annual profit. Therefore, when normalizing the data, negative values of profit yield for the first 3.5 years of the projection timeline. This implies that until that point, direct sales of the product did not yield a profit. As marked with an “×” symbol in Figure 10, at approximately 3.5 years of operations, a break-event point was achieved. Beyond that point, positive values indicate that the market material is profitable, with a 35.5% profit projected in the 5th year.





4. Conclusions


The objective of this research was to investigate the potential exploitation of waste glass as a precursor material for geopolymerization to produce an innovative lightweight material with thermal proof characteristics. This paper investigated the utilization of the developed material as a door core and as a façade in an exterior wall. The characterization and mechanical treatment of recycled waste glass were conducted, and twelve different combinations with aluminum powder contents ranging from 0.6% to 0.9% and 60:40, 70:30 and 80:20 Na2SiO3:NaOH ratios were cast. A comprehensive assessment of the physical, mechanical and durability characteristics was conducted for all mixtures. The optimum formulation was evaluated for the fire-resistant properties and a techno-economic analysis was performed to examine the financial viability. The following conclusions were drawn:




	
ED-XRF characterization of the recycled waste glass showed a silicate-rich material with an average SiO2 quantity of 76.8%; nevertheless, the absence of Al2O3 in the oxide composition necessitated the obligatory incorporation of aluminum powder to initiate the geopolymerization.



	
An optimum mechanical treatment for the adequate grinding of waste glass to achieve the required surface reactivity involved the initial treatment with a Los Angeles apparatus for 20 kg of materials at 20,000 cycles, followed by grinding in a Micro Deval machine at 5 kg per round at 10,000 rpm.



	
All formulations yielded a density range from 350 to 550 kg/m3, compressive strengths between 0.5 and 3.0 MPa and flexural strengths exceeding 0.2 MPa, defining the results as promising indicators in the geopolymerization of recycled glass powder.



	
The experimental results showed the significance of obtaining an optimum balance between the aluminum powder and solution ratio quantities in strength and physical characteristics. For application of the geopolymerized product as a door core, mixture M0.70_70:30 was defined as the suitable and cost-efficient formulation; however, for utilization as an exterior façade, the requirement for the minimum possible void matrix specimen was crucial. Therefore, porosity was the predominant parameter for selecting M0.9_70:30 as the optimum mixture.



	
The thermal performance of M0.70_70:30 was evaluated as satisfactory during a 2 h fire exposure utilizing a blowtorch with a maximum temperature of 1850 °C since the highest temperatures were recorded at the center of the specimen at 308.7 °C and 299.5 °C twenty minutes after experiment initiation.








The authors of this research paper aim to further investigate the potentiality behind the fireproof geopolymerization of the recycled waste glass. Further research will be conducted on different alkaline activators, S/L ratios, aluminum contents and on microstructure characterization. Furthermore, comprehensive analysis will be conducted on the thermal performance of the optimum mixture as a door core and efforts will be made into upscaling to industrial production to further accommodate market penetration into passive fire protection in the construction sector.
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Figure 1. Color fluctuations in the recycled powder glass were demonstrated after undergoing Los Angeles abrasion grinding. 
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Figure 2. Particle size distribution of recycled waste glass ground through a Los Angeles abrasion machine at different numbers of cycles intervals. 
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Figure 3. Points C1 to C8 to assess the fire-resistance performance of the optimal chosen combination. 






Figure 3. Points C1 to C8 to assess the fire-resistance performance of the optimal chosen combination.



[image: Recycling 09 00016 g003]







[image: Recycling 09 00016 g004] 





Figure 4. Effect of aluminum powder (Al) content and Na2SiO3:NaOH ratio on the compressive strength (7 days) and density of geopolymerized specimens (blue color = 0.6% Al content; red color = 0.7% Al content; brown color = 0.8% Al content; green color = 0.9% Al content; ■ = 60:40 Na2SiO3:NaOH ratio; ▲ = 70:30 Na2SiO3:NaOH ratio; ◆ = 80:20 Na2SiO3:NaOH ratio). 






Figure 4. Effect of aluminum powder (Al) content and Na2SiO3:NaOH ratio on the compressive strength (7 days) and density of geopolymerized specimens (blue color = 0.6% Al content; red color = 0.7% Al content; brown color = 0.8% Al content; green color = 0.9% Al content; ■ = 60:40 Na2SiO3:NaOH ratio; ▲ = 70:30 Na2SiO3:NaOH ratio; ◆ = 80:20 Na2SiO3:NaOH ratio).



[image: Recycling 09 00016 g004]







[image: Recycling 09 00016 g005] 





Figure 5. Effect of aluminum powder (Al) content and Na2SiO3:NaOH ratio on the flexural strength (7 days) and density of geopolymerized specimens (blue color = 0.6% Al content; red color = 0.7% Al content; brown color = 0.8% Al content; green color = 0.9% Al content; ■ = 60:40 Na2SiO3:NaOH ratio; ▲ = 70:30 Na2SiO3:NaOH ratio; ◆ = 80:20 Na2SiO3:NaOH ratio). 
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Figure 6. Effect of aluminum powder (Al) content and Na2SiO3:NaOH ratio on the compressive strength (7 days) and porosity of geopolymerized specimens (blue color = 0.6% Al content; red color = 0.7% Al content; brown color = 0.8% Al content; green color = 0.9% Al content; ■ = 60:40 Na2SiO3:NaOH ratio; ▲ = 70:30 Na2SiO3:NaOH ratio; ◆ = 80:20 Na2SiO3:NaOH ratio). 
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Figure 7. Experimental procedure for fire-resistant evaluation of geopolymerized mixture (a) specimen during the fire exposure at 1850 °C; damage on specimen after the end of the experiment (b) on the back surface and (c) on the front surface. 
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Figure 8. Temperature fluctuations over time due to fire exposure at 1850 °C at predetermined points. 
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Figure 9. Thermal transfer within the specimen due to fire exposure at 1850 °C at (a) beginning of experiment (T = 0 min); (b) T = 10 min; (c) T = 20 min; (d) T = 60 min; (e) T = 90 min; (f) end of experiment (T = 120 min). 
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Figure 10. Financial analysis of the geopolymerized product for a 5-year projection timeline. 
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Table 1. Recycled waste glass oxide composition from ED-XRF analysis.
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Sample

	
WG1

	
WG2

	
WG3

	
WG4

	
WG5




	
Oxide

	






	
SiO2 (%)

	
77.46

	
76.20

	
77.46

	
77.04

	
75.99




	
CaO (%)

	
10.26

	
10.19

	
10.24

	
9.92

	
9.93




	
Na2O (%)

	
8.71

	
8.21

	
7.58

	
9.23

	
9.16




	
Al2O3 (%)

	
-

	
-

	
-

	
-

	
-




	
MgO (%)

	
4.15

	
4.52

	
2.16

	
4.39

	
4.48




	
K2O (%)

	
0.16

	
0.25

	
0.17

	
0.18

	
0.22




	
Fe2O3 (%)

	
0.27

	
0.64

	
0.40

	
0.25

	
0.23




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00











 





Table 2. Micro Deval recycled glass passing the 0.075 μm and 0.063 μm sieve.
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	Sample No.
	Passing

Percentage 0.075 μm (%)
	Passing

Percentage 0.063 μm (%)





	Sample 1
	97.96
	89.34



	Sample 2
	99.22
	93.20



	Sample 3
	99.53
	94.60



	Sample 4
	100.00
	89.76



	Sample 5
	100.00
	99.33



	Sample 6
	100.00
	92.00










 





Table 3. Characteristics of the remaining materials.
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	Constituent
	Nomenclature
	Particle Size (μm)
	pH

at 20 °C
	Specific Gravity (g/cm3)





	Aluminum Powder
	Al
	<44
	-
	2.70



	Hostapur OSB
	Alpha olefin sulfate, sodium salt
	<63
	10.0–11.0
	0.30



	Sodium Silicate
	Na2SiO3
	-
	11.4
	1.26–1.46



	Sodium Hydroxide
	NaOH
	-
	14.0
	2.04










 





Table 4. Constituent composition for the geopolymerized mixtures.
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	Nomenclature
	Glass

(% by wt.

Solids)
	Aluminum

Powder

(% by wt.

Solids)
	Hostapur OBS

(% by wt. Solids)
	Sodium Silicate/Sodium

Hydroxide (Na2SiO3:NaOH)

Ratio (% by wt. Liquids)
	S/L

Ratio
	M NaOH





	M0.6_60:40
	99.32
	0.60
	0.08
	60:40
	2.86
	7



	M0.6_70:30
	99.32
	0.60
	0.08
	70:30
	2.86
	7



	M0.6_80:20
	99.32
	0.60
	0.08
	80:20
	2.86
	7



	M0.7_60:40
	99.10
	0.70
	0.10
	60:40
	2.87
	7



	M0.7_70:30
	99.10
	0.70
	0.10
	70:30
	2.87
	7



	M0.7_80:20
	99.10
	0.70
	0.10
	80:20
	2.87
	7



	M0.8_60:40
	99.09
	0.80
	0.11
	60:40
	2.87
	7



	M0.8_70:30
	99.09
	0.80
	0.11
	70:30
	2.87
	7



	M0.8_80:20
	99.09
	0.80
	0.11
	80:20
	2.87
	7



	M0.9_60:40
	98.97
	0.90
	0.13
	60:20
	2.88
	7



	M0.9_70:30
	98.97
	0.90
	0.13
	70:30
	2.88
	7



	M0.9_80:20
	98.97
	0.90
	0.13
	80:20
	2.88
	7










 





Table 5. Hardened properties testing, standards and type of specimens.
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	Hardened Properties Test
	Standard
	Age of Testing (Days)
	Specimens
	Dimensions

(mm × mm × mm)





	Compressive Strength
	EN 196-1:2016 [49]
	7
	3 cubes
	40.0 × 40.0 × 40.0



	Flexural Strength
	EN 196-1:2016 [49]
	7
	3 prisms
	40.0 × 41.0 × 160.0



	Open Porosity
	Reference [50]
	7
	3 cubes
	40.0 × 40.0 × 40.0



	Fire Testing
	-
	7
	1 board
	150.0 × 150.0 × 30.0










 





Table 6. Fixed costs, variable costs and parameters considered for the technoeconomic analysis.
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	Fixed Costs
	Variable Costs
	Studied Parameters





	Web Host Fees
	Cost of Goods Sold
	Turnover



	Accounting and Legal Fees
	Overhead
	Total Costs



	Depreciation
	Maintenance
	Initial Investment



	Insurance
	
	Cost per m2



	Manufacturing
	
	EBIT (Earnings before

interest and taxes)



	Payroll
	
	TAX



	Rent
	
	NIAT

(Net income after tax)



	Supplies
	
	Break-event point



	Taxes (Real Estate, etc.)
	
	Payback Period



	Utilities
	
	



	Labor
	
	



	Other Startup Costs
	
	










 





Table 7. Characteristics of all investigated geopolymer formulations.
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	Nomenclature
	Temperature (°C)
	Humidity (%)
	Density (kg/m3)
	Compressive Strength (MPa)
	Flexural Strength (MPa)
	Porosity (%)





	M0.6_60:40
	23.3
	57
	470
	1.8
	0.6
	51.0



	M0.6_70:30
	23.6
	56
	435
	1.4
	0.5
	47.8



	M0.6_80:20
	23.8
	57
	N/A 1
	N/A 1
	N/A 1
	N/A 1



	M0.7_60:40
	23.8
	60
	409
	1.1
	0.6
	41.4



	M0.7_70:30
	23.8
	60
	506
	2.1
	0.9
	46.1



	M0.7_80:20
	23.5
	58
	369
	0.7
	0.5
	47.2



	M0.8_60:40
	23.8
	57
	457
	1.6
	0.7
	39.0



	M0.8_70:30
	23.3
	56
	493
	2.0
	0.8
	46.8



	M0.8_80