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Abstract

:

The presented article studies a metakaolin-based geopolymer matrix for which two types of non-recyclable automotive glass waste (AGW) have been used as an alternative aggregate. Their composition and character, as well as their influence on the properties and structure of geopolymer composites (AGW-Gs), have been investigated by means of X-ray fluorescence and X-ray diffraction analyses, scanning electron microscopy, Fourier transform infrared spectrometry and gas chromatography/mass spectrometry. Infrared analysis has proven that the use of AGW does not affect the formation of geopolymer bonds. GC/MS analysis has revealed the presence of triethylene glycol bis(2-ethylhexanoate) in AGW and geopolymers, whose concentration varied according to the size of the fractions used. Preliminary compressive-strength tests have shown the promising potential of AGW-Gs. From the presented results, based on the study of two types of automotive glass waste, it is possible to assume that automotive glass will generally behave in the same or a similar manner in metakaolin-based geopolymer matrices and can be considered as potential alternative aggregates. The result is promising for the current search for new sources of raw materials, for ensuring resource security, for the promotion of sustainability and innovation and for meeting the needs of the growing world population while reducing dependence on limited resources.
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1. Introduction


In the European Union (EU), more than 250,000 tons of glass waste (GW) per month were produced in 2021 [1]. Non-recyclable or hardly recyclable glass, such as automotive, TV-screen, monitor, mirror and solar-panel (photovoltaic) glass, is a type of waste material related to developments in a wide range of industries. Currently, the EU environmental policy is focused on waste recycling, although the process of waste recovery is sometimes complicated in some cases. The main objectives are to reduce landfill waste and increase recycling [1,2,3]. The inseparable additives that impede common glass recycling include resin protective films or tint foils (automotive glass), luminescence substances (TV-screen and monitor glass) and metal coatings (mirror, TV-screen, monitor and solar-panel glass) [4,5]. For example, automotive glass (usually windshield) could contain tint or acoustic foils or safety films (polyester—PE, polycarbonate—PC, polyvinyl butyral—PVB); in some cases, it also has heating elements incorporated (copper (Cu), silver (Ag) and contains conductive foils from metal oxides such as BaSnO3, TiO2, SnO2, ZnO and ZrO2) [4,5,6].



The eco-friendly solution concerning the reduction, reuse and recycling of non-recyclable or hardly recyclable GW is the use of geopolymer materials [7,8,9,10,11,12]. Geopolymers have received significant attention for their potential environmental benefits, including the possibility of using industrial by-products, their lower carbon-dioxide emissions during production and their increased resistance to certain types of degradation (e.g., chemical attack, thermal stress, freeze–thaw cycles) [13,14,15,16,17,18].



Geopolymers are typically formed through the chemical reaction of aluminosilicate materials with an alkaline activator (a solution of sodium, potassium or calcium silicates) [10,19]. A prerequisite is the presence of tetra- or penta-coordinated aluminum in the aluminosilicate precursor [7,19]. The most extensively utilized and well-examined aluminosilicate precursors are metakaolin [20,21], fly ash [22], different types of slag [23,24] and various secondary or waste materials [10,11,25]. The precursor used significantly impacts the resulting microstructure, and obtaining the typical microstructure of the geopolymer is also associated with a precursor with a low calcium content [26,27,28].



The properties of geopolymers, including mechanical properties, durability, porosity, thermal insulation and others, can easily be modified by judicious selection of the matrix and/or aggregate used [11,29,30,31]. In addition, geopolymers are capable of stabilizing many hazardous substances, including heavy metals or organics, in their structure [25,32,33]. On the other hand, the addition of organic additives to hybrid geopolymer-organic composites can help to improve their flexibility, tensile strength and overall durability [34].



Glass waste, a byproduct of various industries and municipal recycling programs, can be incorporated into geopolymer formulations as a partial or complete replacement for traditional precursors or aggregates [35,36]. Moreover, GW can be used in the preparation of alkaline activators [36,37].



The finely ground glass particles contribute supplementary sources of silica and alumina, enhancing the geopolymerization process. It has been demonstrated that GW serves as a feasible alternative to the commercial sodium silicate hydrates (commonly known as water glass) typically utilized in the activation of aluminosilicate materials like fly ash for geopolymer preparation [38]. The study by Tchakouté et al. has proven that sodium water glass derived from glass waste and rice husk ash can serve as viable alternative alkaline solutions in the production of metakaolin-based geopolymer binders [39]. Puertas and Torres-Carrasco have reached similar conclusions regarding alkali-activated slag (AAS) [40]. They found that solutions obtained by processing GW lead to the formation of compounds and microstructures similar to those observed for AAS prepared using water glass [40].



In the preparation of geopolymers based only on waste glass, it has been found that waste glass is suitable as a precursor because it produces geopolymer materials with suitable mechanical strength, but whose development is dependent on the curing conditions, namely relative humidity [38]. In the case of metakaolin-based geopolymer, El-Naggar and El-Dessouky have determined that substituting 3% of metakaolin with GW (finer than 38 μm) resulted in a 2% enhancement in the 28-day compressive strength of the reference sample, reaching 82.36 MPa [41]. However, additional incorporation of GW had a negative impact on strength [41].



Fine glass waste was confirmed by Hajimohammadi et al. as a suitable alternative to fine sand for use in fly ash/slag-based geopolymer concrete because fine glass particles increase the alkalinity of the matrix, which promotes a greater range of dissolution and reaction in the vicinity of aggregates [42]. However, it was found by Tahwia et al. that when GW was used as a partial replacement for fine sand aggregate, on the one hand, the flowability of the mixture improved with the glass content, but on the other hand, when 22.5% natural sand was replaced by waste glass, a slight decrease in strength from 126 MPa to 121 MPa was observed [43]. The research revealed that AGW can serve as a replacement for fine aggregate in the production of fly ash-based geopolymer mortar, offering outstanding thermal insulation and fire protection characteristics [44].



The utilization of waste glass as a coarse aggregate has been explored in research such as that conducted by Kuri et al., who investigated its impact on the properties of both portland cement (PC) concrete and geopolymer concrete [45]. It was observed that the 28-day compressive and tensile strengths of both PC concrete and geopolymer concrete decrease with an increase in the percentage of recycled glass coarse aggregate [45]. In contrast, a study by Srivastava et al. has demonstrated that GW can be effectively used as a replacement for coarse aggregate in concrete (up to 50%) without a significant change in strength [46].



Although it seems that the use of glass waste for the preparation of geopolymer materials has already been investigated, studies have mainly focused on the use of GW in the powdered state. Automotive glass waste is non- or hardly recyclable and, in contrast to ordinary broken glass, contains safety films and, in some cases, heating elements [47]. AGW materials have only been tentatively tested as a resource for silica in the production of ferrosilicon [48,49], silicon carbide [50] or ceramic [51]. However, there has been almost no study of automotive glass waste in the context of geopolymer materials. The present paper deals with the innovative use of automotive glass waste (AGW) as an aggregate in a metakaolin-based geopolymer matrix, and the characterization of leachable organic substances from AGW, and their behavior concerning the particle size applied. Two different AGW materials have been characterized, and the influence of alkaline solutions on pure glass waste has been examined. The effect of AGW in different granulometric fractions on the properties and microstructure of geopolymer composites (AGW-Gs) has been systematically investigated. The quality of the aluminosilicate network in geopolymer solids has been verified by Fourier-transform infrared spectrometry (FTIR). The release of organics from AGW and subsequently from AGW-G has been monitored by gas chromatography/mass spectrometry (GC/MS). The study has been complemented by scanning electron microscopy (SEM) images identifying the AGW, its microstructure affected by alkaline solutions and the AGW-G structure. Additionally, the indicative compressive strength has been measured.




2. Materials and Methods


2.1. Materials


The clay-based geopolymer matrix was prepared from the clay material, industrially supplied by ČLUZ a.s. (Nové Strašecí, Czech Republic) under the trade name L05, an aqueous solution of potassium silicate (Vodní sklo, a.s., Prague, Czech Republic) and potassium hydroxide (Penta, Prague, Czech Republic). The clay material L05 was calcined at 750 °C for four hours before being used to obtain metakaolin. Based on X-ray diffraction (XRD) analysis (not presented), the clay material L05 is primarily composed of amorphous phases, with quartz (SiO2) and anatase (TiO2) present in notable quantities, alongside minor amounts of muscovite (KAl2(AlSi3O10)(OH)2) and hematite (Fe2O3). The chemical composition determined by X-ray fluorescence (XRF) analysis, including a loss on ignition (LOI), and the particle size distribution of the clay material are listed in Table 1 and Table 2, respectively.



Automotive glass waste from two different car windshields was used as an aggregate. The first glass (AGW1), contained only a safety film, and the second one (AGW2) additionally contained heating elements (Figure S1 of the Supplementary Files). The collected car windshields were cut into smaller pieces with a chopping saw (Figure S2 of the Supplementary Files), which were further fragmented into finer particles using a jaw crusher. A representative sample of crushed AGW (<0.2 mm) was taken from the obtained glass fragments by quartering for subsequent analyses. The residue was separated by sieving into different fractions, which were evaluated in terms of particle-size distribution.




2.2. Geopolymer Sample Preparation


The geopolymer matrix was prepared by mixing the calcined L05 (100 g) with an alkaline solution (100 g; molar rates: SiO2/Al2O3 = 2.62, K2O/SiO2 = 0.19 and H2O/K2O = 12.43) for 20 min using a shaft mixer. The resulting material was transferred to a planetary mixer, where, after the addition of a defined fraction of crushed AGW, the mixture was mixed for another five minutes. The amount of AGW materials incorporated was 40 g per 100 g of the geopolymer matrix. The geopolymer mixture was poured into molds, vibrated on a vibrating table to remove air bubbles and covered until the next day to prevent water evaporation. After demolding, the geopolymer samples were stored in a plastic bag for 28 days and then left uncovered under laboratory conditions.



In order to be able to compare the influence of the different AGW fractions on the behavior of leachable organic substances in geopolymer solids, the ratio of AGW to the geopolymer matrix was kept at 40:100 (35 wt.% of AGW per dry L05) for all the samples prepared (AGW-G), even though the filling was not exactly ideal. In the case of larger fractions, the mixture was fluid, and there was partial sedimentation of the glass waste. Concerning smaller fractions, the consistency of the mixture was thicker to slightly pasty.




2.3. Methods


Chemical analyses of pure metakaolin, AGWs and AGW-G composites were performed using a Spectro IQ X-ray fluorescence (XRF) analyzer (SPECTRO Analytical Instruments GmbH., Kleve, Germany), which allows the analysis of major and trace elements of solid, powder and liquid materials. This instrument has a target made of palladium; the target angle was 90° from the central beam, and the focal size was 1 mm × 1 mm. The measurements were carried out in an inert helium atmosphere. The data obtained were evaluated using the computer program XLabPro, which enables automatic recalculation of the elemental content in the sample to the oxide form. The tested specimens were produced by the pressed-pellet method: 4.0 g of the material (particle size: 15–20 µm) were mixed for 10 min with 0.9 g of the binder (HWC Hoechst wax, FLUXANA® GmbH & Co., KG, Bedburg-Hau, Germany). The compaction pressure was 80 kN.



The samples were analyzed by X-ray diffraction (XRD) on a Bruker D8 Advance powder X-ray diffractometer in a Bragg–Brentano geometry using a Lynx Eye XE detector and CuKα radiation (Bruker AXS, Karlsruhe, Germany). The powder sample was mounted on a planar substrate (diffraction-free silicon). Diffraction was recorded in the angular range of 4–80° 2Θ with a step of 0.015° and a readout time of 0.8 s per step. The acquired X-ray diffraction patterns were qualitatively evaluated in the Diffrac.Eva 4.1. software (Bruker AXS, Karlsruhe, Germany, 2015) using the ICDD PDF-2 database (ICDD 2018).



The organic substances in the AGW and subsequently in the AGW-G composites were determined on gas chromatography/mass spectrometry (GC/MS) equipment, consisting of a Trace 1310 gas chromatograph coupled with an ISQ single quadrupole system (ThermoScientific, Waltham, MA, USA) equipped with a CP5 capillary column (30 m × 0.25 mm × 25 μm). Data were acquired and integrated using the Chromeleon system (ThermoScientific, Waltham, MA, USA). Dichloromethane and methanol (HPLC grade) were purchased from Sigma-Aldrich (St. Luis, MO, USA), and ethylene glycol from Penta (Prague, Czech Republic).



The ground samples (<0.2 mm) were extracted with a mixture of dichloromethane and methanol (93:7, v/v) using an accelerated solvent extractor (ASE 150, Dionex, Sunnyvale, CA, USA). The extracts were filtered through a glass-fiber filter and concentrated using a Christ RVC 2–18 rotator evaporator. The total extracts were re-dissolved in 1.0 mL of dichloromethane/methanol (97:3) and analyzed.



GC/MS analysis was performed using helium as the carrier gas with a constant flow rate of 1.5 mL/min. The extract solution (1 μL) was injected into the GC system in splitless mode for each analysis. The injection port and detector temperatures were set at 250 °C; the oven temperature program started at 40 °C and was maintained for 1 min, after which it increased to 120 °C at 15 °C/min, then to 250 °C at 6 °C/min and finally to 300 °C at 12 °C/min, being maintained for 5 min. The analyte detected was identified by comparing the spectrum with the NIST mass spectral library and data from the literature. Each sample was analyzed three times, and the mean and the relative standard deviation (RSD) were calculated.



The compound identified was quantified using ethylene glycol as a standard after its derivatization with bis(trimethylsilyl)trifluoroacetamide (BSTFA) in pyridine. Ethylene–glycol stock solutions were prepared in dichloromethane to achieve the five concentration levels of the calibrators: 1, 5, 10, 25 and 100 µg/mL. The derivatization reagent (BSTFA, 25 μL) and the catalytic reagent (pyridine, 25 μL) were added to an aliquot (200 μL) of the ethylene–glycol solutions in a vial, and the mixture was placed in a laboratory dryer at 40 °C for 20 min. After cooling to room temperature and the evaporation of excessive BSTFA, the resulting trimethylsilyl derivatives were diluted in dichloromethane (50 μL) and analyzed by GC/MS.



The effect of the alkaline activator on the waste glass was determined only for selected fractions of both types of AGW (0.16–0.25 mm, 0.4–0.63 mm, 1.25–2 mm and 2–5 mm), which were exposed to the alkaline solution in a ratio of 1:10 (glass:alkaline activator). The samples were stirred on a shaker once a day for 1 h. After 28 days, the waste glass was filtered, washed with demi-water and dried to a constant weight at 80 °C.



Infrared (FTIR) spectra were measured by an iS50 spectrometer (Thermo Nicolet Instruments Co., Madison, WI, USA) using the reflection method in the attenuated total reflection (ATR) mode (diamond crystal) in the spectral range of 400–4000 cm−1 with a resolution of 4 cm−1, averaging 32 scans. All samples were scanned directly as observed (in powder form with variable grain size). The resulting spectra were processed using OMNIC 9 software.



The thermal stability of the AGW samples was determined by thermogravimetric (TG) analysis using a SETARAM-Setsys Evolution 18 thermal analyzer (SETARAM Instrumentation, Caluire-et-Cuire, France) with an Omnistar GSD 320 O3 mass spectrometer (Pfeiffer Vacuum Austria GmbH, Wien, Austria) for gas analysis (1–300 amu).



The microstructure of AGW and AGW-G composites was studied on a STEM Apreo S LoVac scanning electron microscope (ThermoFisher Scientific, Waltham, MA, USA) equipped with an ETD detector (Everhart-Thornley SED) in the high-vacuum mode. AGW fragments were adjusted to an aluminum stab using a carbon target, plastic conductive-carbon cement and platinum coated in Ar atmosphere on a Leica EM ACE600 sputter coater (Specion s.r.o., Prague, Czech Republic). The coating thickness was 16.01 nm. Geopolymer composite samples were polished using standard materialographic methods prior to mounting and coating, with the coating thickness being 10.85 nm. The SE (secondary-electron) mode with an acceleration voltage of 5.00 kV at magnifications of 200×–10,000× was used to observe detailed surface information in Standard and OptiPlan use.



Compressive strength was determined on a test press (Matest, Arcore, Italy) according to the EN-196-1:2016 standard [52] on 4 × 4 × 4 cm specimens. The resulting values are the average of three measurements.





3. Results and Discussion


3.1. The Characterization of Automotive Glass Waste


3.1.1. Sieve Analysis


The sieve analysis (Table 3) has shown the predominance of the 2–5 mm fraction for both types of automotive glass (31.15 wt.% for AGW1 and 34.87 wt.% for AGW2), followed by the 1.25–2.0 mm fraction. The initial assumption that the glass shard would contain a high proportion of fine particles has not been confirmed for either glass examined, as the particle contents below 0.063 mm are only 3.97 wt.% for AGW1 and 2.28 wt.% for AGW2. The photographs of AGW1 and AGW2 glass fractions are presented as Figures S3 and S4 in the Supplementary Files, respectively.



To assess the impact of individual fractions, specific fractions were singled out for analysis. Priority was given to fractions with the predominant content, namely those in the range of 2–5 mm and 1.25–2 mm. Subsequently, the 0.4–0.63 mm fraction, ranking third in content for AGW1, was included. Finally, the 0.16–0.25 mm fraction was selected to explore the effect of smaller particles despite its lower content. Fractions below 0.16 mm were not used for further experiments due to the workability of the geopolymer mixture.




3.1.2. X-ray Fluorescence Analysis


The results of the chemical (XRF) analyses of AGW samples (Table 4) are almost identical in the main glass-forming oxides (Na2O, SiO2, MgO, CaO, K2O, etc.). The contents of Na2O, MgO, CaO, K2O, etc. are only marginally higher in AGW2 than in AGW1. In contrast, the content of SiO2 is slightly higher in AGW1 than in AGW2. The samples differ in Fe2O3 content, which is higher in AGW1 than in AGW2. Another difference is evident for Cr2O3, whose value for AGW2 is almost twice as high as for AGW1. In the case of Bi, AGW2 contains much more of it than AGW1.




3.1.3. X-ray Diffraction Analysis


The results of the XRD analyses of AGW1 and AGW2 (Figure 1) have confirmed the expected amorphous character of the glass with only a minor content of crystalline quartz (Q; PDF00-001-0649). The curves of both samples are very similar, with no visible phases coming from the safety film or the heating elements.




3.1.4. Thermogravimetric Analysis


AGW samples were further characterized by thermogravimetric analysis (Figure 2). Glass samples of 21–24 mg were heated in an inert helium atmosphere (at a flow rate of 20 mL·min−1) to prevent oxidation of the samples and to avoid affecting their quality. The change in weight loss was monitored by heating the samples at a constant heating rate of 10 °C min−1 from 25 °C to 1000 °C, which is sufficient to determine the volatile content of the finely crushed glasses. The glass contains a safety layer, which is typically polyvinyl butyral (PVB), whose main degradation starts at temperatures in the range of 260–330 °C [47,49,53]. This decrease can be divided into two phases [54]. In the first phase (up to 200 °C), moisture evaporation occurs, and in the second phase (200–900 °C), organic decomposition occurs, which is consistent with our results. These mass losses are seen from the TG curves in Figure 2, where moisture evaporation occurs with the first temperature increase up to 150 °C and amounts to 0.16 wt.% (AGW1) and 0.21 wt.% (AGW2). The subsequent decrease in signal in the temperature range of 150–650 °C is related to the gradual release of organic matter (e.g., polycarbonate, polyethylene terephthalate, etc.). This resulted in the release of gaseous molecules CO, CO2, CH4 and H2O from the hydroxyl groups bound to silica. The loss of organics was monitored up to a temperature of 1000 °C, which was sufficient to confirm that no undesirable substances were released.



Sample AGW1 commenced melting at 680 °C, whereas sample AGW2 initiated melting at 650 °C. The minor decrease in the AWG2 curve above 650 °C suggests that the final temperature of 1000 °C was inadequate to fully decompose this glass, unlike the AGW1 sample, where there was no decrease in the curve, indicating adequacy. This contrast was evident in the overall weight loss of 0.5% for AGW1 and 0.8% for AGW2. All the resulting melts exhibited coloring.




3.1.5. Gas Chromatography/Mass Spectrometry Analysis


GC/MS was applied for the identification of organic substances in both types of AGW and selected fractions (0.16–0.25 mm, 0.4–0.63 mm, 1.25–2 mm and 2–5 mm). The extraction yields were low (0.01–0.04 wt.%), corresponding to the inorganic nature of the samples. The extracts exhibited discoloration of the solutions, which varied according to the type of AGW (Figure S5 of the Supplementary Files). In all AGW1 and AGW2 samples, triethylene glycol bis(2-ethylhexanoate) was identified (formula: C22H42O6, MW: 402).



This compound serves as a plasticizer for various industrial materials, including polyvinyl butyral (PVB), which is widely used in glass lamination, especially in automotive applications [53]. In the case of windshields, the plasticizer triethylene glycol bis(2-ethylhexanoate) gives the film formability and flexibility and makes it possible to balance mechanical strength and elasticity, almost without affecting adhesion. The compound is insoluble, resistant to low temperatures and to ultraviolet radiation, has antistatic properties and is not listed as toxic or environmentally dangerous [55]. However, even if the substance is not labeled as hazardous, its release should be monitored and possibly restricted. This precaution is warranted due to documented instances of this substance being identified as a contact allergen [56]. Therefore, the influences of the AGW particle size on the release of triethylene glycol bis(2-ethylhexanoate) were investigated.



The concentrations of triethylene glycol bis(2-ethylhexanoate) in the AGW samples were quantitatively determined, ranging from 0.2 to 24.6 ng·kg−1 (Table 5).



The results show that for AGW1, the particle size has no significant effect on the presence of triethylene glycol bis(2-ethylhexanoate) in the samples. The measured values are very similar except for the 0.4–0.63 mm fraction, which is noticeably lower. These values range from 8.5 ng·kg−1 for the 0.4–0.63 mm fraction to 13.3 ng·kg−1 for the 2–5 mm fraction.



In contrast, a difference between the fractions has been found for AGW2. The contents of triethylene glycol bis(2-ethylhexanoate) in individual particle-size fractions varied. The highest concentration was found in the finest fraction, and the lowest concentration was determined in the coarsest fraction.



Surprisingly, the 0.4–0.63 mm fraction of both types of AGW showed the presence of a small amount of triethylene glycol bis(2-ethylhexanoate).




3.1.6. Scanning Electron Microscope Structure Study


Scanning electron microscopy (SEM) micrographs have been used to display the surfaces of AGW1 and AGW2 samples. Figure 3 shows the state of the ground glass before its exposure to the alkaline solution. Individual images are at the same magnification. It is evident from the pictures that the glass grit is sharp-edged after being crushed. In the larger fractions, it is possible to see traces of crushing as well as crushed-glass dust particles, especially in the case of the AGW2 1.25–2 mm fraction. These crushing residues (traces and dust particles) are more evident at 10,000× magnification (Figure S6 of the Supplementary Files).





3.2. The Effect of the Alkaline Activator on AGW Materials


The effect of the alkaline activator on the waste glass has been determined for selected fractions of both AGW types (0.16–0.25 mm, 0.4–0.63 mm, 1.25–2 mm and 2–5 mm). The glass waste after exposure to the alkaline solution has been investigated by SEM analysis.



Figure 4 shows the AGW1 particles of different fractions after exposure to the alkaline solution at the same magnification (10,000×). The image reveals surface degradation in the form of oval, almost parallel grooves. The larger the original particles, the greater the degradation. Similar degradation traces have also been found in AGW2 (Figure 5). In comparison with AGW1, the incisions are almost parallel, but wherever they cross, the local damage is deeper. A comparison of the two images shows that AGW2 has more surface deterioration than AGW1, in both the extent and depth of damage.



The SEM study has confirmed the effect of the alkaline solution, with partial degradation occurring in the areas that were probably disrupted during crushing. However, it cannot be assumed that the same effect will be observed when the glass is embedded in the geopolymer matrix because no free-alkali activator will act on the glass after solidification (6–12 h). To confirm this hypothesis, geopolymer samples were prepared and subsequently analyzed.




3.3. The Characterization of Geopolymer Composites


Geopolymer composites (AGW-Gs) were prepared using the same fractions (0.16–0.25 mm, 0.4–0.63 mm, 1.25–2 mm and 2–5 mm) as those used to monitor the effect of the alkaline solution on AGW particles.



The geopolymer solids prepared (Figures S7 and S8 of the Supplementary Files) were studied mainly in terms of the geopolymer composition, bonds formed (FTIR spectroscopy), the microstructure, the effect of the geopolymer reaction on the glass-waste particles (SEM), and the effect of solidification on the release of organics (GC/MS) as a function of the fraction used. In addition, indicative compressive strength was determined.



3.3.1. X-ray Fluorescence Analysis


The chemical composition of geopolymer samples (Table 6) is very similar and corresponds to the composition of the raw materials from which the geopolymer was prepared (Table 1 and Table 4). AGW1-G and AGW2-G samples contain a high percentage of SiO2 (51.53 wt.% and 50.83 wt.%) and Al2O3 (19.88 wt.% and 20.68 wt.%), respectively. The increased concentration of Bi in AGW2-G correlates with the higher content identified in AGW2.




3.3.2. FTIR Analysis


The FTIR spectra of the geopolymer material with variable grain size and a comparison with the clay material and glass waste are provided in Figure 6 for the AGW1-G series and in Figure 7 for the AGW2-G series.



The FTIR spectra of both types of glass waste (AGW1 and AGW2) are identical and contain a broad, intense band in the spectral region of 1240–840 cm−1, corresponding to the Si-O in asymmetric stretching vibrations (ν3) in the SiO4 tetrahedra. Another band, at 450–470 cm−1, is ascribed to the O-Si-O bending vibrations (ν4) in the SiO4 tetrahedra [57]. The weak band in the region of 720–840 cm−1 is attributed to the Si–O–Si symmetric stretching vibrations of the bridging oxygens between the SiO4 tetrahedra [58].



The metakaolin-based clay material contains bands attributed to the asymmetric stretching and bending vibrations of Si–O and the asymmetric stretching of Si–O–Al groups, visible at 1087 cm−1 and ~780 cm−1. The band with more distinctive features at 799 and 777 cm−1 and another at 467 cm−1 may be attributed to quartz [57], which is present in L05 as a minor impurity. The spectral shoulder at ~560 cm−1 is attributable to silicates and/or aluminosilicates with a long-range structural order [59].



The reaction of L05 with an alkaline activator leads to an increase in the substitution of the tetrahedral Al in the silicate network in the geopolymer matrix. This process is manifested by a spectral shift of the principal band, located at 1087 cm−1 in the L05 spectrum, to lower wave numbers (~1000 cm−1) in the spectra of the geopolymer materials [60]—see Figure 6 and Figure 7. Slight changes in wavenumber positions in the individual spectra of geopolymer materials (999–1001 cm−1) are within the resolution limit of the method (up to 4 cm−1). New weak bands positioned at around 866–867 cm−1 and 695–696 cm−1 can be ascribed to the bending vibration mode of Si-OH [61] and to the stretching and bending vibrations of Si-O-Al, respectively, providing another fingerprint for the formation of the geopolymer structure [62].



The spectra of L05 and geopolymer materials also contain a large peak at 3440 and 3420 cm−1 and a peak centered at 1640 cm−1, which are associated with the stretching and bending modes of OH groups in water molecules due to the residual water and moisture content in the materials [62].



Spectroscopically, all final geopolymer materials (of both the AGW1-G and AGW2-G series) are identical. FTIR analysis has proven that the grain size of waste glass does not affect its final structural properties or phase changes.




3.3.3. Scanning Electron Microscope Structure Study


The SEM images of the geopolymer composites containing different fractions of AGW1 and AGW2 (AGW1-Gs and AGW2-Gs, respectively) are presented in Figure 8 and Figure 9, respectively. The glass waste is more compact and homogeneous than the geopolymer matrix.



In general, the geopolymer composites are very similar according to SEM investigations. No degradation of the glass is evident, as was the case of the glass after exposure to the alkaline solution (Figure 4 and Figure 5). The composites are stable without significant signs of degradation. Only in the case of 0.40–0.63 mm AGW2, a slight surface distortion in the geopolymer is visible.



In most cases, the geopolymer/AGW interface shows good adhesion of the geopolymer to the AGW. In certain images within Figure 8 (0.40–0.63 mm and 2–5 mm AGW1-G), it is evident that microcracks have developed, likely either during the geopolymer maturation process or during the preparation of the polished blocks. The crack runs through the AGW particles, indicating a relatively strong bond between the geopolymer and the glass waste. A similar phenomenon also occurs in the second type of glass waste (Figure 9, 2–5 mm AGW2-G). Microcracks are further visible in the geopolymer matrix even in areas with the predominance of AGW particles, where the geopolymer is almost closed between them, for example 0.40–0.63 mm and 1.25–2 mm AGW1-G. In some composites, there is a visible interlayer, particularly noticeable in the larger particles of both AGWs (1.25–2 mm and 2–5 mm), implying potential ion transfer between the materials. Interlayer formation has also been observed at interfaces between geopolymers and glass particles or other materials [36,63,64].




3.3.4. Gas Chromatography/Mass Spectrometry Analysis


The extraction yields of both AGW-G geopolymer composites were low for all fractions (0.01–0.04 wt.%) and comparable with AGW extraction yields. The GC/MS analysis of the AGW-G extracts confirmed the presence of triethylene glycol bis(2-ethylhexanoate), with the determined concentrations ranging from 0.0 to 6.4 ng·kg−1.



The results (Table 7) demonstrate the presence of triethylene glycol bis(2-ethylhexanoate) in both types of geopolymer composites. Like in the case of AGW1, the effect of particle size is not evident for the AGW1-G composite either, with concentration values ranging from 0.7 ng·kg−1 for the 0.4–0.63 mm fraction to 4.1 ng·kg−1 for the 2–5 mm fraction. In AGW2-G composites, on the other hand, the effect of particle size is visible (with the values ranging from 0.0 ng·kg−1 for the 2–5 mm fraction to 6.4 ng·kg−1 for the 0.16–0.25 mm fraction), which is consistent with the trend of AGW2 results.



Nevertheless, it should be considered that the geopolymer composite contains only 35% of AGW. If we take only 35% of the values shown in Table 4 (AGW1—4.4 ng·kg−1, 3.0 ng·kg−1, 4.0 ng·kg−1 and 4.7 ng·kg−1 and AGW2—8.6 ng·kg−1, 1.3 ng·kg−1, 4.8 ng·kg−1 and 0.1 ng·kg−1 for the fractions of 0.16–0.25 mm, 0.4–0.63 mm, 1.25–2 mm and 2–5 mm, respectively), we obtain values comparable with the results in Table 7.



The evaluation shows that the incorporation of AGW particles into the geopolymer matrix reduces the release of triethylene glycol bis(2-ethylhexanoate) from both types of geopolymer composites, especially in the case of 0.4–0.63 mm particles.




3.3.5. Compressive Strength


For the estimation of mechanical properties, the compressive strength was determined only tentatively at 28 days for a ratio of 100 g of the geopolymer matrix and 40 g of the waste-glass fraction (see Sample Preparation). The results are shown in the graph (Figure 10). The pure geopolymer matrix serves as a blank sample (without aggregates).



The results show that geopolymer composites with the addition of AGW have sufficient mechanical properties. The 28-day compressive-strength values reach up to 81.3 MPa and 82.8 MPa for the finest fractions (0.16–0.25 mm) of AGW1 and AGW2, respectively. There is a noticeable trend for both types of glass waste where the compressive strength decreases with the increasing particle size of the glass waste. A similar decrease in compressive strengths has been observed by several authors, but in their case, AGW particles were applied as a partial replacement for sand aggregate in geopolymer [43,45]. It can be assumed that the filling for other fractions was not optimal, especially for the larger fractions, where sedimentation of the particles occurred. On the other hand, for the fraction of 0.16 to 0.25 mm whose content in the geopolymer matrix is almost optimal, the compressive strengths slightly exceed the strength of the geopolymer matrix (80.6 MPa), which is in agreement with the work of Srivastava et al. and Hajimohammadi et al. [42,46]. By optimizing the AGW content or by using a combination of several AGW fractions, possibly in combination with another type of filler, it would probably be possible to achieve higher values of mechanical properties.



The main aim of this paper was to verify the possibility of using AGW as an alternative aggregate in a geopolymer matrix. Due to the composition of AGW, which includes organic safety films and heating elements, it was first necessary to characterize the AGW materials (AGW1 and AGW2) and determine the effect of an alkaline environment. Furthermore, the influence of the fractions used, both of the AGW itself and of the AGW incorporated in the geopolymer matrix, was also investigated.



Direct exposure to an alkaline solution partially degrades AGW particles. However, because of the setting time of the geopolymer matrix (from 2 to 12 h) [65], there is no long-term exposure of AGW particles to alkaline environments. Therefore, the deterioration of these particles is minor. It is possible to assume that this phenomenon is part of the glass particle dissolution process described by several authors [38,39,40,42] but due to the larger particle size, only partial degradation occurred.



AGW materials have been found to comprise mainly triethylene glycol bis(2-ethylhexanoate), originating from the contained safety films, which may be further released into the environment. GC/MS analysis has confirmed that the addition of AGW to the geopolymer matrix has lowered the release of triethylene glycol bis(2-ethylhexanoate).



The decline in the concentration of triethylene glycol bis(2-ethylhexanoate) in geopolymer composites may stem from the incorporation of this organic substance into the structure of the geopolymer because geopolymers are able to form hybrid bonds with organic substances (hybrid organic–geopolymer materials), as described by Reeb et al. [66]. Another possibility is the degradation within the alkaline environment of the geopolymer matrix [67]. Nevertheless, no byproducts of this degradation have been identified.



The effect of particle size is more evident in AGW2, where the concentration of triethylene glycol bis(2-ethylhexanoate) decreases with increasing particle size in both AGW2 and AGW2-G. The exception is the 0.4–0.63 mm fraction, where the concentrations are lower than would be expected for both types of glass waste.



The determination of the AGW1-G and AGW2-G mechanical properties showed relatively high 28-day compressive-strength values despite the non-optimal ratio of the geopolymer matrix to the aggregates for some fractions. In the case of larger particles, sedimentation occurred, which was evident in the geopolymer solids. It can also be assumed that finely ground AGW could be actively involved in the geopolymer reaction [42,68].



In view of the above, AGW materials can be considered potential alternative aggregates in metakaolin-based geopolymers, leading to a more efficient use of this non-recyclable material.






4. Conclusions


This paper has studied the possibility of using automotive glass waste as an alternative aggregate for geopolymer materials. The results have led to the following conclusions:



The effective utilization of AGW as an alternative aggregate in the production of geopolymer composites has resulted in solid, resilient materials that are insoluble in water.



FTIR analysis has demonstrated that the use of AGW materials does not affect the formation of geopolymer bonds.



It has been confirmed by GC/MS analysis that in the case of AGW1, the particle size used does not affect the release of triethylene glycol bis(2-ethylhexanoate) except for the 0.4–0.63 mm fraction, where its concentration was significantly lower than in the other fractions.



In the case of AGW2, which contains a heating element in addition to the safety film, the release of triethylene glycol bis(2-ethylhexanoate) has been found to be partially dependent on the size of the fractions used, both of the AGW itself and of the AGW incorporated in the geopolymer matrix.



The results have shown that the incorporation of AGW into the geopolymer matrix slightly reduces the release of triethylene glycol bis(2-ethylhexanoate).



Preliminary mechanical-property tests have demonstrated the potential of AGW-G composites. However, further research will be required to optimize the content ratios and fractions of the AGW materials used.



It can thus be assumed that AGW materials can be utilized as alternative aggregates. The use of this waste material (AGW) in geopolymer materials saves primary raw materials, thereby reducing the amount of landfill waste, which is in accordance with the EU environmental strategy.
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Figure 1. The XRD analyses of AGW1 and AGW2. 
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Figure 2. The TG curves of AGW1 and AGW2. 
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Figure 3. An overview of different AGW fractions (200× magnification). 
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Figure 4. AGW1 particles after exposure to the alkaline solution (10,000× magnification). 
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Figure 5. AGW2 particles after exposure to the alkaline solution (10,000× magnification). 
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Figure 6. The ATR-FTIR spectra of the geopolymer materials (AGW1-G series with variable grain size) and a comparison with L05 and AGW1. 
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Figure 7. The ATR-FTIR spectra of the geopolymer materials (AGW2-G series with variable grain size) and a comparison with the L05 and AGW2. 
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Figure 8. The SEM images of the geopolymer composite with AGW1 particles (AGW1-G): The left side shows the images at lower magnification (2000×), while the right side contains details of the images on the left at higher magnification (10,000×). The images depict the geopolymer matrix (GP) and particles of automotive glass waste (AGW). 






Figure 8. The SEM images of the geopolymer composite with AGW1 particles (AGW1-G): The left side shows the images at lower magnification (2000×), while the right side contains details of the images on the left at higher magnification (10,000×). The images depict the geopolymer matrix (GP) and particles of automotive glass waste (AGW).
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Figure 9. The SEM images of the geopolymer composite with AGW2 particles (AGW2-G): The left side shows the images at lower magnification (1000×), while the right side contains details of the images on the left at higher magnification (10,000×). The images depict the geopolymer matrix (GP) and particles of automotive glass waste (AGW). 






Figure 9. The SEM images of the geopolymer composite with AGW2 particles (AGW2-G): The left side shows the images at lower magnification (1000×), while the right side contains details of the images on the left at higher magnification (10,000×). The images depict the geopolymer matrix (GP) and particles of automotive glass waste (AGW).
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Figure 10. An overview of 28-day compressive-strength values for both AGW types and geopolymer matrix. 
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Table 1. The chemical composition of the clay material used.






Table 1. The chemical composition of the clay material used.





	Oxides
	SiO2
	Al2O3
	MgO
	CaO
	K2O
	Fe2O3
	LOI
	Residues





	L05
	50.28
	41.99
	<0.02
	0.14
	0.9
	1.03
	3.65
	2.01










 





Table 2. The particle size distribution of the clay material used (% of total).






Table 2. The particle size distribution of the clay material used (% of total).





	
Particle

Size

	
2

	
5

	
8

	
10

	
15

	
25

	
d10

	
d50

	
d90




	
[µm]

	
[µm]






	
L05

	
27.03

	
57.98

	
77.70

	
88.49

	
99.14

	
100.00

	
1.00

	
3.94

	
10.43











 





Table 3. The sieve analyses of the crushed AGW1 and AGW2.






Table 3. The sieve analyses of the crushed AGW1 and AGW2.





	Fraction

(mm)
	AGW1

(wt.%)
	AGW2

(wt.%)





	>5
	1.85
	4.37



	2–5
	31.15
	34.87



	1.25–2
	18.76
	16.20



	0.8–1.25
	8.56
	9.82



	0.63–0.8
	6.19
	5.97



	0.4–0.63
	9.21
	8.52



	0.25–0.4
	7.48
	8.27



	0.16–0.25
	5.37
	4.27



	0.063–0.16
	7.45
	5.41



	<0.063
	3.97
	2.28



	Sum
	99.99
	99.98










 





Table 4. The chemical analysis of AGW samples (the main oxides in wt.%).






Table 4. The chemical analysis of AGW samples (the main oxides in wt.%).





	Oxides
	Na2O
	MgO
	Al2O3
	SiO2
	SO3
	K2O
	CaO
	Cr2O3
	Fe2O3
	Bi
	LOI
	Residues





	AGW1
	10.21
	3.14
	0.30
	71.28
	0.32
	0.12
	13.15
	0.06
	1.24
	0.0008
	0.02
	0.19



	AGW2
	10.74
	4.12
	0.50
	69.57
	0.26
	0.47
	13.52
	0.15
	0.18
	0.22
	0.14
	0.13










 





Table 5. The results of the quantitative analysis of triethylene glycol bis(2-ethylhexanoate) in the fractions of AGW samples.






Table 5. The results of the quantitative analysis of triethylene glycol bis(2-ethylhexanoate) in the fractions of AGW samples.





	Fraction
	AGW1

(ng·kg−1)
	AGW2

(ng·kg−1)





	0.16–0.25 mm
	12.7 ± 0.2
	24.6 ± 1.2



	0.4–0.63 mm
	8.5 ± 0.5
	3.6 ± 0.3



	1.25–2 mm
	11.3 ± 0.8
	13.7 ± 0.5



	2–5 mm
	13.3 ± 0.8
	0.2 ± 0.1










 





Table 6. The chemical analysis of AGW-G samples (the main oxides in wt.%).






Table 6. The chemical analysis of AGW-G samples (the main oxides in wt.%).





	Oxides
	Na2O
	MgO
	Al2O3
	SiO2
	K2O
	CaO
	Fe2O3
	Bi
	LOI
	Residues





	AGW1-G
	2.04
	0.53
	19.88
	51.53
	11.73
	3.71
	0.96
	0.02
	8.37
	1.23



	AGW2-G
	1.84
	0.65
	20.68
	50.83
	12.28
	3.47
	0.76
	0.04
	8.17
	1.28










 





Table 7. The results of the quantitative analysis of triethylene glycol bis(2-ethylhexanoate) in the fractions of AGW-G samples.






Table 7. The results of the quantitative analysis of triethylene glycol bis(2-ethylhexanoate) in the fractions of AGW-G samples.





	Fraction
	AGW1-G (ng·kg−1)
	AGW2-G (ng·kg−1)





	0.16–0.25 mm
	3.1 ± 0.1
	6.4 ± 0.2



	0.4–0.63 mm
	0.7 ± 0.1
	0.6 ± 0.2



	1.25–2 mm
	1.9 ± 0.1
	2.5 ± 0.4



	2–5 mm
	4.1 ± 0.2
	0.0 ± 0.1
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