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In the present study, four different locally available waste glass materials (bottle glass-BG, glass wool-GW, stone wool-SW and cathode-ray tube glass-CRTG) were treated with hot concentrated potassium hydroxide (KOH) in order to obtain alternative alkali activators (AAAs). We evaluated the suitability of the solutions obtained for use as AAAs in the production of AAMs. AAMs were prepared using electric arc furnace slag and selected AAAs with a higher content of dissolved Si. We evaluated the performance of the AAMs in comparison to that of slags activated with KOH or potassium-silicate (K-silicate). The compressive strength of the AAMs prepared with KOH-based AAAs were high when Si and Al were simultaneously abundant in the AAA (9.47 MPa when using the activator sourced from the CRTG), and low with the addition of KOH alone (1.97 MPa). The AAM produced using commercial K-silicate yielded the highest compressive strength (27.7 MPa). The porosity of the KOH-based AAM was lowest when an alternative BG-based activator was used (24.1%), when it was similar to that of the AAM prepared with a K-silicate. The BG-based activator had the highest silicon content (33.1 g/L), and NMR revealed that Si was present in the form of Q0, Q1 and Q2. The concentrations of toxic trace elements in the AAAs used for alkali activation of the slag were also determined, and leaching experiments were performed on the AAMs to evaluate the immobilisation potential of alkali-activated slag. In the SW AAAs the results show acceptable concentrations of trace and minor elements with respect to the regulations on waste disposal sites, while in the activators prepared from BG, CRTG and GW some elements exceeded the allowable limits (Pb, Ba, Sb, and As).
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INTRODUCTION
Generally, the global warming potential of alkali-activated materials (AAMs) is estimated to be between 45% and 80% lower than that of Ordinary Portland cement (OPC), depending on the precursor and activator used for synthesis (Habert et al., 2011; McLellan et al., 2011; Yang et al., 2013; Ouellet-Plamondon et al., 2015). Turner and Collins, however, estimated that the CO2 footprint of alkali-activated concrete was much higher—approximately 9% lower than comparable concrete containing 100% OPC binder—due to the processes of mining and synthesis (e.g., the highly energy-demanding process required to produce water glass), and the transport of alkali activators required for the production of AAMs (Turner and Collins, 2013). The production of commercial alkali activators accounts for about 80% of the cost of the production of AAMs. The production of a sodium silicate activator, for example, requires SiO2 and Na2CO3 to be heated to temperatures of over 1,000°C. Due to the high energy and environmental cost of traditionally-produced sodium silicate (≈ 0.30 kg CO2/kg) (Heath et al., 2014), it is necessary to develop alternative alkali activators (AAAs) from environmentally friendly residual (waste) materials. AAAs are not usually as pure as those based on commercial synthetic chemicals (Adesanya et al., 2021).
One promising and innovative approach to reducing the environmental impact of AAMs is to use different types of waste and by-products from industrial and agricultural processes that have a high content of alkali metals, alkali earth metals, and/or silicon. Potentially interesting materials with a high silica content (e.g., waste glass, waste mineral wool, biomass ashes such as rice husk ash (RHA) or sugarcane biomass ash, and silica fume) are typically combined with alkali hydroxides (NaOH, KOH), with or without the use of thermochemical methods (Adesanya et al., 2021). The dissolution of Si-rich particles therefore depends on the degree of aggregation, the surface area, and the particle shape and size (Diedrich et al., 2012; Torres-Carrasco et al., 2014; El-Naggar and El-Dessouky, 2017). To date, no standard method exists to prepare such AAAs. It is, however, generally expected that the processes of heating and stirring enhance the dissolution rate of Si, as the kinetics of chemical reactions usually increases with temperature and an external stimulus (Alnahhal et al., 2021). The scientific literature discusses several experimental processes; fusion, hydrothermal and thermochemical. In the fusion process, for example a Si-rich precursor and NaOH pellets are heated to 550°C, and then the mixture is dissolved in distilled water. The fusion process does not, however, significantly reduce the environmental impact of the prepared activator (El-Naggar and El-Dessouky, 2017). Lower temperatures, typically below 150°C, are applied in the hydrothermal process. At 80°C, for example, different studies show relatively high dissolution rates of Si from RHA (Tong et al., 2018) and waste glass (Puertas and Torres-Carrasco, 2014; Torres-Carrasco et al., 2014; Torres-Carrasco and Puertas, 2015). Temperatures of up to 450°C are used in the thermochemical process to transform the solid alkali and silica sources into reactive sodium silicate powder. Several studies have shown that the most effective temperatures for the production of sodium silicate powder are in the range between 150°C and 330°C (Vinai and Soutsos, 2019). Dissolution is a temperature-dependent process with a higher yield of dissolved Si being obtained at higher temperatures (Alnahhal et al., 2021). Due to the high activation energy of amorphous silica (Maraghechi et al., 2016), higher temperatures are required in the hydrothermal process to achieve the activation energy of Si in alkaline solutions and increase the yield of dissolved Si (Alnahhal et al., 2021).
AAAs are most commonly produced from industrial or agricultural wastes that are rich in silica and alkali cations such as potassium or sodium, e.g., rice husk ash (RHA) (Bouzón et al., 2014; Mejía et al., 2014; Geraldo et al., 2017; Tong et al., 2018), waste glass (Torres-Carrasco and Puertas, 2015; Tchakouté et al., 2016a; Vinai and Soutsos, 2019), silica fume (Živica, 2006; Rodríguez et al., 2013) and others (sugar cane straw ash (Moraes et al., 2016), olive biomass ash (Font et al., 2017; de Moraes Pinheiro et al., 2018; Alonso et al., 2019), almond shell biomass ash (Soriano et al., 2020)). AAAs derived from RHA have a silica content between 85–95 wt%, where not all silica is in the reactive form (Bouzón et al., 2014; Mejía et al., 2014; Geraldo et al., 2017; Tong et al., 2018). Tang et al. proved that an RHA-based activator is an adequate substitute for commercial sodium silicate in the production of AAMs using 60 wt% fly ash (FA) and 40 wt% ground granulated blast furnace slag (GGBFS) (Tong et al., 2018). AAAs have often been prepared using glass waste (Puertas and Torres-Carrasco, 2014; Torres-Carrasco et al., 2014; Torres-Carrasco and Puertas, 2015; König et al., 2020). The preparation of different AAAs using urban glass waste shows decreased mechanical properties in FA when the alkali activator is prepared with a higher amount of waste (25 g per 100 ml of 10 M NaOH). For comparison, using 15 g per 100 ml of 10 M NaOH, the mechanical strengths of alkali-activated FA were similar to those prepared by a commercial activator (Torres-Carrasco and Puertas, 2015). Similar findings were proved in the study by Vinai and Soutos, where alkali-activated FA/GGBFS mortars activated with AAAs based on ground glass waste showed compressive strengths close to those obtained when using commercial sodium silicate (Vinai and Soutsos, 2019). When comparing the mechanical strength of AAMs prepared using AAAs of RHA or glass waste, AAMs made using glass waste show better properties, due to the higher amounts of soluble Si (Tchakouté et al., 2016a). There has been only one publication investigating the use of mineral wool waste for the preparation of AAAs (König et al., 2020). Mineral wool, glass- (GW), and stone wool (SW) are suitable precursors as their content of amorphous phase is almost 100%, with SW containing approximately 40 wt% SiO2 and GW 60 wt% (Pavlin et al., 2021).
Due to the higher energy incorporation and CO2 emissions of the manufacturing process, the cost is higher and availability of potassium hydroxide (KOH) and potassium silicate (K-silicate) is lower compared to sodium products (Mendes et al., 2021). From an environmental perspective, AAMs are already clearly superior to cement-based products (Jiang et al., 2014), but with the production of AAAs, this advantage would be even more pronounced. Indeed, previous studies have confirmed that besides electricity, most of the environmental impact comes from silicates and hydroxide (Kvočka et al., 2020). And when comparing different activators, K-based activators have also been shown to increase global warming potential by 4% compared to Na-based activators; in both cases, commercial activators were used (Leonelli et al., 2022). Further progress in terms of environmental aspects could therefore be achieved by producing AAAs, which is one of the objectives of the present study. It follows that there are fewer studies available that use KOH for the preparation of AAAs. Villaquirán-Caicedo reports on AAAs prepared by adding silica fume to 9.3 M KOH and used to activate metakaolin. The metakaolin-based AAMs showed better mechanical properties when 50% of the commercial activator was replaced with the alternative, while mechanical strength decreased with 100% replacement (Villaquirán-Caicedo, 2019). In another study, 5 M and 8 M NaOH and KOH solutions were utilised to dissolve glass waste at 65°C for 2 hours. The compressive strength of the AAMs activated by NaOH were higher than those activated by KOH (Bagheri and Moukannaa, 2021). On the contrary, AAMs prepared by KOH-based AAAs had a higher compressive strength in the study by Santa et al. (Boca Santa et al., 2017).
The goal of the present research was to treat four different locally available waste glass materials (bottle glass-BG, glass wool-GW, stone wool-SW, and cathode-ray tube glass-CRTG) with KOH, and to evaluate the suitability of the solutions obtained for use as AAAs in the preparation of AAMs. AAMs were prepared with slag and selected AAAs with a higher amount of dissolved Si, and their performance was evaluated in comparison to slag activated with KOH or K-silicate. Compared to our previous results with respect to materials based on NaOH (König et al., 2020), adding AAAs based on KOH resulted in the alkali-activated binders having a higher mechanical strength. Moreover, the concentrations of toxic trace elements in AAAs used for alkali activation of the slag were determined and leaching experiments were performed on the AAMs in order to evaluate the immobilization potential of the alkali-activated slag using AAAs.
EXPERIMENTAL
Raw Materials for the Preparation of Alternative Activators and Alkali-Activated Binders
Various types of waste material obtained from a waste separation site were used for the preparation of alkali activators; glass wool (GW), stone wool (SW), bottle glass (BG), and cathode-ray tube glass (CRTG). Both types of mineral wool were milled for 2 hours in a concrete mixer using stainless steel balls, homogenised and dried at 105°C for 24 h in a drying oven, and then sieved to a particle size of below 63 µm. The bottle glass and cathode-ray tube glass were milled, homogenised and sieved to a particle size of below 90 μm.
Electric arc furnace slag (EAFS) from the metallurgical industry in Slovenia was used as a precursor for the preparation of alkali-activated binders. The slag was milled, homogenised and sieved to a particle size of below 90 μm.
Characterisation of the Raw Materials
The chemical composition of the raw materials was determined by Sequential X-Ray Fluorescence (XRF) Spectrometer (ARL PERFORM′X, Thermo Fisher Scientific Inc., USA) using UniQuant software. Before measurement, powder samples were heated at 950°C and then fused beads were prepared at 1,050°C—1,100°C using commercially available flux composed of 50% lithium tetraborate and 50% lithium metaborate (FX-X50-2, Fluxana GmbH & Co. KG, Germany). The mass ratio of powder to flux was 1:10.
Nitrogen sorption (ASAP 2020, Micromeritics, Norcross, USA), at a temperature of 77K and relative pressure range between 0.05 and 0.3, was used to determine the specific surface area of the powders. Before each measurement, the powders were heated to 70°C–105°C for at least 3 h and degassed to 0.133 Pa (Flowprep equipment, Micromeritics, Norcross, GA, USA). The specific surface area was calculated using the Brunauer–Emmett–Teller (BET) method.
Particle size distribution was determined by laser granulometry (Microtrac MRB Sync, part of Verder Scientific). The chemical composition, BET surface area and particle size (d10, d50, d90) of the raw materials used for the preparation of AAAs and the precursor used for alkali activation are shown in the Supplementary Table S1 and Supplementary Figure S1. The initial waste materials for the preparation of AAAs contained different amounts of SiO2. BG contained 72.4 wt% SiO2, GW 65.4 wt% SiO2, CRTG 58.5 wt% SiO2, while the SW contained the lowest amount of SiO2 (43.6 wt%). Stone wool had the highest amount of Al2O3 (16.1 wt%), while the other waste glasses contained 1−3 wt% of Al2O3. The BET specific surface area of the four milled and sieved waste glassy powders was between 0.37 m2/g and 0.53 m2/g.
The precursor, electric arc furnace slag (EAFS), used for alkali activation contains different amounts of SiO2 and Al2O3 (16.8 wt% of SiO2 and 8.1 wt% of Al2O3). Slag has a higher content of CaO (21.4 wt%) and MgO (16.8 wt%) than precursor used for Si and Al dissolution. The specific surface area of EAFS was 6.44 m2/g. Based on one of our previous studies it is known that the mass percentage of amorphous phase in the slag is 63.2% (Češnovar et al., 2019).
Preparation and Characterisation of the Alternative Alkali Activators
Either 5 g or 20 g of the glassy waste powders were added to 200 ml of 10 M KOH solution, resulting in powder mass to 10 M KOH volume (mpowder/VKOH) ratios of 0.025 g/ml and 0.1 g/ml, respectively. The 10 M KOH solution was prepared in the laboratory from distilled water and KOH flakes (Donau Chemie AG, Austria). The suspensions were left to boil at 120°C for either 4 h or 24 h, with constant mixing via a magnetic stirrer at 400 rpm. The suspensions were then cooled and filtered through a cellulose filter with a retention capacity of 4–12 μm (MN 640 m, (Macherey-Nagel GmbH & Co. KG, Germany). The filtrates obtained were later used as AAA solutions and analysed with regard to their Si and Al content via inductively coupled plasma-optical emission spectrometry (ICP-OES) (Varian, Model 715-ES).
For nuclear magnetic resonance (NMR) measurements, approximately 450 μl of each sample was transferred into 5 mm NMR tubes. Spectra were recorded on pure samples, using a coaxial insert with DMSO-d6 for the lock. The spectra were recorded on a Bruker Avance Neo 400 MHz NMR spectrometer (29Si frequency 79.49 MHz) with a BBO Iprobe at 25°C. Spectra were recorded using a 30° pulse, 2s relaxation delay and inverse gated decoupling. 4,000–10,000 scans were acquired per spectrum to obtain sufficient signal to noise. The spectra are referenced to the lock frequency and reported relative to TMS (δSi 0 ppm).
Preparation and Characterisation of the AAMs
The prepared AAAs were used in the alkali activation of the slag precursor in order to evaluate their effectiveness. The pastes were prepared using a constant AAA to precursor mass ratio. The paste formulations, presented in terms of the mass percentages of the precursor and activator (wt%), and the nominal Si/Al and K/Al molar ratios, are reported in Table 1. 150 g of slag was mixed with 74 g of AAA, giving a mass ratio m(AAA)/m(slag) of 0.49. Two reference slag specimens were prepared: a) 150.0 g of slag mixed with 74.0 g of 10 M KOH (m(KOH)/m(slag) = 0.49) and b) 150.0 g of slag mixed with 68.1 g of water glass (m(K-silicate)/m(slag) = 0.45). A commercially available K-silicate solution (K2O; 15.4%, SiO2; 30.4%, H2O; 54.2%) was used as a reference alkali activator (potassium silicate Betol K 5020 T; Woellner Austria GmbH). The pastes were manually mixed for 2 min and then cast into silicon rubber moulds with dimensions of 20 × 20 × 80 mm3. Pastes in the unsealed moulds were then put into a heating chamber, without controlling the relative humidity, for 72 h at temperature of 70°C in order to accelerate the alkali-activation process and thus harden the structure. The hardened binders were then demoulded, and the mechanical strength was measured. Mechanical strength (compressive and bending strength) was determined using a compressive and bending strength testing machine (ToniTechnik ToniNORM, Berlin, Germany, force application rate 0.05 kN/s). The bending strength of the various AAMs was assessed under three-point bending loading, while the compressive strength was assessed under compression loading using the two broken pieces from the bending test. The bending strength values reported represent the average results obtained from 3 test specimens of dimensions (20 × 20 × 80) mm3. The compressive strength values reported represent the average results obtained from 5 test specimens.
TABLE 1 | The paste formulations, presented in terms of the mass percentages of the precursor and activator (wt%), and the nominal Si/Al and K/Al molar ratios.
[image: Table 1]The porosity of the hardened binders was analysed using a mercury-intrusion porosimeter (MIP; AutoPore IV 9500, Micromeritics, Norcross, USA) in the pressure range of 0.004–414 MPa. Before measurement, representative fragments of the AAMs with a volume of approximately 1 cm3 were dried at 70°C in a heat chamber for 24 h.
Infrared spectra of the raw precursors and hardened binders were recorded using a Fourier transform infrared (FTIR) spectrometer (Spectrum Two, Perkin Elmer, USA), equipped with an attenuated total reflection accessory (Universal ATR) with a diamond/ZnSe crystal as a solid sample support, in the range from 400 cm−1–4,000 cm−1 at a resolution of 4 cm−1. The precursors were analysed as they were prepared for the alkali-activation process, whereas the hardened binders were ground before analysis.
Leaching tests were performed on the AAMs according to the European standard EN 12457-2 (2002). Depending on the moisture content of the sample, approximately 90 g of AAM, with a particle size of less than 4 mm, was added to deionized water in a glass bottle at a solid/liquid ratio of 1:10. The mixture was mixed on a tumbler at 10 rpm for 24 h at room temperature. It was then filtered to separate the solid fraction from the liquid fraction. The liquid fraction (leachate) was acidified with nitric acid to a pH of <2 in order to determine the amount of metals released via inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900). Following the leaching test, the pH (Mettler Toledo FiveEasy™ ph meter) and ionic conductivity (YOKOGAWA Model SC82) of the slag leachate and AAMs were measured. The concentration measured was comparable with Slovenia’s national Decree on waste landfill based on the European Directive (Official Gazette of Republic Slovenia, 2014; Official Gazette of EU, 2018).
RESULTS AND DISCUSSION
Alternative Activators: The Solubility of Si and Al in 10 M KOH
The concentrations of dissolved silicon (Si), aluminium (Al) and calcium (Ca) ions for the four types of waste at different KOH concentrations, alongside the boiling time, are shown in Table 3. In general, the solubility of Si increases in line with an increasing solid content and boiling time. The solubility of Si was highest in the BG activator, i.e., 33.1 g/L after 24 h of boiling in KOH (solid content in a 0.1 g/ml suspension). Under the same conditions, the Si concentrations were 25 g/L and 17.9 g/L in the GW and CRTG activators, respectively. The highest concentration of dissolved Si in the BG activator is consistent with the highest amount of SiO2 in the BG precursor. At a solid content of 0.025 g/L, the highest dissolved Si concentration (11.7 g/L) was observed in the GW activator after 24 h of thermal treatment. Similarly, after a short period of boiling (4 h), the highest dissolved Si concentration, 13.7 g/L, was obtained for GW dissolved in KOH, which was a little higher than the concentrations in the BG and CRTG activators, i.e., 10.9 g/L and 12.5 g/L, respectively. The concentration of Si in the SW activator was lower than in the other activators (4.3–6.1 g/L), which is related to the lower SiO2 content and relatively high CaO and MgO content in the SW (XRF data in Table 2). As with the Si solubility, the Al solubility increases with an increasing solid content and boiling time, except in the case of SW. SW contains a far higher amount of Al than the other precursors used in this study (Table 2). The decrease in the amount of Al dissolved after 24 h of thermal treatment could be related to the precipitation of less soluble aluminosilicates in the KOH solutions, which is more obvious when the solid mass/volume ratio of the KOH activator is higher. With the exception of the CRTG samples, no Ca was measured at mprecursor/mKOH = 0.025 (the concentration was below the detection limit), and a lower concentration of Ca was measured in the SW, GW and BG AAAs at mprecursor/mKOH = 0.1 compared to the CRTG activator.
TABLE 2 | Analysis of the raw materials with respect to their chemical composition, presented as mass percentages in oxide form (wt%, XRF), specific surface area, and loss on ignition (LOI).
[image: Table 2]The comparison of these data shows that the dissolution of Si follows different kinetics in KOH than in NaOH. The data for dissolution in KOH and NaOH (König et al., 2020) are reported in Table 3. The dissolution behaviour of glass in alkali media is complex and related to multiple competing processes, e.g., network dissolution (hydrolysis), precipitation, and passivation (Maraghechi et al., 2016). In most cases, the content of dissolved Si is higher in KOH, with the difference being the highest in GW, BG and CRTG at longer dissolution times (24 h). A higher Si concentration in NaOH is, however, observed in GW at short dissolution times. According to the literature, the dissolution of aluminosilicate precursors is faster with KOH than with NaOH (Poulesquen et al., 2011). This could be explained by the fact that the K+ ion is larger than Na+, resulting in a more basic solution with a higher degree of solubilisation and polycondensation (Phair and Van Deventer, 2002). The higher pH of the solution leads to a higher concentration of monomers, due to the higher solubility of monomers in KOH (Khale and Chaudhary, 2007). The higher alkalinity increases the dissolution of Si, meaning the porous structure of the glass is exposed to a new surface and dissolution progresses (Newlands et al., 2017). Si-O-Si linkages are stronger than Si-O-Al and Al-O-Al bonds (de Jong and Brown, 1980; Xiao and Lasaga, 1994). Theoretical calculations show that the average bond length of Si-O bonds within Al-O-Si linkages increases when the Al/Si ratio is increased in the cluster, suggesting that hydrolysis of the Al-O-Si bonds becomes easier. This partially explains the higher dissolution at an increased Al/Si ratio, and preferential leaching of Al occurs more readily at a high Al/Si ratio (Hamilton et al., 2001). An increased Al content in the precursor will therefore lead to an increased rate of dissolution of the aluminosilicate material (Walkley et al., 2016). The alkali dissolution/precipitation reaction is controlled by the Si-rich Al-deficient surface precursor species at the mineral surface. Al preferentially dissolves from aluminosilicate glasses, any Si previously bound to Al is exposed, and the liberated Si dissolves (Oelkers and Gislason, 2001). XRF data shows that GW, CRTG and BG waste contain a similar amount of Si, with the highest amount found in the BG waste, whereas the highest amount of Al occurs in the SW. However, the solubility of Si in SW was not the highest considering the explanation above, where higher Al/Si ratio accelerates the solubility of Si. Moreover, regardless of the solid mass/KOH volume ratios, at a longer boiling time decreasing concentrations of Si and Al were observed in the SW activators but not in the other activators. This could be explained by the formation of various solid species (precipitation of a disordered phase could be present at a relatively high supersaturation (Gartner and Macphee, 2011)) that may precipitate at different equilibrium Al/Si ratios (Gasteiger et al., 1992). A decreasing Al and/or Si concentration may also be related to the accumulation of ions on the surface that disable or slow down the dissolution process. The ionized silanol group Si-O- on the surface attracts cations due to the re-absorption and formation of different unstable complexes (condensation process) that provide a barrier for further dissolution (Newlands et al., 2017) Al shows an inhibiting effect on dissolution by forming surface complexes (Chou and Wollast, 1985). The inhibitory effect of aqueous Al on dissolution could increase with increasing temperatures, due to the enhanced adsorption of cations onto surfaces with an increasing temperature (Chen and Brantley, 1997). KOH tends to leach out more calcium and magnesium than NaOH, although the solubility of Ca decreases at a higher pH. In a mixture of KOH/K-silicate, amorphous calcium silicate precipitates may form instead of alumina-silicate precipitates, and an increase in pH increases the concentrations of Ca, Al and Mg, but not that of Si. (Phair and Van Deventer, 2001). Other precursors used for the preparation of AAAs contain a far lower amount of Al and the gradual dissolution of Al cannot hinder the dissolution of Si through the formation of precipitates/surface complexes.
TABLE 3 | The concentrations of Si [g/L], Al [mg/L] and Ca [mg/L] in the alternative activators (AAAs) under different dissolution conditions. The numbers in brackets refer to dissolution in 10 M NaOH (König et al., 2020).
[image: Table 3]For further experiments, only samples with the ratio mprecursor/VKOH = 0.1 g/ml were selected (samples with a higher concentration of dissolved Si, with the exception of the SW).
Infrared Spectroscopy of the Alternative Activators
All FTIR spectra of the AAAs (Figure 1) show an absorption band in the region of 3,750–2,750 cm−1, related to hydrogen-bonded OH groups, and a shoulder around 3,500 cm−1, related to symmetric (ν1) and asymmetric (ν3) stretching vibrations of OH. Around 1,600 cm−1, the bending band (ν2) of H2O can be seen. At about 800–1,000 cm−1, in the silicate fingerprint region, there are visible peaks in the spectra of the samples with the concentration of dissolved Si ions above 10 g/L (peaks for the SW activator are not seen). Silicate solutions with a higher Si/M ratio (M = K, Na) or dilution level contain more polymerized species, observed as an increase in the wavenumber (Vidal et al., 2016). Between pH values of 11 and 14 the concentration of clusters (Q3 and Q4) in the solution decrease rapidly with an increasing pH, whereas the concentration of the Q2 shifts progressively towards lower wavenumber values (Kamseu et al., 2017). Q3 and Q4 are present only in the K-silicate activator, and not in the AAAs prepared, as seen in Figure 1. Considering the data in Table 3, which shows the Si/K ratio in the slag-activator pastes prepared, it can be seen that the slag paste with the activator produced by thermally treating the BG in KOH for 24 h (BG_24h) has the highest Si/K ratio. It would therefore be expected that the position of that band was located at a higher wavenumber than the bands ascribed to the other AAAs. As seen in Figure 1, however, this is not the case, since the bands for the SW_4h and SW_24h activators, which have the lowest concentration of Si dissolved in KOH, are located at wavenumbers (984 cm−1) higher than the other samples. The spectra of the other AAAs, prepared from BG, CRTG and SW, show bands in the range of 973–980 cm−1. By increasing the pH, and thus decreasing the Si/M ratio, the Si-O-Si band displaces to a lower wavenumber, due to the appearance of SiO− as a depolymerisation phenomenon (Vidal et al., 2016). The formation of various species with Si and Al may, however, have an important impact on the position of the bands in the infrared spectrum. Additional bands were observed in the spectra of all samples at about 930 cm−1; the bands in the spectra of the SW activators are, however, barely visible. Those bands are assigned to the stretching of Si-O-Si bonds due to a depolymerisation phenomenon (Vidal et al., 2016). According to the literature, the most intensive peak of the Si-O-Si band in the K-silicate spectrum represents the Q2 species (Kamseu et al., 2017), as presented in Figure 1. The peak intensity in the spectra of all AAAs is, however, much smaller, due to the lower amount of Si available in these samples compared to that in the commercially available alkali activator. Due to the low concentration of dissolved Si, and thus the low Si/K ratio, it is suggested that monomeric and dimeric silica species prevail in the AAAs prepared.
[image: Figure 1]FIGURE 1 | FTIR spectra of the alternative activators based on 10 M KOH.
NMR Analysis of Alternative Activator Solutions
Figure 2 represents NMR spectra of the AAAs prepared in this study. N (0-4) in Qn represents the number of bridging oxygens surrounding the Si atom, where Q0 and Q1 represent monomeric and dimeric silica (Vidal et al., 2016). 29Si solution NMR spectra reveal that the silicate is mostly in low molecular weight forms in AAAs based on waste materials, with the monomeric (Q0) species dominant in all of the samples (δSi -72 ppm). Two additional signals were observed in the spectra of most of the samples, corresponding to dimeric (Q1, δSi -79 ppm) and cyclic trimeric (Q2, δSi -82 ppm) species (Knight et al., 2007). These signals were not observed in the dissolved SW samples, due to the lower overall intensity of the peaks in the spectra of these samples resulting from the lower concentrations of dissolved ions. Longer dissolution times increased the overall concentration of Si and the proportion of dimeric and trimeric species in CRTG and BG; (from approximately 20% of Si atoms in dimeric and trimeric form at 4 h to 30% at 24 h). For the SW and GW samples, longer dissolution times also increased the Si concentration, as shown by the integrals of signals in the respective NMR spectra, but proportion of species detected remained the same. In contrast, the 29Si NMR spectrum of a commercial sample of K-silicate reveals a complex mixture of silicate species. Peaks corresponding to Q0 (δSi −73 ppm), Q1 (δSi -81 ppm), Q2 (δSi −82 to −92 ppm), Q3 (δSi −94 to −100 ppm) and Q4 (δSi −102 to −109 ppm) tetrahedral sites were present, and the monomeric species represent only a minor fraction of silicon in the sample. Q2 and Q3 sites account for most of the silica species (39 and 43%, respectively). Q2 and Q3 are the principal species in solutions where the Si/M molar ratio >1 (Vidal et al., 2016). The precursor used for preparation of the AAAs and the silicates available in the solution are important factors affecting the alkali activation process and hardened performance (Alnahhal et al., 2021). The amount of dissolved Si, however, depends on the amorphous SiO2 content in the precursor (Mejía et al., 2014; Tong et al., 2018). The optimum Si/M (M = Na, K) modulus could be in the range 1–2 indicating the Q1 and Q2 silica form (Luukkonen et al., 2018). The Qn species depends on the amount of M2O, whereby the Q4 and Q3 species decrease and Q1 and Q2 increase with an increasing content of M2O (Malfait, 2009). When the Si/M molar ratio is above 1, the solutions mostly contain Q2, Q3 and Q4 polymerized species, whereas when the ratio is below 1 the major species are Q0 and Q1 (Vidal et al., 2016). Parameters such as the SiO2/M2O molar ratio, the dilution level and the alkaline cation may, however, affect the presence of various silicate species. Specifically, an increase in the Si/M ratio and the dilution level of the silicate solution lead to a higher content of polymerized species, an influence that is more significant in the presence of KOH (Steins, 2014).
[image: Figure 2]FIGURE 2 | 29Si NMR spectra of the alternative activator samples.
Mechanical Properties of the Alkali-Activated Slag
The mechanical properties of the AAMs prepared based on KOH activators are shown in Table 4. The mechanical strengths of the AAMs vary, with compressive strength ranging from 3.09–9.47 MPa and bending strength between 1.92 and 3.89 MPa. The K-silicate-activated slag showed the highest compressive and bending strength (27.4 and 10.7 MPa, respectively), while the AAM prepared with 10 M KOH showed the lowest (1.97 and 0.65 MPa). The highest compressive strength (9.47 MPa) was measured in the sample produced from the CRTG activator obtained after 24 h of thermal treatment, resulting in a Si content of 17.9 g/L.
TABLE 4 | Concentrations of dissolved Si and Al in the AAAs, the molar ratio of K/Al/Si in the prepared pastes, and the density, porosity and mechanical strength of the hardened slag (EAFS) binders. The K/Al/Si molar ratio in the prepared mixtures is calculated from the chemical composition obtained by XRF and XRD of the EAFS. The numbers in brackets refer to dissolution in NaOH (König et al., 2020).
[image: Table 4]In the samples produced with AAAs, a trend of increasing compressive strength (denoted by circles) with an increasing concentration of dissolved Si in the AAAs occurs up to 17.9 g/L, as seen in Figure 3, while the values then saturate when the content of dissolved Si is higher (25.6 g/L and 33.1 g/L). A similar phenomenon with respect to the Si saturation—albeit in NaOH—was observed in the study by Bouchikhi et al. In their study, however, this phenomenon occurred at a higher precursor mass/NaOH solution volume ratio (30g/100 ml) (Bouchikhi et al., 2021). The increasing trend with the increasing concentration of dissolved Si in the AAAs is also observed in the bending strength of AAMs (denoted with circles) up to 12.5 g/L, as shown in Figure 4, reaching a maximum value of 3.9 MPa. Then, when the AAAs have higher Si concentrations, the values of bending strength range between 2.6 and 3.4 MPa. Since the slag contains a limited amount of amorphous phase, the amount of Si in the AAAs used for alkali activation of the slag is critically important to increase the mechanical strength of the hardened slag specimens (Figures 3, 4). It is also shown in Figure 4 that the density (denoted by triangles) of the hardened samples increases as the Si concentration increases. The increased density, i.e., a lower porosity in the samples, also contributes to better mechanical performance.
[image: Figure 3]FIGURE 3 | Compressive strength and density of the hardened samples as a function of the Si concentration in the AAAs (circles denote compressive strength and triangles denote density).
[image: Figure 4]FIGURE 4 | Bending strength and density of the hardened samples as a function of the Si concentration in the AAAs (circles denote bending strength and triangles denote density).
Comparison of KOH vs. NaOH
The samples prepared with KOH- and NaOH-based activators were prepared with waste glass and slag from the same batches. The mixture formulations were also the same. The influence of KOH or NaOH and their corresponding AAAs on the properties of the hardened samples can therefore be directly compared. Across all the AAA-mixtures, the compressive and bending strength of the hardened samples based on KOH are far higher than those based on NaOH, with the values being roughly 1–3-times higher (Figure 5). At the same time, the samples produced directly with 10 M KOH or 10 M NaOH have comparable mechanical properties, while the difference between the mechanical properties of the reference samples with silicate activators is of the order of 20%. Such a difference can be partly related to the higher density of the samples processed with KOH-based activators (Figure 6). We detected that these samples exhibited higher shrinkage after the hardening step.
[image: Figure 5]FIGURE 5 | Comparison of the a) compressive and b) bending strength of the hardened samples prepared by KOH- and NaOH-based AAAs.
[image: Figure 6]FIGURE 6 | Compressive strength of the hardened samples (from KOH- and NaOH-based AAAs) as a function of their density.
The pH of the initial mixture of the alkali metal silicate and the precursor is the most important factor observed to control the compressive strength of the hardened matrix. With an increasing pH, there are more smaller chain oligomers and monomeric silicates which are more available to react with aluminium and calcium to form alkali-activated binding phase (Phair and Van Deventer, 2002). The compressive strength was greater in the K-Silicate/KOH activated matrices than in the Na-Silicate/NaOH activated matrices (Phair and Van Deventer, 2001). K+ ion is more basic than Na+ and allows higher rates of solubilized polymeric silicate ionization and dissolution. K+ has a smaller hydration sphere than Na+, which allows for more dense polycondensation reactions, providing a greater overall network formation and an increase in the overall strength of the matrix (Phair et al., 2000). Alkali-activation using KOH is, however, slower than with NaOH, because K-alkali-activated gel is more disordered than Na-alkali-activated gel. K+ ions have a greater tendency to interact with negatively charged [TO4, T = Si, Al] units, thus limiting the condensation reaction. If NaOH is used as an activator, the alkali activation kinetics are faster, but the interactions between constituents are weaker and/or the formation of oligomers is more limited. If KOH is used as the activator, the reaction is slower, with far stronger interactions between constituents, resulting in better mechanical properties and a lower porosity (Phair and Van Deventer, 2001). KOH favours the formation of a three-dimensional structure, probably due to the greater connectivity between oligomers. However, this type of AAM is, therefore, more rigid (Poulesquen et al., 2011). Comparison with the reference sample prepared with K-silicate shows that the addition of K-silicate, which contains approximately 6–18 times more dissolved silica, results in a compressive strength 2.9–4.4-times higher than the AAMs prepared with SW-, GW-, BG- and CRTG-based AAAs. A similar relationship is found for the bending strength. The K-silicate reference has a molar ratio of Si/K > 1, and the increase in the Si/M ratio suggested the presence of more polymerized species in the solutions (Svensson et al., 1986), as observed by FTIR and NMR analysis (Figures 1, 2). A higher Si/M ratio with more soluble silicate can accelerate the polycondensation reaction and thus result in the formation of more gel in the AAMs (Tchakouté et al., 2016b). The mechanical strength of the AAM with K-silicate is therefore the highest. The dissolved Si in the AAA influences the porosity, the formation of the gel, and the mechanical properties of the AAM, whereby the fast reaction of NaOH as an AAA may result in the formation of a more porous structure and thus a lower compressive strength, although the degree of reaction of the slag was comparable for the NaOH and Na-silicate (Haha et al., 2011). A lower Si/M (M = K, Na) ratio resulted in the formation of more pores in the structure (Tchakouté et al., 2016b). The kinetics of hydration significantly influences the porosity and compressive strength of the AAMs. AAMs prepared with NaOH had a higher porosity, due to the faster reaction and precipitation of products around the precursors at an early age (Ben Haha et al., 2011). The more porous structure of AAMs using NaOH-based activators was proven in one of our previous studies (König et al., 2020), and results showing the higher porosity in comparison to AAMs using KOH-based activators are shown in Table 4. There are no significant differences in the porosities of the samples activated with NaOH-based AAAs. The porosity of the AAMs activated with NaOH-based AAAs ranged between 39.7% and 43.5%, suggesting that, due to the faster reaction with NaOH, the amount of dissolved Si has a minor influence on the porosity and mechanical properties. Nevertheless, AAMs were observed to have a higher density, with more Si dissolved in the NaOH-based AAAs. In the KOH-based samples, a greater variation was observed between the porosities of the alkali-activated EAFS (24.1%–36.3%). This indicates that the dissolved Si has a greater influence on the porosity, density and mechanical properties. The CRTG_KOH_24h-SLAG sample shows the best mechanical properties, however, although the porosity is 32.6%, which is far higher than the BG_KOH_24h-SLAG sample that contains the highest amount of dissolved Si and a lower compressive strength. The contribution of Al to the development of the gel structure in the early stages of the reaction plays an important role in the initial strength development of AAMs, due to the gel cross-linking and generating mechanical integrity, but the contribution of Si in the later stages of gel growth is known to be critical to strength development (Oelkers et al., 1994). The mechanical properties of the AAMs prepared in this study were therefore better when the amount of Si dissolved in the AAAs was higher. Consequently, the AAM sample prepared with 10 M KOH, without any dissolved Si, has the worst mechanical properties (Table 4).
FTIR Analyses of the Alkali-Activated Slag Samples
Figure 7 shows the FTIR spectra of the raw slag (EAFS) and the hardened alkali-activated binders. Supplementary Table S2 shows the ratio of Si/Al in the prepared AAAs, Si/Al in the AAMs using AAAs, ratio of Ca/Si in the AAMs and the position of the Si-O-T asymmetric stretching bands. The raw slag spectrum has a broad band at 982 cm−1, which corresponds to the asymmetric stretching vibrational mode of the TO4 (T = Si, Al) tetrahedron (Yu et al., 1999). A major band is also observed at 1,417 cm−1, corresponding to the vibrating modes of CO32-, while a sharp peak at 875 cm−1 and barely visible peak at 713 cm−1 indicate the existence of a calcite phase. Following alkali activation, the asymmetric stretching vibration of Si–O-T (T = Si, Al) shifted from 982 cm−1 to 940–980 cm−1, depending on the AAA used. In the K-silicate AAM (Ref_K-silicate), the band is positioned at 980 cm−1, but this (Si–O-T band) shifts to lower values in the other samples, ranging between 940 cm−1and 965 cm−1. The position and intensity of the Si–O-T band indicate the degree of alkali activation (Chindaprasirt et al., 2009; Bernal et al., 2011). Broader peaks of all the spectra refer to a higher degree of heterogeneity in the sample and thus the existence of a broader range of different structural features. The shift to lower wavenumbers indicates a higher Al content in the AAM gel (i.e., a lower Si/Al ratio). The Si/Al ratios of the AAAs used in the alkali activation of EAFS are shown in Supplementary Table S2. More Al participates in the AAM gel structure when a higher amount of Si is available in the mix. A higher contribution of Si to AAM gels would, however, be expected when a higher amount of soluble Si was available in the early stages of the reaction (Hajimohammadi et al., 2011). In the present study, the highest amount of Al is present in the SW samples, which have the lowest concentration of Si. It follows that the Si/Al ratio was higher, more Al was available in the early stages of reaction, and the initially-formed AAM gel contained a high level of Al, resulting in the main band shifting to lower wavenumbers. When enough silica was released from the solid precursors used, and Si was incorporated into the gel structure, the main band shifted back to higher wavenumbers (Hajimohammadi et al., 2010). We did not, however, perform time-dependent sample measurements to prove this, but due to curing the samples for 3 days at 70°C, the position of the bands is final and no additional shift is expected. In the SW samples the bands are positioned at 951 cm−1 (4 h of thermal treatment, 5.9 g/L Si) and 940 cm−1 (24 h of treatment, 4.3 g/L Si), consistent with the lower Si/Al ratio of the AAAs. Bands are also observed at 940 cm−1 in CRTG after 24 h of treatment and GW after 4 h of thermal treatment, however, although the Si/Al ratios in these samples are significantly higher than that of the SW sample with 24 h of treatment. The shifts to lower wavenumbers observed could be due to the less polymerized AAM matrix in these samples, since there is no correlation with the Si/Al ratios. This is in contrast to the highest compressive strength of the CRTG-slag after 24 h of thermal treatment. A more homogenous AAM gel is observed as the availability of Si increases (Hajimohammadi et al., 2011). In the K-silicate AAM the Si-O-T band is positioned at 982 cm−1, whereas in BG, which has the highest amount of dissolved Si, it is located at 965 cm−1. In KOH-activated slag the band occurs at 962 cm−1. This sample has the lowest mechanical properties and the highest porosity, suggesting a highly depolymerised matrix. Since the mechanical properties increase with a higher amount of Si, polymerization should improve in all the samples prepared from AAAs. There should be other mechanisms for formation of the matrix, due to variation in the position of the bands. A band (shoulder) at around 1,050 cm−1 is related to unreacted EAFS particles in the mixture. This band is not observed in samples 1_BG-KOH-4h-SLAG and 2_BG-KOH-24h-SLAG, which have the highest amount of dissolved Si. Bands in the range 1,423–1,435 cm−1 represent stretching vibration of the O-C-O bond (CO32-). In all samples except the K-silicate and BG AAMs, an additional shoulder observed at around 1,370 cm−1 representing the high level of carbonation process due to the non-uniform nature of their microstructure (Yusuf et al., 2014). In a previous study Lancellotti et al. (2021) proposed that C-S-H is formed in alkali-activated EAFS slag. The degree of polymerization depends on the Ca/Si ratio, with higher polymerization occurring when Ca/Si<1.25 (Macphee et al., 1988). With high alkalinity, the carbonation of gel favours silicate polymerization (Black et al., 2007; Garbev et al., 2007) modification of gel, and a redistribution of Ca to surface sites (García Lodeiro et al., 2009). Since C–S–H gel reacts with atmospheric CO2, a high degree of carbonation is present in the samples, as is observed from the intensive bands occurring at around 1,400 cm−1 and 865 cm−1.
[image: Figure 7]FIGURE 7 | FTIR spectra of the hardened binders composed of alkali-activated slag after curing for 72 h at 70°C.
Hg Porosity Analyses of the Alkali-Activated Slag Samples
The pore dimensions of the alkali-activated slags, measured by MIP, are shown in Figure 8 and Supplementary Figure S2, with the raw data provided in Table 4. The pore sizes of the AAM samples prepared with AAAs are similar to those prepared with 10 M KOH. The reference sample prepared using K-silicate has noticeably larger pores, but the total open porosity is lower (24%). The open porosity of the samples ranges between 24% and 41%. The lowest open porosities were shown in the slag specimen activated by K-silicate and the BG-KOH-24h-SLAG sample, which has the highest content of dissolved Si, whereas the highest open porosity was measured in the sample alkali-activated by 10 M KOH. The higher porosity of the KOH-activated samples is due to a faster initial reaction between the activator and the slag, leading to a coarser microstructure and poorly distributed hydration product (dense C-S-H gel). In the silicate activator, the hydration of slag is slower, and the hydration product is distributed uniformly, resulting in a more homogenous microstructure and consequently a lower porosity and higher compressive strength (Ben Haha et al., 2011). The mechanical properties of AAMs were therefore highest in the case of pure K-silicate, with a higher Si/K ratio and more polymerized species, as also confirmed by the shift of Si-O-T (T = Si, Al) at 982 cm−1 in the alkali-activated EAFS (Figure 7). At 24%, however, the porosity was similar to that of the BG-KOH-24h-SLAG sample, which had the lowest porosity; the position of the band located at 965 cm−1 indicates a less polymerized aluminosilicate matrix, although it is still more than all of the other alkali-activated samples. The formation of different hydration products at the same porosity influences the strength of various materials (Jin et al., 2021). Interestingly, the CRTG-KOH-24h-SLAG sample, which had the highest compressive strength, did not have the lowest porosity. Compared to the other samples in Figure 8, this sample has a far higher proportion of pores between 1 and 2 μm, which might have an influence to the mechanical properties.
[image: Figure 8]FIGURE 8 | Stacked graph showing the pore size distribution of hardened alkali-activated slag samples after curing for 72 h at 70°C.
Leaching Test Results
Leaching tests were performed on the AAMs to assess the newly-proposed AAA solutions from an environmental point of view. Table 5 shows the concentrations of toxic trace and minor elements in AAAs prepared with a mprecursor/mKOH ratio of 0.1 g/ml. The concentrations of elements in the AAAs analysed were mostly below the upper limits for non-toxic materials, with the exception of Ba, Pb, Sb and Zn. This was, however, not the case in all AAAs, and was most evident in the AAAs prepared from CRTG. Pb and Ba are present in the original waste material in amounts of 7.7 wt% and 3.9 wt%, respectively, Zn represents 0.5 wt%, while Sb was not identified by XRF due to the lower concentration. Other AAAs did not show elevated concentrations of these elements. The BG and GW activators, however, show elevated concentrations of As.
TABLE 5 | Concentrations of toxic trace and minor elements in AAAs prepared AAAs with a mprecursor/mKOH ratio of 0.1 g/ml.
[image: Table 5]Furthermore, leaching tests were performed on samples activated with AAAs and EAFS in order to determine the leaching/immobilisation potential of elements, especially of those present in higher concentrations in the alkali activated CRTG waste (Ba, Pb, Sb and Zn). Table 6 shows the concentrations of toxic elements present in the leachates of the AAMs prepared. Leaching tests were performed on AAMs prepared using eight different AAAs (mprecursorr/mKOH ratio of 0.1 g/ml) and EAFS. Slag activated with 10 M KOH and K-silicate served as references. Slag was additionally evaluated for leaching prior to alkali activation to assess the results obtained. The last two rows of the table show the limits according to legislation for inert and non-hazardous waste. The leachate concentrations of the elements of environmental concern (As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, and Zn) presented in Tables 5, 6 were evaluated with respect to the Decree on the Landfilling of Wastes, which outlines criteria for waste of a specific type (inert, non-hazardous, and hazardous) intended for landfill (Decree on waste landfill (Official Gazette of Republic Slovenia, 2014; Official Gazette of EU, 2018).
TABLE 6 | The concentrations of 12 elements measured in leachates in leaching experiments performed following the SIST EN:12457-2 standard protocol.
[image: Table 6]Pb, Sb, Ba and Zn occur at elevated concentrations in the CRTG AAAs (Table 5), but a significant decrease in the concentration of all four elements could be seen in the leachates of AAMs. Based on the concentrations of the AAM leachates (Table 6) compared to those in the AAAs, it can be seen that Sb was highly immobilized by the alkali activation process. Of all the elements with elevated concentrations in the CRTG-based AAAs it was, however, the only element where the concentration still exceeded the allowable values for non-hazardous waste. On the other hand, three other critical elements (As, Cr and Mo) exceeded the permitted values for non-hazardous material following alkali activation with EAFS, with the values of Cr and Mo being especially high. Looking at the concentrations of elements in the slag leachates (Table 6), it can be seen that all concentrations are below the permitted values for non-toxic material. Although the pH value of the solution was slightly above 11, it is evident that the slag itself did not contribute to the elevated concentrations of As, Cr and Mo at that pH value. Leachates of solutions other than slag have a pH of above 13.3 in all AAMs, however, since all the AAAs prepared have a pH of over 14 (due to the use of 10 M KOH for their preparation). It is seen in Table 6 that not all AAM samples show the same trend with respect to the leaching of As, Cr, Mo and Sb. Ref-K-silicate, for example shows significantly lower concentrations of these elements, which could be related to the lower pH of the activator and the more polymerized matrix of the alkali-activated EAFS. The concentration of elements measured in the BG-24h-KOH-SLAG sample was also similar. The Si content, however, is 6-times lower than that of the K-silicate, and it is expected that less matrix is formed in the BG-KOH-24h-SLAG sample. Since the porosity of both samples is the same, better immobilisation occurs in the K-silicate AAM, as shown by the lower concentrations of elements seen in Table 6. The better immobilisation of elements in the BG-KOH-24h-SLAG compared to the alkali-activated samples could be due to the greater amount of matrix formed in the AAM and the slightly lower pH compared to the other samples, as observed in Table 7. Microstructural damage may also affect the leaching of toxic elements.
TABLE 7 | The pH and ionic conductivity values of the AAM samples prepared and the slag before alkali activation.
[image: Table 7]The leaching characteristics of metals from slag are strongly related to the structure and chemical composition of the slag. Due to the reduction condition during smelting, the elements are zerovalent or occur in more reduced valence states, mainly incorporated in the spinel structure (oxides of the form (M2+) (Fe3+)2O4 where M2+ and Fe3+ are the divalent and trivalent cations occupying tetrahedral and octahedral interstitial positions in the lattice formed by O2–), and the elements are leached as more reduced species (Cornelis et al., 2008). Concentrations of some toxic elements exceeding legislative limits in the leachates of alkali-activated EAFS (where Na-silicate was used for alkali activation) were found in the study by Lancellotti et al. (2021). The concentrations of Sb and As released from the AAMs remained below regulation limits, while an increasing amount of Mo was leached, presenting values which slightly exceed the limit for non-hazardous landfill waste (Lancellotti et al., 2021). During alkali activation, however, the pH significantly increases and may affect the leaching potential of some elements (when activated with a silicate activator rather than hydroxide the pH is lower). AAMs are able to effectively decrease the mobility of cationic species, whereas transition metals, which form oxyanionic species, remain less effectively stabilized (Bernal et al., 2014a; Bernal et al., 2014b). Physical encapsulation, e.g., the zeolite-type cage structures, can trap hazardous components if their size is suitable. Other types of physical encapsulation can take place when a physical barrier prevents the leaching medium (water) from contacting the hazardous components, thus preventing leaching (Luukkonen et al., 2019). Metal(loid)s can react with other reactive compounds in the mixture and become part of the aluminosilicate structure, for example by replacing silicon atoms (Schoenung, 2008). The immobilization of metals does not occur with ion exchange but rather through isomorphous substitution (Zheng et al., 2016). At a very high pH, however, the speciation of transition metal oxides will favour the formation of far more soluble oxide or hydroxide compounds [38].
Considering the study by Loncnar et al., where a pH-dependent model was adjusted to different ladle slag samples, a higher leaching potential was observed for Cr and Mo at pH > 12, while the leaching of Ba reduced (Loncnar et al., 2016). The elements As, Cr, Mo, Sb and Se can form oxyanions in solution, forming a range of different species depending on both pH and redox potential, and, due to their high solubility, could be found in relatively high concentrations in leachates compared to the cationic species (Cornelis et al., 2008). Elements present in their elemental state, hydroxides, and oxides formed by reduced species at a high pH are only slightly soluble (Cr(III), Sb(III) (Beverskog and Puigdomenech, 1997; Séby et al., 2001; Filella and May, 2003). Although Cr(III) is present in steel slag, soluble Cr is mostly in the hexavalent form (Chaurand et al., 2006), which is the form predominantly found in leachates (Kersten et al., 1997). Similarly, it was shown in the study by Shen et al. (2004) that almost all of the total Cr in the leachate was present in the form of Cr(VI), since equilibrium with insoluble Ca–Cr(III) minerals cause the Cr(OH)4- concentration to be very low, meaning that soluble Cr is almost always hexavalent. Cr is mainly present in the form of oxides, while Ni and Mo are in the form of metal (Shen et al., 2004). The reduction of Cr(VI) into cationic Cr(III) with Fe(II) or S2- balances the negatively charged Al tetrahedra in the AAMs (Sun et al., 2014; Chen et al., 2017). The high Si/Al molar ratio was found to reduce leaching of Cr and Cu as the higher strength of Si-O-Si over the Si-O-Al bond decreases depolymerization during leaching (Zheng et al., 2010). The leaching behaviour of As, Cr, Se and Sb is highly dependent on the redox state at which they occur in the solid, whereas Mo is insensitive to this. In addition to leachability, with minerals containing Ca there could also be surface adsorption and solid solution formation, which would reduce the leaching (Cornelis et al., 2008). The concentration of Se in the sample leachates of the CRTG-24h-SLAG exceeded the upper limit for non-hazardous waste, whereas a high amount of Sb is immobilized following alkali activation, and, in the present work, Sb(III) is the expected form of Sb in the AAMs. However, Sb still exceeded the limit for non-hazardous waste in both CRTG samples. When using very reactive precursors with a high amount of amorphous aluminosilicates and/or Ca (e.g., GGBFS, metakaolin, fly ash), immobilization may improve due to the formation of more matrices. This was confirmed in our previous study, where high mechanical strengths were obtained in alkali activated fly ash (using AAAs prepared in NaOH solution), even when the amounts of dissolved Si and Al were low (König et al., 2020).
In highly alkaline solutions, Pb is capable of combining with either a negatively charged hydroxide or silicate species (Phair and Van Deventer, 2001). The cation is likely to combine with hydroxide, which is more labile and easily reacts with it (Phair and Van Deventer, 2001). More silicate species are available at a pH of 12 and cations are more likely to react with them (polysilicate anions), whereas more hydroxide ions exist at a pH of 14 which preferably react with them (e.g., as Pb(OH)2 or Pb(OH)- (Huang et al., 1987)). Because they exist as anions, however, they are unable to bind with polysilicate or any polysialate framework, and those cations that bound with silicate at a high pH will most likely be in monomeric silicate form (Phair and Van Deventer, 2001). In the study by Palacios and Palomo, Pb was found in the Pb3SiO5 phase (Palacios and Palomo, 2004). The leachability of Cu(II) and Pb(II) from the alkali-activated matrix decreased as the pH of the activating solution increased (Phair et al., 2004). AAMs could therefore immobilise and stabilise high proportions of Pb, as could be seen in the present study, especially in the case of the CRTG activator (Tables 5, 6). Cu is not a problematic element in the present study, and according to the literature it is more or less distributed throughout the aluminosilicate gel binder phase (Van Jaarsveld et al., 1999). The leaching kinetics of the immobilised Pb were in accordance with a diffusion mechanism. Since we were not able to confirm the presence of Pb3SiO5 in the CRTG-activated samples through XRD analysis (the results are not shown in the present work), it is suggested that the immobilisation of Pb in our system is a combination of physical encapsulation and chemical bonding, in which adsorption also plays an important role (Van Jaarsveld et al., 1998). Pb is immobilised (stabilised) in AAM through the formation of a network-forming element replacing Si; Pb(II) ions balance the negatively charged Al tetrahedra (physical immobilization), and insoluble Pb(OH)2 can be encapsulated into the alkali activated structure (Ogundiran et al., 2013) by bonding to the silicate chain through oxide and/or hydroxide links (Van Jaarsveld and van Deventer, 1999). Since the CRTG-KOH-24h-SLAG has the highest mechanical properties, a moderate porosity, unclear FTIR spectra, and not the highest amount of Si dissolved in the AAAs, Pb could have an important but unknown role in the matrix. The concentration of As exceeded legislative limits in all of the AAM leachates with the exception of the BG-KOH-24h, ref-K-silicate and ref-KOH samples. In the AAAs higher concentrations were measured in the BG and GW activators (Table 5), whereas in the CRTG and SW samples elevated concentrations of As in the leachates come from EAFS following the alkali activation process. In BG and GW, however, the concentrations of As reduce below the upper limit for non-hazardous material in the BG-KOH-24h sample. Zn, which was found in elevated concentrations in the CRTG AAAs, is effectively immobilised in the highly alkaline AAM matrix. Zinc can form covalent Zn-O-Si bonds, and so will eventually become substituted into the silicate chains of a calcium silicate hydrate once the system reaches the point of setting (Anseau et al., 2005). Low calcium AAMs can, however, be a good matrix for the immobilization of this metal. EAFS contains less than 20 wt% Ca and does not belong to the low-Ca binders, but due to the very low concentrations of Zn found in the leachates of all the samples prepared, it seems that immobilisation is possible even when higher amounts of Ca are present. Some studies suggest that compressive strength decreases when Zn is introduced to AAMs. In OPC, for example, Ca–Zn interactions lead to the precipitation of calcium zincate on the surface (Pereira et al., 2009). It is known that impurities (elements) from Si-rich wastes affect the compressive strength through the presence of side reactions during alkali activation (He et al., 2013). Additional studies are, however, needed to investigate the influence of Zn (and other toxic elements) on the mechanical properties, as well as the immobilisation mechanism in EAFS activated systems.
CONCLUSION
AAAs were prepared from SW, GW, BG, and CRTG, through dissolution in a 10 M KOH solution, as a potential substitute for commercial alkali silicates. The amounts of Si and Al ions dissolved in the filtrates, as determined by ICP-OES, depended on the time of thermal treatment, and ranged from 4.3–33.1 g/L and 0.06–1.57 g/L, respectively. The highest concentration of dissolved Si was almost 50% higher than the highest value observed when a 10 M NaOH solution was used in one of our previous studies. The NMR spectra of the AAAs indicate the presence of Q0, Q1, and Q2 species, except in the case of the SW activators, where Q2 could not be identified due to the low concentration of Si dissolved in the KOH solution. However, the FTIR spectra of the AAAs show two bands, at 973–984 cm−1 and around 930 cm−1, while K-silicate shows the band at 991 cm−1. The solutions prepared were then used to prepare alkali-activated samples using EAFS as the precursor material. Properties of the cured samples were compared with those of two reference samples, prepared using the slag and either 10 M KOH or commercial K-silicate solution. The compressive and bending strengths of the cured samples prepared with AAAs reached 9.5 and 3.9 MPa, respectively, which are 2–5 times higher than those of the sample prepared with 10 M KOH. Conversely, the strengths of the samples prepared with K-silicate were 2.5–3 times higher than those of the samples prepared with AAAs. The porosity of the AAMs prepared with KOH activators ranged from 24.1%–40.9%, with the lowest porosity measured in the BG-KOH-24h-SLAG sample (24.1%). The compressive strength values obtained for the samples prepared with KOH-based activators are far better (2–5 times higher) than the values obtained for samples prepared with NaOH-based activators. Part of this difference can be attributed to the higher density of the samples prepared with KOH, which is due to the slower reaction, better polymerization and consequently the formation of a larger matrix compared to NaOH. The results of the leaching tests show elevated concentrations of As, Cr and Mo in leachates of alkali-activated EAFS, considering the legislation data. Mix designs using AAAs and EAFS should be modified in the future to decrease the amount of toxic trace elements in leachates of AAMs. However, the AAMs prepared with EAFS and AAAs show good potential for the immobilisation Ba, Pb, Sb, and Zn. Further studies should be carried out to obtain more detailed information about the matrix and the Si/Al and Ca/Si ratios, as well as the distribution of toxic elements such as Pb using SEM-EDXS. In this way, we will obtain important information that will help in interpreting the leaching/immobilisation of toxic elements from AAMs.
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