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Abstract

:

The intensive mechanical stirring of suspensions of recycled glass and inorganic waste powders in ‘weakly alkaline’ aqueous solutions (e.g., 2.5–3 NaOH), followed by viscous flow sintering at 800–1000 °C, easily yields highly porous glass-ceramic foams. The firing determines just the consolidation of powders with concurrent incorporation of pollutants from iron-rich waste, such as fly ash from coal combustion (FA). Engineered mixtures allow for the obtainment of chemically stable foams from treatments in air. Treatments in nitrogen are even more significant since they extend the conditions for stabilization and promote novel functionalities. In addition, the change in the atmosphere favors the formation of magnetite (Fe3O4), in turn enabling ultra-high dielectric permittivity and semiconductivity. Such a condition was further evidenced by preliminary tests on recycled glass combined with residues from the Bayer processing of aluminum ores or red mud (RM).
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1. Introduction


Circular economy (CE) can be generally defined as an integrated approach to combat environmental challenges and promote sustainable development [1,2] by systematic reduction of the resources escaping from a product life cycle, e.g., by keeping the added value of the same product for as long as possible and eliminating waste [3]. It obviously includes actions of ‘waste recovery’ through reuse, recycling, and energy generation.



Industrial inorganic residues, such as fly ash from coal combustion (FA) and residues from the Bayer processing of aluminum ores (red mud (RM)), cannot be excluded from the CE perspective, but they present significant challenges. They are byproducts enriched in pollutants (heavy metal ions), available in very large quantities, and reusable for new products only in specified conditions, combined with other components, and in mixtures destined for the manufacturing of construction materials [4,5].



Among construction materials possibly including fly ash and red mud, a modern solution is represented by ‘inorganic polymers’ [6,7,8]. Inorganic polymers can be defined as the products of the dissolution of solid silica- and alumina-rich starting materials in highly concentrated alkali solutions, followed by gelation according to the condensation of corrosion products (hydrated silica- and alumina-based compounds) at near-room temperature. The molecular structure of the gels is highly variable; excellent mechanical properties and chemical stability are typically achieved with the subgroup of inorganic polymers known as geopolymers, which feature zeolite-like gels [9]. Such gels are determined by the polymerization of SiO4 and AlO4 tetrahedral units from the dissolution of starting materials, in the form of a three-dimensional network structure, with alkali ions resulting from the activating solution trapped in the interstitial spaces and stabilizing the tetrahedral coordination of Al ions [9]. It is evident that the formation of a zeolite-like gel corresponds to quite well-defined proportions between silica, alumina, and alkali oxides, which are generally obtained by the use of synthetic alkali silicates and aluminates as alkaline activators instead of simple sodium hydroxide [10].



Discarded glasses, e.g., fractions of common soda-lime glass enriched in heterogeneous contaminants, resulting as a byproduct of the refining of cullet or glass not directly recyclable in the manufacturing of the original articles (such as pharmaceutical glass), have been already introduced for more sustainable geopolymerization of fly ash and red mud coupled with sodium hydroxide [10,11,12,13]. However, a possible weakness in the approach is represented by the high hydroxide molarities [14].



The reduction of NaOH molarity (‘weak alkali activation’) has contrasting effects since it compromises the chemical stability of the products that could be recovered by ceramization of the gels upon treatment at moderate temperatures, i.e., not exceeding 1000 °C. On the one hand, the advantage in sustainability arising from lower NaOH addition is lost with the application of firing treatments. On the other hand, the ceramic transformation brings new opportunities according to the functionalities of the products. As an example, fly ash/soda-lime glass mixtures undergoing activation in weakly alkaline solutions may be used as precursors for highly porous glass-ceramics to be considered for thermal and acoustic insulation [15]. The gelation of suspensions does not constitute a final step but a processing tool. More precisely, suspensions can be foamed simply by intensive mechanical stirring (‘frothing’) with the help of surfactants, and the viscosity increase associated with the same gelation prevented the collapse of the cellular structures upon drying. The subsequent firing provides a final consolidation by viscous flow sintering.



The present paper is aimed at disclosing further opportunities for the stabilization of coal combustion fly ash, coupled with soda-lime glass, arising from the ceramization of highly porous bodies prepared by the frothing of suspensions in weakly alkaline solution. In particular, treatments in nitrogen, following recent experiences [16], were found to extend the conditions for stabilization and determine novel functionalities, such as ultra-high dielectric permittivity and electrical conductivity, in turn, triggered by the control of magnetite (Fe3O4) separation. These results were generalized by preliminary tests involving red mud as key inorganic waste.




2. Materials and Methods


Highly porous bodies were developed using either FA (mean particle size of 20 µm, provided by Steag Power Minerals, Dinslaken, Germany) or RM (<75 µm, provided by Alteo, Gardanne, France) combined with soda-lime glass waste (SLG), corresponding to powders (<30 µm) resulting from purification of glass cullet (SASIL S.r.l., Brusnengo, Biella, Italy). The chemical composition of the starting materials is reported in Table 1.



According to previous experiments [15], FA/SLG powder mixtures in the weight proportions of 76/24, 64/36, and 54/46 (labeled as ‘5S’, ‘6S’, and ‘7S’, owing to a SiO2/Al2O3 theoretical overall molar ratio of 5, 6, and 7, respectively) were cast in a 3M NaOH aqueous solution (solid content of 70%). They were left for 4 h at room temperature under mechanical stirring (500 rpm). RM/SLG powder mixtures (in the weight proportions of 70/30) were processed similarly, except for lower solid content (65%) and molarity of activator (2.5M NaOH). In both cases, after preliminary mixing, the suspensions were transferred in closed polystyrene containers and placed at 75 °C for 2h. Added later to the suspensions were 4 wt.% Triton X-100 (polyoxyethylene octyl phenyl ether—C14H22O(C2H4O)n, n = 9–10, Sigma-Aldrich, Gillingham, UK) surfactant which were foamed by intensive mechanical stirring (2000 rpm) for 10 min. The resulting ‘green’ foams were then dried at 40 °C for 48 h before being demolded. The foams were finally consolidated by thermal treatment at 700–1000 °C using a heating rate of 5 °C/min and a holding time of 1 h in a flowing nitrogen atmosphere.



The mineralogical analysis was conducted by X-ray diffraction analysis (XRD) on powdered samples (Bruker D8 Advance, Karlsruhe, Germany—CuKα radiation, 0.15418 mm, 40 kV–40mA, 2Ɵ =10–70°). The phase identification was performed using the semi-automated Match!® program package (Crystal Impact GbR, Bonn, Germany), supported by data from the PDF-2 database (ICDD- International Centre for Diffraction Data, Newtown Square, PA, USA).



The geometric density was evaluated considering the mass by volume ratio. The apparent and true densities were measured by using a helium pycnometer (Micromeritics AccuPyc 1330, Norcross, GA, USA) on bulk or finely crushed samples, respectively. The three density values were used to compute the amounts of open and closed porosity. Compression tests were done using an Instron 1121 UTS (Instron, Danvers, MA, USA) machine, with a crosshead speed of 0.5 mm/min, employing foam samples of about 10 mm × 10 mm × 10 mm cut from larger specimens. Each data point corresponds to 9–10 samples.



Leaching tests on foams fired in nitrogen were performed based on Norm EN 12457-4 on samples broken into pieces smaller than 4 mm. The pieces were immersed in pure distilled water (liquid/solid ratio = 10) and left for 24 h under mechanical stirring. Suspensions were poured in a smaller flask and centrifuged in order to separate the solid material from the liquid, then later analyzed by means of inductively coupled plasma (ICP; SPECTRO Analytical Instruments GmbH, Kleve, Germany).



The electrical characterization of the materials (FA/SLG and RM/SLG power mixtures) was performed by using disc-shaped samples (diameter of 45–54 mm, thickness of 5–11 mm). The opposite parallel surfaces of the discs were metalized by manual deposition of silver conductive paint (during the painting, the lateral surface was masked with paper tape). An electrical wire was connected to each metalized surfaces by means of a copper tape with conductive adhesive (3M copper foil tape 1181). The equivalent model assumed for the final configuration was an inductance L, due to the wires, in series with the parallel between a resistance R and a capacitance C, due to the sample with metalized parallel surfaces.



A precision LCR meter (GW Instek LCR-6300, frequency range: 10 Hz–300 kHz) was used for the impedance measurements.



Each wire was kept about 0.1 m long, giving an inductance due to the wires of the order of 100 nH. The experimental data reported in this paper are for samples where the inductive contribution of the wires, in the measured frequency range, was negligible with respect to the experimental impedance value and, therefore, the measured impedance was due to the parallel between R and C. An estimation of the electrical resistivity was obtained according to Ohm’s law, from the measured R-value and the disc geometry. An estimation of the relative permittivity was derived according to the hypothesis of parallel plate capacitor configuration from the measured C value and the disc geometry.




3. Results and Discussion


3.1. Effect of Firing Atmosphere on Microstructure and Properties of Fly Ash-Derived Glass-Ceramic Foams


The adopted methodology led to highly homogeneous foams from FA/SLG mixtures. As shown by Figure 1, the microstructure was not visibly altered passing from ‘green’ (Figure 1a,b) to fired state (Figure 1c,d), as observed in a previous investigation concerning the firing in the air [15]. The analogy with foams fired in air involved also the porosity, which remained mostly open, as shown in Table 2. However, unlike samples fired in the air, treatments at 700 °C did not suffice for consolidation. The samples could be crushed even by gentle hand pressure.



The direct comparison of crushing strength data for porous bodies is not strictly appropriate, owing to the variability of porosity. In order to highlight differences resulting from other factors, the strength and density data were computed according to the well-known Gibson and Ashby model [17]. The model predicts the crushing strength (σc) as a function of the bending strength of the solid phase (σbend) and relative density (ρrel, defined as ρrel = 1 − P/100, where P is the total porosity) in the hypothesis of open-celled bodies as follows:


σc ≈ σbend·0.2·(ρrel)3/2



(1)







Figure 2a, for the 5S sample, designed for the lowest SiO2/Al2O3 nominal molar ratio (SiO2/Al2O3 = 5, according to the highest content of FA), displays σbend values obtained from the experimental data reported in Table 2, along with data from previous firing experiments in the air [15], by reversing Equation (1):


σbend ≈ σc·5·(ρrel) −3/2



(2)







The values for 5S samples fired in N2 remained far lower than those of analogous samples fired in air, except for treatments at 1000 °C. It should be noted that the calculated σbend values cannot be considered as an expression of the real strength of the solid phase in foams since the model neglects the stress concentration at pores, but they can highlight other microstructural contributions such as differences in phase assemblage, in turn causing internal stresses, arising from different FA/SLG interactions.



The products of the firing of FA/SLG gels could be seen as examples of glass-ceramics from direct sintering, not deriving from the conversion of a homogeneous glass, but relying on the reaction between a liquid phase—from softened waste glasses and several oxides and from other inorganic waste—with formation of silicate and alumino-silicate crystals [18]. In the ‘green’ state (Figure 2b), as observed in the previous investigation, foams contained quartz (SiO2, PDF#083-0539), mullite (Al4SiO8, PDF#079-1275) and some minor hematite (Fe2O3, PDF#033-0664) traces—from the original fly ash [15] coupled with philipsite (Na4KAl5Si11O32(H2O)10, PDF#073-1419)—formed upon alkali activation [15]. The firing treatment at 800 °C determined some dissolution of quartz, in the liquid phase offered by SLG, and the development of nepheline (Na6.65Al6.24Si9.76O32, PDF#083-2372). The latter phase was confirmed with the increase of firing temperature up to 1000 °C, accompanied by cristobalite (SiO2, PDF#082-0512). Iron oxide had significant evolution, passing from hematite to magnetite (Fe3O4, PDF#89-0691).



Figure 2b actually testifies that at the same temperature (800 °C), the firing in N2 compared to that in air reduced the dissolution of quartz in softened SLG, with obvious consequences for strength. Quartz, in fact, is known to promote internal stresses upon cooling from the firing temperature according to the characteristic β → α transition, implying significant volume changes [19].



It is interesting to note that with the firing in N2, nepheline had an opposite trend compared to quartz, given the intensity of diffraction peaks. The different atmosphere actually promoted the crystallization of the specific phase, probably due to the observed evolution of iron oxide. An enhanced the Fe2+/Fe3+ redox ratio, besides favoring magnetite instead of hematite, is known to lower the activation energy for nepheline crystallization in alkali alumino-silicate glasses [20]. In the absence of a homogeneous parent glass, magnetite reasonably stimulated the transformation in nepheline of the (hydrated) alkali alumino-silicate gel (comprising philipsite) formed upon activation by ash/glass interaction.



The formation of nepheline was interesting also for its distinctive crystal structure, i.e., for the formation of a silica-based network with AlO4 units—partially replacing SiO4 units—nominally stabilized only by Na+ ions but practically featuring many others in solid solution [21]. Iron ions can be incorporated in both Fe2+ and Fe3+ forms, along with K+, Mg2+, Mn2+, and Ti4+. 800 °C is actually recognized as the temperature of maximum solubility of NaFeSiO4 (hypothetical pure ‘iron nepheline’, featuring Fe3+ ions) in NaAlSiO4 (pure nepheline) [22]. Onuma et al. [23] even proposed the formation of NaAlSiO4/NaFeSiO4/SiO2 solid solutions (Nax+y▯8−x−yAlxFeySi16−x−yO32, where ▯ represents a vacant site).



The 5S samples fired at 800 °C, although not acceptable due to their low strength, were quite interesting for the stabilization of pollutants. Table 3 clearly shows that the new firing conditions reduced the leaching of heavy metals, compared to the previous samples fired in air. The previously prepared 5S samples featured Mo slightly above the threshold for inert materials; in addition, the release of Cr, although below the threshold, was substantial. The firing in nitrogen kept Mo below the threshold and reduced dramatically the Cr leaching (marked in bold in Table 3).




3.2. Effect of Glass Content on Microstructure and Properties of Fly Ash-Derived Glass-Ceramic Foams


Samples with increased SLG content, i.e., 6S and 7S, as shown by Figure 3a, remained still quite weak compared to samples fired in air but had a remarkable improvement in σbend compared to 5S (after firing at 800 °C), consistently with enhanced nepheline crystallization and quartz solubilization (see Figure 3b). In addition, they maintained the stabilization of pollutants, as reported by Table 3. The interpretation of the durability of a glass-ceramic is not straightforward, since stable crystals may be embedded in a poorly durable matrix or vice versa. Nepheline crystallization (stimulated by Fe), as an example, is generally seen as negative in nuclear glasses, not directly, but as the condition for the formation of a residual glass phase with poor durability [24]. In the present case, in our opinion, it had a positive impact in immobilizing alkali ions.



Alkali ions in glasses are known to reduce the durability but also to enhance the electrical conductivity, according to an ionic mechanism [25]. Quite surprisingly, all glass-ceramic samples fired at 800 °C exhibited a low electrical resistivity (ρel), passing from 2.7 Ω·m (5S) to 2.2 Ω·m (6S) and 0.9 Ω·m (7S), as shown by Figure 4a. In other words, the samples exhibited an electrical conductivity (σel = 1/ρel) up to 1.1 S/m, i.e., in the range of that of semiconductors [26]. Again, the presence of different phases is a great complication, but an explanation may come from the abovementioned inclusion of both Fe2+ and Fe3+ ions in nepheline. The electronic exchange between Fe2+ and Fe3+ sites (‘electron hopping’), well documented for magnetite [27,28], likely occurred also in Fe-containing nepheline. The incorporation of both Fe2+ and Fe3+ in nepheline and in the residual glass phase may be supported by the fact magnetite was actually more visible in the diffraction pattern of the 7S sample (Figure 3b), although less Fe2O3-rich, i.e., deriving from a lower content of FA.



Figure 5 shows results from scanning electron microscopy analysis applied on samples fired at 800 °C. The homogeneity of foams already observed by means of optical microscopy was confirmed by the low magnification backscattered electrons images of 5S (Figure 5a) and 7S (Figure 5b) samples. The lighter ‘spots’ suggested the concentration of heavier elements such as Fe. However, it must be noted that there was no neat separation of iron oxide particles; iron was found in clusters (center of Figure 5c; arrows marked in Figure 5d) accompanied by other elements (Na, Al, Si, as found in nepheline, but also Mg) as well in the darker matrix (see energy dispersive X-ray spectrum in Figure 5e). High magnification images actually provided a further justification of the strength enhancement of samples fired at 800 °C, with increasing glass content: the enhanced viscous flow promoted the formation of necks between adjacent particles (7S sample, in Figure 5d), less visible in sample with lower soda-lime content (5S sample, in Figure 5c).



The electrical conductivity (coupled with chemical stability) of foams fired at 800 °C may open the way for the application of waste-derived materials even well beyond thermal and acoustic insulation, without modifications (such as application of conducting coatings) as electrocatalysts [29] or even porous anodes for microbial fuel cells [30].




3.3. Effect of Firing Temperature on Microstructure and Properties of Fly Ash-Derived Glass-Ceramic Foams


As shown by Figure 3a, an increase in the firing temperature up to 1000 °C in nitrogen was necessary to obtain stronger foams. At 1000 °C, in fact, the viscous flow of the glass component was evidently favored; according to Figure 2b and Figure 6a, a more substantial reduction of quartz, accompanied by enhanced nepheline crystallization occurred. However, cristobalite formed as additional silica polymorph for samples 5S and 6S. The quite limited σbend could be interpreted again as an effect of internal stresses, from cristobalite β → α transition [31]; the glass-ceramic sample 7S, not including cristobalite, had a far higher σbend (nearly 140 MPa). The latter value matches well with the bending strength of waste-derived glass-ceramics [15].



The mineralogical analysis in Figure 6a is significant in evidencing a clear separation of iron oxide as magnetite. Interestingly, Fe3O4 emerged more neatly again in the 7S sample, possessing the lowest nominal iron content and also featuring the formation of an extra iron-containing phase, such as Ca-Fe silicate (hedenbegite, CaFe(Si2O6), PDF#87-1698). The sample exhibited a far higher resistivity than in the previous cases (>70 Ω·m) according to Figure 4b. The same figure actually illustrates an inversion of the ranking in resistivity, passing from 800 to 1000 °C (the less resistive after firing at 800 °C turned into the most resistive at 1000 °C). The concentration of iron ions in magnetite and hedenbergite, reasonably stimulated by an easier ionic interdiffusion in more liquid phase from softened SLG, evidently determined an insulating matrix, featuring ‘purer’ (i.e., not iron-doped) nepheline. With 5S and 6S, the resistivity remained quite low (5.7 Ω·m for 5S, 6.9 Ω·m for 6S) as an effect of Fe2+/Fe3+ ions outside magnetite.



The analysis of samples fired at 1000 °C by scanning electron microscopy, shown in Figure 7, provided a substantial confirmation of the mineralogical analysis. The foams kept high homogeneity, although the enhanced viscous flow determined the ‘reshaping’ of the cellular structures (Figure 7a,b, for 5S and 7S samples, respectively). High magnification details evidenced the formation of a multitude of tiny iron-rich inclusions (even below 1 µm), more abundant for 7S sample (see Figure 7c,d, for 5S and 7S samples, respectively).



The dispersion of tiny conducting particles in an insulating matrix [32] is recognized as a fundamental strategy for achieving materials with huge permittivity, i.e., a particularly remarkable electric polarization. In other words, the more resistive 7S sample, when fired at 1000 °C, could bring additional opportunities. As illustrated by Figure 6b, the sample was actually comparable to highly polarizable dielectrics, with relative permittivity approaching the huge value of 9000, at low frequency, and remaining above 200 up to 1 kHz.



The frequency sensitivity of permittivity is interpreted as an effect of the trapping of hopping electrons in the dispersed phase [26] at low frequency; higher frequencies ‘unlock’ the electron exchanges across the interfaces. In addition, for the firing at 1000 °C, the new functionality may extend the applications of waste-derived foams in novel electrical devices. As an example, the materials could provide an alternative to PrCrO3 semiconductor ceramics relaxor ferroelectric-like giant permittivity, as presented by Prasad et al. [33]. It should be noted that the safety of the developed materials, with firing temperature increased up to 1000 °C, was not compromised. Table 4 confirms the stabilization of pollutants; Mo leaching, in particular, was kept well below the limits.




3.4. Extension of the Approach to Red Mud-Derived Glass-Ceramic Foams


The results with fly ash-based samples stimulated additional studies to confirm the observed coupling of stabilization and functionalization. Red mud was specifically considered for its high content of iron oxide to verify the role of magnetite. For the sake of simplicity, the waste/glass proportions were kept at 70/30 (wt.%).



Figure 8a (secondary electron image, evidencing morphological details) shows that although less homogeneous, foams could be achieved again by weak alkali activation, frothing, and sintering. In this case, 800 °C sufficed in determining strong porous glass-ceramics (compressive strength approaching 5 MPa, with a porosity of 65 vol%, see Table 1). Similarly to the 7S sample fired at 1000 °C, magnetite and nepheline constituted the main phases, as illustrated in Figure 9a, accompanied by hedenbergite and gehlenite (CaAl2SiO7, PDF#79-1726). The effectiveness of treatment in nitrogen in promoting Fe3+ reduction is evident from the fact that red mud, in the starting condition, featured Fe3+-containing phases, such as hematite, Fe2O3, and goethite (FeO(OH), PDF#29-0713), accompanied by many other minor phases.



The coupling of stabilization and functionalization was still possible. As reported by Table 3, the sample (labelled as ‘RM’) was inert, with a dramatic decrease of the release of chromium (as received red mud, not shown in Table 3, led to a leaching of Cr exceeding 1 ppm). A huge dielectric permittivity was obtained at low frequencies (Figure 9b,c) but accompanied by a much higher resistivity (exceeding 7·104 Ω·m). The two electrical properties both decreased with increasing frequency. This behavior could be explained, in our opinion, as still based on the magnetite conductive inclusions, allowing a remarkable interfacial polarization which is relaxed at high frequency [34]. The lower maximum permittivity, compared to the 7S sample, could be caused by the different microstructure. As shown by Figure 8b (backscattered electron image, evidencing compositional gradients) magnetite was present in coarser particles (>100 µm), surrounded by quite wide iron-containing ‘halos’ (up to 1 mm wide).



A final remark may concern the reproducibility of the findings. Further work will be undoubtedly dedicated to the study of functional properties on the basis of a high number of samples, e.g., made starting from different batches of FA and RM. Adjustments in the glass/waste ratio may constitute a tool to overcome possible variations in the chemical composition.





4. Conclusions


We may conclude that:




	
The inclusion of fly ash (FA) powders mixed with soda-lime glass (SLG) waste in weakly alkaline solutions was confirmed as an excellent approach to produce glass-ceramic foams, allowing the incorporation of high proportions of fly ash.



	
Gelation of FA/SLG suspensions was not a final stage, but it enabled the manufacturing of highly porous bodies by simple frothing.



	
The decomposition of the gel and the SLG/FA interactions upon firing in N2 promoted the formation of new phases, among which nepheline was dominant; such a phase was stimulated by the separation of iron oxide into magnetite phase, in turn favored by the adoption of an inert atmosphere.



	
The modifications in the phase assemblage, promoted by treatments in nitrogen, favored the chemical stability of the glass-ceramics as assessed by means of leaching tests.



	
Firing in nitrogen, compared to firing in air, generally led to mechanically weaker samples according to the modifications in phase assemblage at low temperature; however, treatments at 1000 °C led to foams with remarkable strength.



	
Treatments in nitrogen atmosphere, although more expensive, bring advantages, besides in durability, in the development of electrical functionalities that could be tuned according to FA/SLG proportions and firing temperature. Semiconductive or highly polarizable foams could find applications in electrocatalysis and energy generation.



	
The distribution of iron in the glass-ceramic and, in particular, its concentration in magnetite inclusions, controls the electrical functionality; the results from FA/SLG mixtures were substantially confirmed by additional glass-ceramic foams (still featuring nepheline) from red mud/SLG mixtures.
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Figure 1. Optical stereomicroscope images of fly ash/glass-derived foams in the ‘green’ state (a): 5S; (b): 7S and after firing at 800 °C (c): 5S; (d): 7S. 
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Figure 2. (a) Comparison of calculated bending strength of 5S samples fired in the air [15] and in N2; (b) mineralogical analysis of selected 5S samples according to thermal treatment. 
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Figure 3. (a) Comparison of calculated bending strength of 6S and 7S samples fired in air [15] and in N2; (b) evolution of phase assemblage, after firing at 800 °C (in N2) according to reduction of the fly ash from coal combustion (FA)/glass ratio. 
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Figure 4. Electrical resistivity of FA/glass samples fired in nitrogen at 800 °C (a) and 1000 °C (b). 
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Figure 5. Scanning electron microscopy analysis of samples fired at 800 °C: (a,c) 5S; (b,d) 7S (iron-rich clusters marked by arrows); (e) analysis of Fe-rich cluster and matrix in 5S sample. 
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Figure 6. (a) Evolution of phase assemblage, after firing at 800 °C (in N2) according to reduction of FA/glass ratio; (b) permittivity/frequency plot for 7S sample. 
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Figure 7. Scanning electron microscopy analysis of samples fired at 1000 °C: (a,c) 5S; (b,d) 7S. 
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Figure 8. Red mud/glass-derived porous glass-ceramic: (a) morphology; (b) compositional gradients. 
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Figure 9. Characterization of RM-derived glass-ceramic foam (a) mineralogical analysis; (b) resistivity/frequency plot; (c) relative permittivity/frequency plot. 
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Table 1. Chemical Composition (expressed in wt.%) of the Starting Materials.
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	Oxide (wt.%)
	SiO2
	Al2O3
	Na2O
	K2O
	CaO
	MgO
	Fe2O3
	TiO2





	FA
	54.36
	24.84
	0.83
	3.03
	2.56
	2.06
	8.28
	1.07



	SLG
	70.50
	3.20
	12.00
	1.00
	10.00
	2.30
	0.42
	0.07



	RM
	5.21
	15.21
	2.40
	0.63
	2.95
	0.38
	52.94
	8.05
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Table 2. Physical and Mechanical Properties of the Developed Cellular Glass-Ceramics (5S, 6S, and 7S: fly ash-derived materials; RM: red mud-derived material).
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Property

	
5S

	
6S

	
7S

	
RM






	
Firing temperature (°C)

	
800

	
900

	
1000

	
800

	
900

	
1000

	
800

	
900

	
1000

	
800




	
Density (g/cm3)

	
0.51

± 0.01

	
0.54

± 0.01

	
0.81

± 0.01

	
0.52

± 0.01

	
0.54

± 0.01

	
0.78

± 0.01

	
0.61

± 0.01

	
0.67

± 0.01

	
0.94

± 0.01

	
1.18

± 0.04




	
Total porosity (vol%)

	
80

± 2

	
81

± 2

	
69

± 1

	
80

± 2

	
81

± 2

	
70

± 1

	
77

± 6

	
76

± 5

	
64

± 1

	
65

± 1




	
Open porosity (vol%)

	
79

± 2

	
78

± 2

	
68

± 1

	
78

± 2

	
77

± 2

	
68

± 1

	
76

± 5

	
73

± 2

	
62

± 1

	
64

± 1




	
Compressive strength (MPa)

	
0.2

± 0.1

	
0.5

± 0.1

	
3.2

± 0.3

	
1.0

± 0.1

	
1.2

± 0.1

	
2.4

± 0.1

	
1.0

± 0.1

	
1.8

± 0.3

	
6.0

± 0.4

	
4.8

± 0.6
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Table 3. Leachate Chemical Analysis of Selected Samples Fired at 800°C. Bold: highlighted pollutants; Italic: reference data for previously developed samples fired in air.
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Element

	
Leachates (ppm)

	
Limits (ppm)




	
5S

	
6S

	
7S

	
RM

	

	




	
Air [15]

	
N2

	
Air [15]

	
N2

	
Air [15]

	
N2

	
N2

	
Inert

	
Non-Hazardous






	
As

	
0.0316

	
0.0061

	
0.068

	
0.0521

	
0.0491

	
0.0475

	
0.4876

	
0.5

	
2




	
Ba

	
>Al

	
<0.000

	
>Al

	
<0.000

	
0.0672

	
<0.000

	
0.0131

	
20

	
100




	
Cd

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
0.04

	
1




	
Cr

	
0.3406

	
0.0008

	
0.0255

	
0.0004

	
0.0689

	
0.0009

	
0.0303

	
0.5

	
10




	
Cu

	
0.0029

	
0.0048

	
0.0024

	
0.0023

	
0.0053

	
0.0034

	
0.0579

	
2

	
50




	
Hg

	
0.0032

	
<0.0004

	
0.0006

	
<0.0004

	
0.0020

	
<0.0004

	
<0.0004

	
0.01

	
0.2




	
Mo

	
0.5324

	
0.4542

	
0.2107

	
0.0158

	
0.1973

	
0.4925

	
0.0188

	
0.5

	
10




	
Ni

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
0.0146

	
0.4

	
10




	
Pb

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
0.0084

	
0.5

	
10




	
Se

	
0.0133

	
0.0168

	
0.0255

	
0.0194

	
0.0226

	
0.0177

	
0.0362

	
0.1

	
0.5




	
Zn

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
4

	
50
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Table 4. Leachate Chemical Analysis of Selected Samples Fired at 1000 °C (in N2). Bold: highlighted pollutants; Italic: reference data for previously developed samples fired in air.






Table 4. Leachate Chemical Analysis of Selected Samples Fired at 1000 °C (in N2). Bold: highlighted pollutants; Italic: reference data for previously developed samples fired in air.





	
Element

	
Leachates (ppm)

	
Limits (ppm)




	
5S

	
6S

	
7S

	

	




	
800 °C

	
1000 °C

	
800 °C

	
1000 °C

	
800 °C

	
1000 °C

	
Inert

	
Non-Hazardous






	
As

	
0.0061

	
<0.0049

	
0.0521

	
0.0521

	
0.0475

	
0.0188

	
0.5

	
2




	
Ba

	
<0.000

	
0.0028

	
<0.000

	
<0.000

	
<0.000

	
<0.000

	
20

	
100




	
Cd

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
<0.0002

	
0.04

	
1




	
Cr

	
0.0008

	
0.0007

	
0.0004

	
0.0004

	
0.0009

	
0.0009

	
0.5

	
10




	
Cu

	
0.0048

	
0.0074

	
0.0023

	
0.0054

	
0.0034

	
0.0072

	
2

	
50




	
Hg

	
<0.0004

	
<0.0004

	
<0.0004

	
<0.0004

	
<0.0004

	
<0.0004

	
0.01

	
0.2




	
Mo

	
0.4542

	
0.0129

	
0.0158

	
<0.0033

	
0.4925

	
0.0735

	
0.5

	
10




	
Ni

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
<0.0014

	
0.4

	
10




	
Pb

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
<0.0047

	
0.5

	
10




	
Se

	
0.0168

	
0.0187

	
0.0194

	
0.0230

	
0.0177

	
<0.0122

	
0.1

	
0.5




	
Zn

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
<0.0203

	
4

	
50
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