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Abstract

:

Ashes derived from the combustion of vegetal and animal biomass still represent a mostly unexplored secondary raw material for the production of alkali-activated materials, given their peculiar chemical nature. In this work, calcium phosphate biomass ashes were successfully used as partially reactive fillers in a metakaolin-based geopolymer composite to produce, by direct foaming, sustainable and lightweight boards with thermal insulating properties. The investigated materials were obtained by activating a blend of metakaolin and biomass ash in a weight ratio of 1: 1 and foamed with the addition of H2O2 in measure of 5 wt. %, to maximize the volume of disposed ash and ensure adequate properties to the material at the same time. The obtained geopolymer composite was characterized by microstructural, chemical-physical, mechanical and thermal analysis: the obtained results showed that biomass ash and metakaolin well integrated in the microstructure of the final porous material, which was characterized by a density of about 310 kg/m3 and a thermal conductivity of 0.073 W/mK at a mean test temperature of 30 °C, coupled with an acceptable compressive strength of about 0.6 MPa. Dilatometric and thermogravimetric analysis, performed up to 1000 °C, highlighted the thermal stability of the composite, which could be regarded as a promising material for low-cost, self-bearing thermal insulating partitions or lightweight cores for thermostructural sandwich panels.
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1. Introduction


In recent years, the need to limit the consumption of natural, non-renewable resources and to progressively lower the energy demand has led to the design of sustainable and environmentally-friendly materials, technologies and processes. Two of the major industrial branches in terms of impact on global emissions and energy consumption, namely the construction and transportation sectors, are increasingly asked to prioritize ecological manufacturing processes and firmly integrate recyclability in the design phase of any component, to produce value-added sustainable solutions.



Thermal insulating elements are above all able to improve the energetic performance of both buildings and means of transport, therefore finding an ideal balance between different needs and requirements is a crucial point for future developments [1,2,3]. In the frame of designing low-weight insulating materials and flame-resistant barriers for buildings and vehicles, the development of multi-functional materials, able to couple energy efficiency with fire safety represents one of the main aims of the research [3,4,5].



Insulating and flame-resistant materials have been recently developed as greener alternatives to the more traditional petrochemical-derived solutions [6]: an increasing use of renewable resources and new manufacturing processes integrating wastes are being largely adopted in the production of insulating products [1,4,7,8,9]. Nevertheless, fully meeting the technical and safety requirements and at the same time reducing the environmental impact of the manufacturing process still represents an issue to address.



Flame resistant inorganic materials based on alkali-activated aluminosilicates, namely geopolymers, have been proposed as a valid alternative for organic polymer matrix replacement in fibre-reinforced composite panels for aircrafts interiors, reducing the fire hazards using a low-cost and sustainable material [10]. Geopolymers are produced by reacting an aluminosilicate powder with a highly concentrated alkali solution [11,12,13] and, may act as a binder for different fillers, producing various composite materials. Geopolymer composites can meet many of the ideal characteristics of lightweight materials for the building and transportation sectors, such as non-flammability, high temperature resistance, chemical resistance against acids and alkalis, durability, safety for human health and low carbon footprint [4,12,14]. For such remarkable properties, geopolymers and geopolymer composites have been widely investigated for the design of insulating materials in buildings and constructions, exploiting their intrinsic porosity eventually coupled with an induced macro-porosity by direct foaming [15,16,17,18,19,20,21].



As well as being excellent candidates for the development of thermal insulating and flame-resistant products, geopolymers have the advantage that they can be obtained from a wide range of by-products and waste materials, including coal combustion ashes, biomass ashes, metallurgical slags, construction and demolition wastes and the like, having therefore a negligible impact on the environment [7,9,22]. Among them, ashes derived from the combustion of vegetal and animal residues still represent an understudied source material for the production of alkali activated materials, given their peculiar chemical nature largely based on calcium phosphates, alkali sulphates and chlorides and only secondarily on reactive aluminosilicates [23,24]. Indeed, animal-derived biomass ashes are generally landfilled or used in very limited amounts as fertilizers or as partial addition to Portland cements and an environmental friendly and economically viable solution for their massive disposal or recycling is still needed.



In this work waste biomass ashes were regarded as a source material for the production of a novel low-cost material able to represent a promising alternative for the development of a sustainable thermal insulating system. The completely inorganic nature of the designed material ensures significant high temperature stability, while the application of a direct foaming technique allows to easily build up a tailored pore network to foster its insulation ability without excessively affecting its mechanical properties. The designed material is therefore capable of meeting both environmental and performance needs and might be successfully used as a self-bearing partition or as a lightweight core for thermostructural sandwich panels, in conjunction with flame resistant skins made of fibre reinforced ceramic laminates [25]. The overall properties of the material and its easy and sustainable production process potentially make it a promising solution for applications in the construction and transportation industries.




2. Materials and Methods


2.1. Raw Materials


An ultrafine metakaolin powder (Argical M-1200S from Imerys, France, D50 = 2 µm, SiO2 = 55%, Al2O3 = 39%, specific surface area = 19 m2/g, coded MK) was used to formulate the geopolymer composite, which was reacted with an aqueous potassium poly-silicate solution (KSil 35-35, Ingessil Industria Silicati, Italy), appositely modified (coded KS23) to obtain a molar ratio H2O: K2O = 23 and SiO2: K2O = 2 by dissolving KOH pellets with purity > 85% (Sigma-Aldrich, Saint Louis, MO, USA).



A blend of five different biomass ashes from a power plant located in Faenza (Tampieri Energie S.r.l., Faenza, Italy) was used as a partially reactive filler in the composite formulation. All the ashes came from the combustion of residues of both vegetal and animal derived wastes and were previously mixed together in weight ratios corresponding to the yearly production of each ash type by the plant, with the aim to maximize the total volume of disposed material. After mixing, the obtained ash blend was ground and sieved to obtain a particle size < 250 µm. Then, as part of the blend consisted of humidified extinguished ashes, it was thermally re-treated for 1 h at 900 °C, a temperature similar to that used in the plant process [23] to eliminate any organic residual or unburnt material, which may negatively affect the geopolymerization process (coded BM). This step, carried out to remedy the uneven processing of the ashes coming directly from the plant, was specifically required for the lab-scale experimental activities but could be more easily replaced at the industrial scale by controlling the upstream plant process and the temperatures involved, making all the ash types directly recyclable.



The treated biomass ash blend is mainly characterized by large amounts of calcium-phosphate phases (mainly hydroxyapatite), lower amounts of calcium silicates and calcium hydroxide and fewer traces of alkali chlorides and sulphates phases (Figure 1). Accordingly, the elemental composition of the powder blend highlights Ca, P, K and Si as the main elements, being Al detected only in negligible amounts (Table 1).



Hydrogen peroxide solution 30 wt. % in H2O by Sigma Aldrich was used as pore forming agent, to induce the formation of an additional macro and ultra-macro porosity with pore size > 50 nm and > 100 µm respectively, according to the IUPAC classification, following the reaction: 2H2O2 (l) → 2H2O (l) + O2 (g).




2.2. Sample Preparation


The metakaolin powder was added to the potassium silicate solution in a proper weight ratio to obtain a SiO2: Al2O3 molar ratio equal to 4, then biomass ash blend was added in different amounts. As in a previous work [24], BM powder was added until constituting the 50 wt. % or 75 wt. % of the powder fraction, with the aim to maximize the volume of disposed waste material without affecting the final properties of the material and the geopolymerization process. The slurry was then mixed through mechanical stirring for 20 min and hydrogen peroxide solution was finally added to the mixture in measure of 5 wt. % on the total mass of the slurry, followed by further 1 min stirring (Table 2). A same volume of slurry for each sample was then poured in plastic square (60 mm × 60 mm, h = 25 mm) or cylindrical silicone (D = 51 mm, h = 65 mm) moulds, which were sealed and cured for 24 h in a heater at 60 °C, at relative humidity conditions of 45 ± 5%. The samples were then demoulded and dried at 60 °C for additional 12 h. The two investigated formulations were labelled as MKBM50 and MKBM75 according to the amount of biomass ash used (50% or 75% respectively, Table 2).




2.3. Characterization


In order to investigate the reaction degree of the geopolymers and the role played by biomass ashes in the samples microstructure, micrographs and EDS measurements were collected by Electron Microscopy FE-SEM (Carl Zeiss Sigma NTS, equipped with EDS probe X-Act, INCA Energy 300, Oxford Instruments, Abingdon, UK) and X-Ray diffraction patterns were obtained using a Powder Diffractometer Bruker D8 Advance with CuKα radiation (Karlsruhe, Germany).



The bulk density of the geopolymers was analytically determined by weight to volume ratio as the average on three cylindrical samples of diameter 51 mm, height 7 mm and true density values were obtained using a Helium pycnometer (Multivolume Pycnometer 1305, Micromeritics).



The open porosity in the range 0.0058–1000 µm was determined by Hg intrusion porosimetry (ThermoFinnigan 240), while total porosity was analytically calculated as the difference between true and bulk density according to the following formula: Pt = (1 − ρb/ρt) × 100%. The value for the remaining porosity, which includes open ultra-macro (>1000 µm) and closed porosity, was indirectly determined as the difference between total and open porosity.



Compressive strength of the geopolymer composites was determined as an average on 6 cylindrical samples with a diameter of 27 mm and a height of 38 mm using a cross-head speed of 2 mm/min by means of a Zwick Z050 testing machine (Zwick GmbH, Ulm, Germany).



The thermal stability and mass loss of the geopolymers was carried out by Simultaneous Thermal Analysis by means of a STA 449 Jupiter instrument (Netzsch Geraetebau, Selb, Germany) up to 1000 °C, with a heating rate of 10 °C/min and in dry air flux. Linear shrinkage at high temperature was determined with a Netzsch Dilatometer 402E (Netzsch, Selb, Germany) in air flux up to 1000 °C with a heating rate of 10 °C/min. Finally, thermal conductivity was measured at 30 °C on disks of 51 mm diameter and 7 mm thickness using the guarded heat flow meter DTC 300 (TA Instruments, New Castle, DE, USA) on pre-dried samples in a ventilated oven at 50 °C for 4 days.





3. Results and Discussion


3.1. Mineralogical Characterization


The diffraction patterns for cured MKBM50 and MKBM75 are plotted in Figure 2. The two samples are qualitatively similar in terms of phase composition of the reaction products, as for both formulations the detected crystalline phases mostly derive from the biomass ash, besides some traces of quartz, anatase and muscovite resulting from the metakaolin. The formation of the geopolymer phase is highlighted by the presence of the hump in the range of 20–36 degree of 2 θ in both samples, due to the alkali activation of the metakaolin fraction and formation of amorphous phases.



As can be noticed, the biomass ash did not actively participate in the formation of the reaction products of the geopolymer and its crystalline phases remained unchanged in the consolidated matrix, acting as a partially reactive filler. The effects of the alkaline activator only resulted in minor surface modifications on the biomass ash particles. Similar to BM raw powder, the main phases in both samples are represented by calcium phosphates, potassium chlorides and potassium sulphates. The only remarkable difference in the patterns of raw ashes and geopolymers relates to the absence of portlandite in the reacted materials. The absence of crystalline Ca(OH)2 in the composites suggests the occurrence of a preferential reaction between unstable and reactive Ca from portlandite and the alkali silicate solution, likely forming amorphous hydrated gel phases within the geopolymer matrix or acting as an ionic substitution in the network of the alkali activated material [26,27].



Only minor differences were found between the spectra of the two composites, as both materials exhibited the same phase composition in qualitative terms. The only differences found related to the intensities of the peaks attributable to the presence of metakaolin (mainly quartz and muscovite) and the biomass (mainly hydroxyapatite, arcanite and sylvite), which appeared to be higher in sample MKBM50 and MKBM75, respectively.




3.2. Macro and Microstructural Characterization


The two obtained composites MKBM50 and MKBM75 are reported in Figure 3. The two materials appeared significantly different in their consistency and in the aspect of the developed porosity network. The formulation with a lower amount of biomass ash, namely MKBM50, shows a cohesive macrostructure, with a uniformly distributed pore network without any sedimentation nor graduation effects. Some ultra-macro cavities up to 3.5 mm were detected due to the coalescence of smaller voids (Figure 3, left panel). Differently, the sample with a higher BM/MK ratio did not form a properly consolidated material and resulted in a layered macrostructure, with pores coalescence in the top, with cavities even of the order of centimetres and an incoherent crumbled bottom (Figure 3, right panel). This inhomogeneous appearance was due to the excessively low ratio of reactive to inert precursors in the mixture, which did not allow for the complete geopolymerization of the material. Furthermore, the low viscosity of the slurry derived from the presence of extra water, may have excessively lengthened the setting time and hindered the formation of a properly consolidated material. This caused a partial sedimentation of the BM and the collapse of the gas bubbles before the hardening of the slurry. The higher bulk density of MKBM75 compared to MKBM50 (545 kg/m3 and 313 kg/m3 respectively) directly results from the minor and non-uniform bloating of the sample, as can be seen from Figure 3.



Despite the phase composition being comparable in the two samples, from a microstructural point of view the geopolymerization process led to the formation of two differently consolidated materials depending on the biomass ash amount, as evident from the micrographs reported in Figure 4. The MKBM50 formulation produced a homogeneously reacted material, whose microstructure is defined by the typical aluminosilicate nanoprecipitates derived from the alkali activation of the metakaolin powder (Figure 4a,b). The overall porosity is characterized by a uniformly distributed ultra-macropore network with cavities up to 3 mm wide (Figure 3), generated by the addition of hydrogen peroxide, along with a secondary order micrometric macroporosity, also including the window pores formed on the surface of the macro-cavities by the gas pressure and the intrinsic mesoporosity typical of geopolymer materials (Figure 4a,b).



As previously noticed, BM remained mostly unreacted but strongly retained and integrated in the geopolymer matrix, which resulted well consolidated. Differently, the MKBM75 sample (Figure 4c) appeared widely cracked and incohesive in its porous upper section, due to the presence of an excess of unreacted silicate, which was largely confined to the top of the material. The incohesive bottom layer of the sample was not examined, due to its scarce consistency.



From microstructural examinations, it was evidenced that neither of the two samples contained well defined hydrated phases as C–S–(A)–H integrated within the amorphous alkali aluminosilicate matrix, confirming what previously found from XRD analysis. This again suggests that Ca ions more likely embedded in the aluminosilicate network forming amorphous to semi-crystalline calcium-aluminosilicate reaction products [28], especially in the transition zone at the interface of the biomass ash unreacted grains. As previously found by other studies [27,29,30], in a system with moderate alkali conditions (SiO2: K2O = 2.0), the preferential reaction product is represented by an alkali-aluminosilicate-hydrated network (K–A–S–H), which in presence of Ca ions may exhibit ion exchange ability up to the complete incorporation of available Ca2+ as substitutes for K+. As for MKBM50, the available Ca was probably not enough to act as extra nucleation sites for the growth of calcium-silicate hydrates, nor the calcium silicate phases as Ca2SiO4 were sufficient to generate a significant amount of C–S–H gel. The semi-quantitative elemental composition of the matrix obtained from EDS analysis on different sampling spots (Table 3) confirms the homogeneous distribution of dissolved Ca in the geopolymer network. As evident, Ca/Si, Si/Al and K/Al ratios lay in the ranges identified by Garcia-Lodeiro et al. for (Ca, K)–A–S–H structures [29].



Also for MKBM75 the obtained ratios indicate that no C–S–(A)–H phases have formed and the development of a Ca-substituted geopolymer network was rather favoured (Table 3). However, higher Si/Al and K/Al ratios confirm the presence of an excess of unreacted potassium silicate, which in turn confirms the scarce reactivity of the ashes in the alkali environment of the formulation. A more considerable amount of BM, which is far less reactive than MK towards alkali activation and, on the other hand, does not contain sufficient amounts of hydraulic phases that might bind the aqueous phase to form a proper C–S–H gel, resulted in the presence of extra water in MKBM75, which hindered the formation of a well reacted alkali-silicoaluminate network. Such extra water is quickly removed from the hardened material during the curing step, causing the formation of a higher volume of pores in the matrix and inducing diffuse cracking [27]. The formation of an underdeveloped three-dimensional polysialate network and the propagation of extensive cracks among the geopolymer matrix caused the fragmentation of the porous material, resulting in some cases in the complete spalling of debris and severe loss of cohesion [31].



Given the scarce consistency of MKBM75, the evaluation of the thermal properties and the suitability of the geopolymer composite to act as an insulating core was carried out only on MKBM50 formulation. As evident, a 50 wt. % of biomass ash in the powder fraction represents a sufficient amount which allows the volume of disposed ashes to be maximized, without compromising the properties of the final material.




3.3. Density, Pore Size Distribution and Compressive Strength


The obtained values of bulk (ρb) and true (ρt) density, open (Po), total (Pt) and closed/unmeasured (Pc-u) porosity for MKBM50 sample are reported in Table 4. The pore size distribution is plotted in Figure 5 in terms of both total and relative pore volume. The calculated values of total porosity Pt and the corresponding bulk density are in accordance with data trends reported by other authors for metakaolin and fly ash geopolymers foamed with different amounts of H2O2, comprised between 1.2 and 5.0 wt. % [18,32,33] or different amounts of Si or Al [15,16,17,18,19,20,21]: among the considered geopolymers, the biomass-based composite MKBM50 stands as one with the highest total porosity/bulk density ratio (Figure 6).



The reported histograms highlight a bimodal pore size distribution: more than 60% of the total pore volume lays in the diameter range between 0.007 µm and 0.1 µm and about 23% is determined by voids with equivalent diameter comprised between 20 µm and 200 µm. The former, narrower pore distribution defines the intrinsic mesoporosity of the geopolymer and does not depend on the addition of the pore forming agent. The latter is mainly defined by cell window pores and secondary interconnecting pores formed in the macro-cavities by gas release at high pressure and by ultra-macro voids (Figure 4a,b). Data are consistent with image analysis evaluations, from which macro and ultra-macropore dimensions appear in the range from about 150 µm to 3500 µm, with cell windows ranging from 20 µm to 80 µm. The reported data are in good agreement with the previous findings obtained by microstructural evaluations (Figure 4a,b) except for the contribution of the induced porosity by effects of H2O2, whose rate have been underestimated by the MIP analysis.



It should be noted that the instrumental limitations in the ultra-macro range and the non-optimal suitability of the sample, too little to include a representative fraction of ultra-macropores, might have resulted in an underestimated value of the open ultra-macro porosity. The fairly high value calculated for Pc-u clearly compensates for this underestimation. In fact, observing the irregular morphology of the formed voids and the bulk struts of the material (Figure 4a), it is reasonable to think that a significant fraction of the unmeasured porosity Pc-u is constituted by interconnected “ink-bottle” pore network, whose wider cavities are filled with mercury only at the intrusion pressure of the finer input apertures, leading to an evident underestimation of the wide pore volume and a consistent overestimation of the fine pore volume [34]. The 60 °C curing temperature could have accelerated the decomposition of the hydrogen peroxide and the setting speed of the slurry, therefore reducing the uniformity of the formed cells and homogeneity of their distribution, promoting the formation of the “ink-bottle” porosity [18]. Furthermore, a less significant fraction of the unmeasured porosity is represented by nanopores smaller than 0.006 µm, as off the detection limit of the instrument.



The pore network of the geopolymer foam (volume, size and connectivity) strictly correlates with the density of the material and both these parameters, in turn depending on the specific amount of foaming agent used and the viscosity of the system, play a noticeable role in defining its mechanical properties. The calculated compressive strength for MKBM50 was of 0.63 ± 0.19 MPa, a value well-matched with the trend obtained from the literature on strength and density values of porous geopolymers (Figure 6). As can be noticed, MKBM50 stands out as a highly porous, low-density geopolymer, whose mechanical properties, albeit relatively low, are still acceptable to ensure the material adequate self-bearing and easy handling ability, in turn allowing for the coupling with protective fibre reinforced skins to form a sandwich insulating panel [25].




3.4. Thermal Properties


The thermal behaviour of MKBM50 up to 1000 °C in terms of mass loss, endo/exothermic reactions and linear shrinkage is reported in Figure 7. The composite underwent a significant mass loss of near 5.5 wt. % in the temperature range of 20–200 °C (upper panel), accompanied by a slight linear shrinkage of 0.1% (lower panel). These events are both related to the evaporation of the residual water and the desorption of water trapped in the pores. In the temperature range between 200 °C and 700 °C dehydroxylation occurs and water is removed from Si–OH and Al–OH groups, resulting in a slight shrinkage and a mass loss of about 3.0% [35]. In this stage, the gradual decomposition of hydrated (Ca, K)–A–S–H type gels also occurs, being the mass loss event also related to the removal of chemical bound water from such gel structures [36,37].



In the final stage, from 800 °C to 1000 °C, the material started to densify via viscous flow, undergoing a significant linear shrinkage which exceeded 20% at 975 °C and accounting for more than 80% of the overall shrinkage of the material. In this temperature range the material experienced a further mass loss event, leading to a final mass loss of about 9.3 wt. %. Such findings are in good agreement with previous literature on thermal behaviour of K-based geopolymers [35]. As previously evidenced by XRD results, calcium mainly remained in the form of unreactive and thermally stable hydroxyapatite and only a minor part was integrated in the amorphous geopolymer gel structure, making the composite thermal properties similar to those previously reported for metakaolin-based geopolymers except for the extent of mass loss from dehydration/dehydroxylation of hydrated species [35,37].



The thermal conductivity of the material, calculated as the average on three samples, was of 0.073 W/mK at 30 °C for an average bulk density of 313 kg/m3, a value in line with previous studies on alkali activated foams [18,32,33,38] and lower than other lightweight inorganic materials for thermal insulation such as aerated concrete [39,40]. As evidenced from many literature studies, the thermal conductivity of a porous material mainly relates with its density, a parameter which in turn is determined by different factors such as the solid/liquid ratio, the curing temperature, the addition of surfactants/foaming agents and the raw materials used [9,17,21,32,33]. The latter, however, seem to play a less significant role, as the results here obtained can be directly compared with those obtained different geopolymers, regardless the nature of the precursors. For example, Novais et al. obtained a porous geopolymer with a slightly higher density of 560 kg/cm3, a higher compressive strength of 1.23 MPa and a slightly higher thermal conductivity of 0.107 W/mK but using a lower amount of hydrogen peroxide in a biomass-based geopolymer [32]. Besides, Feng et al. used a similar amount of H2O2 in a fly ash-based geopolymer, obtaining comparable results in terms of density and thermal conductivity (335 kg/cm3 and 0.082 W/mK, respectively) and a slightly higher compressive strength of 0.96 MPa [33]. As previously discussed, in the material investigated here the addition of 5 wt. % of H2O2 was sufficient to generate a macro-porosity made up of both cellular voids and wide irregular cavities, which contributed to different extent to lower the thermal conductivity of the material. By generating O2 on decomposition, such H2O2 amount lead to an increase in the number of formed voids in the material, increasing its apparent porosity and correspondingly reducing its density and thermal conductivity values. The presence of a well-developed intrinsic porosity in the geopolymer struts and the presence of a wide number of cell windows in the cavities of the composite resulted in an extended network of interconnected voids in the range of meso/ macropores, which contributed to lower the density and thermal conductivity of the material without excessively affecting its mechanical properties. The designed biomass-based geopolymer therefore can outperform different materials commonly used in thermal insulating boards as for its thermal conductivity, bulk density and compressive strength values. In this regard, foamed concrete may exhibit a thermal conductivity equal or higher than 0.08 W/mK for a specific strength of about 1 KNm/kg, while MKBM50 showed a thermal conductivity of 0.073 W/mK for a specific strength around 2 KNm/kg [32].





4. Conclusions


The obtained results showed that a low-cost, value-added geopolymer can be easily produced using animal and vegetal derived biomass ash as a partially reactive precursor. The porous geopolymer composite produced with a blend of 50 wt. % waste ash and 50 wt. % metakaolin exhibited a well reacted microstructure, with the calcium-phosphate ashes homogeneously integrated in the aluminosilicate geopolymer matrix as partially reactive fillers. Such composition represented the best balance in terms of low density (313 kg/m3) and mechanical strength (0.63 MPa), besides showing interesting thermal insulating ability, with a thermal conductivity of 0.07 W/mK at 30 °C and an outstanding thermal stability up to 800 °C. The biomass-metakaolin porous composite investigated here therefore appears as a promising thermal insulating material, suitable to be used as a lightweight heat barrier in such applications where mechanical performances are not a primary requirement, such as a core for thermostructural sandwich panels coupled with fibre reinforced laminated skins.
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Figure 1. Phase composition of the biomass ash blend after thermal treatment at 900 °C. 
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Figure 2. Phase composition of MKBM50 (top line) and MKBM75 (bottom line). 
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Figure 3. Cross section of MKBM50 (left) and MKBM75 (right) samples. 
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Figure 4. Microstructure of MKBM50 (a, b) and MKBM75 (c). 
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Figure 5. Open pore size distribution for MKBM50. 
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Figure 6. Total porosity/Density (upper panel) and Compressive strength/Density (lower panel) relationship for geopolymers from different literature studies. 
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Figure 7. TG/DSC curves (top) and dilatometric curve with its derivative (bottom) for MKBM50. 
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Table 1. Elemental composition of BM after thermal treatment obtained from Energy Dispersive X-Ray Spectroscopy analysis.
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	Element
	O
	Ca
	P
	K
	Cl
	Si
	Mg
	Na
	Fe
	S
	Al





	[wt. %]
	51.3
	22.3
	5.2
	6.8
	3.1
	2.8
	2.1
	2.0
	2.0
	1.8
	0.7
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Table 2. Geopolymer mixture formulations.






Table 2. Geopolymer mixture formulations.





	Mixture
	MK

[wt. %]
	BM

[wt. %]
	KS23

[wt. %]
	H2O2

[wt. % on the Whole Mixture]





	MKBM50
	25.0
	25.0
	50.0
	5



	MKBM75
	12.5
	37.5
	50.0
	5
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Table 3. Elemental ratio composition of the geopolymer composites by EDS analysis (averaged on 4 analysis points). Data are reported net of an error of 10%.
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	Average Elemental Ratios [At. %]
	MKBM50
	MKBM75
	(Ca, K)ASH

Garcia-Lodeiro et al. [28]





	Ca/Si
	0.1
	0.2
	0 < Ca/Si < 0.3



	Si/Al
	2.1
	2.8
	1.2 < Si/Al < 10



	K/Al
	0.5
	3.5
	0 < K/Al < 1.9
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Table 4. Density, porosity and average pore diameter for MKBM50.






Table 4. Density, porosity and average pore diameter for MKBM50.





	Sample
	ρb

[kg/m3]
	ρt

[kg/m3]
	Po

[vol. %]
	Pc-u

[vol. %]
	Pt

[vol. %]
	Median Pore Diameter

(0.01–1000 µm)

[µm]





	MKBM50
	313 ± 3
	2288 ± 1
	54.4
	32.1
	86.5
	0.07
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