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Abstract

:

Water potabilization sludges (WPS) are a heterogeneous waste generated from the coagulation–flocculation process of drinking water production, whose composition is highly dependent on the geological context of reservoirs, the composition and volume of treated water, and the types of coagulants used. For this reason, any feasible approach for reusing and valorising of such waste cannot be disregarded from the detailed investigation of its chemical and physical characteristics and they have to be evaluated at a local scale. In this study, WPS samples from two plants serving the Apulian territory (Southern Italy) were subjected for the first time to a detailed characterization with a view to evaluating their recovery and reuse at a local scale as a raw material for producing alkali activated binders. WPS samples were investigated by X-ray fluorescence (XRF), X-ray powder diffraction (XRPD) including phase quantification by the combined Rietveld and reference intensity ratio (RIR) methods, thermogravimetric and differential thermal analysis (TG-DTA), Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). Samples showed aluminium–silicate compositions with up to 37 wt% of Al2O3 and up to 28 wt% of SiO2. Small amounts of CaO were also found (6.8 and 4 wt%, respectively). The mineralogical investigation indicates the presence of illite and kaolinite as clayey crystalline phases (up to 18 wt% and 4 wt%, respectively), in addition to quartz (up to 4 wt%) and calcite (up to 6wt%) and a large amorphous fraction (63 wt% and 76 wt%, respectively). WPS were subjected to heating from 400 °C to 900 °C and mechanical treatment by high energy vibro-milling in order to determine the best pre-treatment condition in view of their use as solid precursors to prepare alkali-activated binders. Alkali activation (8M NaOH solution; room temperature curing) was attempted on untreated WPS, on 700 °C heated and on 10-minute high-energy milled samples, which were considered the most suitable based on the preliminary characterization. Investigations of alkali-activated binders confirmed the geopolymerisation reaction occurrence. Variations in gel features and compositions depended on the amount of reactive SiO2, Al2O3 and CaO available in the precursors. WPS heated at 700 °C led to the most dense and homogeneous microstructures, due to a greater availability of reactive phases. The results of this preliminary study demonstrate the technical feasibility of preparing alternative binders from the investigated Apulian WPS, paving the way for a local reuse of these waste products, leading to economic and environmental benefits.
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1. Introduction


Water potabilization sludges (WPS) are industrial by-products generated from the coagulation–flocculation process of drinking water production [1].



Owing to the constant need for drinking water, huge amounts of WPS are produced worldwide and are usually disposed of in landfills (European CER Cod 190902). To date, the challenge toward more sustainable waste management has promoted the reuse of WPS as ceramic materials, construction binders, zeolites and a coagulant in wastewater treatment [1,2,3,4,5,6]. With the same aim, several studies have focused on the use of WPS as precursors in the production of alkali-activated binders (AABs), leading to different results depending on the composition and eventual pre-treatments, as well as the mix design used [7,8,9,10,11,12,13].



AABs or geopolymers comprise a family of low carbon footprint materials obtained by the chemical combination of a structurally disordered aluminosilicate precursor with an alkaline activator able to catalyse the conversion of the blend into a compact matrix [14,15,16]. The precursor composition affects the gel type developments: a three-dimensional alkaline aluminosilicate hydrate gel M-A-S-H (M = alkaline cation) in low-calcium precursors, a two-dimensional calcium aluminosilicate hydrate gel C-A-S-H in Ca-rich precursors. A third type of binder, known as a hybrid alkaline cement, resulting from the alkaline activation of materials with around 20% CaO, SiO2 and Al2O3 contents, is formed by a mix of gels, (C, N)-A-S-H or N-(C)-A-S-H. [17,18].



In recent years, numerous studies have focused on the use of several kinds of industrial by-products and wastes (e.g., furnace slag, fly ash, ceramic wastes, biomasses, demolition wastes, stone waste, soil wastes) for AABs preparation, as alternatives to natural precursors (i.e., clays) [15,19,20,21,22].



Alkali-activated materials have been mainly studied as substitutes of traditional construction binders (e.g., Portland cement); however, different applications are nowadays fairly explored [14,15,16,17,18,19,20,21,22,23].



The high aluminium content of WPS, related to Al-based agents commonly added into the water to promote the particles aggregation, as well as their aluminosilicate nature [24], make this waste a potentially good solid precursor for AABs. However, the characteristics of WPS depend highly on the geological context of reservoirs, the water characteristics and the volume of treated water, along with the treatment processes, especially the types of coagulants used [8,25]. Today, the composition of WPS on a worldwide scale is fairly heterogeneous, mostly of aluminosilicate components [7,9,11,13,26], influencing the physical and chemical characteristics of the formulated materials derived from this kind of waste and making, in some cases, the comparison of literature data difficult. Thus, the detailed characterization of the sludge from local plants represents a fundamental prerequisite for any feasible approach for reusing and valorising such waste at a local scale as a raw material for AABs preparation.



In this paper, WPS from two different Italian plants serving the Apulian territory (Southern Italy) were for the first time fully characterized from a mineralogical, microstructural and chemical point of view by different techniques (namely, XRPD, XRF, TG-DTA, FTIR, SEM-EDS), and successively tested to assess their potential for the preparation of alkali activation binders and to find out the most suitable activation conditions for this purpose.



Furthermore, two elements of novelty were introduced in this study with respect to previous ones dealing with the same topic [7,8,9,10,11,12,13]: (i) WPS were subject to different pre-treatments, i.e., thermal and mechanical, to evaluate the effects of heating and fine grinding, respectively, on the alkali-activated reaction products, as these two different pre-treatments may enhance the precursor characteristics to different degrees during alkali activation; (ii) In view of greater sustainability, alkali activation was promoted by using exclusively sodium hydroxide solutions, instead of commonly used alkaline silicate solution, which is quite expensive.



Overall, the research addresses transforming WPS into added value products, in order to stimulate their local valorisation, promoting a virtuous approach by which low-impact and tailor-designed materials are conceived based on the local availability of recycled resources. In this context the present study acquires high relevance as it explores for the first time the possibility to reuse WPS from Apulia (southern Italy region). The results of this study can in any case have a broader value on the investigated topic.




2. Materials and Methods


2.1. Characterization of Raw Materials


The WPS comes from two plants serving the Apulian territory (Southern Italy), sited in Conza della Campania and Locone (Minervino Murge). WPS (labelled CON and LOC, respectively) appeared as brownish granular aggregates of variable shapes and dimensions (within few cm) and were stabilized by drying at 105 °C for 24 h before being used (Figure 1). Mechanical or thermal pre-treatments according to the methodology described in [27] were experimented on to increase the reactivity of WPS to the alkaline-activation purpose: i.e., (i) high energy milling with a Retsch MM-400 vibratory mill (Retsch, Haan, Germany) and tungsten carbide grinding jars, frequency 30 Hz, t = 5, 10 and 15 min; (ii) heating for 1h at temperatures of 400, 500, 600, 700, 800 and 900 °C.



WPS samples were characterized using the following methodologies:




	
X-ray fluorescence (XRF) spectroscopy using a PANalytical AXIOS Advanced (PANalytical, Almelo, The Netherlands)—spectrometer, equipped with an X-ray tube X SST-mAX, Rh anode, with determination of volatile components by Loss on ignition (L.o.I.).



	
Thermogravimetric and differential thermal analysis (TG-DTA-DTG) using a Seiko thermal analyzer SSC 5200 combined with a TG/DTA 320U module (Seiko, New Castle, DE, USA). Analyses were performed on about 20 mg of previously stabilized powder, in the temperature range 26–1100 °C (heating rate 10 °C/min).



	
X-ray powder diffraction (XRPD) spectroscopy using a PANalytical Empyrean diffractometer (PIXcel3D detector; Cu-Kα radiation) (Malvern PANalytical, Almelo, The Netherlands); analytical conditions: 40 mA, 40 kV, 3–70° 2θ, virtual scan 0.026°, counting time 120 s. X-ray patterns were analysed using the software X’Pert High Score 3.0e (Malvern PANalytical, Almelo, the Netherland) which includes the ICSD database, whereas phase quantification was carried out by means of the Rietveld refinement software BGMN (J.Bergmann, Dresden, Germany) [28], using the internal corundum standard to quantify the amorphous phase according to the combined Rietveld-RIR method [29].



	
Fourier-transform infrared spectroscopy (FT-IR) with a Perkin Elmer ATR spectrometer (PerkinElmer Italia Spa, Milano, Italy), recording 16 interferometer scans per sample from 400 to 4000 cm−1, nominal resolution of 2 cm−1 and data interval 0.25 cm−1.



	
Stereomicroscopic acquisitions using a Nikon SMZ800 (Nikon Corp., Tokyo, Japan) stereomicroscope, magnification range 10× and 60×.



	
Scanning electron microscopy LEO model EVO-50XVP (Zeiss, Cambridge, Cambridgeshire, UK), coupled with an X-max (80 mm2) Silicon drift Oxford detector EDX system (SEM-EDX) (Oxford Instruments, High Wycombe, Buckinghamshire, UK).









2.2. Samples Preparation


AABs were prepared by mixing WPS with 8M NaOH solution. Viscous pastes were obtained using an alkali solution / precursor weight ratio (S/P) from 0.6 to 0.8. The slurries were mixed for 5 min using a mechanical mixer, poured into moulds and vibrated to remove the entrained air. Samples were cured at 25 °C in sealed vessels for 3 days, then demoulded and characterized by XRPD, FT-IR and SEM-EDX at 28 days of curing using the above-described instruments and analytical conditions.





3. Results and Discussion


3.1. Precursors Characterization


CON and LOC show aluminosilicate compositions (Table 1) with total amounts of SiO2 and Al2O3 ranging from 55 to 60 wt%, and SiO2/Al2O3 molar ratio of 1.73 and 1.04, respectively. The mass losses after 24 h at 105 °C were about 80 wt%, whereas from 105–950 °C (loss on ignition range), they were 31 wt%. The dominant chemical components (SiO2 and Al2O3) are quite different to those found in other investigations [7,8,9,10,12,13,26]: in particular, LOC exhibits the larger amount of Al2O3.



The investigated WPS are composed by crystalline phases of illite, kaolinite, quartz and calcite with subordinate plagioclase, K-feldspar and alunogen (bottom patterns of Figure 2). The presence of alunogen, observed in CON, can be ascribable to coagulants used in the water processing plant (i.e., alum (Al2(SO4)3)) [30].



Phase quantification by means of Rietveld refinement evidenced the significant amount of amorphous phase of 63.5% and 75.9% for CON and LOC, respectively (Table 2). Considering the total amount of Al, estimated from the Al-bearing crystalline phases, it can be concluded that a significant content of Al is related to the occurrence of amorphous or low crystalline phases [31].



Figure 3 shows thermal analyses of CON and LOC. Total weight losses of about 35%, mainly within 710 °C, were recorded for both WPS, indicating a significant occurrence of volatile components (i.e., organic matter, hydrated phases and carbonates). Indeed, DTA curves show several peaks, similar in both WPS, reported as follows. Endothermic peaks in the range 97–230 °C were related to physically adsorbed water or weakly bound water. The weight losses observed in this range varied within 13–15%. Strongly exothermic peaks at about 330 °C were attributed to decomposition of the organic fraction [7,25] and result in weight losses of about 13%. In the range 400–600 °C, the aluminosilicates species decomposition was observed, notably the endothermic peaks at 460 °C indicate the dehydroxylation of kaolinite with the subsequent metakaolin formation [32]. The endothermic peaks at about 920 °C can be attributed to the phase transformation of clay minerals [30,32]. In CON an endothermic peak at 695 °C related to carbonates decomposition and resulting in a weight loss of 1.5% was also observed. The slight differences in shape and position of the endothermic peaks of each crystalline component, compared to those reported in the literature, may be related to a grain size reduction or lower structural order in the material, induced during the manufacturing process (from reservoir water sampling until the sludge removal) [33,34].



FT-IR spectra (bottom of Figure 4) show the distinctive aluminosilicates band centred at 1008 cm−1 enveloping the different T-O-T (T = Al or Si) contributions (shoulders between 900 and 1100 cm−1) of silicate minerals [35] present in the samples. Other silicate vibrations are associated with the bands at about 520 and 465 cm−1 [36]. The broad band at 3350 cm−1, the humps at 1645 and about 520 cm−1 correspond, respectively, to the bending and stretching vibrations of the -OH groups in interlayer water molecules.    CO  3  2 −    group vibrations of carbonates are revealed at about 1430 cm−1 and 875 cm−1.



SEM images of precursors (Figure 5) show fairly homogeneous microstructures formed by different size clusters with a rough texture, which create hollow areas among the paired particles. In particular, in LOC, the coexistence of a more compact area (right part of Figure 5b) with a less bonded one was observed. Both samples evidence a slightly crystalline appearance [1,25] in which lamellar shapes of phyllosilicates (indicated by squares in the image) and some siliceous microfossils (indicated by arrows) are still recognizable in accordance with XRPD analyses. The EDX microanalysis (graphs not reported) returned fairly constant compositions in the different areas analysed, consisting mainly of Si, Al, Ca and in minor amounts, K, Mg and Fe.




3.2. Thermal and Mechanical Pre-treatments on Precursors


XRPD patterns of thermally and mechanically pre-treated WPS are shown in Figure 2. Heating from 400 °C to 500 °C did not produce significant variations in the mineral compositions with the exception of the kaolinite dehydroxylation. At 600 °C, calcite starts to decompose and the reaction is completed at 700 °C. In CON, the presence of anhydrite (CaSO4) was also detected. At 800 °C, illite and quartz are still detectable, and in addition, plagioclase formations were also noted in LOC. New phases are observed at 900 °C, although different in two cases: plagioclase (anorthite) and gehlenite in CON, plagioclase and γ-Al2O3 in LOC.



Based on TG-DTA analysis and mineralogical investigation of thermal-treated samples, the heating temperature of 700 °C was selected as the most suitable for AABs preparation, as it produces the complete dehydroxylation of kaolin and calcite present, preserving the amorphous nature of the sludges. This result is in fair agreement with literature data. Ferone et al. [7] suggested a calcination temperature of 650 °C for 1h in order to promote the thermal activation of clay minerals and the removal of the organic phases present. Messina et al. [8] and Santos et al. [10] fixed the temperature diversifying the calcination duration at 750 °C, whereas Waijarean et al. [26] considered the calcination at 800 °C the optimum pre-treatment for geopolymers manufacturing. The optimal burning temperatures were determined experimentally in each case, since they depend closely on the mineralogical composition.



High energy milling at different times produced moderate effects on the crystalline phases of WPS. All components are still detectable; however, mild illite and kaolinite reflection widening, as the effect of delamination, was observed.



The mechanical pre-treatment method is well-known to improve the reactivity of clay minerals [27,37,38,39]. The method allows transferring of as much energy as possible to the ground material to enhance its chemical reactivity [37]. Furthermore, the dissolution degree of precursors in an alkaline medium is facilitated by the large surface amorphism and particle size reduction achievable by high energy milling [40,41]. Considering that the crystalline variations observed by increasing the grinding time were not very significant, with a view to energy-saving an intermediate milling time (10 min) was chosen for the experimentation follow up in both CON and LOC.



The quantification of the amorphous phase obtained by the combined Rietveld-RIR method (Table 2) indicates an increase of the amorphous after each selected treatment, with higher values in heat-treated samples, thus indicating a greater availability of the reactive phase in these samples.




3.3. Characterization and Properties of Hardened AABs


Untreated WPS, as well as pre-treated WPS samples, were used to test their suitability for the preparation of AABs. Sample labels indicate the treatment undergone and the activator solution molarity (i.e., LOC_8M, LOC10m_8M, LOC700C_8M).



On a visual inspection performed after 28 days of curing, samples appeared hardened and compact. Stereomicroscope images of CON-based samples (Figure 6) showed bonded and variously porous matrices, with no fractures or cracks. Similar shapes were observed in Santos et al. [10] for WPS-Portland cement-based geopolymers. Furthermore, no patinas were observed on the inner surfaces by high magnification investigation.



The occurrence of the geopolymerization reaction was confirmed by changes in the FTIR strongest aluminosilicates vibration (Figure 4). In heat-treated samples (CON700C_8M and LOC700C_8M), this band was clearly shifted to lower wavenumbers compared to those of respective precursors (from about 1025–1030 cm−1 to 970–980 cm−1), whereas in untreated and mechanically-treated samples, it took on a narrower shape, indicating a different structural order [42]. In addition, shifts observed in heat-treated samples may have been intensified by structural changes due to calcium, made available from calcite decarbonatation, which contributed to calcium-enriched N-A-S-H gel formation [9,43]. The main band related to carbonates (between 1415 cm−1 and 1440 cm−1) appeared more intense than the precursor ones, as a result of binders interaction with atmospheric CO2 during the curing process. Broad bands (within 3000 cm−1 and 3600 cm−1) corresponding to –OH groups were also revealed. In particular, in LOC-based samples and in CON_8M, three peaks can be distinguished at 3620, 3545 and 3460 cm−1.



CON_8M and LOC_8M diffractograms (Figure 7) showed the same peaks detected in raw materials as well as the presence of bayerite (Al(OH)3), probably formed as a consequence of an excessive availability of aluminium capable of reacting with OH− in solution [31]. Similar observations can be drawn for CON10m_8M and LOC10m_8M. However, a slight decreasing of illite peaks (at 19.7° and 34.7° 2θ) was also noted due to crystalline delamination induced by grinding, which seems to have facilitated the dissolution process in NaOH. In heat-treated pastes, further peaks were distinguished: calcite (CaCO3) deriving from Ca interaction with atmospheric CO2, nahcolite (NaHCO3) and dawsonite (NaAl(CO3)(OH)2), the latter detected in LOC700_8M. The presence of sodium carbonates was attributed to the carbonation of the remnant alkalis supplied by the activator and present in the matrix [44]. As is well known [45,46,47,48], the growth of salts within the structure of hardened binders can potentially cause the structure weakening or reduce the samples’ integrity. Therefore, the obtained findings here suggest that further studies on the aforementioned samples may require the use of lower NaOH content.



SEM detections are reported in Figure 8. At low magnifications (left column in figure), all samples show developed and fairly homogeneous matrices, whereas some differences were observed at higher enlargements (right columns in figure). CON_8M and LOC_8M were characterized by rounded or slightly flat clusters (<2 µm), which appeared less bonded in the latter. Milling affects the gel features (CON10m_8M and LOC10m_8M ) by decreasing the size (<1 µm) and increasing the packaging of particles. AABs from un-treated and mechanically treated precursors are mostly constituted by Al-rich N-A-S-H gels (insets a1-b1-d1-e1). The aluminium tri-hydroxides crystalline phases, already revealed by XRPD, appeared as Al-formed lamellar aggregates (image points and EDX graphs a2-b2-d2-f2) [49]. Compositions of heat-treated samples were shifted towards ((N-C)-A-S-H) gels (insets c1-f1), due to the presence of reactive CaO (larger in CON700C_8M), that gave rise to the most compact and homogeneous microstructures. In these samples, moderate tapered terminations, distinctive of materials enriched in calcium, were distinguished.



As a whole, the investigation furnishes interesting data. The SiO2/Al2O3 precursor molar ratios (Table 1) proved sufficient, albeit lower than the range defined by Duxson et al. [50], to allow alkali activation. The explanation may lie in the large amount of the Al-rich amorphous component. Likewise, results confirmed the NaOH 8M solution validity for geopolymerization purposes. Furthermore, mix designs adopted for CON and LOC avoid incurring long hardening times [26] or reduced workability [11]. Among the two investigated WPS, the higher SiO2/Al2O3 molar ratio and a greater availability of reactive calcium enabled obtaining a greater structural compactness of CON-based specimens than LOC-based ones. However, further studies should be oriented at modifying the SiO2/Al2O3 through the addition of natural or waste-derived silicon sources, to reduce secondary crystalline formations.



Samples characterization highlighted the efficacy of both pre-treatments. Mechanical activation proved to be a feasible method which mainly influenced the compactness of particles. Nevertheless, as evidenced by TG-DTA analyses, about 13 wt% of whole LOC and CON was attributed to organic matter, which could gradually affect the technological properties of pastes, in agreement with Geraldo et al [11]. Calcinated sludges became more reactive, thus enhancing the final product features; in addition, high temperatures might allow to remove contaminations. In light of these findings, further studies may investigate in greater detail the physical–mechanical properties of AABs.





4. Conclusions


This work sought to characterize two water potabilization sludges from plants in Apulia, Italy with a view to evaluating their feasibility for local reuse as precursors of alkali-activated binders. The chemical and mineralogical characterization of WPS by XRPD, TG-DTA, FTIR and SEM defined their aluminosilicate-rich compositions, with total amounts of SiO2 and Al2O3 ranging from 55 to 60 wt%, and the presence of illite, kaolinite, quartz and calcite as the main crystalline phases. Phase quantification by means of Rietveld refinement highlighted the significant amount of amorphous phase (up to 76%). Furthermore, the occurrence of Al mainly as amorphous or low crystalline phases was determined.



With the aim of promoting an efficient use of WPS, thermal or mechanical pre-treatments were performed on the raw sludge. XRPD analyses enabled indication of how heating at 700 °C and the 10 min high-energy milling resulted in the most suitable pre-treatments.



AABs were produced using untreated and activated WPS. The success of the alkali activation reaction was demonstrated by the changes involved in FTIR spectra and by the development of matrices mainly constituted by Al-rich N-A-S-H or ((N-C)-A-S-H) gels. XRPD evidenced also secondary crystalline phases (i.e. carbonates and aluminium tri-hydroxides). As a whole, both the pre-treatment methods enabled enhancing the binder features; however, heating proved the most suitable since it allows obtaining of a larger availability of reactive phases and more compact microstructures.



This study represents an important starting point with a view to a local valorisation of these wastes. The findings can guide future investigations towards optimizing synthesis parameters in view of the applicability of the investigated WPS as raw materials for AABs preparation. Based on the microstructural and mineralogical characteristics of the preliminary pastes obtained here from untreated and treated WPS samples, an addition of Si-sources may be proposed to better balance mix-designs and reduce the development of secondary crystalline phases. With the same aim, lowering the activator molarity and testing solid and non-expensive activators, as well as better assessing the curing conditions, may provide positive outcomes. Furthermore, forthcoming studies will allow evaluating the mechanical and physical properties of pastes to define their eventual application fields.



As further conclusion, it is important to highlight the relevance of sourcing raw materials at a local scale. It may be an opportunity to valorise the territories and lowering the production costs. Moreover, the reuse of waste-derived resources, currently dismissed in landfills, such as WPS, may lead to economic and environmental benefits and contributing to the end-of-waste idea.
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Figure 1. Features of dried CON and LOC sludge; appearances of sludges after the mechanical or thermal pre-treatments. 
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Figure 2. XRPD patterns of untreated and pre-treated WPS: (a) CON and (b) LOC. Afs = alkali feldspar; Alu = Alunogen; Anh = Anhydrite; Cal = Calcite; Gh = Gehlenite; Ilt = Illite; Kln = Kaolinite; Pl = Plagioclase; Qz = Quartz; γ-Al: γ-Alumina. The peaks that are not indexed are the same as those indicated in XRPD patterns of the starting material. 
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Figure 3. TG (red lines; left axis), DTA (black lines; right axis) and DTG (blue lines; external axis) curves of (a) CON and (b) LOC. 
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Figure 4. FTIR spectra of WPS used as precursors (solid-curve) and AABs (dotted-curve): (a) CON and (b) LOC. 
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Figure 5. SEM micrographs of (a) CON and (b) LOC. Scale bar and magnification are shown in the image. White squares and red arrows evidence the presence of phyllosilicates and microfossils, respectively. 
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Figure 6. Stereomicroscope images from inner sections of CON-based AABs magnified by 30×. 
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Figure 7. XRPD patterns of AABs (a) CON and (b) LOC. WPS used as precursors are reported as references. Afs = alkali feldspar; Alu = Alunogen; Anh = Anhydrite; Byr = Bayerite; Cal = Calcite; Daw = Dawsonite; Ilt = Illite; Kln = Kaolinite; Nac = Nahcolite; Pl = Plagioclase; Qz = Quartz. 
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Figure 8. SEM micrographs and EDX analyses of AABs. Labels, scale bar and magnification are shown in the images. 
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Table 1. Bulk chemical (XRF) composition (wt%) of CON and LOC.
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	CON
	LOC





	SiO2
	28.00
	22.87



	Al2O3
	27.42
	37.30



	CaO
	6.87
	4.03



	Fe2O3
	3.09
	2.44



	K2O
	0.87
	0.71



	Na2O
	0.14
	0.17



	MgO
	1.01
	0.81



	TiO2
	0.32
	0.23



	P2O5
	0.31
	0.37



	MnO
	0.29
	0.11



	L.o.I. a
	31.68
	30.96



	SiO2 + Al2O3
	55.42
	60.17



	SiO2/Al2O3

molar ratio
	1.73
	1.04







a L.o.I.: weight loss after calcination at 950 °C.
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Table 2. Mineralogical composition (wt%) of untreated and pre-treated WPS obtained by Rietveld refinement. Standard deviation in parentheses.
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	CON
	CON10m
	CON700C
	LOC
	LOC10m
	LOC700C





	quartz

(SiO2)
	4.4 (3)
	4.0 (3)
	5.9 (5)
	3.0 (3)
	2.9 (3)
	3.1 (2)



	calcite

(CaCO3)
	6.2 (2)
	5.4 (3)
	1.2 (2)
	2.5 (2)
	2.0 (2)
	0.1 (1)



	kaolinite

(Al2Si2O5)(OH)4
	4.1 (3)
	3.9 (3)
	
	3.4 (3)
	2.4 (3)
	



	illite

KAl2Si4O10(OH)2
	18.3 (1.1)
	14.1 (1.2)
	15.7 (1.3)
	14.6 (1)
	11.3 (1)
	14.0 (1.1)



	K-feldspar

(KAlSi3O8)
	
	
	
	0.6 (1)
	1.0 (2)
	0.7 (2)



	dolomite

(CaMg(CO3)2)
	tr
	tr
	tr
	
	
	



	plagioclase

(Na,Ca)((Si,Al)AlSi2)O8
	2.0 (2)
	2.7 (3)
	4.1 (4)
	
	
	



	alunogen

Al2(SO4)3·17H2O
	1.4 (3)
	2.2 (4)
	
	
	
	



	anhydrite

(CaSO4)
	
	
	1.6 (2)
	
	
	



	amorph
	63.5 (1.5)
	67.6 (1.5)
	71.6 (1.6)
	75.9 (1.2)
	80.4 (1.1)
	82.0 (1.1)
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