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Abstract

:

In the present work, the development of geopolymeric materials with Na or K based on industrial kaolin samples, with variable kaolinite content and alkaline silicates, is studied. XRF, XRD, FTIR and SEM-EDS have been used as characterization techniques. Three ceramic kaolin samples, two from Algeria and one from Charente (France), have been considered. In particular, chemical and mineralogical characterization revealed elements distinct of Si and Al, and the content of pure kaolinite and secondary minerals. Metakaolinite was obtained by grinding and sieving raw kaolin at 80 μm and then by thermal activation at 750 °C for 1 h. This metakaolinite has been used as a base raw material to obtain geopolymers, using for this purpose different formulations of alkaline silicates with NaOH or KOH and variable Si/K molar ratios. The formation of geopolymeric materials by hydroxylation and polycondensation characterized with different Si/Al molar ratios, depending on the original metakaolinite content, has been demonstrated. Sodium carbonates have been detected by XRD and FTIR, and confirmed by SEM-EDS, in two of these geopolymer materials being products of NaOH carbonation.
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1. Introduction


Geopolymeric materials or geopolymers are inorganic binders that began to be known in the 1970s as new materials with very interesting applications by J. Davidovits [1]. Originally, they referred to research resulting from the reaction of calcined kaolin (metakaolin) in a basic medium, using alkali or alkaline earth solutions, thus giving rise to the formation of a new class of aluminosilicate polymers that consolidated or set like a cement [1,2,3,4,5]. The prefix “geo” was chosen to symbolize their relationship to certain geological materials, such as natural stone or minerals. Today, “geopolymers” is considered a general term describing a wide variety of inorganic materials and composites, with no restrictions on their silica and alumina content, being defined as “low-temperature aluminosilicate glasses”, “hydroceramics”, “inorganic polymer cements” and even “alkali bonded ceramics” [6]. A definition of geopolymer materials has been proposed as essentially alkali-activated aluminosilicates, excluding any other alkali-activated materials and to be classified separately [5,6]. This is a “geosynthesis”, a reaction that integrates aluminosilicate-type minerals chemically; Si and Al react to form molecules that are chemically and structurally comparable to those that constitute natural rocks.



In a strongly alkaline solution, reactive aluminosilicate-type materials, such as metakaolin, dissolve rapidly and form hydroxylated oligomers of the Si(OH)4− and Al(OH)4− type [5,7]. During the polycondensation reaction, the tetrahedral units are alternately bonded together to form amorphous lattices that form geopolymers. In general, the properties of the materials obtained depend on the synthesis conditions, e.g., the choice of raw materials [8,9,10], Si to Al ratio [11,12], dilutions of alkali elements used, sodium or potassium [11,12,13] and addition of reinforcing materials [14]. All these variations in the composition of the obtained geopolymers are intended to improve their mechanical [15] or thermal properties [16,17]. However, it is important to note that the wide variety of possible geopolymer synthesis conditions results in the difficulty of determining whether the final material possesses a geopolymer lattice, despite the apparent full or partial consolidation of the geopolymer. The inorganic polymeric material could be considered as an amorphous material equivalent to feldspars (natural alkali aluminosilicates) but obtained by synthesis with the aid of a heat treatment and with a particular duration of the treatment, similar to certain organic polymers by polycondensation [1,2,3,4,5]. For example, previous studies on the synthesis of geopolymers from 2:1 silicates (kaolinite is of the 1:1 type) have shown that consolidation occurred, but no geopolymerization took place [18].



Geopolymers are very attractive materials from several points of view. We can highlight that they can be manufactured at room temperature, they have a relatively low cost since they are based on abundant and cheap raw materials for their manufacture, and materials that avoid the formation of temperature gradients (thermal stress) are obtained. They are dimensionally stable in a wide range of temperatures, they can be manufactured in situ and reinforcement materials (fibers, macromolecules, pigments, etc.) can also be added to obtain the required properties [5,6,9,10,11,12,13,14,15,16,17,19,20,21,22,23,24,25]. In addition, geopolymeric materials can also be reinforced by adding polymers in the production of hybrid materials [26,27,28,29,30,31]. These materials have been developed following the principles of “Green Chemistry”, as they have been obtained by synthesis from a wide variety of raw materials, including mineral by-products and recycled products, thus reducing energy demand and environmental impact during their production [19,20,25,32]. Geopolymers are the logical consequence of “Green Chemistry” in the service of sustainable development [6]. Geopolymerization can therefore be considered an environmentally sustainable technique, with promising developments for the coming years in uses such as the treatment of aluminosilicate-based waste, including the immobilization of toxic and radioactive materials [5,6,10,11,12,13,14,15,16,17,33,34,35,36,37,38,39,40,41,42]. Geopolymeric materials obtained with this technology can be applied in various fields, such as aeronautics and aerospace, foundry and non-ferrous metallurgy, construction, waste management, cultural heritage and many more [43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68]. They can also be applied in fields such as civil engineering, geotechnical engineering or mining engineering, as these materials can replace cement in the manufacture of foundations or, for example, in the stabilization of problematic clay soils for the paving of roads, bridges or tunnels, with advantages such as their ability to cement soils without the need for calcium, thus reducing CO2 emissions [69,70,71,72,73,74,75,76].



In addition to some applications already mentioned [12,13,14,15,16,17], the use of geopolymers as coatings on metallic substrates as thermal barriers [37], with an adhesion strength of more than 3.5 MPa on steel depending on their chemical composition, as well as their application as refractory adhesive material for metals and gaskets [40] and material resistant to chemical attack by acids [77], are of particular interest.



In recent decades, geopolymers have been seen as an environmentally viable alternative to Portland cement because of their performance. They have attracted attention for properties such as mechanical compressive strength, low permeability, good chemical resistance and durability against acid and sulfate attack, as well as excellent fire performance [5,13,15,33,34,35,36,37,38,40,77,78,79,80,81,82]. It has also been reported that obtaining geopolymers as alkali-activated inorganic materials reduces greenhouse gas (GHG) emissions [81,83]. These materials have been considered key to mitigating the carbon footprint and reducing the CO2 output of cements and concretes. It should be noted that the cement manufacturing industry is one of the largest producers of GHG emissions [84,85]. For example, CO2 contributes 65% to global warming, which must be taken into account in the current climate change conditions caused, among other reasons, by high CO2 emissions [78,80]. Geopolymer material hardens rapidly at room temperature, reaching its mechanical, chemical and thermal strength [3,4,5,12,13,15,17,34,35,36,37,38,40,86]. While cement owes its mechanical strength to the formation of hydrated calcium silicates, the exothermic geopolymerization reaction produces a structure similar to that formed in aluminosilicate gels and zeolites [2,10,37,38,39,86,87].



The preparation of geopolymers has been achieved from different raw materials among them, and kaolin is the most common [5,6,7,8,9,11,12,13,14,15,17,36,37,38,81,86,87,88], a raw material in which kaolinite is found in varying proportions [89], as well as clays [10,39], silica fume [16], fly ash [33,36,78], red mud from alumina production [87,90], slag and other industrial by-products and wastes [34,36,79,91], various sources of silica [16,77,92,93], coal ash [94] and others [36,95,96]. In essence, the kaolinite (1:1 aluminosilicate with structural OH groups) [89] found in kaolin, heat-treated until it loses structural OH and transforms into metakaolinite, is the main precursor, either as a single raw material or mixed with others, in the formation of geopolymeric materials [5,9,15,36,37,38,80,81,86,91,94,97]. According to the extensive literature on geopolymers, “metakaolin” (metakaolinite) is the raw material with the highest reactivity and purity compared to other raw materials, such as fly ash, red mud, slag, coal ash, kaolinitic clays and others already mentioned. The main problem with the other precursors is poor reproducibility due to a high variability of chemical compositions (red mud, fly ash, blast furnace slag, etc.). Therefore, the influence of the raw materials on the formation of geopolymeric materials is fundamental, especially with regard to the presence of impurities and the Si/Al molar ratio, as well as the reaction conditions, basic reagents used, their concentration, temperature and treatment time.



The use of 2:1 silicates in this type of synthesis [18,38,91] and the effect of the presence of other minerals of the kaolinite group, such as haloisite [89], can also be highlighted. In the latter case, it has been highlighted that this type of kaolin containing haloisite, once thermally treated, presents a higher rate of dissolution of Si and Al than the metakaolinite formed by the dehydroxylation of kaolinite, and this leads to better properties of the obtained geopolymer [9,95]. Likewise, the effect of the alkali cations present in the synthesis of geopolymers is also a prominent factor, as important modifications can be achieved in terms of the structure of the resulting geopolymeric materials, as, for example, has been demonstrated in a study on potassium-containing inorganic geopolymeric foams [96].



The aim of this work is to study the preparation of geopolymer materials from three industrial kaolins. These kaolins are first thermally treated for their activation and then chemically treated using basic solutions of alkaline silicates with different Na and K content. Both the solid raw materials and the geopolymer materials obtained are characterized by several techniques, mainly XRF, XRD, FTIR and the microstructures obtained by SEM-EDS. The effect of the composition of the reactive mixtures that have been formulated to obtain the geopolymer materials with different Si/Al molar ratios, kaolinite content that produces metakaolinite, as well as the influence exerted by the alkaline activator used (K or Na) are examined. The novelty of this work compared to the existing literature is the use of kaolin with different kaolinite content and the use of reactive alkaline solution varying the Si/K and Si/Na molar ratios.




2. Experimental


2.1. Solid Raw Materials: Kaolins


Three industrial kaolins were used for comparative purposes in this study. The first one is a kaolin from Charente (France) called K_CH. The other two kaolins studied come from Tamazert in El-Melia in Northern Algeria, called K_TA_1 and K_TA_2. The three kaolins were crushed and ground for homogenization once received in the laboratory, followed by sieving, obtaining the fraction below 80 μm which was used for this study.




2.2. Liquid Raw Materials: Alkaline Solutions


Two commercial sodium and potassium silicate solutions were used as chemical reagents, both supplied by Woellner (Wöllner GmbH, Ludwigshafen am Rhein, Germany), with Si/K and Si/Na molar ratios of 1.7 according to the manufacturer. The corresponding alkaline hydroxides were also used; specifically, KOH was supplied by Acros (Thermo Fisher Scientific Inc., Waltham, MA, USA) and NaOH was supplied by WVR (VWR International, LLC., Radnor, PA, USA), both in lentil form, with a purity of 85 and 99 wt%, respectively. By weighing and then carefully dissolving these hydroxides in the corresponding sodium and potassium silicates, strongly basic alkaline reagent solutions were obtained (pH close to 14) with similar molar ratios: Si/K = 0.58 and Si/Na = 0.56, taking into account the purity of the starting raw materials.




2.3. Preparation of the Geopolymeric Materials


The kaolins were treated at a temperature of 750 °C in air for 1 h in a laboratory furnace, using a porcelain capsule. In this way, the aim was to achieve a total dehydroxylation by heat treatment of the kaolinite contained in the raw materials and the formation of metakaolinite, which is much more reactive, to achieve the formation of geopolymer materials. Once the products of this heat treatment were cooled, they were mixed with the reactive alkaline solutions described in the previous subsection (Table 1). They were mixed vigorously and left to react for 20 min. The masses obtained were then placed in cylindrical, closable, alkali-resistant containers 15 mm in diameter and 30 mm high, and kept at 70 °C for 24 h.



The nomenclature used to designate the different synthesized geopolymers was G_K_TA_1_x, G_K_TA_2_x and G_K_CH_x, depending on the metakaolin used. In addition, the samples synthesized with K or Na are identified substituting x with K or Na at the end of the above designation.



The characterization of the materials obtained was carried out using different techniques, as described below.




2.4. Characterization Techniques


The chemical composition of the solid raw materials was determined by X-ray fluorescence (XRF), using a PANalytical Perl’X 3 unit (Malvern Panalytical, Malvern, UK), and pellets were prepared for this purpose by pressing. For the analysis of crystalline phases, X-ray diffraction (XRD) was used with a Bruker D8 (Bruker Corporation, Billerica, MA, USA), equipped with Debye Scherrer type instruments, CuKα radiation (1.5406 Å) and a graphite monochromator, scanning the area between 5° and 80° of 2θ at intervals of 0.02° and an acquisition time of 2 s.



The crystalline phases present in both the raw materials and the geopolymer materials obtained were identified by comparison with the standard Powder Diffraction Files (PDF) of the International Center for Diffraction Data (ICDD). In the case of quantitative analysis, the Rietveld method was used using NaF as the internal standard.



Analyses by Fourier Transform IR spectroscopy (FTIR) were carried out with a Shimadzu spectrophotometer model 8400 (Shimadzu Corporation, Kyoto, Japan), with a scanning range between 400 and 4000 cm−1. The samples to be examined were prepared by weighing and mixing the solid products (1 wt%) with KBr (99 wt%) and then pressing the obtained mixtures in the form of 10 mm diameter pellets.



The microstructure of the geopolymers formed was studied by scanning electron microscopy (SEM) with a JEOL SM 840 (JEOL Ltd., Tokyo, Japan) at 20 kV microscope, equipped with a chemical analyzer using Energy Dispersive X-ray Spectroscopy (EDS). The samples were placed in aluminum sample holders and coated with carbon using a JEOL JFC 1100 sputtering machine (JEOL Ltd., Tokyo, Japan).



The different characterization techniques, both of the raw materials and of the geopolymers obtained, have been carried out in triplicate, and an average was calculated to avoid possible errors.





3. Results and Discussion


3.1. Raw Material Characterization by XRF and XRD


The results of the chemical (XRF) and mineralogical (XRD) analysis of the three kaolins used for the preparation of the geopolymer materials are presented in Table 2 and Table 3.



As can be observed, Si and Al predominate, which is to be expected as these samples are considered as kaolins, although the K_CH sample presents the highest Al content of all of them (42.44 wt%), lower Si content and higher calcination loss at 1000 °C, which can be attributed to the other mineral phases present in addition to kaolinite. XRD mineralogical analysis of this sample confirms the presence of gibbsite (13 wt%), aluminum hydroxide, in this kaolin. Therefore, its presence leads to an increase in the percentage of Al determined by XRF and also in the weight loss by heat treatment as more structural OH groups are removed and not only from the kaolinite. The weight losses by heat treatment at 1000 °C are similar for the two Algerian kaolins K_TA_1 and K_TA_2 (10.50 wt%) and different for kaolin K_CH (16.00 wt%), as it contains this other hydroxylated mineral phase that contributes to the observed loss.



In general, in the three kaolins studied, the content of impurities other than Si and Al is variable, with minimum relative contents of Ca, Mg and Na, but high relative contents of K in samples K_TA_1 and K_TA_2. This is associated with the presence of muscovite (16–13 wt% as determined by XRD). The presence of a small relative amount of goethite is also observed in the Algerian kaolins. Overall, these are important differences with the K_CH kaolin, which shows the minimal contents of all these elements. The kaolinite content of these raw materials, as determined by XRD, is variable and is found to be 57 wt%, 66 wt% and 85 wt% by weight for the K_TA_1, K_TA_2 and K_CH kaolins, respectively.



Figure 1 shows the XRD diffractograms of the three kaolins before they were heat-treated to be transformed into metakaolins, and then alkaline activated by either the potassium-based or the sodium-based activator. As can be seen, kaolin K_TA_1 (Figure 1—red line) is mainly composed of kaolinite of acceptable crystallinity, accompanied by quartz and muscovite mica, as well as feldspars (albite and orthoclase). Kaolin K_TA_2 (Figure 1—blue line) is richer in kaolinite than K_TA_1, with a lower relative content of the rest of the mineral phases. The diffractogram of kaolin K_CH (Figure 1—green line) shows that this kaolin has a higher relative content of kaolinite without the presence of mica muscovite or albite, but the presence of the mineral phase gibbsite (aluminum hydroxide) is identified. According to the quantitative XRD analysis (Table 3), the gibbsite content is 13 wt%, which together with the kaolinite content of 85 wt%, indicates that the rest of the mineral phases do not exceed 2 wt%. The ICDD card numbers used for peaks indexation in Figure 1 are the following: the K_TA_1 and K_TA_2 samples (Kaolinite: 00-001-0527; Quartz: 01-070-7344; Muscovite Mica: 00-001-1098; Albite:00-009-0466); and the K_CH sample (Kaolinite: 01-089-8538; Quartz: 00-005-0490; Gibbsite: 01-078-1782; Rutile: 01-078-0318).




3.2. Obtaining Geopolymer Materials: XRD Study


The XRD diffractograms corresponding to the reaction products between metakaolinite and the basic silicate solutions are presented in Figure 2 and Figure 3.



Reaction of metakaolinite formation [98]:


    A l   2     S i   2     O   5       O H     4    →  400   ° C − 700   ° C     A l   2     S i   2     O   7   +   2 H   2   O  











Formation of geopolymers (with Na or K):


    A l   2     S i   2     O   7   +         Sodium   and   potassium   silicate   solutions       alkaline   hydroxides :   KOH ,   NaOH          M o l a r r a t i o s     S i / K = 0.58     S i / N a = 0.56       











The geopolymers obtained using the Algerian kaolinites K_TA_1 and K_TA_2 show an amorphous character as studied by XRD, but some diffractions corresponding to mineral phases present in the original samples are easily identifiable, although with lower intensities of these diffractions. These mineral phases persist with their crystalline character, as they have not reacted (or have partially reacted) with the alkaline silicates containing KOH (Figure 2) or NaOH (Figure 3). For example, quartz (characteristic peak at 20° of 2θ) designated Q in XRD, as well as muscovite mica (characteristic peak at 35° of 2θ), designated Mu in XRD. According to previous studies [99], the existence of diffraction peaks corresponding to quartz and muscovite mica in the diffractograms of the obtained geopolymers indicates that these two crystalline phases do not participate in the geopolymerization process or reaction, but the diffraction intensities are lower, which is associated with a dilution effect [100]. The ICDD card numbers used for peaks indexation in Figure 2 and Figure 3 are the following: Figure 2 (Quartz: 00-001-0649; Muscovite Mica: 00-002-0464); and Figure 3 (Quartz: 00-002-0471; Muscovite Mica: 00-033-1161).



The geopolymers prepared from kaolin K_CH are characterized by a very broad hump in their diffractogram in the 22–35° 2θ XRD region, which is typical of the diffractograms of amorphous geopolymers [5,9,10,18,37]. Likewise, the diffractograms of the Na-bearing geopolymers obtained from kaolin K_TA_1 and K_TA_2, and even in kaolin K_CH (Figure 3), show peaks of varying intensity at 35°, 33°, 34°, 36° and 37° 2θ that have been identified as belonging to sodium carbonate and/or bicarbonate, more intense in the case of the G_K_TA_1_Na geopolymer. Their presence is associated with the existence of somewhat excessive relative NaOH content after the geopolymerization process, or else it occurred prior to the geopolymerization chemical reaction. The NaOH compound reacts rapidly with atmospheric CO2 when exposed to air to form this type of carbonate species. This fact is well known when performing classical volumetric measurements with NaOH titrated solutions that have to be protected from the action of CO2 from the air [101].



Previous studies, already mentioned in the introductory part of this paper, on the influence of the starting raw materials in the production of geopolymers have emphasized the nature of the raw materials, kaolin or by-products, some natural and some not, the impurities present and the influence of the heat treatment temperature used for the activation of the raw materials. Some of these studies propose the use of 2:1 clay minerals [10,18,38], but mainly metakaolinite (from kaolinite, 1:1 silicate) is the main precursor in the formation of geopolymer products [5,9,15,36,37,38,80,81,86,91,97]. According to the literature, this is due to the higher reactivity and purity of metakaolinite with respect to other possible raw materials [94], and even the presence of other minerals of the kaolinite group, such as halloysite, has also been found to result in better properties of the obtained geopolymer [9,95]. By effect of the strongly basic alkaline treatment, or “alkaline activation”, the dehydroxylated (metakaolinite) or “thermally activated” product is first hydroxylated and then a polycondensation reaction takes place resulting in the geopolymer as three-dimensional cross-linked chains of polysialates [2,36].




3.3. Obtaining Geopolymer Materials: FTIR Study


As the XRD technique has the limitations inherent to the amorphous or non-crystalline nature of the geopolymers, it is of interest to study the materials obtained by means of a spectroscopic technique such as FTIR. Figure 4, Figure 5 and Figure 6 include the FTIR spectra of calcined kaolins (heat-treated at 750 °C) and the geopolymers obtained, containing Na or K.



The results show that the main bands in the FTIR spectra are those of the calcined kaolin (heat-treated at 750 °C). The results show that the main bands at 1095 cm−1, 1079 cm−1 and 1134 cm−1 in the FTIR spectra of samples K_TA_1, K_TA_2 and K_CH, respectively, are shifted to lower wavenumbers when the geopolymeric materials are obtained (range 1000–1015 cm−1), while the lowest shifts are observed in sodium-based formulations compared to potassium-based formulations assigned to T-O stretching bands, where T can be Si and Al, which proves the rearrangement of the lattices and, consequently, the geopolymerization process [38]. In geopolymers, the most intense bands near 444–468 cm−1 are assigned to Si-O bending modes. Symmetric Si-O-Si stretching, Al-OH stretching and double ring stretching vibrations have been assigned in the regions 690–714 cm−1, 850 cm−1 and 563–571 cm−1, respectively.



On the other hand, the stretching modes are very sensitive to the Si-Al composition of the lattice and can be shifted to lower frequencies as the number of tetrahedral Al atoms increases [35]. Likewise, in all the samples studied, an increase in the intensity of the bands of the FTIR spectra can be observed in the region between 1600 and 3450 cm−1, associated with the bending (H-O-H) and stretching (-OH) vibrations of weakly bound water molecules adsorbed on the surface of both the calcination products (metakaolinite) and the geopolymers or trapped in the cavities of the solid materials. The bands at 1388–1452 cm−1 that are also observed in all these spectra are characteristic of M2CO3 and MHCO3 carbonates with M = Na or K [102]. For the case of the geopolymer obtained from K_CH, it can be deduced that the less pronounced changes in this material, appreciated by the FTIR technique, can be associated to a more stable cross-linking structure of the geopolymer network that has been produced in the alkaline chemical activation reaction. In fact, it has already been indicated that the formation of a geopolymer lattice results from solid raw materials containing aluminosilicates modified by “thermal activation” and treated with alkalis in solution, reagents used for their “chemical activation”, which dissolve them; the bonds between Si, Al, K, Na and O are drastically modified and this structural reorganization, when revealed by FTIR, makes it possible to define some domains of existence of the geopolymers obtained [38].




3.4. SEM-EDS Microstructural Study of the Geopolymer Materials


Regarding the SEM microstructural study of the geopolymer materials, complemented by chemical analysis by EDS, Figure 7 and Figure 8 present some of the most outstanding results.



The geopolymer materials based on K_TA_1 show the same microstructure as those based on K_TA_2. Therefore, those corresponding to K_TA_2 and K_CH have been included. The remains of particles with laminar morphology, abundant microcracks and the presence of pores have been found, being the main elements Si, Al, Na and O according to EDS analysis (Figure 7). These pores have been produced in the chemical attack of the metakaolinite lamellae, originated from the thermal treatment of the kaolinite original lamellae, with the basic alkaline solution. In part, they could be associated with the air trapped in the material and the effect of the agitation, which is in agreement with results from the literature [37,94]. The abundance of the microcracks observed can be attributed to the shrinkage that the geopolymer undergoes in the heat treatment process at 70 °C for 24 h, when the water is progressively removed and the polycondensation process that originates the geopolymer takes place.



On the other hand, according to authors such as Davidovits [5], Duxson et al. [12], Khale and Chaudhary [36] and Pimraksa et al. [103], the Si/Al molar ratio significantly affects the degree of polymerization obtained in the geopolymer. The molar ratios of the geopolymers obtained in this study are shown together with the corresponding micrographs. Thus, these values range for the sodium-activated geopolymers in Figure 7, G_K_TA_2_Na and G_K_CH_Na, from 2.77 (geopolymer obtained from K_TA_2) as a maximum to 1.48 as a minimum (geopolymer obtained from K_CH). In the case of Figure 8 (see EDS analysis), the geopolymers obtained with alkaline potassium activator G_K_TA_2_K and G_K_CH_K have somewhat lower molar ratios, ranging from 1.83 (geopolymer obtained from K_TA_2) to 1.52 (geopolymer obtained from K_CH). According to the classification scheme proposed by Davidovits [5], when the Si/Al ratio is 1, the geopolymer is a “sialate, poly(sialate)” (-Si-O-Al-O-); when Si/Al = 2, it is a “sialate-siloxo, poly(sialate-siloxo)” type (-Si-O-Al-O-Si-O-) and when Si/Al = 3, then it is a “sialate-disiloxo, poly(sialate-disiloxo)” type (-Si-O-Al-O-Si-O-Si-O-) and if Si/Al > 3 is satisfied, then it is a “poly(sialate-multisiloxo)” type [104]. According to this criterion, in the present case, taking into account the Si/Al chemical composition ratios, the geopolymers obtained would be more of the sialate-siloxo type.



Finally, the SEM micrographs of Figure 8 correspond to the metakaolinite samples designated K_TA_2 and K_CH, treated with potassium silicate solution containing KOH to obtain geopolymer. The glassy character of this type of geopolymeric sample can be seen in the micrographs, which is in agreement with previous studies already mentioned [37,94] and corresponds to Si/Al ratios = 2–2.5.





4. Conclusions


The chemical (Table 2) and mineralogical (Table 3) characterization of three kaolins used in the ceramic industry, K_TA_1, K_TA_2 and K_CH, investigated in this work as raw materials for obtaining geopolymers, has revealed the high relative content of Al and Si. These kaolins have very low relative contents of impurities except goethite and muscovite, which are in kaolins K_TA_1 and K_TA_2 but minimal in kaolin K_CH. The percentage of kaolinite in the samples, deduced by XRD, varies from 57 and 66 wt% in those designated K_TA_1 and K_TA_2 to a maximum of 85 wt% in K_CH. The latter is the sample that does not contain quartz and muscovite mica as the main mineralogical impurities identified by XRD, unlike the previous ones, although it contains gibbsite (13 wt%).



By thermal treatment at 750 °C/1 h of the ground and sieved industrial kaolins (<80 μm), the dehydroxylation of the kaolinite present and the formation of metakaolinite were achieved, with an amorphous structure according to the XRD results, in addition to the persistence of secondary crystalline phases that are not transformed by this treatment. Each of these thermally activated samples K_TA_1, K_TA_2 and K_CH were used as raw materials to obtain geopolymers. By means of a reaction in a strongly basic medium, using aqueous solutions of sodium and potassium silicates containing the respective hydroxides, following a treatment at 70 °C for 24 h, a structural reorganization of the metakaolinite and polycondensation of the product obtained has been produced, which has given rise to the obtaining of geopolymer materials with sodium or potassium. The obtained geopolymers have been characterized by different techniques (XRD, FTIR and SEM-EDS), showing an amorphous character by XRD (Figure 2 and Figure 3) and characteristic bands in the FTIR spectra (Figure 4, Figure 5 and Figure 6).



The examination of the resulting microstructures by SEM-EDS has allowed to observe the presence of microcracks and pores in some Na-containing geopolymer materials when using sodium silicate and NaOH (Figure 7), attributed to the chemical and thermal treatments carried out, which give rise to a shrinkage process when the polycondensation that originates the geopolymers takes place. Likewise, it has been found that if sodium silicate and NaOH are used as basic agents, carbonate species originate, which are evidenced by XRD and FTIR, with a morphology of elongated crystals that are revealed by SEM, and their composition is confirmed by EDS. It has been deduced that there is an effect of atmospheric CO2 that induces its formation by chemical reaction.



Finally, taking into account the results of this study in terms of chemical composition, it is concluded that the geopolymeric materials obtained are of the sialate-siloxo type. As future research, several studies on these materials are proposed, including their mechanical properties and their potential applications as coatings for metallic substrates to act as thermal barriers, geopolymer cements useful as refractory adhesive material for metals and gaskets, materials applied to civil engineering, geotechnical engineering or mining engineering, and as replacement materials for cement in the manufacture of foundations or stabilization of clayey soils for road paving, as well as being materials of interest for their resistance to acids.







Author Contributions


All the authors contributed extensively to the work presented in this paper. Methodology and investigation: K.B., N.B. and L.M.; writing—original draft preparation: K.B., N.B., L.M. and L.P.-V.; writing—review and editing: S.M.-M. and P.J.S.-S.; supervision: L.P.-V., S.M.-M. and P.J.S.-S.; final review and updated references: S.M.-M. and P.J.S.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The technical and human support provided by CICT of the University of Jaén (UJA, MINECO, Junta de Andalucía, Feder) is gratefully acknowledged. We are also grateful for the financial support of the Junta de Andalucía to the TEP 204 group, which has facilitated the development of this work. Dr. Martínez-Martínez acknowledges the support of the European Union and the Spanish Government (Ministry of Universities): this research was supported, in part, through the European Recovery Instrument “Next Generation EU”.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Davidovits, J. Solid phase synthesis of a mineral blockpolymer by low temperature polycondensation of aluminosilicate polymers. In IUPAC International Symposium on Macromolecules, Topic III, New Polymers of High Stability; The Royal Institute of Technology: Stockholm, Sweden, 1976. [Google Scholar]

	



Davidovits, J. Geopolymers. Inorganic polymeric new materials. J. Therm. Anal. 1991, 37, 1633–1656. [Google Scholar] [CrossRef]

	



Davidovits, J.; Davidovits, M.; Davidovits, N. Process for Obtaining a Geopolymeric Alumino-Silicate and Products thus Obtained. US Patent N5,342,595, 30 August 1994. [Google Scholar]

	



Davidovits, J. Properties of geopolymer cements. In Proceedings of the First International Conference on Alkaline Cements and Concretes V, SRIBM, Kiev, Ukraine, 11–14 October 1994. [Google Scholar]

	



Davidovits, J. Geopolymer Chemistry and Applications, 2nd ed.; Institut Géopolymère: Saint-Quentin, France, 2008. [Google Scholar]

	



Benito, P.; Leonelli, C.; Medri, V.; Vaccari, A. Geopolymers: A new and smart way for a sustainable development. Appl. Clay Sci. 2013, 73, 1. [Google Scholar] [CrossRef]

	



Grutzeck, M.W.; Siemer, D.D. Zeolites synthesised from class F fly ash and sodium aluminate slurry. J. Am. Ceram. Soc. 1997, 80, 2449–2453. [Google Scholar] [CrossRef]

	



MacKenzie, K.J.D. What are these things called geopolymers? A physico-chemical perspective. In Advances in Ceramic Matrix Composites IX; Bansal, N.P., Singh, J.P., Kriven, W.M., Schneider, H., Eds.; The American Ceramic Society: Westerville, OH, USA, 2003; pp. 175–186. [Google Scholar]

	



Mackenzie, K.J.D.; Brew, D.R.M.; Fletcher, R.A.; Vagana, R. Formation of alumino-silicate geopolymers from 1:1 layer-lattice minerals pre-treated by various methods: A comparative study. J. Mater. Sci. 2007, 42, 4667–4674. [Google Scholar] [CrossRef]

	



Prud’homme, E.; Michaud, P.; Joussein, E.; Peyratout, C.; Smith, A.; Rossignol, S. In situ inorganic foams prepared from various clays at low temperature. Appl. Clay Sci. 2011, 51, 15–22. [Google Scholar] [CrossRef]

	



Duxson, P.; Lukey, G.C.; Separovic, F.; van Deventer, J.S.J. Effect of alkali cations on aluminium incorporation in geopolymeric gels. Ind. Eng. Chem. Res. 2005, 44, 832–839. [Google Scholar] [CrossRef]

	



Duxson, P.; Mallicoat, S.W.; Lukey, G.C.; Kriven, W.M.; van Deventer, J.S.J. The effect of alkali and Si/Al ratio on the development of mechanical properties of metakaolin-based geopolymers. Colloids Surf. A Physicochem. Eng. Asp. 2007, 292, 8–20. [Google Scholar] [CrossRef]

	



Qiu, T.; Huang, J.; Shi, F. Effect of alkali on the geopolymer strength. Adv. Mater. Res. 2011, 168–170, 1827–1832. [Google Scholar] [CrossRef]

	



Li, Z.; Zhang, Y.; Zhou, X. Short fiber reinforced geopolymer composites manufactured by extrusion. J. Mater. Civ. Eng. 2005, 17, 624–631. [Google Scholar] [CrossRef]

	



Hung, T.D.; Pernica, D.; Kroisová, D.; Bortnovsky, O.; Louda, P.; Rylichova, V. Composites based on geopolymer matrices: Preliminary fabrication, mechanical properties and future applications. Adv. Mater. Res. 2008, 55–57, 477–480. [Google Scholar] [CrossRef]

	



Bourret, J.; Prud’homme, E.; Rossignol, S.; Smith, D.S. Thermal conductivity of geomaterial foams based on silica fume. J. Mater. Sci. 2012, 47, 391–396. [Google Scholar] [CrossRef]

	



Kamseu, E.; Rizzuti, A.; Leonelli, C.; Perera, D. Enhanced thermal stability in K2O-metakaolin-based geopolymer concretes by Al2O3 and SiO2 fillers addition. J. Mater. Sci. 2010, 45, 1715–1724. [Google Scholar] [CrossRef]

	



MacKenzie, K.J.D.; Komphanchai, S.; Vagana, R. Formation of inorganic polymers (geopolymers) from 2:1 layer lattice aluminosilicates. J. Eur. Ceram. Soc. 2008, 28, 177–181. [Google Scholar] [CrossRef]

	



Han, X.; Zhang, P.; Zheng, Y.; Wang, J. Utilization of municipal solid waste incineration fly ash with coal fly ash/metakaolin for geopolymer composites preparation. Constr. Build. Mater. 2023, 403, 133060. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, H.; Ma, T.; Chen, C.; Gu, G.; Wang, J.; Shang, X. Experimental assessment of utilizing copper tailings as alkali-activated materials and fine aggregates to prepare geopolymer composite. Constr. Build. Mater. 2023, 408, 133751. [Google Scholar] [CrossRef]

	



Alaskar, A.; Mahmood, M.S.; Nassar, R.; Zaid, O.; Althoey, F.; Arbili, M.M. Systematic review on geopolymer composites modified with nanomaterials and thin films: Enhancing performance and sustainability in construction. Constr. Build. Mater. 2023, 409, 133888. [Google Scholar] [CrossRef]

	



Jian, H.; Wang, C.; Dou, G.; Zhong, X. Research on composite municipal solid waste incineration bottom ash and granulated blast furnace slag based geopolymers with sodium alginate for sealing coal seam gas drainage boreholes. Fuel 2024, 358 Pt B, 130278. [Google Scholar] [CrossRef]

	



Sá Ribeiro, M.G.; Miranda, I.P.A.; Kriven, W.M.; Ozer, A.; Sá Ribeiro, R.A. High strength and low water absorption of bamboo fiber-reinforced geopolymer composites. Constr. Build. Mater. 2024, 411, 134179. [Google Scholar] [CrossRef]

	



Ozcelikci, E.; Ozdogru, E.; Tugluca, M.S.; Ilcan, H.; Sahmaran, M. Comprehensive investigation of performance of construction and demolition waste based wood fiber reinforced geopolymer composites. J. Build. Eng. 2024, 84, 108682. [Google Scholar] [CrossRef]

	



Zhang, B.; Liu, Y.; Pan, Z.; Li, L.; Huang, Y.; Wang, Z.; Chen, J.; Lao, W.; Liu, F.; Zhu, H.; et al. The microstructure and mechanical properties of recycled metakaolinite-based geopolymer: Dependence of recycled powder replacement ratio. J. Build. Eng. 2024, 85, 108730. [Google Scholar] [CrossRef]

	



Anvari, M.; Toufigh, V. Experimental and probabilistic investigation on the durability of geopolymer concrete confined with fiber reinforced polymer. Constr. Build. Mater. 2022, 334, 127419. [Google Scholar] [CrossRef]

	



Zhong, H.; Zhang, M. Effect of recycled polymer fibre on dynamic compressive behaviour of engineered geopolymer composites. Ceram. Int. 2022, 48, 23713–23730. [Google Scholar] [CrossRef]

	



Hadigheh, S.A.; Ke, F.; Fatemi, H. Durability design criteria for the hybrid carbon fibre reinforced polymer (CFRP)-reinforced geopolymer concrete bridges. Structures 2022, 35, 325–339. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, Y.; Li, F.; Zhao, J. In-situ polymerized zinc phytate chelated Si-C-P geopolymer hybrid coating constructed by incorporating chitosan oligosaccharide and DOPO for flame-retardant plywood. Constr. Build. Mater. 2023, 397, 132416. [Google Scholar] [CrossRef]

	



Valencia Isaza, A.; Mejía Arcila, J.M.; Restrepo, J.W.; Valencia García, M.F.; Wilches Peña, L.V. Performance and applications of lightweight geopolymer and alkali activated composites with incorporation of ceramic, polymeric and lignocellulosic wastes as aggregates: A review. Heliyon 2023, 9, e20044. [Google Scholar] [CrossRef]

	



Schneider, M.; Rodríguez-Castellón, E.; Guerrero-Pérez, M.O.; Hotza, D.; De Noni Junior, A.; de Fátima Peralta Muniz Moreira, R. Advances in electrospun composite polymer/zeolite and geopolymer nanofibers: A comprehensive review. Sep. Purif. Technol. 2024, 340, 126684. [Google Scholar] [CrossRef]

	



Ettahiri, Y.; Bouna, L.; Brahim, A.; Benlhachemi, A.; Bakiz, B.; Sánchez-Soto, P.J.; Eliche-Quesada, D.; Pérez-Villarejo, L. Synthesis and characterization of porous and photocatalytic geopolymers based on natural clay: Enhanced properties and efficient Rhodamine B decomposition. Appl. Mater. Today 2024, 36, 102048. [Google Scholar] [CrossRef]

	



Lee, W.K.W.; van Deventer, J.S.J. The effect of ionic contaminants on the early-age properties of alkali-activated fly-ash-based cements. Cem. Concr. Res. 2002, 32, 577–584. [Google Scholar] [CrossRef]

	



Cheng, T.W.; Chiu, J.P. Fire-resistant geopolymer produced by granulated blast furnace slag. Miner. Eng. 2003, 16, 205–210. [Google Scholar] [CrossRef]

	



Bakharev, T. Resistance of geopolymer materials to acid attack. Cem. Concr. Res. 2005, 35, 658–670. [Google Scholar] [CrossRef]

	



Khale, D.; Chaudhary, R. Mechanism of geopolymerization and factors influencing its development: A review. J. Mater. Sci. 2007, 42, 729–746. [Google Scholar] [CrossRef]

	



Temuujin, J.; Minjigmaa, A.; Rickard, W.; Lee, M.; Williams, I.; van Riessen, A. Preparation of metakaolin based geopolymer coatings on metal substrates as thermal barriers. Appl. Clay Sci. 2009, 46, 265–270. [Google Scholar] [CrossRef]

	



Prud’homme, E.; Autef, A.; Essaidi, N.; Michaud, P.; Samet, B.; Joussein, E.; Rossignol, S. Defining existence domains in geopolymers through their physicochemical properties. Appl. Clay Sci. 2013, 73, 26–34. [Google Scholar] [CrossRef]

	



Essaidi, N.; Samet, B.; Baklouti, S.; Rossignol, S. Feasibility of producing geopolymer from two different Tunisian clays before and after calcination at various temperatures. Appl. Clay Sci. 2014, 88–89, 221–227. [Google Scholar] [CrossRef]

	



Bell, J.; Gordon, M.; Kriven, W. Use of geopolymeric cements as a refractory adhesive for metal and ceramic joins. Ceram. Eng. Sci. Proc. 2005, 24, 407–413. [Google Scholar] [CrossRef]

	



Kuenzel, C.; Cisneros, J.F.; Neville, T.P.; Vandeperre, L.J.; Simons, S.J.R.; Bensted, J.; Cheeseman, C.R. Encapsulation of Cs/Sr contaminated clinoptilolite in geopolymers produced from metakaolin. J. Nucl. Mater. 2015, 466, 94–99. [Google Scholar] [CrossRef]

	



Fu, S.; He, P.; Wang, M.; Cui, J.; Wang, M.; Duan, X.; Yang, Z.; Jia, D.; Zhou, Y. Hydrothermal synthesis of pollucite from metakaolin-based geopolymer for hazardous wastes storage. J. Clean. Prod. 2020, 248, 119240. [Google Scholar] [CrossRef]

	



Xiong, G.; Guo, X.; Yuan, S.; Xia, M.; Wang, Z. The mechanical and structural properties of lunar regolith simulant based geopolymer under extreme temperature environment on the moon through experimental and simulation methods. Constr. Build. Mater. 2022, 325, 126679. [Google Scholar] [CrossRef]

	



Sánchez Díaz, E.E.; Escobar Barrios, V.A. Development and use of geopolymers for energy conversion: An overview. Constr. Build. Mater. 2022, 315, 125774. [Google Scholar] [CrossRef]

	



Collins, P.J.; Edmunson, J.; Fiske, M.; Radlińska, A. Materials characterization of various lunar regolith simulants for use in geopolymer lunar concrete. Adv. Space Res. 2022, 69, 3941–3951. [Google Scholar] [CrossRef]

	



El-Sayed, T.A.; Shaheen, Y.B.I. Flexural performance of recycled wheat straw ash-based geopolymer RC beams and containing recycled steel fiber. Structures 2020, 28, 1713–1728. [Google Scholar] [CrossRef]

	



Zhang, L.W.; Kai, M.F.; Chen, X.H. Si-doped graphene in geopolymer: Its interfacial chemical bonding, structure evolution and ultrastrong reinforcing ability. Cem. Concr. Compos. 2020, 109, 103522. [Google Scholar] [CrossRef]

	



Zhang, P.; Wang, K.; Li, Q.; Wang, J.; Ling, Y. Fabrication and engineering properties of concretes based on geopolymers/alkali-activated binders—A review. J. Clean Prod. 2020, 258, 120896. [Google Scholar] [CrossRef]

	



Sarazin, J.; Davy, C.A.; Bourbigot, S.; Tricot, G.; Hosdez, J.; Lambertin, D.; Fontaine, G. Flame resistance of geopolymer foam coatings for the fire protection of steel. Compos. B Eng. 2021, 222, 109045. [Google Scholar] [CrossRef]

	



Temuujin, J.; Rickard, W.; van Riessen, A. Characterization of various fly ashes for preparation of geopolymers with advanced applications. Adv. Powder Technol. 2013, 24, 495–498. [Google Scholar] [CrossRef]

	



Bai, C.; Li, B.; Ma, C.; Li, X.; Wang, X.; Wang, B.; Yang, K.; Colombo, P. Open-cell cordierite-based foams from eco-friendly geopolymer precursors via replica route. Ceram. Int. 2024, 50 Pt A, 15340–15347. [Google Scholar] [CrossRef]

	



Yuan, L.; Wang, H.; He, T.; Gao, S. Review on the effect collision between hazardous metal ions and geopolymer as adsorbents or in situ stabilization/solidification. Appl. Clay Sci. 2024, 249, 107258. [Google Scholar] [CrossRef]

	



Desta Shumuye, E.; Mehrpay, S.; Fang, G.; Li, W.; Wang, Z.; Uba Uge, B.; Liu, C. Influence of novel hybrid nanoparticles as a function of admixture on responses of engineered geopolymer composites: A review. J. Build. Eng. 2024, 86, 108782. [Google Scholar] [CrossRef]

	



Sun, Q.; Fang, F.; Li, Z.; Zhao, J.; Mendez Ribo, M.; Wang, Y.; Hao, L. Synthesis of a waterproof geopolymer adhesive applied in DUV LEDs packaging. Ceram. Int. 2024, 50, 4256–4263. [Google Scholar] [CrossRef]

	



Ossoli, E.; Volpintesta, F.; Stabile, P.; Reggiani, A.; Santulli, C.; Paris, E. Upcycling of composite materials waste into geopolymer-based mortars for applications in the building sector. Mater. Lett. 2023, 333, 133625. [Google Scholar] [CrossRef]

	



Chen, Z.; Yu, J.; Nong, Y.; Yang, Y.; Zhang, H.; Tang, Y. Beyond time: Enhancing corrosion resistance of geopolymer concrete and BFRP bars in seawater. Compos. Struct. 2023, 322, 117439. [Google Scholar] [CrossRef]

	



Dhasmana, A.; Singh, S.P. Long-term mechanical characteristics of fibre reinforced metakaolin-based geopolymer concrete: A review. Mater. Today Proc. 2023, 93, 106–119. [Google Scholar] [CrossRef]

	



Zheng, C.; Mao, Z.; Chen, L.; Qian, H.; Wang, J. Development of a novel rapid repairing agent for concrete based on GFRP waste powder/GGBS geopolymer mortars. J. Build. Eng. 2023, 71, 106542. [Google Scholar] [CrossRef]

	



Huzaifa Raza, M.; Zhong, R.Y. A sustainable roadmap for additive manufacturing using geopolymers in construction industry. Resour. Conserv. Recycl. 2022, 186, 106592. [Google Scholar] [CrossRef]

	



Shehata, N.; Mohamed, O.A.; Taha Sayed, E.; Ali Abdelkareem, M.; Olabi, A.G. Geopolymer concrete as green building materials: Recent applications, sustainable development and circular economy potentials. Sci. Total Environ. 2022, 836, 155577. [Google Scholar] [CrossRef]

	



Ma, S.; Fu, S.; Yang, H.; He, P.; Sun, Z.; Duan, X.; Jia, D.; Colombo, P.; Zhou, Y. Exploiting bifunctional 3D-Printed geopolymers for efficient cesium removal and immobilization: An approach for hazardous waste management. J. Clean Prod. 2024, 437, 140599. [Google Scholar] [CrossRef]

	



Mossini, E.; Santi, A.; Magugliani, G.; Galluccio, F.; Macerata, E.; Giola, M.; Vadivel, D.; Dondi, D.; Cori, D.; Lotti, P.; et al. Pre-impregnation approach to encapsulate radioactive liquid organic waste in geopolymer. J. Nucl. Mater. 2023, 585, 154608. [Google Scholar] [CrossRef]

	



Akduman, S.; Aktepe, R.; Aldemir, A.; Ozcelikci, E.; Alam, B.; Sahmaran, M. Opportunities and challenges in constructing a demountable precast building using C&D waste-based geopolymer concrete: A case study in Türkiye. J. Clean Prod. 2024, 434, 139976. [Google Scholar] [CrossRef]

	



Mukiza, E.; Tri Phung, Q.; Frederickx, L.; Jacques, D.; Seetharam, S.; De Schutter, G. Co-immobilization of cesium and strontium containing waste by metakaolin-based geopolymer: Microstructure, mineralogy and mechanical properties. J. Nucl. Mater. 2023, 585, 154639. [Google Scholar] [CrossRef]

	



Cao, X.; Yang, W.; Liu, S.; Fang, L.; Liu, R.; Ma, R. Durability of calcium-rich municipal solid waste incineration fly ash-based geopolymer to sulfate and sulfuric acid. Constr. Build. Mater. 2023, 405, 133389. [Google Scholar] [CrossRef]

	



Liu, J.; Xie, G.; Wang, Z.; Li, Z.; Fan, X.; Jin, H.; Zhang, W.; Xing, F.; Tang, L. Synthesis of geopolymer using municipal solid waste incineration fly ash and steel slag: Hydration properties and immobilization of heavy metals. J. Environ. Manag. 2023, 341, 118053. [Google Scholar] [CrossRef] [PubMed]

	



Clausi, M.; Tarantino, S.C.; Lorenza Magnani, L.; Pia Riccardi, M.; Tedeschi, C.; Zema, M. Metakaolin as a precursor of materials for applications in Cultural Heritage: Geopolymer-based mortars with ornamental stone aggregates. Appl. Clay Sci. 2016, 132–133, 589–599. [Google Scholar] [CrossRef]

	



Kutlusoy, E.; Murat Maras, M.; Ekinci, E.; Rihawi, B. Production parameters of novel geopolymer masonry mortar in heritage buildings: Application in masonry building elements. J. Build. Eng. 2023, 76, 107038. [Google Scholar] [CrossRef]

	



Jeremiah, J.J.; Abbey, S.J.; Booth, C.A.; Kashyap, A. Geopolymers as Alternative Sustainable Binders for Stabilisation of Clays—A Review. Geotechnics 2021, 1, 439–459. [Google Scholar] [CrossRef]

	



Ghosh, P.; Kumar, H.; Biswas, B. Fly ash and kaolinite-based geopolymers: Processing and assessment of some geotechnical properties. Int. J. Geotech. Eng. 2016, 10, 377–386. [Google Scholar] [CrossRef]

	



Yaghoubi, M.; Arulrajah, A.; Disfani, M.M.; Horpibulsuk, S.; Bo, M.W.; Darmawan, S. Effects of industrial by-product based geopolymers on the strength development of a soft soil. Soils Found. 2018, 58, 716–728. [Google Scholar] [CrossRef]

	



Abdullah, H.H.; Shahin, M.A.; Walske, M.L. Review of Fly-Ash-Based Geopolymers for Soil Stabilisation with Special Reference to Clay. Geosciences 2020, 10, 249. [Google Scholar] [CrossRef]

	



Deng, Y.-F.; Wu, Z.-L.; Liu, S.-Y.; Yue, X.-B.; Zhu, L.-L.; Chen, J.-H.; Guan, Y.-F. Influence of geopolymer on strength of cement-stabilized soils and its mechanism. Chin. J. Geotech. 2016, 38, 446–453. [Google Scholar] [CrossRef]

	



Gomes, K.C.; Carvalho, M.; Diniz, D.P.; Costa Abrantes, R.C.; Branco, M.A.; Oliveira de Carvalho Junior, P.R. Carbon emissions associated with two types of foundations: CP-II Portland cement-based composite vs. geopolymer concrete. Matéria 2019, 24, e12525. [Google Scholar] [CrossRef]

	



Zhang, H.; Qin, L.; Nie, Q.; Wang, Y.; Jia, X. Experimental Research on the Bearing Properties of Red Mud Geopolymer Foundations. Front. Earth Sci. 2022, 10, 843189. [Google Scholar] [CrossRef]

	



Onyelowe, K.; Igboayaka, C.; Orji, F.; Ugwuanyi, H.; Van, D.B. Triaxial and density behaviour of quarry dust based geopolymer cement treated expansive soil with crushed waste glasses for pavement foundation purposes. Int. J. Pavement Res. Technol. 2019, 12, 78–87. [Google Scholar] [CrossRef]

	



Autef, A.; Joussein, E.; Gasgnier, C.; Rossignol, S. Dissolution of silica in solution required to form geopolymer binder. Ceram. Eng. Sci. Proc. 2012, 31, 3–10. [Google Scholar]

	



Rashad, A.M. A comprehensive overview about the influence of different admixtures and additives on the properties of alkali-activated fly ash. Mater. Design. 2014, 53, 1005–1025. [Google Scholar] [CrossRef]

	



Karakoç, M.B.; Türkmen, I.; Maras, M.M.; Kantarci, F.; Demirboga, R. Sulfate resistance of ferrochrome slag based geopolymer concrete. Ceram. Int. 2016, 42, 1254–1260. [Google Scholar] [CrossRef]

	



Duxson, P.; Provis, J.L.; Lukey, G.C.; van Deventer, J.S.J. The role of inorganic polymer technology in the development of “green concrete”. Cem. Concr. Res. 2007, 37, 1590–1597. [Google Scholar] [CrossRef]

	



Bernal, S.A.; Provis, J.L. Durability of alkali-activated materials: Progress and perspectives. J. Am. Ceram. Soc. 2014, 97, 997–1008. [Google Scholar] [CrossRef]

	



Moya, J.S.; Cabal, B.; Lopez-Esteban, S.; Bartolomé, J.F.; Sanz, J. Significance of the formation of pentahedral aluminum in the reactivity of calcined kaolin/metakaolin and its applications. Ceram. Int. 2024, 50, 1329–1340. [Google Scholar] [CrossRef]

	



Ricciotti, L.; Occhicone, A.; Petrillo, A.; Ferone, C.; Cioffi, R.; Roviello, G. Geopolymer-based hybrid foams: Lightweight materials from a sustainable production process. J. Clean Prod. 2020, 250, 119588. [Google Scholar] [CrossRef]

	



Martínez-Martínez, S.; Pérez-Villarejo, L.; Eliche-Quesada, D.; Sánchez-Soto, P.J.; Christogerou, A.; Kanellopoulou, D.G.; Angelopoulos, G.N. New waste-based clinkers for the preparation of low-energy cements. A step forward toward circular economy. Int. J. Appl. Ceram. Technol. 2020, 17, 12–21. [Google Scholar] [CrossRef]

	



Martínez-Martínez, S.; Pérez-Villarejo, L.; Eliche-Quesada, D.; Sánchez-Soto, P.J. New Types and Dosages for the Manufacture of Low-Energy Cements from Raw Materials and Industrial Waste under the Principles of the Circular Economy and Low-Carbon Economy. Materials 2023, 16, 802. [Google Scholar] [CrossRef] [PubMed]

	



Aredes, F.G.M.; Campos, T.M.B.; Machado, J.P.B.; Sakane, K.K.; Thim, G.P.; Brunelli, D.D. Effect of cure temperature on the formation of metakaolin-based geopolymer. Ceram. Int. 2015, 41, 7302–7311. [Google Scholar] [CrossRef]

	



Hajjaji, W.; Andrejkovicová, S.; Zanelli, C.; Alshaaer, M.; Dondi, M.; Labrincha, J.A.; Rocha, F. Composition and technological properties of geopolymers based on metakaolinite and red mud. Mater. Design. 2013, 52, 648–654. [Google Scholar] [CrossRef]

	



Sánchez-Soto, P.J.; Eliche-Quesada, D.; Martínez-Martínez, S.; Pérez-Villarejo, L.; Garzón, E. Study of a Waste Kaolin as Raw Material for Mullite Ceramics and Mullite Refractories by Reaction Sintering. Materials 2022, 15, 583. [Google Scholar] [CrossRef]

	



Galán Huertos, E.; Espinosa de los Monteros, J. El Caolín en España. Características, Identificación y Ensayos Cerámicos, 1st ed.; Sociedad Española de Cerámica y Vidrio: Madrid, Spain, 1974. [Google Scholar]

	



Occhicone, A.; Graziuso, S.G.; De Gregorio, E.; Montagnaro, F.; Ricciotti, L.; Tarallo, O.; Roviello, G.; Ferone, C. Synthesis and characterization of new acid-activated red mud-metakaolin geopolymers and comparison with their alkaline counterparts. J. Clean Prod. 2024, 435, 140492. [Google Scholar] [CrossRef]

	



Xu, H.; van Deventer, J.S.J. Geopolymerisation of multiple minerals. Miner. Eng. 2002, 15, 1131–1139. [Google Scholar] [CrossRef]

	



Autef, A.; Joussein, E.; Gasgnier, G.; Rossignol, S. Role of the silica source on the geopolymerization rate. J. Non-Cryst. Solids 2012, 358, 2886–2893. [Google Scholar] [CrossRef]

	



Autef, A.; Joussein, E.; Gasgnier, G.; Rossignol, S. Role of the silica source on the geopolymerization rate: A thermal analysis study. J. Non-Cryst. Solids 2013, 366, 13–21. [Google Scholar] [CrossRef]

	



Papa, E.; Medri, V.; Landi, E.; Ballarin, B.; Miccio, F. Production and characterization of Geopolymers based on mixed compositions of metakaolin and coal ashes. Mater. Design. 2014, 56, 409–415. [Google Scholar] [CrossRef]

	



Zhang, Z.; Wang, H.; Yao, X.; Zhu, Y. Effects of halloysite in kaolin on the formation and properties of geopolymers. Cem. Concr. Comp. 2012, 34, 709–715. [Google Scholar] [CrossRef]

	



Delair, S.; Prud’homme, E.; Peyratout, C.; Smith, A.; Michaud, P.; Eloy, L.; Joussein, E.; Rossignol, S. Durability of inorganic foams in solution: The role of alkali elements in the geopolymer network. Corros. Sci. 2012, 59, 213–221. [Google Scholar] [CrossRef]

	



Prud’homme, E.; Michaud, P.; Joussein, E.; Clacens, J.M.; Rossignol, S. Role of alkaline cations and water content on geomaterial foams: Monitoring during formation. J. Non-Cryst. Solids 2011, 357, 1270–1278. [Google Scholar] [CrossRef]

	



Daou, I.; Lecomte-Nana, G.L.; Tessier-Doyen, N.; Peyratout, C.; Gonon, M.F.; Guinebretiere, R. Probing the Dehydroxylation of Kaolinite and Halloysite by In Situ High Temperature X-ray Diffraction. Minerals 2020, 10, 480. [Google Scholar] [CrossRef]

	



Day, D.E. Mixed alkali glasses-Their properties and uses. J. Non-Cryst. Solids 1976, 21, 343–372. [Google Scholar] [CrossRef]

	



Elimbi, A.; Tchakoute, H.K.; Njopwouo, D. Effects of calcination temperature of kaolinite clays on the properties of geopolymer cement. Constr. Build. Mater. 2011, 25, 2805–2812. [Google Scholar] [CrossRef]

	



Kolthoff, I.M.; Sandell, E.B.; Meehan, E.J.; Bruckenstein, S. Análisis Químico Cuantitativo, 5th ed.; Nigar S.R.L.: Buenos Aires, Argentina, 1986. [Google Scholar]

	



Innocent, B.; Pasquier, D.; Ropital, F.; Hahn, F.; Léger, J.M.; Kokoh, K.B. FTIR spectroscopy study of the reduction of carbon dioxide on lead electrode in aqueous medium. Appl. Catal. B-Environ. 2010, 94, 219–224. [Google Scholar] [CrossRef]

	



Pimraksa, K.; Chindaprasirt, P.; Rungchet, A.; Sagoe-Crentsil, K.; Sato, K. Lightweight geopolymer made of highly porous silicious materials with various Na2O/Al2O3 and SiO2/Al2O3 ratios. Mater. Sci. Eng. A 2011, 528, 6616–6623. [Google Scholar] [CrossRef]

	



Davidovits, J. Geopolymers: Ceramic-Like Inorganic Polymers. J. Ceram. Sci. Technol. 2017, 8, 335–350. [Google Scholar] [CrossRef]








[image: Materials 17 01839 g001] 





Figure 1. XRD of the kaolins used as raw material and treated at 750 °C for 1 h to form metakaolinite: kaolin K_CH (green line), kaolin K_TA_1 (red line), kaolin K_TA_2 (blue line). Symbols: K = Kaolinite, Q = Quartz, Mu = Muscovite Mica, Al = Albite, Ot = Orthose Feldspar, Gi = Gibsite, Ru = Rutile. 
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Figure 2. XRD of the obtained geopolymers synthesized with potassium: G_K_CH_K (green line), G_K_TA_1_K (red line), G_K_TA_2_K (blue line). Symbols: Q = Quartz, Mu = Muscovite Mica. 
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Figure 3. XRD of the obtained geopolymers synthesized with sodium: G_K_CH_Na (green line), G_K_TA_1_Na (red line), G_K_TA_2_Na (blue line). Symbols: Q = Quartz, Mu = Muscovite Mica, Sc = NaHCO3 and Na2CO3. 
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Figure 4. FTIR spectra corresponding to metakaolinite obtained from sample K_CH and the geopolymers obtained with K or Na: K_CH (green line), G_K_CH_K (red line), G_K_CH_Na (blue line). 
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Figure 5. FTIR spectra corresponding to metakaolinite obtained from sample K_TA_1 and the geopolymers obtained with K or Na: K_TA_1 (green line), G_K_TA_1_K (red line), G_K_TA_1_Na (blue line). 
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Figure 6. FTIR spectra corresponding to metakaolinite obtained from sample K_TA_2 and the geopolymers obtained with K or Na: K_TA_2 (green line), G_K_TA_2_K (red line), G_K_TA_2_Na (blue line). 
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Figure 7. SEM micrographs with EDS analysis in different areas of some geopolymers obtained with the heat-treated kaolins K_TA_2 and K_CH and an alkaline solution containing sodium: (a) G_K_TA_2_Na; (b) G_K_CH_Na. 
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Figure 8. SEM micrographs with EDS analysis in different areas of some geopolymers obtained with the heat-treated kaolins K_TA_2 and K_CH and an alkaline solution containing potassium: (a) G_K_TA_2_K; (b) G_K_CH_K. 
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Table 1. Composition of the mixtures prepared according to the molar ratio of species present.
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	Samples
	Si/Al
	Si/Na
	Si/K
	Na/Al
	K/Al





	G_K_CH_K
	1.24
	-
	1.69
	-
	0.73



	G_K_TA_1_K
	1.81
	-
	1.76
	-
	1.03



	G_K_TA_2_K
	1.62
	-
	1.61
	-
	1.01



	G_K_CH_Na
	1.53
	1.29
	-
	1.18
	-



	G_K_TA_1_Na
	2.18
	1.13
	-
	1.92
	-



	G_K_TA_2_Na
	1.98
	1.33
	-
	1.48
	-










 





Table 2. Chemical composition (XRF, wt%) of kaolins used as raw materials to obtain geopolymers. LOI: Loss on ignition at 1000 °C.
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	K_CH
	K_TA_1
	K_TA_2





	SiO2
	40.09 ± 0.5
	49.30 ± 0.5
	48.50 ± 0.5



	Al2O3
	42.44 ± 0.3
	33.00 ± 0.3
	33.90 ± 0.3



	Fe2O3
	0.46 ± 0.05
	2.37 ± 0.05
	2.37 ± 0.05



	TiO2
	0.63 ± 0.05
	0.24 ± 0.05
	0.21 ± 0.05



	CaO
	0.18 ± 0.02
	0.08 ± 0.02
	0.08 ± 0.02



	MgO
	0.05 ± 0.01
	0.40 ± 0.01
	0.39 ± 0.01



	K2O
	0.04 ± 0.01
	2.92 ± 0.01
	2.92 ± 0.01



	Na2O
	0.06 ± 0.01
	0.09 ± 0.01
	0.08 ± 0.01



	LOI
	16.00 ± 0.3
	10.50 ± 0.3
	10.50 ± 0.3










 





Table 3. Mineralogical composition (XRD, wt%) of kaolins used as raw materials to obtain geopolymers.
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	K_CH
	K_TA_1
	K_TA_2





	Kaolinite
	85 ± 2
	57 ± 2
	66 ± 2



	Quartz
	-
	13 ± 2
	9 ± 2



	Muscovite
	-
	16 ± 2
	13 ± 2



	Albite
	<5
	<5
	<5



	Orthoclase
	-
	8 ± 2
	8 ± 2



	Anatase/Rutile
	<5
	<5
	<5



	Goethite
	-
	<5
	<5



	Gibbsite
	13 ± 2
	-
	-
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