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Abstract

:

Binders formulated with activated alkali materials to replace Portland cement, which has high polluting potential due to CO2 emissions in its manufacture, have increasingly been developed. The objective of this study is to evaluate the main properties of activated alkali materials (AAM) produced by blast furnace slag, fly ash, and metakaolin. Initially, binders were characterized by their chemical, mineralogical and granulometric composition. Later, specimens were produced, with molarity variation between 4.00 and 5.50, using the binders involved in the research. In preparing the activating solution, sodium hydroxide and silicate were used. The evaluated properties of AAM were consistency, viscosity, water absorption, density, compressive strength (7 days of cure), calorimetry, mineralogical analysis by X-ray diffraction, and morphological analysis by scanning electron microscopy. The results of evaluation in the fresh state demonstrate that metakaolin has the lowest workability indices of the studied AAM. The results observed in the hardened state indicate that the metakaolin activation process is optimized with normal cure and molarity of 4.0 and 4.5 mol/L, obtaining compressive strength results after 7 days of curing of approximately 30 MPa. The fly ash activation process is the least intense among the evaluated binders. This can be seen from the absence of phases formed in the XRD in the compositions containing fly ash as binder. Unlike blast furnace slag and metakaolin, the formation of sodalite, faujasite or tobermorite is not observed. Finally, the blast furnace slag displays more intense reactivity during thermal curing, obtaining compressive strength results after 7 days of curing of around 25 MPa. This is because the material’s reaction kinetics are low but can be increased in an alkaline environment, and by the effect of temperature. From these results, it is concluded that each precursor has its own activation mechanism, observed by the techniques used in this research. From the results obtained in this study, it is expected that the alkaline activation process of the types of binders evaluated herein will become a viable alternative for replacing Portland cement, thus contributing to cement technology and other cementitious materials.
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1. Introduction


Provis [1] points out that alkali-activated materials present a real possibility of enhanced sustainability in civil construction. This is because these materials can replace Portland cement, a material used on a large scale in civil construction which can emit an enormous amount of CO2 in its production. This information has already been widely discussed in other studies published internationally [2].



With the decrease in the use of natural resources as raw material, eco-friendly proposals are being introduced in the ceramic coating sector or as substitutes for cementitious materials based on Portland cement, expanding the possibilities for the use of waste and by-products. This can reduce costs in the production process and ensure that the disposal of these wastes is done correctly. On the other hand, the use of alkali-activated materials to replace Portland cement allows the reuse of wastes otherwise unused by industries, due to their properties. One definition of these materials is an inorganic polymer that is synthesized through alkaline activation, based on aluminosilicates or calcium materials [3,4].



The synthesis of activated alkali materials is carried out by activating aluminosilicates at different temperatures, where metakaolin is often used as a precursor and hydroxides and sodium or potassium silicates as activators [5]. They are resistant to high temperatures and acid degradation, also having good mechanical properties, which depend on the alkaline cation Na+, the SiO2/Al2O3 molar ratio, and the circumstances in which the reaction takes place [6]. Therefore, they offer a great alternative to Portland cement. The use of metakaolin in alkali-activated materials may raise doubts regarding the ecological potential of the material, since obtaining this binder requires a calcination step with heat release, in contrast to other materials such as blast furnace slag and fly ash. However, several studies, such as Kul et.al [7] and Munir et al. [8], performed a life cycle analysis comparing activated alkali concrete produced with metakaolin and Portland cement-based materials. In conclusion, the authors highlight that materials based on alkali-activated metakaolin had 60% lower CO2 emissions than Portland cement materials. This proves the ecological potential of using metakaolin as a substitute for Portland cement.



Other precursors commonly considered in international surveys are fly ash and blast furnace slag, although they are commonly used together with other precursors [9,10]. This raises the question: how does the individual activation process of these materials occur? This is the question that we will answer in this article.



One advantage of using activated alkali materials in concrete production is that the CO2 emissions are about 3.6 times lower than in conventional concrete production. The synthesis of these materials becomes more sustainable when cleaner raw materials are used to produce sodium silicate: alkaline activators based on potassium silicate emit about 1.1 ton/m3 of CO2, whereas activators based on alternative sources emit approximately 572.3 kg/m3 [11,12].



One point that needs to be highlighted is the common pattern adopted in recent years of carrying out research with more than one precursor. An example is Gorhan and Kurklu [13], who addressed in their research the use of fly ash from a thermoelectric industry in Turkey in partial replacement of metakaolin. The mortar was made and placed in prismatic molds with varying molarity (9 M, 12 M and 15 M), thus using three different ratios of metakaolin substitution with three different molarities. The results obtained by the authors highlight that the NaOH factor does not influence so much the physical properties like density and water absorption of the mortars produced, but has a significant impact on the compressive strength of the material. Elevated temperatures and long curing time became unnecessary and the best compression results were obtained at 9 M molarity, as at 15 M molarity the compressive strength was small. Therefore, the best partial replacement range is 60%.



Other examples of work that evaluated the combined effect of binders on alkaline activation include Peng et al. [14] who evaluated the preparation of activated alkali materials (geopolymers) based on metakaolin and fly ash for passive fire protection, proving that this type of material is fire resistant. Tian et al. [15] evaluated the production of activated alkali materials (geopolymers) produced with metakaolin and fly ash from municipal solid waste incineration. Carvalho et al. [16] evaluated the production of activated alkali materials (geopolymers) in mortars using metakaolin and biomass fly ash as binders. Based on this, we can see that the combined mechanism of these binders is known. But how does this mechanism happen in isolation, considering only metakaolin or only fly ash?



Therefore, the main objective of this article is to evaluate the alkaline activation process of classic binders, such as metakaolin, blast furnace slag, and fly ash. The main novelty of the research is the individual evaluation of the binders and their activation mechanisms, since, in general, the alkaline activation process is carried out together for blast furnace slag and fly ash. Therefore, the individual investigation of alkaline activation of the different binders evaluated in this research (metakaolin, blast furnace slag, and fly ash) constitutes an important innovation that justifies the publication of the article.




2. Materials and Methods


The materials that were used in the study were metakaolin, blast furnace slag, fly ash, and a water/sodium hydroxide/silicate solution from Nox Lab Solution (Mauá, Brazil). The metakaolin used in the research is one of the most abundant raw materials and can be used in the production of activated alkali materials [17]. This material is obtained from kaolin through heat treatments, forming an amorphous structure making it more reactive, and its use is desirable due to its high dissolution rate when found in an alkaline medium and the control it exerts in the reaction [18]. Blast furnace slag is a co-product generated in the production of pig iron, presenting amorphism and reactivity when the cooling process is rapid and abrupt. It is used as a supplementary cementitious material and is highly viable for alkaline activation [19]. Fly ash is a product originating in plants that burn coal to obtain energy, characterized by high fineness and lightness [20].



Each binder used in the research was produced from an initial quantity of 5 kg of material in powder form. The materials were dried in an oven and sieved through a 100-mesh sieve to standardize particle size. The materials were obtained from the industrial sectors responsible for generating each binder, such as the steel industry (blast furnace slag), thermoelectric industry (fly ash), and HP Ultra (metakaolin) (Jundiaí, Brazil). The approximate costs of each binder used in the research are (prices based on the Brazilian market) [21]: metakaolin costs approximately 0.52 USD/kg; blast furnace slag costs 0.40 USD/kg; and fly ash costs 0.35 USD/kg. By way of comparison, the costs of Portland cement are approximately 0.80 USD/kg, demonstrating the feasibility and availability of using the binders described in this research.



The binders used were characterized by X-ray fluorescence (XRF), using Axios Max equipment from Malvern Panalytical (Malvern, UK). They were also characterized through X-ray diffraction (XRD) using a 6000 diffractometer from Shimadzu (Kyoto, Japan), using a copper source (Cu-Kα), voltage of 40 kV and 2θ sweep ranging from 10° to 60°. Subsequently, the binders were evaluated for laser granulometry using Malvern Mastersizer 2000 equipment (Malvern, UK), applying 15 s of ultrasound with an ultrasonic displacement of 12.5 according to the equipment scale. As activating solution, microbeads of sodium hydroxide (99% purity) and sodium silicate, with a silica modulus of 1.5, were used. The evaluated compositions were dosed according to the molarity of the activator solution, ranging from 4.0–5.5 mol/L, as shown in Table 1. It should be noted that the quantities described in Table 1 are evaluated based on molarity and not based on mass ratio. The research was carried out using paste, therefore sand was not used as fine aggregate. Furthermore, as the objective of this research is to evaluate the alkaline activation of different precursors, Portland cement was not used in the research.



The activating solution was produced 24 h in advance using a magnetic mixer. Mixing of the activated alkali material was performed using a mechanical mixing equipment from Solotest (São Paulo, Brazil) with a total mixing time of 90 s. Consistency and viscosity properties were evaluated [22] whilst the material was in its fresh state. Cylindrical specimens of 50 × 100 mm were molded, using 3 samples for each test and each composition. The specimens were molded using 3 compaction layers, with 25 blows per layer following normative procedures [23]. After molding, the material was cured in one of two ways: (i) at a normal temperature of 25 °C; or (ii) thermally at a temperature of 65 °C for a period of 7 days, with temperatures maintained throughout the curing time. Mass density and water absorption tests [24] were carried out, in addition to compressive strength tests [23]. In this test, an INSTRON model 5582 universal testing machine (Norwood, MA, USA) was used, with a loading rate of 0.5 mm/min.



After analyzing the fresh and hardened state results, especially the compressive strength results, a complementary analysis was carried out on the composition with the best results. The composition with molarity of 4.5 mol/L was chosen. A calorimetry test was carried out, using the procedure of the American standard [25] using a calorimeter composed of a constant speed stirrer, insulating wooden box, Dewar flask, Beckman differential thermometer (Jiangsu, China), and funnel. A total test time of 48 h was used, in line with other works consulted [26,27]. An X-ray diffraction test (XRD) was carried out under the same conditions previously highlighted in the analysis of binders, and a scanning electron microscopy (SEM) test was carried out using a Jeol microscope model JSM 6460 LV (Peabody, MA, USA). The samples used in the XRD test were sieved through a 200-mesh sieve. The samples tested in SEM were cut with the aid of a saw and isopropyl alcohol as a lubricant. They were sequentially dried in ovens and fixed to the sample holder with a piece of double-sided silver tape and metallized with gold.




3. Results and Discussion


Table 2 presents the chemical composition of the binders used in the research. An important parameter is the CaO/(SiO2 + Al2O3) ratio, as highlighted by Marvila et al. [28]. This ratio is 0.07 for fly ash, 0.001 for metakaolin, and 1.11 for blast furnace slag. This differentiates these binders from each other. Fly ash and metakaolin are considered binders rich in aluminosilicates, potentially considered pozzolanic materials. The alkaline activation process of these products originates geopolymers, or inorganic polymers [29,30]. Blast furnace slag, on the other hand, is considered a precursor rich in calcium, due to the ratio being greater than 1. In general, these materials are cementitious, but with much lower reactivity than Portland cement. The slag activation process takes place in alkaline media, where binder hydration is accelerated [31]. In short, calcium-rich binders react in a similar way to hydration, but with increased kinetics.



Another highlight in Table 2 is the Fe2O3 content. It is known that this component, in amounts greater than 5%, may represent the formation of ferrosialates [32,33], a type of geopolymer different from that formed by the reaction of SiO2 and Al2O3. These products are expected to form in the fly ash reaction, as the observed content is 6.5%. The amount of loss on ignition for the binders used in the research is not indicated in Table 2 because the quantities are very low, such as: 1.88% for metakaolin, 0.82% for fly ash, and <0.3% for blast furnace slag.



Figure 1 shows the results of the mineralogical analysis by XRD of the binders evaluated in the research. Note the presence of quartz particles in the mineralogy of metakaolin and fly ash. This can harm the activation process of the binders, since a high degree of amorphism is required for the material to be activated correctly [34,35]. Amorphous bands are observed in these two binders, especially in the range of 20° to 30° and 40° to 50° for metakaolin and in the range of 20° to 35° for fly ash. This information is promising for alkaline activation. Blast furnace slag, on the other hand, has a high amorphism content, indicating that it is a material compatible with the activation process. Thus, the prognosis indicates that although all binders have amorphism, the quartz peaks in metakaolin and fly ash can impair the performance of these materials. It is known that the silica present in binders can be amorphous or crystalline [36]. When silica crystallizes, it is likely to form quartz particles, reducing the amorphism of the binder.



Figure 2 shows the granulometry results of the evaluated binders. Fly ash has a finer grain size than metakaolin and blast furnace slag. This is indicated by the maximum characteristic dimension (MCD), which is approximately 0.003 mm for fly ash, while it is 0.02 mm for slag and 0.03 mm for metakaolin. Another important point to be highlighted is that metakaolin has a more continuous granulometry than blast furnace slag [2,37]. This indicates that metakaolin has a greater tendency to contribute to the compaction of the hardened material when compared to blast furnace slag. The same can be said for fly ash. Because it is thinner, it has a greater tendency to reduce porosity considering only the physical aspects.



Figure 3 shows the consistency results of the studied alkali-activated materials, while Figure 4 shows the viscosity results. It is observed that the material with the same consistency is metakaolin-based, which also has a higher viscosity, around 20–24 mPa·s. This indicates that metakaolin-based compositions have lower workability compared to those with fly ash or blast furnace slag as precursor. The higher viscosity of the composition containing metakaolin, previously reported by other authors [38,39], also indicates that the material has greater reaction kinetics, since it undergoes a gel formation process within a few minutes [40]. This is related to the high reactivity of metakaolin, as reported in other studies [6], and indicates a tendency for the material to present good resistance parameters at less advanced ages. Regarding the influence of molarity on viscosity, for compositions containing metakaolin, the standard trend is observed, that is, the higher the molarity of the solution, the higher the viscosity of the activated alkali material [41,42]. This can even impair the compaction of the material in the hardened state.



The compositions with blast furnace slag and fly ash have equivalent consistencies, considering the margin of error, for molarities of 4.00, 4.50 and 5.50 mol/L. There is also a tendency for these binders to exhibit reduced workability as the activator solution molarity increases. This is an expected result, already reported in previous studies [31,43]. The viscosity of compositions containing fly ash does not show a clear trend. This is related to the granulometry of the material. As fly ash is finer, the effect of molarity on the viscosity property is inconclusive. The compositions containing blast furnace slag showed the expected pattern for viscosity, that is, there is an increase in this property as the molarity of the activator solution increases. The results increase from 1.56 mPa·s at 4.00 mol/L molarity to 13.46 mPa·s at 5.50 mol/L molarity. This represents an 8.62× increase in material viscosity.



Figure 5 shows the density results obtained in normal and thermal curing. In normal curing, the compositions with blast furnace slag presented densities varying between 1.8 and 2.0 g/cm3. The compositions containing metakaolin presented densities varying between 1.5 and 1.6 g/cm3. In these two compositions there was no clear effect of molarity on material density. The composition with fly ash showed a density reduction of 1.9 g/cm3 for the molarity of 4.00 mol/L to values around 1.4 g/cm3 in the compositions with molarity of 5.00 mol/L. This reduction in density indicates increased porosity, as will be discussed in relation to the water absorption and compressive strength results. Therefore, for normal curing, it is possible to observe that the compositions with metakaolin are less dense than the compositions with blast furnace slag, which presents densities comparable with Portland cement in other research, e.g., Sinkhonde and Mashava [44] who obtained densities between 1.9 and 2.05 g/cm3 for different cementitious pastes.



Density results in thermal curing are lower than normal curing. It is observed that the compositions with metakaolin were in the range of 1.4 to 1.6 g/cm3, while the compositions with blast furnace slag reduced to the range of 1.75 to 1.90 g/cm3. The reduction in density through thermal curing has already been reported in other studies and is due to the elimination of water at younger ages, enhanced by the thermal effect [45]. Therefore, the results obtained are comparable with other studies.



Figure 6 shows the water absorption results obtained in normal and thermal curing. In normal curing, it is observed that blast furnace slag has the highest water absorption values, ranging from 5.83% to 4.95%. This indicates that this is the composition with the highest porosity among the evaluated binders, which does not necessarily imply the composition with the lowest resistance, since the resistance mechanisms of activated alkali materials are not only physical [46]. For compositions with blast furnace slag, water absorption tends to reduce as material molarity increases. In the compositions containing fly ash and metakaolin, there is no clear trend in the relationship of water absorption and molarity. Note that, except for the composition with molarity of 4.00 mol/L, there is equivalence in water absorption in normal curing for the compositions with fly ash and metakaolin. This may be related to the granulometry of the material, since fly ash is finer than other binders, while metakaolin has continuous granulometry, different from blast furnace slag, for example. That is, in normal curing, the water absorption results are justifiable by the granulometry results, being directly related to compactness and porosity in the hardened state. This is a pattern reported by other authors [47].



In thermal curing, there was an increase in water absorption of all evaluated compositions. This is related to the excessive water loss promoted by this type of cure. The same trend of reduction of water absorption with increasing molarity in the compositions with blast furnace slag is observed. The trend observed in normal curing is the same as for thermal curing in compositions containing fly ash. That is, the composition with a molarity of 4.5 mol/L presents less water absorption than the others, both in normal and thermal curing. As discussed in the density results (Figure 5), this is directly related to the porosity reduction for this composition and is a direct effect of the particle size of the fly ash, which is finer than the other binders. If the principles of resistance gain were only physical, it would be expected that compositions with fly ash would be more resistant. However, in alkali-activated materials, the resistance principle is also chemical [46,48], as will be discussed in relation to the compressive strength results. It is worth noting that the behavior observed for metakaolin is very different in normal and thermal curing. In normal curing, the water absorption values were all lower than the composition with blast furnace slag. For example, in the composition with molarity 4.00 mol/L, MK—4.0 showed an absorption of 3.88%, while BFS—4.0 was 5.25%. In thermal curing, this behavior is reversed: the MK—4.0 composition presents an absorption of 12.37%, while the BFS—4.0 composition became 10.22%. This drastic increase in water absorption, above expectations, even surpassing the composition with blast furnace slag, is directly related to the high reactivity of metakaolin. This precursor has a lamellar morphological pattern, which is responsible for its high specific surface area and consequently high contact region between binder and activator solution [18,49]. As alkaline activation reactions are essentially contact reactions, the fact that metakaolin has greater contact favors its reactivity. Thus, it is noteworthy that for metakaolin, thermal curing is not necessarily advantageous, since it favors the occurrence of porosity, a critical defect for ceramic materials.



Figure 7 presents the compressive strength results obtained in normal and thermal curing. In normal curing, the best compressive strength values at 7 days were for the compositions with metakaolin at 4.00 and 4.50 mol/L, rated at 28.96 and 30.40 MPa, respectively. The high reactivity of the material does not favor resistance gain in thermal cure [18,49], where the values drop to 20.02 and 10.29 MPa, in the same compositions. These values are consistent with the results observed in water absorption and density. In normal curing, metakaolin compositions containing 5.00 and 5.50 mol/L show a drop in resistance, related to the high viscosity of the material. In thermal curing, for these same compositions, the activation kinetics is increased, representing a gain in resistance, but still not surpassing the compressive strength values in normal curing for the 4.50 mol/L composition. Therefore, it is understood that in the alkaline activation of metakaolin, due to the high reactivity of the material, thermal curing is not justifiable as it induces porosity defects reducing its resistance. It is also not justifiable to use activator solutions with molarities of 5.00 and 5.50 mol/L due to the high viscosity of the solutions, which impairs the behavior of the material.



The compressive strength results for blast furnace slag and fly ash in normal cure are between 5 and 15 MPa and show a similar trend. Overall, this indicates low alkaline activation activity. In thermal curing, however, the results of the two compositions are clearly different: while the blast furnace slag benefited from the thermal effect, with compressive strength increasing from 10.35 to 24.98 MPa in the 4.50 mol/L composition, the same did not happen in compositions with fly ash. Blast furnace slag is a precursor with cementitious characteristics. This means that the material has the power to agglomerate in the presence of water, but this happens at very slow rates. When used together with Portland cement, the alkaline medium favors the slag reaction process [50]. This is the same principle used in activation, where alkaline products, sodium hydroxide and silicate are used to accelerate the reaction of the slag, forcing its dissolution. The thermal effect increases the degree of molecular agitation of the dissolved products, contributing to an increase in the contact area and consequently resulting in resistance gain.



The compositions containing fly ash did not present an effective gain in resistance, when compared to the other binders studied in the research. It is worth mentioning that, although the compositions with fly ash have lower water absorption values than the compositions with blast furnace slag, this does not imply greater resistance. In other words, even though fly ash promotes greater compactness, it does not necessarily produce greater mechanical strength, even if it has smaller grain sizes. This indicates that the fly ash principle is more physical than chemical, which is why it is used in conjunction with other binders in several studies [51,52]. Although it has some reactivity, fly ash helps to reduce porosity more than chemical mechanisms, as will be highlighted through subsequent results.



To validate the discussion of the results presented in Figure 7, a statistical analysis was carried out using ANOVA (p ≤ 0.05). The analysis was carried out separately for each type of cure performed (normal and thermal) to simplify the results obtained. The analysis was carried out using a randomized block design, where the blocks represent the different types of binders used in the research (MK, FA, BFS) and the treatments represent the different molarities studied (4.0 to 5.5 mol/L). Regarding Normal Cure (Table 3), there are statistical differences in blocks and treatments (F test > F standard). This indicates that the evaluated binders (blocks) present a significant difference in compressive strength, as well as significant differences in treatments, that is, molarity directly interferes with the compressive strength results too. Regarding Thermal cure (Table 4), there are statistical differences in the blocks and treatments (F test > F standard), similar to Normal cure. This indicates that there are statistical differences in the evaluated binders (blocks) and molarity (treatment) for the compressive strength parameter in Thermal Cure. Based on this, it is possible to conclude that the discussions presented in the previous sections are valid.



After analyzing the results in the fresh and hardened state, compositions MK—4.5, FA—4.5 and BFS—4.5 were chosen for a complementary analysis, through X-ray diffraction (Figure 8), calorimetry (Figure 9), and microscopy scanning electronics (Figure 10). Note that the MK—4.5 composition has sodalite and faujasite peaks [53,54]. These are the two most common types of zeolites in the alkaline activation process of binders rich in aluminosilicates, that is, in the geopolymerization process (Equation (1)). This information indicates that the MK—4.5 composition adequately completed the alkaline activation process, which explains the results shown in Figure 7 where compressive strength of approximately 30 MPa was obtained in thermal curing. In other words, the resistance results obtained by this composition are attributed to the presence of sodalite and faujasite. In the case of the FA—4.5 composition, a high amorphous band is observed, indicating that the alkaline activation reaction was very low, or almost non-existent for this material. This information explains the low mechanical strength results for the compositions containing fly ash. The strength values obtained are due only to physical principles of porosity reduction. In the case of the BFS—4.5 composition, sodalite and faujasite peaks are observed, but at a lower intensity than those observed in the MK—4.5 composition. In addition, the occurrence of tobermorite peaks is observed, a mineral typical of the alkaline activation of binders rich in calcium (Equation (2)). This indicates that the BFS—4.5 composition has the potential to further increase its compressive strength, since the formation of tobermorite is much slower than that of zeolites [55,56]. The compressive strength values of around 25 MPa obtained by thermally cured blast furnace slag (composition BFS—4.5) can be attributed to the presence of tobermorite. Therefore, the kinetics of the BFS—4.5 composition, although increased by thermal curing, is still lower than that of the MK—4.5 composition.



Therefore, based on the results in Figure 8, it is possible to observe that the binders with the best compressive strength results (Figure 7) are those that formed the largest quantity of crystals: tobermorite, in the case of blast furnace slag; and sodalite and faujasite, in the case of metakaolin. This suggests that crystallization or reduction of amorphism is a factor that is related to alkaline activation [36,57]. However, other factors, such as packing, can alter the compressive strength of alkali activated materials and must be analyzed appropriately.



It is important to describe the chemical mechanisms of the alkaline activation process: Equation (1) presents the formation of sodalite Na6(AlSiO4)6·4H2O, typically formed in the alkaline activation process of precursors rich in aluminosilicates, as is the case with metakaolin. We can see from the data in Table 2 that the binder contributes the reagents SiO2 (61.85%) and Al2O3 (32.81%). The activating solution contributes H2O and Na2O.



Equation (2) presents the formation of tobermorite Ca5Si6O16(OH)2[Na2O]·4H2O, where blast furnace slag contributes CaO (47.49%) and SiO2 (33.00%), as shown in Table 2. The activating solution contributes H2O and [Na2O] which is not part of the material’s crystallographic lattice, but rather occupies interstitial spaces balancing electrical charges, hence the symbols with brackets. Therefore, the results obtained in Figure 8 are consistent with the information in Table 2 and with the principles of alkaline activation.
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The calorimetry results (Figure 9) make it clear that the heat flux of the MK—4.5 composition is superior to the compositions with fly ash and blast furnace slag. The initial flux indicates approximately 6.5 mW/g for the MK—4.5 composition, while it presents a value of approximately 4.0 mW/g and 3.6 mW/g for the BFS—4.5 and FA—4.5 compositions, respectively. This first peak indicates that the metakaolin reaction is faster than that of the other binders. The results are consistent with those presented in Figure 8. This high flux in the first hours is related to the formation of zeolites, such as sodalite and faujasite, present in the MK—4.5 composition, which react more quickly than in the other binders. After the first peak, it is observed that the FA—4.5 composition presents a drop in the heat flux below 0.2 mW/g. This flux remains practically unchanged during the evaluation time shown in Figure 9, completed in 48 h, and is related to the non-alkaline activation of the material. In the case of the BFS—4.5 composition, it is observed that although the first heat peak is like that of the FA—4.5 composition and lower than the MK—4.5 composition, the observed flux drop is smaller than in the fly ash composition, being around 1 mW/g. However, between 5 and 10 h of testing, it is observed that the heat flux of the composition containing blast furnace slag exceeds the flow of the composition containing metakaolin. This is related to the tobermorite formation reaction, which is slower than the sodalite and faujasite formation reaction. At the end of the test, after 48 h, it is observed that the heat flux of the MK—4.5 and FA—4.5 compositions is practically the same, around 0.2 mW/g. However, the BFS—4.5 composition maintains a higher heat flux, indicating that the material is still reactive, albeit at a lower rate. These results confirm the information shown in Figure 8, that the blast furnace slag has the potential to present greater resistance at later ages, while the metakaolin has already reached a considerable level of reaction completion after 7 days of activation. On the other hand, fly ash does not present considerable heat flux, which may indicate that the material does not present a chemical principle as intense as that of the other binders. The strength acquired by the composition containing fly ash is mostly related to the physical principle of packing, which is why this precursor is most often used in conjunction with other binders, both as a pozzolanic material and in activated alkali materials.



Figure 10 shows the results of scanning electron microscopy (SEM) for the composition with 4.5 mol/L. Figure 10a shows the presence of a well-crystallized, compact phase with an irregular hexagonal shape. In other research, it has been observed that this morphology is typical of sodalite minerals, indicating a high level of alkaline activation, since the morphology of the material is very clear [6]. In the case of Figure 10b it is not possible to observe the presence of a clear crystalline phase, unlike Figure 10a. In Figure 10c it is possible to identify the presence of a phase in the form of an elongated rod. This structure refers to tobermorite, which agrees with previous results [31].




4. Conclusions


This article proposes the evaluation of the alkaline activation process of three classic binders (metakaolin, fly ash and blast furnace slag), in isolation. From the results, the conclusions of the research are:




	-

	
The characterization of the binders demonstrates that the blast furnace slag is rich in calcium, with alkaline activation similar to the hydration of Portland cement. Fly ash and metakaolin are rich in aluminosilicates, forming a geopolymerization process. Regarding granulometry, fly ash has smaller grains and metakaolin has more continuous granulometry, which may favor the activation process.




	-

	
Compositions containing metakaolin have higher viscosity, around 20–24 mPa·s, and lower workability. This is harmful to the behavior of the material, especially in solutions with higher molarity (5.00 and 5.50 mol/L) and may impair the properties of the hardened state. The compositions containing fly ash and blast furnace slag, in general, have equivalent consistencies, being more workable. Regarding the viscosity, the fly ash compositions do not present a defined pattern, which is related to the size of the grains of the material, smaller than the others, affecting the compactness. On the other hand, metakaolin and blast furnace slag show a clear tendency to increased viscosity with increasing molarity of the activator solution, a pattern found by other authors in the field.




	-

	
The results of density, water absorption and compressive strength tests, in normal and thermal curing, for metakaolin indicate that the results are optimized when using normal curing and molarity of 4.00 and 4.50 mol/L. This is evidenced by the occurrence of sodalite and faujasite in the alkaline activation process of the material. On the other hand, the greater reactivity of metakaolin induces porosity in thermal curing, reducing resistance and increasing water absorption. The use of solutions with molarity of 5.00 and 5.50 mol/L impairs the viscosity of the material, impairing compaction in the hardened state.




	-

	
The results of density, water absorption and compressive strength tests, in normal and thermal curing, for fly ash indicate that this precursor is efficient in material compactness, which is why it reduces water absorption. However, the resistance mechanisms of the material are not directly related to alkaline activation since the diffraction techniques did not detect the presence of crystalline peaks in the FA—4.5 composition. Thermal curing did not help the compressive strength of the material since no increase in this property was observed in this type of curing.




	-

	
The results of density, water absorption and compressive strength tests, in normal and thermal curing, for blast furnace slag indicate that the material presents more intense reactivity in thermal curing. This happens because the reaction kinetics of the material is low, but can be increased in alkaline media and with the effect of temperature. This is evidenced by the formation of sodalite and faujasite, at a lower intensity than the composition with metakaolin, but also due to the occurrence of tobermorite, whose reaction speed is lower than that of zeolites.









It can be concluded that the main objective of the research was achieved, which was to carry out a comparison between the alkaline activation process between different binders. Metakaolin proved to be reactive at room temperature; the alkaline activation process of blast furnace slag has intensified kinetics in thermal curing; and fly ash does not have alkaline activation potential when used as the only binder.



Finally, it is important to highlight that the results obtained in the research demonstrate the viability of producing activated alkali materials using metakaolin (normal curing) and blast furnace slag (thermal curing) as binders, with compressive strength results compatible with the usual applications of cementitious materials (mortar and concrete). This results in an alternative for the Portland cement industry, reducing environmental damage caused by CO2 emissions from the cement industry.
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Figure 1. XRD of binders: (a) fly ash; (b) metakaolin; (c) blast furnace slag. Legend: Q = quartz; M = mullite; H = hematite; A = akermanite; C = kaolinite. 
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Figure 2. Granulometry of the binders. 
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Figure 3. Consistency of geopolymers. 
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Figure 4. Viscosity of geopolymers. 
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Figure 5. Density of geopolymers: (a) normal cure; (b) thermal cure. 
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Figure 6. Water Absorption of geopolymers: (a) normal cure; (b) thermal cure. 






Figure 6. Water Absorption of geopolymers: (a) normal cure; (b) thermal cure.



[image: Materials 17 00667 g006]







[image: Materials 17 00667 g007] 





Figure 7. Compressive Strength of geopolymers: (a) normal cure; (b) thermal cure. 
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Figure 8. X-ray diffraction (XRD) of composition of 4.5 mol/L. Legend: S = sodalite; F = faujasite; T = tobermorite. 
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Figure 9. Calorimetry of geopolymers. 
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Figure 10. Scanning electron microscopy (SEM) of geopolymers: (a) MK—4.5; (b) FA—4.5; (c) BFS—4.5. 
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Table 1. Studied compositions. Legend: MK—metakaolin; FA—fly ash; BFS—blast furnace slag.
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	Composition
	Molarity (mol/L)
	Metakaolin (g)
	Fly Ash (g)
	Blast Furnace Slag (g)
	Sodium Silicate (g)
	Sodium Hydroxide (g)
	Water (g)





	MK—4.0
	4.0
	145.80
	0.00
	0.00
	35.00
	16.30
	71.00



	MK—4.5
	4.5
	139.00
	0.00
	0.00
	55.10
	10.70
	68.10



	MK—5.0
	5.0
	131.95
	0.00
	0.00
	72.60
	6.10
	64.40



	MK—5.5
	5.5
	117.00
	0.00
	0.00
	82.35
	5.40
	57.30



	FA—4.0
	4.0
	0.00
	145.80
	0.00
	35.00
	16.30
	71.00



	FA—4.5
	4.5
	0.00
	139.00
	0.00
	55.10
	10.70
	68.10



	FA—5.0
	5.0
	0.00
	131.95
	0.00
	72.60
	6.10
	64.40



	FA—5.5
	5.5
	0.00
	117.00
	0.00
	82.35
	5.40
	57.30



	BFS—4.0
	4.0
	0.00
	0.00
	145.80
	35.00
	16.30
	71.00



	BFS—4.5
	4.5
	0.00
	0.00
	139.00
	55.10
	10.70
	68.10



	BFS—5.0
	5.0
	0.00
	0.00
	131.95
	72.60
	6.10
	64.40



	BFS—5.5
	5.5
	0.00
	0.00
	117.00
	82.35
	5.40
	57.30










 





Table 2. Chemical composition of binders.






Table 2. Chemical composition of binders.





	Precursor
	SiO2
	Al2O3
	CaO
	Fe2O3
	TiO2
	SO3
	K2O
	Others





	Fly ash
	69.20
	22.00
	0.65
	6.5
	-
	0.50
	0.95
	0.20



	Metakaolin
	61.85
	32.81
	0.10
	1.52
	1.77
	1.46
	0.39
	0.10



	Blast furnace slag
	33.00
	9.69
	47.49
	0.58
	0.86
	0.95
	0.45
	6.98










 





Table 3. ANOVA (p ≤ 0.05) Randomized block design (Normal cure).
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	Source of Variation
	Degrees of Liberty
	Sum of Squares
	Medium Squares
	F Test
	F Standard





	Treatment
	3
	185.26
	61.75
	4.45
	2.92



	Blocks
	2
	239.79
	119.89
	8.65
	3.32



	Residue
	30
	415.90
	13.86
	-
	-



	Total
	35
	840.95
	-
	-
	-










 





Table 4. ANOVA (p ≤ 0.05) Randomized block design (Thermal cure).
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	Source of Variation
	Degrees of Liberty
	Sum of Squares
	Medium Squares
	F Test
	F Standard





	Treatment
	3
	108.77
	36.25
	3.53
	2.92



	Blocks
	2
	152.50
	76.25
	7.42
	3.32



	Residue
	30
	308.41
	10.28
	-
	-



	Total
	35
	569.68
	-
	-
	-
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
T
56

54

50 52

48

46
Molarity (mol/L)

T
44

42

40

uals anissaidwo)

38

(@

—— BFS|

—=— MK
—e—FA

56

54

T
52

48 50

46

Molarity (mol/L)

44

42

4.0

(edin) 2no [ewwsay) - _._uwmaam a>1_mmanoo

38

(b)





media/file4.png
N

Blast furnace slag

Metakaolin

11— Fly ash /

o

Passing percentage (%)

4 /
A L il f""""‘

10° 104 0.001 0.01
Diameter (mm)






media/file18.png
(6)] (o)) ~
| ]

1N

Heat flow (mW/g)
w

N
|

—— MK
——FA
—— BFS

Time (h)

Heat flow (mW/g)
N

—— MK
——FA
——BFS

0 10 20 30 40 50

Time (h)






media/file3.jpg
100 -HII T LTI -
[—— Blast furnace slag| il Ht
|- Metakaolin
§ 80 41l——Flyash
°
s I
8 W
60
H
-1
2
o 4
£
2
< 2
1 —~
o T
10° 10+ 0.001 0.01 0.1

Diameter (mm)






media/file19.jpg





media/file7.jpg
25
20
2
Q 15
E
>
=
8
104
=
>
54 [—=— MK
|-e—FA
| A— BFS|
Y T T T

T T T T T
38 40 42 44 46 48 50 52 54 56
Molarity (mol/L))





media/file10.png
N
o
|

=
oo
|

Density - normal cure (g/cm?)
o

IA
S
|

I ' I v I I ' I

" — T T T
38 40 42 44 46 48 50 52 54

56

Molarity (mol/L)
(a)

2.0
k=
L
2
()]
i 1.8 H
(&)
©
£
2
* 1.6
o
‘»
C
()]
(@)

1.4 -

! | ' I ! I ' I ! I ! I ' I ! | ' I
38 40 42 44 46 48 50 52 54 56

Molarity (mol/L)
(b)






media/file14.png
42 44 46 48 50 52 54 56

4.0

D
X L
=<m
| R L D e e e
g 8 8 8 R & g v

(ed

IN) 242 ewou - Yybuals aAIssaldwo)

3.8

Molarity (mol/L)

(a)

—a— MK

—+—FA

—a— BFS

48

4.4

I ! | ! I ! | ! | ! I
o w W

(edIN) @1nd jewiay) - yibuass aaissaldwon

52 54 56

5.0

46

42

40

3.8

Molarity (mol/L)

(b)





media/file11.jpg
T

T T T
54 56

46
Molarity (mol/L)

T

T
44

42

40

48 50 52

(@)

56

54

52

50

Molarity (mol/L)

T T T
44 46 48

42

40

(%) @1n3 |ewiou - uoldiosqe Jajep

2

38

2 o ®
) 8ino [euuay) - uondiosqe Jajep

38

(b)





media/file6.png
Consistency (mm)
ST~
o o
| |

w

o

o
|

N

o

o
|

260

—=— MK
—+—FA
- BFS

' i =T * 1 * T = T v 3 * -
40 42 44 46 48 50 52 54 56
Molarity (mol/L)






media/file15.jpg
200

150 4
>
2
2 100 4
£ e -
S
50
s | FS F s 8
[ TN
0 T T T T T T
0 10 20 30 40 50 60

Degree 26 (°)

70





nav.xhtml


  materials-17-00667


  
    		
      materials-17-00667
    


  




  





media/file16.png
Intensity

200 -

150 -

100 -

50

— MK

Degree 26 (°)

70





media/file2.png
Intensity (u.a.)

1200

1000

800

600

400 4

200 4

10 20 30 40 50 60 70
26(°)

20000

18000
16000
14000

12000

a.)

10000

8000

Intensity (u

6000
4000

2000 H

C

250 +

200 +

150

Intensity (u.a.)

100

50






media/file20.png
AccY Probe Mag WD Accy Probe Mag
15.0 kY 40 =x1000 16 15.0 kY 40  x1000

Probe Mag ‘WD Det — 10um
4.0 % 1000 19 S5E LAMAN






media/file5.jpg
—=— MK
380 4 —»—FA
—— BFS
360
£
£
340
y
g
2
320
5 I
o
o 3004
2804
p ¢
260 T T T T T T T T T
38 40 42 44 46 48 50 52 54 56

Molarity (mol/L)






media/file1.jpg
(b)






media/file12.png
—a— MK

—=—FA
—4— BFS

56

50 52

Molarity (mol/L)

42

N~

© w
(9%) @4nd |ewuou - uol

| ' |
<t ™

1diosqe 1a)epp

54

438

46

4.4

40

3.8

(a)

—a— MK

—+—FA

—A— BFS

4
~

I I
™ N
~

~

(%) @Ind |euuay} - uondiosge Jajepn

.
o

I
o

-

I
(e}

|
(e0)

|
M~

I
©

I
w

42 44 46 48 50 52 54 56
Molarity (mol/L)

4.0

3.8

(b)





media/file9.jpg
|-=— MK
|-e—FA
|—A— BF:

418 50 5!2
Molarity (mol/L)

46

44

T
o

T
!

T
©

T
e

& - = P
(cwio/6) a1nd |ewlou - Aysuag

38

@

|—=-— MK
|-e—FA
[-A— BF:

50 52 54 56

44

42

4.0

e ] Q =

N (cwio/B) um_._o _mctu:.... Ausuag -

46 48
Molarity (mol/L)

38

(b)





media/file0.png





media/file8.png
Viscosity (mPa*s)

25
20 -
15 -
10 -

9 - —a— MK
