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Abstract

:

Blends of fly ash and natural calcite, mechanically activated for 0–400 s in a planetary mill, were used to synthesize geopolymers at ambient temperature. The calcite content in the blends was 0–10 wt.%. Sodium hydroxide solution was used as an alkaline agent. Mechanical activation of the raw material considerably enhanced its reactivity with respect to the alkaline agent, as was observed using Fourier-transform infrared spectroscopy, isothermal conduction calorimetry, thermogravimetry coupled with mass spectrometry analysis of the evolved gas, and SEM/EDS. The addition of calcite to the fly ash improved the compressive strength of the geopolymers, especially during the early age of curing. For 7 d aged geopolymers based on the 90% fly ash + 10% calcite blend, the strength was 8.0-, 3.5- and 2.9-fold higher than that for the geopolymers based on the unblended fly ash for 30 s, 180 s and 400 s mechanical activation time, respectively. Using Mössbauer spectroscopy, it was revealed that iron present in the fly ash did not play a significant part in the geopolymerization process. The dominant reaction product was sodium containing aluminosilicate hydrogel (N-A-S-H gel). Calcite was found to transform, to a small extent, to vaterite and Ca(OH)2 in the course of the geopolymerization.
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1. Introduction


Despite the intensive development of nuclear energy from the middle of the 20th century, the contribution of coal to the total generated global energy remains very large and amounts to about 40% [1]. The combustion of the carbonaceous part of coal in power plants occurs at high temperatures of about 1500 °C and a heating rate of 106 deg/s [2]. As a result of very complex processes, the mineral part of coal thermally decomposes and melts in the combustion flame to generate the solid powdered residue in the form of fly ash and bottom ash. The fly ash (85–95 wt.% of the total ash) consists of fine particles which are collected by electrostatic precipitation, or mechanical capture, from the flue gas, while the coarser bottom ash falls through the air stream to the bottom of the boiler and is removed mechanically [3]. The mineral composition of coal ash is represented mainly by the glass phase, similar to volcanic glass, as well as by quartz, mullite, magnetite, etc. The total annual worldwide coal ash generation is 700–800 million tons, with less than 30% being reused [3,4]. The disposed coal ash has become a matter of serious environmental concern because of its heavy metal contents which may leach out causing serious pollution of natural water bodies and soil [5].



Among the large number of proposed options for the utilization of coal ash [1,3], the main one is the construction industry. High-calcium fly ash (Class C) can be used as a binder due to its considerable cementitious properties, and low-calcium fly ash (Class F) has pozzolanic activity and is utilized as a blend with Portland cement. In recent years, intensive research has been carried out in the use of Class F fly ash for the synthesis of geopolymer materials. Geopolymers, also referred to as inorganic polymers, are a subclass of alkali activated materials prepared by the reaction of low-calcium, natural and industrially produced aluminosilicates, with an alkaline agent (e.g., alkali metal hydroxide solution or liquid glass) at near ambient temperatures [6,7,8,9,10]. Because of energy saving, environmentally benign processing, and high performance, geopolymers have received attention in construction engineering as a promising substitute to traditional Portland cement. Besides, due to their thermal and fire resistance [11,12], chemical stability [13,14], stability under irradiation [15], and ion-exchange capacity [16,17], geopolymer materials can be potentially used in such applications as refractories and fireproof materials, heavy metal and radioactive waste immobilization, wastewater treatment, and many others [18,19,20,21,22,23].



The geopolymerization mechanism of fly ash is similar to that of metakaolin (anhydrous calcined form of the clay mineral kaolinite) [13,24]. Simplified, it can be represented in the form of conjoined reactions: (1) destruction/dissolution of the raw material; (2) formation of supersaturated aluminosilicate solution; (3) gelation (precipitation of sodium containing aluminosilicate hydrogel (N-A-S-H gel)); (4) restructuring of the gel; and (5) polymerization and hardening, resulting in a three-dimensional aluminosilicate network [25,26]. As a raw material for geopolymerization, fly ash is preferred for its easy accessibility, good workability, durability of the resultant geopolymers, and environmental reasons [27,28]. However, the reactivity of fly ash in geopolymer synthesis is relatively low [29]. The main factors affecting the reactivity of fly ash are the particle fineness and the amount and composition of the glass phase as the most reactive constituent of fly ash [24,30,31]. The reactivity of fly ash can be characterized using isothermal conduction calorimetry [32,33], Fourier-transform infrared (FTIR) spectroscopy [34], and other experimental and calculated techniques [35,36,37].



It has been reported in many publications that mechanical activation (MA) is an effective tool of enhancing the fly ash reactivity in the geopolymer synthesis [29,31,32,38,39,40,41,42,43,44,45,46,47,48,49]. MA in mills is a complex multi-stage process in which, from the point of view of influencing the reactivity of the solids, the following factors are important: (i) changes in the specific surface area (particle size); and (ii) the appearance and relaxation of various structural defects (point, linear, planar) [50,51,52]. At the initial stage, the effect of the milling is dominated mainly by particle size reduction (the Rittinger stage). Subsequently, the specific surface area of the powder, passing through the maximum, begins to decrease due to aggregation and agglomeration of particles. It is at this stage, when comminution slows down and stops, the processes of plastic deformation and generation of defects (importantly, “long-living” ones which do not disappear with quick relaxation [51]) are intensified due to the large number of contacts of the small particles [53,54]. The influence of these two factors on the reactivity of fly ash in geopolymerization reactions was recently shown by Kato et al. [47]. A comprehensive analysis of the effect of MA of different fly ashes using various type of mills and synthesis conditions on reaction, structure and properties of resulting geopolymers was presented by R. Kumar, S. Kumar et al. [29,32,38,39,45], Mucsí et al. [40,44,49], Temuujin et al. [42] and other researchers.



In recent years, the combination of aluminosilicate-rich materials (fly ash, metakaolin or other clay-based raw materials) with calcium carbonate containing mineral additives, such as limestone or dolomite, has received considerable attention for improving the mechanical, durability-related and other properties of alkali-activated binder systems [55,56,57,58,59,60,61,62,63,64,65]. It was revealed that adding a proper amount of limestone (<30%) to fly ash benefits the workability and the compressive strength, not only due to the simple filler effect [55,59,61], but to a certain extent, through participation in the dissolution processes and geopolymer gel formation [57,60,62,63]. Moreover, it was shown that calcite and limestone themselves alkali activated with waterglass, displayed cementitious properties [60,66]. In this study, we focused on the effect of both calcium carbonate (in the form of natural calcite) addition to fly ash and MA of this two-component mixture on the geopolymerization process. The influence of calcite dosage and MA time on the reactivity of the raw material, with respect to the sodium hydroxide solution and the geopolymer strength, was investigated.




2. Materials and Methods


2.1. Materials


Class F fly ash (FA) was gathered from a thermal power plant located in Apatity, Murmansk Region, Russia. The Brunauer–Emmett–Teller (BET) and Blaine surface areas of the raw FA were 4.62 m2/g and 230 m2/kg, respectively. Particle-size distribution measurements showed that d90, d50, and d10 values of raw FA were 53.3, 14.6, and 3.8 µm, respectively. The main crystalline phases in the FA are quartz and mullite (Figure 1). In addition, hematite and magnetite are present in small amounts in the FA.



Natural calcite (~98% CaCO3) was taken from the calcite vein of carbonatite, an igneous rock in the Kovdor massif, Murmansk Region, Russia. Augite (Figure 1) and a minor amount of feldspar are present in calcite as admixtures. The calcite was ground in a ball mill and sieved with a 300 µm mesh. The chemical compositions of the FA and calcite are given in Table 1.




2.2. Mechanical Activation


MA was carried out in an AGO-2 laboratory planetary mill (Novic, Novosibirsk, Russia) [53] at a centrifugal force of 40 g, in air, using steel vials and steel balls 8 mm in diameter as the milling bodies. The ratio of the mass of the balls to the mass of load was 6 (240 g of balls and 40 g of load in each vial). MA was carried out batchwise for periods of time ranging from 30 s to 400 s. For preparation of the geopolymers, FA + calcite mixtures milled for 30 s, 180 s, and 400 s were used. The parameters of MA were chosen based on previous work with the planetary mill [67,68]. In this paper, the terms “mechanical activation” (“MA”) and “milling” refer to the same process of mechanical treatment using a planetary mill.




2.3. Preparation of Geopolymers


8.3 M NaOH solution was used as the alkaline agent. The mass ratio of Na2O (present in sodium hydroxide solution) to the milled (FA + calcite) blends in the paste was equal to 0.06. The water content was adjusted to give the same workability of the pastes; therefore, the water content varied. The water to solid ratio (w/s) was defined considering the amount of water present in the NaOH solution. The composition of the mixtures used for preparation of the pastes are presented in Table 2. The unreacted (FA + calcite) blends are denoted as FAXC, where X is the calcite content in the blend, wt.%. The corresponding geopolymers, prepared using these blends, are denoted as GFAXC. The pastes were cast into 1.41 cm × 1.41 cm × 1.41 cm cubic molds. Prepared specimens were cured in a relative humidity of 95 ± 5% at 22 ± 2 °C for 24 h. After demolding, the specimens were further cured to testing time in the same conditions as applied in the first 24 h. Compressive strength data was obtained from an average of 3 samples after 7 and 28 days.




2.4. Characterization Methods


The specific surface area of the powders was measured using the standard Blaine test and nitrogen BET method with a Flow-Sorb II 2300 instrument (Micromeritics). The particle size distribution was determined using a SALD-201V (Shimadzu Corporation, Tokyo, Japan) laser diffraction particle size analyzer. Powder X-ray diffraction (XRD) patterns were recorded on a Shimadzu XRD-6000 (Shimadzu Corporation, Tokyo, Japan) instrument using Cu–Kα radiation. Scanning was carried out with a step of 0.02° (2 theta) and the dwell time was 1 s. FTIR spectra were recorded with a Nicolet 6700 (Thermo Electron Scientific Instruments Corporation, Madison, WI, USA) FTIR spectrometer using potassium bromide tablets. The morphologies of the hydration products were studied using a LEO 420 (Carl Zeiss, Jena, Germany) scanning electron microscope operated at 20 kV after gold coating on the fractured surface. Elemental analysis was done with an INCA Energy 400 (Oxford Instruments, Abington, UK) energy dispersive spectrometer (EDS) for X-ray microanalysis at the same voltage.



Calorimetric measurements were carried out using a TAM III (TA Instruments, New Castle, DE, USA) isothermal calorimeter at 25 °C. NaOH solution and milled powders were stored at 25 °C for 24 h until mixing. The powders were mixed with 6.5 M NaOH solution at the rate of 1 mL of solution per 3 g of powder. The prepared paste was placed in a 4-mL glass ampoule with a known mass, weighed, and immediately loaded into the calorimeter. The first 60 min were necessary for the system to achieve the thermal equilibrium, so the data recorded during this period was ignored. Thermogravimetric (TG) analysis coupled with mass spectrometry (MS) was performed on a Netzsch STA 449F1 Phoenix coupled with a heated capillary column and a Netzsch QMS 402 Aeolos mass spectrometer (NETZSCH, Selb, Germany). Thermal analysis was performed at a heating rate of 20 °C/min under argon in platinum crucibles.



Mössbauer spectroscopy measurements were carried out on a Wissenschaftliche (Elektronic GmbH, Germany), operating in a constant acceleration mode (57Co/Rh source, α-Fe standard). The following parameters of hyperfine interactions of spectral components were determined by computer fitting: isomer shift (IS), quadrupole splitting (QS), effective hyperfine magnetic field (Heff), line widths (FWHM), and component relative weights (G).





3. Results and Discussions


3.1. Effect of Mechanical Activation on the FA + Calcite Blends


Figure 2 shows the effect of MA on the Blaine-specific surface area (SSA) of the 100% FA (FA0C). During the Rittinger stage (0–180 s of MA), the Blaine SSA increases from 220 to 774 m2/kg. Then, because of aggregation of particles, the rate of the Blaine SSA increase gradually slows down. The Blaine SSA of FA milled for 400 s was 936 m2/kg, indicating that the SSA apparently reached a maximum between 300 and 400 s of MA. The BET SSA of the selected FA + CaCO3 blends is also displayed in Figure 2. It can be seen that the addition of 1–10% of calcite to the FA only affects the SSA to a small extent.



Representative XRD patterns of the FA5C blend milled for 30 s and 180 s are shown in Figure 3. From comparison of the peak intensities, it is obvious that disorder of the mineral lattice and/or decrease of crystallite size induced by MA, for calcite, were noticeably more pronounced than those for quartz and mullite present in the FA. This can be explained by the difference in hardness of the minerals: for quartz, mullite, and calcite the hardness on the Mohs scale is 7, 6.3–7.5, and 3, respectively [69].




3.2. Mechanical Properties


The results of the mechanical test measured after 7 and 28 days of curing are shown in Figure 4 and Figure 5, respectively. For geopolymers based on the FA without calcite addition (GFA0C), the relatively low strength, which was within (0.5–7) MPa and (4–12) MPa in 7 and 28 d age, respectively, can be explained by the ambient curing temperature (22 ± 2 °C). Elevated curing temperatures favor the achievement of a higher strength of FA-based geopolymers [70,71]. However, for the purpose of comparative research, a model system of low strength is apparently more suitable for the further study of more complex systems [62].



Obviously, blending the FA with calcite results in an increase of strength with an increase in the proportion of CaCO3 (Figure 4 and Figure 5). The positive effect of calcite addition to the FA is more pronounced for the 7-d aged geopolymers. The GFA10C geopolymer after curing for 7 d shows a strength 8.0-, 3.5- and 2.9-fold higher than the GFA0C geopolymer for 30, 180 and 400 s milling time, respectively (Figure 4). In agreement with the SSA data (Figure 2), milling for 180 s in comparison to milling for 30 s results in a significant increase in strength. However, the effect of further milling from 180 to 400 s is either a very small positive or even deleterious (Figure 4 and Figure 5). Although, as can be expected, the finer fly ash should display a better solubility in sodium hydroxide solution to produce a higher amount of geopolymer gel and, therefore, a higher strength. A similar effect of “overgrinding” on the compressive strength was observed for geopolymers based on fly ash milled using a ball mill, a vibratory mill, and a stirred media mill [44]. This was explained by the optimal particle size distribution which is another important factor affecting the mechanical properties of geopolymers. For workability reasons, the w/s ratio for geopolymers based on blends milled for 400 s was higher than that for mixtures milled for 180 s (Table 2). This can also lead to a decrease in the strength of the geopolymers based on the blends milled for 400 s. It is important to note that a further increase in both the MA time (>400 s) and the calcite content in the blends (>10%) led to a noticeable decrease in the workability of the pastes, the reasons for which are beyond the scope of this study. Thus, based on strength data and workability, the optimal MA time was 180 s.




3.3. Calorimetric and TG-MS Studies


Figure 6 displays the heat flow curves of the initial stages (within the first 24 h) of geopolymerization of the FA and its blends with calcite milled for 180 s. As is mentioned above, due to the nonequilibrium conditions, the calorimeter was not able to detect the information for the first 60 min of reaction. Because of this, an initial intensive exothermic peak was not fully recorded. Generally, for the alkali-activated fly ash or metakaolin without additives, this peak is associated with wetting and partial dissolution of the raw materials [39,72]. Blending with a moderate amount of calcium-containing material (blast furnace slag, Ca(OH)2, CaCO3) can accelerate geopolymerization reactions by the enhanced precipitation of the initial reaction products, simultaneously, with the dissolution stage [60,72,73,74]. Particularly, calcium carbonate might act as nucleation sites for the formation of reaction products [62,75]. Therefore, for the pastes prepared using the blends, the first heat flow peak may also be related to the precipitation of the initial reaction products. Within 0–5% calcite content in the blends, the heat flow curves are similar in shape: following the initial peak and short induction period, an acceleration period comes (Figure 6). In contrast to these blends, in the case of the FA10C blend (10% calcite), after the induction period (partially located within the first 60 min of reaction which was not recorded by the calorimeter) a second exothermic peak (acceleration and deceleration) located at ~1.2 h appears. This peak is associated with the massive formation of the reaction products [72,75,76].



Full time scale heat flow curves (Figure 7) show that the second calorimetry peak for the pastes prepared using the blends containing 0–5% calcite (GFA0C-GFA5C) is located at the 1.0–1.6 d range, which is notably later than that for the GFA10C paste (Figure 6). One of the reasons for this may be the highest ratio of NaOH solution/FA in the GFA10C paste compared to the other pastes. The influence of calcite and secondary Ca-containing phases identified in the GFA10C geopolymer is discussed below.



As the calcite content increases, the position of the second calorimetry peak shifts to earlier locations, indicating acceleration of the alkali-activated reaction process in the presence of calcite. This agrees with the geopolymer strengths trend (Figure 4). Before the deceleration stage, a smaller, third exothermic peak at ~2.4 d appears for the GFA0C-GFA5C pastes related to the further precipitation of the reaction products.



Figure 8 displays thermogravimetric (TG) curves of the geopolymers based on the FA without additives and the blends milled for 180 s in the 28-d age. The weight loss before about 300 °C is associated with dehydration—removal of free and relatively loosely bound water from the N-A-S-H gel. In the differential thermogravimetric (DTG) curves of all specimens, this stage is consistent with the peak at ~122 °C (Figure 9). With an increase in temperature above 300 °C, elimination of water occurs mainly by condensation of the silanol or aluminol groups of the geopolymeric gel [77,78]. As hydroxyl groups are slowly removed over a rather wide temperature region [77], this stage may not be evident in the DTG curves (Figure 9). With a further increase in temperature, the weight loss is related to the decomposition of carbonates (Figure 8).



MS analysis of the evolved gas (Figure 10) shows that removal of water occurs up to about 500 °C, while at higher temperatures decarbonization is mainly observed. If we assume that the water tightly bound with N-A-S-H gel (in molecular and hydroxyl forms) is removed after 120 °C, then the weight loss between the 120 and 500 °C temperature range can be considered as a measure of the geopolymer gel formation. From the insert in Figure 8, it is obvious that the addition of calcite to the FA accelerates the formation of the geopolymer gel which agrees with the mechanical properties (Figure 5) and the isothermal conduction calorimetry results (Figure 6 and Figure 7).



Coherent with the MS data of the collected gas (Figure 10), the DTG curves for GFA0C-GFA5C geopolymers show one main peak in the 450–800 °C region, related to decarbonization (Figure 9). For the geopolymer based on 100% FA (FA0C), this peak, centered at about 660 °C, is relatively weak and can be attributed to decomposition of sodium carbonates formed due to the interaction of the alkaline agent with atmospheric CO2 [79]. For the geopolymers prepared using the blends, the main decarbonization peak is related to the decomposition of calcite [62]. It is remarkable that, as in the case of the heat flow curves (Figure 6 and Figure 7), the DTG curve for the GFA10C differs from the curves of the other geopolymers. The main difference is that the GFA10C specimen shows another DTG decarbonization peak centered at 540 °C (Figure 9). In addition, the intensity of the peak of calcite decomposition for GFA10C, at about 690 °C, is comparable to the intensities of the peaks for GFA3C and GFA2C, although the content of calcium carbonate in the former is several times higher than in the latter. This indicates the partial transformation of calcite into another, less stable carbonate phase. The DTG peak width of this phase at 540 °C may indicate its low crystallinity.



Bernal et al. [79] revealed that accelerated carbonation of fly ash/slag alkali binder in a CO2-rich atmosphere resulted in the formation of vaterite, a polymorph of CaCO3, which displayed a DTG peak of decomposition at about 550 °C. It can be assumed that in our case, calcite transformed into vaterite. It is also possible that the DTG peak at 540 °C corresponds to decarbonization of a geopolymerization reaction product of unknown composition.




3.4. XRD and FTIR Spectroscopy Analysis


As a representative example of the geopolymers prepared using the blends containing 5% CaCO3 or less, Figure 3 shows the XRD pattern of the GFA5C specimen (MA for 180 s, curing for 28 d). No new peaks of crystalline phases are seen in the diffractogram and the peak intensities seem to be unchanged in comparison to those in the XRD pattern of the FA5C blend. Therefore, the product of geopolymerization (N-A-S-H gel) is X-ray amorphous. Its formation is confirmed by the appearance of a halo in the 2θ = 25–35° region. This agrees with previous works in which near ambient temperature curing conditions were employed to prepare geopolymers based on fly ash [45,80].



Again, in line with calorimetric results (Figure 6 and Figure 7) and DTG data (Figure 9), the GFA10C specimen stands out from the series of geopolymers studied. Unlike geopolymers based on the blends containing less calcite, the XRD pattern of the GFA10C displays small peaks which can be attributed to a newly formed phase—vaterite (PDF 33-268), a CaCO3 polymorph (Figure 11). Along with this, the main calcite reflection, at about 2θ = 29.4° in the XRD pattern of the GFA10C, slightly decreased in intensity relative to that of the FA10C blend (Figure 11). This supports the transformation of calcite into vaterite based on DTG data (Figure 9). This transformation can proceed through recrystallization in NaOH solution following the Ostwald step rule [79,81]. The solubility of CaCO3 (calcite) in sodium hydroxide solution is low (less than 1 mM in 1 M NaOH at 25 °C [62,82]). However, MA of calcite in a planetary mill results in the considerable reduction of particle size and accumulation of structural defects, as supported by the XRD data (Figure 3), which should increase its solubility to some extent.



One can expect that vaterite is also formed in the pastes with lower calcite content, but its amount is probably below the detection limit by XRD. In particular, the presence of a small amount of vaterite in GFA5C may be evidenced by the shoulder in the DTG curve of this specimen in the temperature range of 480–600 °C (Figure 9). It seems plausible that the formation of vaterite is related to a more complex process and involves interaction of Ca2+ ions with Si and Al species in solution until oversaturation with respect to vaterite is reached.



FTIR spectra of the FA and the FA10C blend milled for 180 s, as well as the geopolymers prepared using these raw materials in 28-d age, are presented in Figure 12. The main absorption band at 1090 cm−1 is related to the asymmetric stretching Si-O-T (T = Si, Al) vibrations and the band at 460 cm−1 is associated with Si-O-T bending vibrations. The IR peaks in the 800–600 cm−1 region are due to the presence of quartz and mullite in the FA [80,83,84]. The broad band in the 3700–3100 cm–1 region (O-H stretching vibration) and the band at about 1640 cm−1 (H-O-H bending vibration) in the spectra of FA0C and FA10C are related to the water adsorbed by the raw materials from air in the course of milling. Bands at 1438 cm−1 and 876 cm−1 correspond to the asymmetric stretching and out-of-plane bending vibrations of the CO3 group in calcite, respectively [85,86].



The main peak associated with the Si-O-T asymmetric stretching vibrations in the spectra of GFA0C and GFA10C appears to be narrower and shifted towards a lower wavenumber (about 1040–1010 cm–1) in comparison to that of the unreacted precursor materials (Figure 12). These changes indicate the formation of a binder product, amorphous sodium-containing aluminosilicate hydrogel (N-A-S-H gel), and can be explained by the substitution of Si for Al in the silicon-oxygen tetrahedra and a decrease in the degree of polymerization of the aluminosilicate framework of the FA [34,80,83,84,87,88]. The geopolymers contain some unreacted FA, which is evidenced by the presence of a shoulder at approximately 1090 cm−1 on the main sharp band in their spectra. The intensity of the main peak in the spectrum of GFA10C is obviously higher than of the GFA1C, indicating greater polymerization [39,84]. This observation is consistent with the calorimetric measurements (Figure 6 and Figure 7) and the compressive strength data (Figure 4). The increased intensity of the bands corresponding to OH group vibrations (3434 cm−1 and 1640 cm−1) in the spectrum of the GFA10C in comparison to that of the GFA0C can be associated with a larger formation of the reaction product [88], in agreement with the TG results (Figure 8).



The main calcite peak for the GFA10C, at 1438 cm−1, slightly decreased in intensity and broadened compared to that for the FA10C (Figure 12). In line with the XRD (Figure 11) and DTG (Figure 9) data, this is consistent with the partial transformation of calcite to vaterite because in the IR spectrum of vaterite, the main band of the carbonate group is split (1420 and 1490 cm–1) owing to the reduced symmetry of the carbonate ion in the structure of this mineral [86,89]. The broad band in the 1500–1350 cm−1 region in the spectrum of GFA0C (Figure 12) is related to the formation of small amounts of sodium carbonates and hydrocarbonates due to the atmospheric carbonation of unreacted alkaline activation media [45,88,90].




3.5. Mössbauer Spectroscopy Analysis


As the FA contains about 9% of iron oxides (Table 1), it is of interest to elucidate if any changes in the iron valence and coordination number occur during the geopolymerization process. The 57Fe Mössbauer spectra of the unblended FA (FA0C), the FA + calcite blend containing 5% calcite (FA5C), mechanically activated for 180 s, and the corresponding geopolymers cured for 28 d are shown as representative examples in Figure 13. The corresponding Mössbauer parameters are tabulated in Table 3.



The registered Mössbauer spectra were evaluated with a model of four sextets and two doublets. The overall fit is also shown in Figure 13. The parameters of the sextet components indicate the presence of hematite (Sx1), magnetite (Sx2 and Sx3), and metallic iron α-Fe (Sx4). The presence of a small amount of elemental iron in the samples can be explained by the abrasion of the milling bodies during MA. According to the calculated parameters, the registered two doublet components, Db1 and Db2, correspond to octahedrally coordinated iron ions in the third (Fe3+) and second (Fe2+) degree of oxidation, which can be related to their presence in mullite and/or glass phases [91,92]. Comparison of the parameters of the geopolymers (GFA0C and GFA5C) and the precursors (FA0C and FA5C) shows insignificant differences in the environment and the distribution of iron ions in the corresponding phases (Table 3), indicating the relative inertness of iron in geopolymerization. This agrees with the observations of Lloyd et al. [93]. Transformation of the FA to geopolymer as a result of its activation with NaOH solution in the presence of CaCO3 is related to a small increase of the Fe3+ component. The small decrease of the isomer shift and quadrupole splitting of the ferric iron for the GFA5C specimen, in comparison to that for the FA5C blend, may indicate the partial reorganization of Fe3+ ions after alkali activation by incorporation into the aluminosilicate geopolymer matrix [94]. Iron oxides with a hyperfine magnetic structure (sextet components) do not undergo significant changes after the formation of the geopolymer.




3.6. Microstructural Studies


The microstructures of selected geopolymer specimens prepared using the raw materials milled for 180 s and cured for 28 d are shown in Figure 14. In comparison to the GFA0C geopolymer based on the 100% FA (Figure 14a), the geopolymers synthesized using blends (GFA5C, Figure 14b, and GFA10C, Figure 14c) are characterized by a more uniform dense microstructure. This can be explained by the higher reactivity of the precursors and by the formation of a greater amount of geopolymer gel in agreement with the strength data (Figure 5). For the elucidation of the role of calcite in the studied binders, the distribution of calcium within the pastes is of great importance. EDS elemental mapping of the GFA1C, GFA3C, and GFA5C specimens (data not shown) indicated a relatively homogeneous distribution of Ca in the form of fine calcite particles embedded in the geopolymer matrix. No newly formed discrete high calcium phases in the binder structure of these specimens were detected within the resolution of the used SEM/EDS analysis. By contrast, this was not the case for the geopolymer based on the blend containing 10% calcite (GFA10C).



Figure 15 shows the magnified SEM image of the GFA10C specimen cured for 28 days. The particles of unreacted raw material covered with the gel, and closed spherical pores, are clearly seen within the paste microstructure. The spherical pores are likely formed as a result of the entrapment of air during the paste preparation. Within the geopolymer gel (the upper right corner in the Figure 15), particles of a newly formed phase can be seen. This phase was identified by EDS analysis as Ca(OH)2. The formation of small amounts of calcium hydroxide, which could not be detected in the sample by X-ray diffraction and FTIR spectroscopy, most probably occurs through the dissolution of calcite in the NaOH solution followed by precipitation of Ca(OH)2 [95]. This result is in line with observations of Provis et al. [96]. Using high-resolution synchrotron X-ray fluorescence, they revealed that discrete calcium hydroxide regions, a few tens of nanometers in size (not detectable by XRD), were scattered throughout the geopolymer binder synthesized by hydroxide (KOH) activation of low-calcium fly ash. Therefore, Ca(OH)2 can also be formed in small amounts in the geopolymers with a lower content of calcite (GFA0C-GFA5C). It should also be noted that calcium hydroxide precipitates of size about 10 μm, which were also not identified by X-ray diffraction, were observed by SEM-EDS in the microstructure of geopolymers prepared by activation of the 80% metakaolin + 20% calcite blend with sodium silicate solution [60].



Thus, in the studied geopolymer binders, calcite, obviously, is not only a micro aggregate, but also an active component which affects the geopolymerization reactions and the mechanical properties of the final geopolymers. Particularly, on the one hand, the precipitation of small amounts of Ca(OH)2, as a result of calcite dissolution, decreases the pH of NaOH solution and, consequently, may decrease, to some extent, the dissolution rate of the FA and further precipitation of the N-A-S-H gel [95]. However, on the other hand, both calcite and newly formed Ca-containing phases (vaterite and calcium hydroxide) provide nucleation sites with the ability to accelerate sodium-containing aluminosilicate hydrogel formation [95,97], which is in agreement with the calorimetric (Figure 6 and Figure 7), thermogravimetric (Figure 8), FTIR spectroscopy (Figure 12), and strength (Figure 4 and Figure 5) data.





4. Conclusions


The geopolymers based on the mechanically activated FA with the addition of natural calcite were synthesized using sodium hydroxide solution. Processes occurring in the course of MA of the blends, and their activation with sodium hydroxide solution, were investigated in relation to the strength of the geopolymers.



The key findings from this study include the following:




	
MA of the FA + calcite blends in a planetary mill resulted in a considerably larger mineral lattice disordering, and/or decrease of crystallite size, of calcite in comparison to those of quartz and mullite present in the FA, which can be explained by the difference in hardness of the minerals.



	
With an increase of calcite percentage (up to 10%) in the blend and the MA time, the compressive strength of the geopolymers tended to increase, which agrees with the isothermal conduction calorimetry results and thermogravimetric, FTIR spectroscopy, and SEM microstructure data. The optimal time of MA was found to be 180 s. The beneficial influence of the calcite addition to the FA on the geopolymer strength was more apparent at an early age of curing.



	
The main geopolymerization product of the mechanically activated (FA + calcite) blends was X-ray amorphous N-A-S-H gel. No new crystalline peaks in the diffractograms of the geopolymers prepared using blends containing 5% calcite or less were revealed. For the geopolymer based on the blend containing 10% calcite, the partial transformation of calcite to vaterite and calcium hydroxide was observed by X-ray diffraction and SEM/EDS, respectively.



	
Only small changes in the Fe valence and coordination number due to geopolymerization were revealed using Mössbauer spectroscopy analysis. This indicates the inertness of iron in the studied geopolymer synthesis.



	
The increase in the strength of the geopolymer due to the addition of calcite to the FA can be explained not only by the effect of the microfiller. Calcite particles, as well as newly formed vaterite and calcium hydroxide, are the centers of the formation of the sodium containing aluminosilicate hydrate gel—the main cementing phase of the geopolymer. The use of MA increases the reactivity of the ash with respect to the alkaline agent, and also leads to a decrease in the size of calcite particles and an increase in their surface area, which accelerates the gelation process.



	
The presented results can be used for further study to prepare high performance geopolymers based on mechanically activated (FA + calcite) blends using alternative types of mills, calcite dosage, alkali agents and curing conditions.
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Figure 1. The X-ray diffraction patterns of the fly ash (FA) and natural calcite. Phases marked are: Q—quartz, M—mullite, C—calcite, A—augite. 
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Figure 2. Blaine-specific surface area (SSA) of the fly ash (black symbols) and Brunauer–Emmett–Teller (BET) SSA of the FA + CaCO3 blends milled for 180 s (red open symbols) vs. mechanical activation (MA) time. 
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Figure 3. The X-ray diffraction patterns of the FA5C blend milled for 30 s and 180 s, and of the geopolymer prepared using the blend milled for 180 s after 28 d of curing (GFA5C). Phases marked are: Q—quartz, M—mullite, C—calcite. 
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[image: Minerals 10 00827 g003]







[image: Minerals 10 00827 g004 550] 





Figure 4. Effect of calcite content and MA time on the 7-day compressive strength of geopolymers. 
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Figure 5. Effect of calcite content and MA time on the 28-day compressive strength of geopolymers. 
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Figure 6. Heat flow curves of the initial stages of geopolymerization of the 100% FA and FA + calcite blends mechanically activated for 180 s. 
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Figure 7. Full-time heat flow curves of geopolymerization of the 100% FA and FA + calcite blends mechanically activated for 180 s. 
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Figure 8. Thermogravimetric (TG) curves of the geopolymers based on the 100% FA (GFA0C) and the FA + calcite blends (GFA1C-GFA10C) mechanically activated for 180 s and cured for 28 d. In the insert, the weight loss of the geopolymers in 120–500 °C temperature range vs. calcium carbonate content in the blends is shown. 
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Figure 9. Differential thermogravimetric (DTG) curves of geopolymers based on the 100% FA and FA + calcite blends mechanically activated for 180 s and cured for 28 d. 
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Figure 10. Ion current of the collected gas, m/z = 18(H2O) (solid lines) and m/z = 44(CO2) (dashed lines) for the geopolymers based on the 100% FA and FA + calcite blends mechanically activated for 180 s and cured for 28 d. 
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Figure 11. The X-ray diffraction patterns of the blend containing 10% CaCO3 (FA10C) milled for 180 s and of the geopolymer prepared using this blend after 28 d of curing (GFA10C). Phases marked are: Q—quartz, M—mullite, C—calcite, V—vaterite. 
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Figure 12. FTIR spectra of the FA (FA0C), the blend containing 10% calcite (FA10C) and the corresponding geopolymers cured for 28 d (GFA0C and GFA10C, respectively). MA of the raw materials was carried out for 180 s. 
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Figure 13. Mössbauer spectra of the FA (FA0C), the FA + calcite blend containing 5% (FA5C), and of the corresponding geopolymers (GFA0C and GFA5C, respectively) cured for 28 d. MA of the raw materials was carried out for 180 s. 
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Figure 14. SEM images of the geopolymers cured for 28 d: GFA0C (a), GFA5C (b) and GFA10C (c). MA of the raw materials was carried out for 180 s. 
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Figure 15. Magnified SEM image of the GFA10C geopolymer cured for 28 days (MA of the FA10C blend was carried out for 180 s): (1)—particles of the partially reacted FA covered with the gel; (2)—closed spherical pores; (3)—Ca(OH)2. 
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Table 1. Chemical composition of the FA and calcite, wt.%.
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	Raw Material
	SiO2
	Al2O3
	Fe2O3
	FeO
	CaO
	MgO
	SO3
	Na2O
	K2O
	C
	P2O5
	TiO2
	LOI *





	FA
	56.26
	18.39
	8.58
	0.69
	2.14
	2.60
	0.18
	4.04
	1.32
	0.88
	0.32
	1.13
	2.28



	Calcite
	0.24
	0.47
	0.67
	-
	52.1
	1.44
	0.15
	1.76
	0.56
	-
	0.05
	0.05
	43.0







* LOI: Loss on ignition.
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Table 2. Composition of mixtures used for preparation of pastes.
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	Mixture

Code
	FA

(wt.%)
	Calcite

(wt.%)
	NaOH

(mol/L)
	Na2O/S

Ratio
	w/s Ratio

(30 s MA)
	w/s Ratio

(180 s MA)
	w/s Ratio

(400 s MA)





	FA0C
	100
	0
	8.3
	0.06
	0.23
	0.25
	0.28



	FA1C
	99
	1
	8.3
	0.06
	0.23
	0.22
	0.25



	FA3C
	97
	3
	8.3
	0.06
	0.23
	0.23
	0.26



	FA5C
	95
	5
	8.3
	0.06
	0.23
	0.23
	0.26



	FA10C
	90
	10
	8.3
	0.06
	0.23
	0.23
	0.26
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Table 3. Mössbauer spectral fitting parameters of the FA0C, GFA0C, FA5C and GFA5C specimens (isomer shift IS, quadrupole splitting QS, effective hyperfine magnetic field Heff, linewidth FWHM and relative spectral area G). MA of the raw materials was carried out for 180 s and geopolymers were cured for 28 d.






Table 3. Mössbauer spectral fitting parameters of the FA0C, GFA0C, FA5C and GFA5C specimens (isomer shift IS, quadrupole splitting QS, effective hyperfine magnetic field Heff, linewidth FWHM and relative spectral area G). MA of the raw materials was carried out for 180 s and geopolymers were cured for 28 d.





	
Sample

	
Components

	
IS, mm/s

	
QS, mm/s

	
Heff, T

	
FWHM, mm/s

	
G, %






	
FA0C

	
Sx1-α-Fe2O3

	
0.36

	
−0.19

	
51.4

	
0.26

	
10




	
Sx2-Fe3−xO4

	
0.30

	
0.02

	
48.6

	
0.66

	
17




	
Sx3-Fe3−xO4

	
0.65

	
0.01

	
42.9

	
1.20

	
14




	
Sx4-α-Fe

	
0.02

	
0.01

	
32.9

	
0.56

	
10




	
Db1-Fe3+

	
0.33

	
0.99

	
-

	
0.85

	
35




	
Db2-Fe2+

	
0.90

	
2.20

	
-

	
1.09

	
15




	
GFA0C

	
Sx1-α-Fe2O3

	
0.37

	
−0.20

	
51.5

	
0.28

	
10




	
Sx2-Fe3−xO4

	
0.30

	
0.01

	
48.3

	
0.78

	
17




	
Sx3-Fe3−xO4

	
0.65

	
0.00

	
43.9

	
1.47

	
15




	
Sx4-α-Fe

	
0.02

	
0.01

	
32.7

	
0.66

	
10




	
Db1-Fe3+

	
0.33

	
0.80

	
-

	
0.68

	
35




	
Db2-Fe2+

	
0.90

	
2.24

	
-

	
1.16

	
13




	
FA5C

	
Sx1-α-Fe2O3

	
0.37

	
−0.20

	
51.3

	
0.28

	
10




	
Sx2-Fe3−xO4

	
0.30

	
0.01

	
48.4

	
0.60

	
14




	
Sx3-Fe3−xO4

	
0.61

	
0.01

	
43.4

	
1.36

	
18




	
Sx4-α-Fe

	
0.00

	
0.01

	
32.6

	
0.45

	
8




	
Db1-Fe3+

	
0.34

	
0.99

	
-

	
0.84

	
35




	
Db2-Fe2+

	
0.90

	
2.24

	
-

	
1.05

	
15




	
GFA5C

	
Sx1-α-Fe2O3

	
0.37

	
−0.22

	
51.5

	
0.28

	
11




	
Sx2-Fe3−xO4

	
0.30

	
0

	
48.8

	
0.70

	
14




	
Sx3-Fe3−xO4

	
0.63

	
0

	
43.9

	
1.27

	
17




	
Sx4-α-Fe

	
0.02

	
0.01

	
32.5

	
0.41

	
5




	
Db1-Fe3+

	
0.32

	
0.88

	
-

	
0.68

	
40




	
Db2-Fe2+

	
0.90

	
2.12

	
-

	
1.13

	
13








Sx—sextet; Db—doublet.
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