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Belonging to the family of alternative cementitious materials, inorganic polymers are rising in importance because of the drive to decrease CO2 emissions of concrete production. A synthetic Fe-rich slag resembling industrial copper or lead slags, was mixed with a sodium silicate activating solution. 57Fe Mössbauer spectra analyses indicate that the oxidation reactions are taking place simultaneously with the polymerization reactions. The slag contains Fe2+ states and a small amount of Fe3+. During polymerization a new octahedral Fe2+ state is formed, while oxidation is manifested through the appearance of an additional Fe3+ state. The reactions continue after setting, lowering the relative contributions of the slag in the Mössbauer and FTIR spectra of the samples. The Na+/Fe3+ molar ratio in the mixture that makes up the binder after 28 days is ~1, suggesting the participation of tetrahedral Fe3+ in the silicate framework, charge balanced by Na+.
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INTRODUCTION

In search for alternative cementitious materials, geopolymers (Davidovits, 2008), and alkali activated materials (AAM) (Provis and van Deventer, 2014) have received wide attention. More recently, a push for circularization of the economy encouraged metallurgical companies to find alternatives for their residues. In light of this, research in inorganic polymers (IPs) is expanding to ferrosilicate precursors, for instance slags from the non-ferrous metal industries. It was shown that these residues can be increased in reactivity by rapid cooling (Pontikes et al., 2013) or hot stage slag engineering (Van De Sande et al., 2017), while the IPs thereof obtain mechanical properties comparable to geopolymers, i.e., compressive strengths reaching up to 80 MPa (Kriskova et al., 2015). They have shown to be environmentally important, reducing environmental impacts down to 17% of that of ordinary Portland cement (OPC) (Peys et al., 2018a).

Despite these interesting properties and because of the novelty of the understanding that ferrosilicate precursors can be used in alkali-activation, fundamental knowledge on the chemistry of the system and the structural rearrangements during formation is scarce. Using isothermal calorimetry it was shown that, chemically, iron-rich inorganic polymers seem to follow a two stage reaction pattern: dissolution and polymerization (Kriskova et al., 2015; Onisei et al., 2015). As such, they are comparable to their aluminosilicate counterparts, where calorimetric techniques are often used to distinguish these two reaction stages (Rahier et al., 2007; Zhang et al., 2013) or to compare the reactivity of different formulations (Kumar et al., 2007; Lemougna et al., 2014; Peys et al., 2016). More thorough analysis of calorimetry results also enables the calculation of the reaction enthalpy and subsequent determination of the stoichiometry of the chemical system (Rahier et al., 1997) or the determination of the rate limiting step in the formation (Rahier et al., 2003). In terms of the evolution of the molecular structure, in-situ Fourier transform infrared (FTIR) spectroscopy is probably the most used technique, mainly because of its accessibility. Although success is seen for aluminosilicates (Rees et al., 2007; Hajimohammadi et al., 2010), in-situ FTIR by itself did not show the evolution of the structure (Onisei et al., 2015) sufficiently clearly and the exact reaction mechanism therefore remains unclear. However, more recent developments (Peys et al., 2017; Onisei et al., 2018) have increased the understanding of the infrared spectrum of ferrosilicate precursors and their alkali-activated products. The main interesting feature in the spectra is the Si-O stretching band. The position of this band in the precursors varies between 950 and 850 cm−1, depending on the amount of network modifiers per silicon atom in the silicate phases of the slag (Peys et al., 2017). This band shifts to ~950 cm−1 after alkali-activation (Kriskova et al., 2015; Peys et al., 2017; Onisei et al., 2018). This was attributed to a higher degree of polymerization observed in recent work (Peys et al., 2018b), because of the (at least partial) incorporation of the Fe3+ species in the network.

The aforementioned oxidation was experimentally observed using 57Fe Mössbauer spectroscopy (Lemougna et al., 2013; Onisei et al., 2018). In these works the success in providing information for the oxidation state of iron (Fe3+) in the IP binder, did not expand to the level of the exact description of the coordination of iron (Lemougna et al., 2013; Onisei et al., 2018). Both referred papers suggest an average 4- or 5-fold coordination. Similarly, X-ray absorption spectroscopy (XAS) measurements (Simon et al., 2018) confirm the oxidation state of the binder phase and suggest an average coordination number of 5. An important characteristic referred to the formation of the binder is that the evolution over time of the oxidation reaction is unknown. Mössbauer spectroscopy measurements can be performed on solutions after freezing in liquid nitrogen temperatures (Silver et al., 1979; Douglas et al., 1984). As this practically decelerates the reaction kinetics toward negligible speeds, it enables their ex-situ study (Krebs et al., 2005; Kamnev et al., 2014). In-situ kinetic studies have also been performed using synchrotron radiation techniques, e.g., X-ray/neutron total scattering on the alkali-activation of metakaolin (Bell et al., 2008; White et al., 2011, 2013a), blast furnace slag (White et al., 2013b; Garg and White, 2017) and on conventional cements (Grangeon et al., 2017; Bae et al., 2018; Cuesta et al., 2019). With these techniques, the short and intermediate range ordering can be investigated in great detail. The results of these studies are often interpreted with the help of theoretical modeling techniques (White et al., 2010; Yang and White, 2016; Geng et al., 2017; Zhou et al., 2017), which increases the understanding of the molecular structure or formation mechanism to a great extent.

In the present work, the reaction mechanism of Fe-silicate IPs is clarified with respect to the behavior of Fe in the first 28 days after mixing. A combination of 57Fe Mössbauer spectroscopy and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy is performed ex-situ to provide details on the evolution of the local environment of Fe and the connectivity of the silicate network throughout the reaction. These observations are combined to provide new information on our binder system, such as the timing of oxidation reactions. Additionally, they provide detailed information on the local atomic environment of Fe in potential intermediate stages of the material, formed between the initial slag and the final IPs studied in previous works. As such, a step is taken in unraveling the mechanism of formation of Fe-silicate IPs.

EXPERIMENTAL METHODS AND MATERIALS

The precursor slag with chemical composition given in Table 1 was synthesized by melting iron ore, limestone, and sand in a pilot scale furnace. After a complete melt was obtained, the slag was tapped and granulated by spraying the slag with pressurized water jets into droplets to maximize the amount of glassy phase in the precursor. The precursor hereby replicates a composition often used in non-ferrous metallurgy, but including only the major elements FeO, SiO2, CaO, and Al2O3 (a minor content of MgO was detected due to impurities in the raw materials). This methodology to produce synthetic glasses at pilot scale is described in more detail in Machiels et al. (2017). Milling was performed to reach a specific surface of 4,000 ± 200 cm2/g measured by the Blaine method. The chemical composition was measured standard-less with wavelength dispersive X-ray fluorescence (XRF) on a Philips PW 2,400. The glassy phase in the precursor was quantified by X-ray diffraction (XRD) after mixing with 10 wt.% of internal zincite standard in a McCrone mill. A Bruker D2-Phaser with Cu Kα radiation was used for these measurements under 30 kV−10 mA, a slit size of 0.6 mm and an anti-scatter slit of 1 mm. With these settings, no crystalline peaks could be observed apart from those of zincite; the amount of glassy phase is estimated to be > 97 wt.%. The diffractogram is added in the supplementary information (Figure S1) for interested readers. The IP mixture consisted of the above described precursor and a sodium silicate solution with molar ratios SiO2/Na2O of 1.6 and H2O/Na2O of 20. The solution/slag mass ratio was 0.45. Pastes using these ratios were mixed by hand and used in all experimental techniques below.


Table 1. Chemical composition of precursor slag in wt.%, obtained from XRF (estimated relative error 10%).
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Isothermal calorimetry was performed using a TAM Air at 20°C. A sample with 4 g of slag was mixed for 90 s and transferred into the microcalorimeter. Data are presented after 53.5 min of stabilization in the machine to avoid the influence of the temperature difference between the calorimeter and sample (+26.5 min preparation). The first dissolution and wetting heat is not monitored, i.e., no admix ampule was used, as this information was not needed for the present study. ATR-FTIR spectroscopy was performed on a Bruker Alpha-P, which uses a diamond ATR crystal. A resolution of 4 cm−1 was selected and a measurement considered 32 scans. Before setting, for measurements after 6 h or less, a drop was measured without applying pressure on the paste in the ATR-cell. Because the powder is not pressed against the crystal, a relatively higher intensity will come from the solution, where the changes are anticipated to be the most interesting. For later reaction stages (>6 h), the reported spectrum is the average of 2 measurements on powdered samples (these were pressed against the crystal). The powdering of the samples was performed right before the FTIR (and Mössbauer) measurements, before which the pastes were stored in closed bottles at 21 ± 1°C. The FTIR spectra shown in the plots in the results section are rescaled in the y-axis to show the same maximum absorbance of the Si-O stretching band. 57Fe Mössbauer spectroscopy measurements were performed to investigate the evolution of the state and environment of the Fe atoms during reaction. Gamma rays were emitted from a source using the decay of 57Co in Rh matrix kept at room temperature. The samples were measured in transmission geometry on a constant acceleration spectrometer at 77 K. The reported isomer shift (IS) values are given relative to α-Fe at room temperature. The IMSG software (Douvalis et al., 2010) was used for the fitting of the spectra. Before setting, the samples were prepared by adding a drop of paste in the holder and freezing this in liquid nitrogen to solidify the material and stop the reactions. At later stages of the reaction after hardening, the materials were powdered and pressed in the sample holder before freezing and loading into the spectrometer. The effectiveness of this freezing to stop the reactions was tested by measuring a sample that reacted for 3 h and for 3 h + 14 days in liquid nitrogen. These two measurements resulted in spectra with no experimental difference and led to the conclusions that: (i) the reactions are halting after freezing the samples at 77 K and (ii) the samples do not change through the duration of the measurement, which has a typical length of 24 h.

RESULTS AND DISCUSSION

Isothermal calorimetry measures the heat flow, proportional to the reaction rate, coming from the reactions in the sample. It can thereby provide the time-frame in which the different reaction stages occur. The heat flow, Figure 1, shows the exotherm which in geopolymers is often used to indicate the timing of the polymerization reactions (Rahier et al., 2007). The maximum heat flow in Figure 1 is observed around 4 h, which was also approximately the time of setting; the main part of these polymerization reactions seems to occur between 3 and 24 h after mixing. It should be mentioned that in the Fe-rich IPs the Fe2+ in the presented slag is oxidized to Fe3+ during and/or after the synthesis (Onisei et al., 2018; Simon et al., 2018). A contribution from this reaction is not distinguished here or in previous studies (Kriskova et al., 2015; Onisei et al., 2015). The oxidation most probably occurs simultaneously with the dissolution or polymerization, or occurs on a longer time-scale and it is not noticed as a separate phenomenon in the calorimetry measurements. Important to note is that no crystalline components are consumed or formed by the reactions; previous work showed that no changes are observed in X-ray diffraction, apart from the appearance of carbonate phases in certain mixtures (Machiels et al., 2014; Iacobescu et al., 2017).
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FIGURE 1. Heat flow in isothermal calorimetry at 20°C from the first 16 h after mixing.



The kinetics of the oxidation of iron are elucidated with 57Fe Mössbauer spectroscopy. Figure 2 presents the raw spectra of the slag and IPs with curing times up to 28 days. There it can be seen that the slag spectrum is dominated by contributions with IS values of ~1.0 mm/s and quadrupole splitting (QS) values of ~2.5 mm/s. This is an indication that the main part of the iron in this sample is of Fe2+ character (White et al., 2010; Cuesta et al., 2019), however the asymmetry of the lower and higher velocity resonant line intensities suggests that there must be at least two Fe2+ contributions that should have different characteristics, and in particular different QS values. Moreover, a minor peak at ~1.0 mm/s suggests the presence of an additional minor Fe3+ state. Thus, the lowest number of components that could fit the slag spectrum was three, two different Fe2+ (S1 and S2) and one Fe3+ (S3). The naming of these components is composed of “S” referring to Slag and a number. Similarly, new components in the IPs will be called IP1 and IP2. The fitting result using this model for the slag, in which components S1, S2, and S3 were allowed a Gaussian-type symmetric spreading of their QS values (ΔQS) to simulate the observed broadening of the absorption resonant lines, is given in Figure 3 and the Mössbauer hyperfine parameters are presented in Table 2. The IS and QS values of S1 and S2 correspond to high spin (S = 2) Fe2+ in oxides or silicates (Greenwood and Gibb, 1971; Coey, 1984), while the corresponding values for the minor S3 lie at the upper limit of high spin (S = 5/2) Fe3+ ions found in such compounds (Greenwood and Gibb, 1971; Coey, 1984). This result shows that the particular slag contains a majority of Fe2+ combined with a minority of Fe3+ species.
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FIGURE 2. Raw 57Fe Mössbauer spectra during the first 28 days of reaction, where the numbers indicate the reaction time after mixing, in minutes (min), hours (h), or days (d). The dashed rectangles indicate the regions where the high velocity parts of the new Fe3+ and Fe2+ QS doublet contributions of the binder gradually appear.
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FIGURE 3. The 57Fe Mössbauer spectrum of the slag with the three components used in the fitting model shown in different colors. S1 and S2 are Fe2+ and S3 is Fe3+.




Table 2. Resulting hyperfine parameters values of the components used to fit the 57Fe Mössbauer spectra.
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Moving to the IP sample spectra, a more detailed observation of Figure 2 (insert dashed rectangles) reveals the appearance and increase of the intensity of one additional absorption contribution at ~0.75 mm/s and a second at ~2.50 mm/s as the reaction time increases. These are evidences for the appearance of two additional components, one of Fe3+ and one of Fe2+ character respectively, during the reaction of the slag with the activating solution. Consequently, the fitting of the IP spectra could be performed by keeping the three contributions of the slag (S1, S2, S3) and adding one new Fe2+ (IP1) and one new Fe3+ (IP2) contribution to the fitting model, which represent the iron ions in the binder part of the newly formed IP. Gaussian spreading of the quadrupole splitting was allowed for components IP1 and IP2, i.e., the ΔQS was refined by the fitting procedure. The parameters of the slag components (S1, S2, and S3) were fixed to the values resulting from fitting the slag spectrum, the intensities and absorption areas (AAs) of components S1 and S3 were made dependent on the major S2 component to result in the same ratio of AAs as in the slag and only the intensity of component S2 was left to vary in the fits. As such, the IP spectra are fitted with a combination of the slag spectrum and the new Fe2+ and Fe3+ components, IP1 and IP2 respectively. This model thus embeds the idea that the part of the slag that has not reacted with the activating solution to form the binder phase of the IP, is conserved in the configuration it had before the start of the reactions. The described model was used to fit the IP spectra with reaction times equal or longer than 6 h, as for the frozen solutions with reaction times shorter than 6 h the spectra are essentially the same as the slag spectrum within the experimental tolerance limits and according to their fitting results. Example fitting results are shown in Figure 4.
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FIGURE 4. 57Fe Mössbauer spectra of the IPs recorded at (A) 1 day and (B) 28 days. The slag components (S1, S2, S3) are shown in the same colors as Figure 3 and the binder components (IP1, IP2) are added in yellow and cyan.



The Mössbauer parameters of the two Fe2+ sites in the slag, S1 and S2, show similarities with the slag components in our previous work (Onisei et al., 2018). However, the composition of the slag there was found to be close to fayalite, while the IS and QS values here are close to those obtained for pyroxenes toward the ferrosilite composition, in which two sites with varying QS values are observed (Greenwood and Gibb, 1971; Coey, 1984). The spread in the QS values for components S1 and S2 is quite large, showing that this is representing the glassy phase observed with XRD. Component S3 shows relatively large IS and QS values for an Fe3+ state as well as a large ΔQS, it is thus another component in the glassy phase of the slag. Based on the absorption areas, the Fe3+/ΣFe ratio of the slag was 0.14.

The Fe3+ in the IP binder (component IP2) shows IS and QS values similar to the Fe3+ component of the binder in previous work on final samples (Onisei et al., 2018) and thus suggest that an average of 5-fold or 4-fold coordination with rather high Fe-O distances is present. The low QS with respect to other glasses (Mysen, 2006) shows, for this high spin Fe3+, that the IP binder contains a higher symmetry of the ligands, i.e., a higher similarity of the species connected to Fe3+ or more symmetrically distributed around it (Greenwood and Gibb, 1971; Coey, 1984). This might be an indication of the participation of these Fe3+ ions in the silicate network as network formers, charged balanced by Na+, as the network forming character would mean (for the example of a tetrahedron) that Fe3+ is surrounded by four bridging oxygen atoms, instead of three bridging and one non-bridging. The new Fe2+ site, component IP1, has not been observed in previous measurements (Onisei et al., 2018; Simon et al., 2018), although similar Fe3+ sites as component IP2 have been found. This Fe2+ state thus seems to have been oxidized in later reaction stages or after milling these samples to a powder. Component IP1 shows larger IS and QS values than the Fe2+ components of the slag (S1 and S2), suggesting the presence of distorted, asymmetric octahedra, comparable with fayalite minerals (Coey, 1984; Vandenberghe and De Grave, 2013; Onisei et al., 2018), Fe-rich smectites (Chemtob et al., 2015), micas (Ferrow, 1987), or Fe(II) hydroxides (Génin et al., 1996). The spreading of the quadrupole splitting of IP1 is lower compared to the other components, suggesting a more ordered environment. The presence of crystalline phases has however not been observed in this material with XRD (Machiels et al., 2014; Iacobescu et al., 2017), the IP2 component is thus rather present in a nano-crystalline phase or in very small crystallite clusters.

The evolution of the absorption areas of the new contributions (IP1 and IP2) are illustrated in Figure 5. Changes in the Mössbauer spectra do not happen immediately upon dissolution. This is not because of an insignificant extent of dissolution: The immediate start of the dissolution reactions was validated by measuring the concentration of the ions with induced coupled plasma optical emission spectroscopy (Pontikes et al., 2013). No rearrangement of the Fe environment occurs during the first 3 h, there is no oxidation or coordination change. The first changes are observed from 6 h on, meaning reactions have started between 3 and 6 h. This corresponds to the time where according to calorimetry the polymerization reactions start. The Fe2+ (IP1) and Fe3+ (IP2) components both emerge at this time stage. The largest increase in absorption area of components IP1 and IP2 is observed in the first 24 h, an observation which is analogous to the heat evolution. After the first 24 h, IP1 and IP2 keep increasing in area, although at a slower rate. After 28 days, an AA of 21% is observed for the new Fe2+ state (IP1) and 21% for the Fe3+ (IP2). At this point it is interesting to check the Na/Fe3+ ratio to confirm the possibility of having Fe3+ in the silicate network of the binder, like Al3+ in geopolymers. This ratio is ~1 for the mixture presented here, making it possible that Na provides the charge balance for Fe3+. The molar ratio Si/Fe3+ provides information on the environment of Si in the network. This ratio is ~3; the dominant silicate species [using Engelhardt notation (Engelhardt et al., 1982)] are thus Q4(1Fe) and Q4(2Fe). Previous work attempted to provide such compositional information using an electron probe microanalyzer (Kriskova et al., 2015; Iacobescu et al., 2017; Onisei et al., 2018), but because of experimental limitations (e.g., interaction volume, sodium evaporation, etc.) and the inhomogeneity at the nanoscale (see for instance the two different states of Fe), no relevant compositional information could be derived from these experiments. The ratios calculated in the present paper are thus not confirmed by another experimental technique. Future work, for instance considering transmission electron microscopy coupled with electron dispersive X-ray spectroscopy might provide a more accurate and detailed view on the binder phase composition.
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FIGURE 5. Evolution of the absorption areas of components IP1, IP2, and the sum of absorption areas of components S1, S2, and S3. (A) Shows the short term (≤12 h) evolution of the absorption areas of the IP1 and IP2 components. The IP binder components only start forming after 3 h (0.125 days). (B) Shows the evolution of the absorption areas up to 28 days of curing.



The kinetics of the evolution of the AA of components IP1 and IP2 follows an interesting sequence. IP1 seems to form faster initially (Figure 5A), which might suggest that the structure associated with IP2 needs IP1 as nucleation site. Between 6 h and 3 days the AA of component IP1 stays approximately constant, while IP2 evolves toward its maximum (Figure 5B). Afterwards, also the AA of IP1 gradually goes to its maximum at 28 days. It seems that after the start of formation of IP2, the structure that contains this Fe3+ component forms until the Na/Fe3+ ratio of 1 is reached, after which the reactions switch again to produce the Fe2+ component IP1.

The same time stages and samples are investigated with ATR-FTIR, Figure 6. The spectra are focused on the Si-O stretching band (700–1,200 cm−1). The “initial” spectrum, obtained after 8 min, shows two main features. The shoulder at 850 cm−1 is associated with the precursor slag, as can be derived from the dotted line representing the spectrum of the slag. The band at 984 cm−1 corresponds to the sodium silicate activating solution. The dissolution of the slag is reflected by the decrease in intensity of the shoulder around 850 cm−1. This is not only observed in the initial stages (Figure 6A), but extends to days after mixing (Figure 6B). The formation of the IP network is seen in the FTIR as the growth of a shoulder around 918 cm−1 and the shift of the band that was previously at 984 cm−1 (Figure 6A, notice the transition from 3 to 6 h). Simultaneously, the shoulder at ~1,100 cm−1 disappears, indicating the consumption of the highly connected silicate species from the activating solution. The difference plot in Figure 7 shows the changes between the starting point and the spectrum after 6 h more clearly. The emergence of the shoulder at 918 cm−1 and the shift of the band at 984 cm−1 can both be linked with the emergence of a new band around 950 cm−1. These transitions are associated with the observation from Mössbauer spectroscopy: the incorporation of Fe3+ in the silicate network (see the calculations in previous paragraph suggesting the presence of Q4(1Fe) and Q4(2Fe) Si) and thus the change from Si-O-Si linkages in the activating solution toward Si-O-Fe linkages in the IP binder results in a lower wavenumber of the Si-O stretching band in the IPs with respect to the activating solution. The position of the maximum of the Si-O stretching band after 28 days is observed at 959 cm−1, which is similar to what is observed for Si-O-Al linkages in aluminosilicate IPs (950–1,000 cm−1) (Rahier et al., 2007; Rees et al., 2007) and in previous work which suggested that Fe has a similar impact on the band (Peys et al., 2017; Onisei et al., 2018). In general, this shift of the stretching band to lower wavenumbers is due to the widening of the Si-O-T distance, compared to Si-O-Si, and is observed in a wide variety of materials (Henderson and Taylor, 1979).
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FIGURE 6. The FTIR spectra during the first 28 days of reaction. The spectra before setting are shown on the left in (A), these thus consider measurements in the liquid state, with the liquid in direct contact with the ATR crystal. The measurements on powdered samples after setting, pressed against the ATR crystal, are shown on the right in (B).
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FIGURE 7. Difference plot of the FTIR spectra after 6 h compared to 8 min, revealing more clearly the changes: (1) transformation of the activating solution, (2) the formation of the binder phase, and (3) the dissolution of the slag.



Using the information from the above experiments it is now possible to suggest a reaction scheme for the Fe-rich IPs. A schematic representation of the reactions is shown in Figure 8. After dissolution, Fe-silicate species are present in the pregnant activating solution. The concentration of these species rises until polymerization takes place into the partially oxidized binder, which consists of tetrahedral Fe3+ and octahedral Fe2+ of which at least one should be present in the silicate framework. For the mixture studied in the present paper the starting time of polymerization-oxidation should be between 3 and 6 h at 20°C. The dissolution of the slag and polymerization and oxidation is ongoing until at least 28 days after mixing, however, it is very likely that the time-scale for finalizing the reactions is longer than the 28 days presented here. A comparison with previous work (Onisei et al., 2018; Simon et al., 2018), where the contribution of the Fe3+ binder component was much larger and no Fe2+ binder component was observed, shows that a more complete oxidation happens in later stages of the reaction or during intensive milling.
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FIGURE 8. Schematic of the sequence of reaction stages.



Future work will study in detail the transition from the 28 days study presented here, revealing a combination of IVFe3+ and VIFe2+ in the binder, toward the fully oxidized structure observed in previous work (Onisei et al., 2018; Peys et al., 2018b; Simon et al., 2018).

CONCLUSIONS

The evolution of the molecular structure during synthesis of Fe-rich slag based IPs has been monitored with 57Fe Mössbauer spectroscopy and infrared spectroscopy. Fe-rich slags mainly consist of Fe2+ (85% absorption area in Mössbauer spectrum), whereas an IP binder was shown to contain both Fe2+ and Fe3+. The first appearance of a new Fe3+ band in Mössbauer spectroscopy occurs after 6 h of reaction at 20°C, and the main oxidation happened during the first 24 h. It is suggested that this Fe3+ is situated in tetrahedral coordination in the silicate framework. At the same time, a novel octahedral Fe2+ component is found to form in the binder phase with Mössbauer parameters similar to fayalite or clay minerals and which approximately follows the same kinetics of formation as the Fe3+ state. The fact that these new components only develop from 6 h after mixing and are mostly occurring within the first 24 h is in line with the onset of the polymerization exotherm in calorimetry, between 3 and 6 h, and the fact that the largest part of the heat from the reactions evolved in the first 24 h. ATR-FTIR spectroscopy suggested the incorporation of Fe in the silicate network. At 28 days, a total of 42% of the absorption area (AA) in the Mössbauer spectrum was attributed to the binder phase, comprised 21% of Fe2+ and 21% of Fe3+, compared to 86% Fe2+ and 14% Fe3+ in the precursor slag. This results in a Na/Fe3+ ratio of ~1 in the mixture from which the binder phase is formed, revealing an important similarity with geopolymers where a Na/Al3+ ratio of 1 is observed. The Fe2+ binder state was not observed previously, whereas the Fe3+ binder state always had a higher absorption area in previous work. This is probably associated with oxidation at later stages or/and with the milling procedures performed in previous work which increase the surface of the material exposed to air and consequently to oxidation.
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