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Abstract

The pursuit of low-CO» technologies has led to a surge in research on alternative cementitious materials,
of which alkali-activated materials are a large family. In recent years alkali-activated materials have
expanded to encompass Fe-rich precursors in addition to the more commonly employed aluminosilicate
precursors. The formation mechanism of alkali-activated materials from two Fe-rich synthetic slags has
been assessed by employing in-situ X-ray total scattering and subsequent pair distribution function
analysis. The evolution of the local atom-atom correlations reveals three reaction stages. After the
dissolution of Fe-silicate clusters from the slag, a binder phase is formed with Fe in both Fe*" and Fe**
oxidation states. The Fe*" state is present in the form of trioctahedral layers, similar to those in Fe(OH)s,
while the Fe’* is likely located in the polymerized silicate network. Exposure to air causes the Fe*"

species to transition to the Fe** state.
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Introduction

Determination of the formation mechanism of the binders in cement-based materials is key for

understanding their early-age chemical and physical properties and associated long-term performance.



Over the last couple of decades, there has been increasing interest in the use of novel alternative cements
to decrease the environmental footprint associated with Portland cement production [1-3]. With the
Portland cement industrial sector accounting for 5-9% of global anthropogenic CO, emissions due to ~4
Gt of yearly production, there is an overwhelming need to enhance the use of sustainable alternatives
[3,4]. Alkali-activated materials (AAMs) and inorganic polymers (IPs) are popular alternative cements
[1,2,5] which have recently received a boost of interest in research and at a larger commercial scale
[6,7]. These materials are synthesized by mixing a solid silicate with a source of alkali, such as
sodium/potassium hydroxides or silicates. The formation mechanism of IPs synthesized using an
aluminosilicate precursor, in which two types of chemical reactions take place - dissolution (alkaline
hydrolysis) and polymerization (polycondensation) - is quite well-known [8-10]. The polymerization
reactions can be further divided into ‘gelation’, ‘reorganization’ and ‘polymerization and hardening’

according to the state of the aluminosilicate network [11,12].

Prior to discussing Fe-rich residues and their behavior in alkali-activated systems, the reaction
mechanism of the more commonly studied aluminosilicate residues is elaborated. During dissolution of
the aluminosilicate precursor, aluminosilicate and silicate oligomeric species are liberated from the solid
[13], where the rate of aluminate release from the precursor has been shown to affect the homogeneity
of the microstructure of the resulting binder [14]. The overall rate of dissolution is largely controlled by
the precursor molecular/ionic structure [15,16], the alkalinity of the activating solution [15,17,18] and
the particle size of the precursor [19]. Once species are released into solution, they undergo
polycondensation reactions to form larger aluminosilicate oligomers/nanoprecipitates dependent on the
solution concentration and pH [12,13,20,21]. An aluminosilicate three-dimensional network is created
once the solution is supersaturated with respect to the aluminosilicate species, where aluminates are in
tetrahedral configuration (charge balanced by the alkali, typically Na/K) [6,7,22]. Furthermore, for
metakaolin-based IPs the topology of the aluminosilicate network has been seen to consist of four-
membered rings [20]. Growth of the aluminosilicate network has been studied using coarse-grained
Monte Carlo simulations, where for both metakaolin- and fly ash-based IPs the growth process depends

on the activator chemistry. For hydroxide-activated IPs the network emerges via growth of many



aluminosilicate particles that ultimately coalesce to form the three-dimensional network. For silicate-
activated systems, growth is seen to follow an Ostwald ripening-type process, in which, after
aluminosilicate particles have been established in the system, the larger particles grow at the expense of
the smaller ones through dissolution/re-precipitation [12,23]. During this later stage of reaction,
hardening occurs together with an increase in the connectivity of the aluminosilicate network [13,24].
Subtle longer-term changes to the network have been observed, specifically a slight increase in atomic

ordering [25].

There are numerous industrial residues that contain large quantities of Fe. These residues mainly
consider slags from non-ferrous metallurgy, but there are also other sources such as steelmaking slags
[26] or bauxite residues [27], where a significant fraction of Fe is observed. It is only within the last
decade that the use of Fe-rich precursors in AAMs has been more extensively investigated; the literature
reports varying mechanical performance and the development of a water insoluble silicate-based binder
[28-32]. These results are promising, particularly given the lower environmental footprint of these
binders. Compared to Portland cement-based systems, the environmental impact single score, i.e.
aggregation of all midpoint categories, of AAMs synthesized using Fe-rich residues, is lower by as much
as 77%, while CO, emissions are reduced by up to 83% [33]. These values are mixture specific and not
an AAM system property. The work of Habert et al. [34] for instance reports less positive data when
using metakaolin as precursor and more concentrated alkaline solutions. From a formation mechanism
viewpoint, these Fe-rich AAMs follow a similar reaction sequence to aluminosilicate IPs, in which
dissolution is followed by an exothermic peak around the time of setting, associated with
polycondensation [18,30]. During this process, however, Fe changes oxidation state from II to III [35-
38], which, according to ex-situ °’Fe Mdssbauer spectroscopy, is seen to occur in parallel with the
polymerization reaction [39]. The Fe**-based reaction product has an average coordination number of

4-5 [37,38] and possesses atomic correlations that are similar to the precursor slag [40].

This investigation elaborates on the knowledge obtained in these previous works, by providing details
of the molecular structure and its evolution over time, beyond the oxidation state and coordination

number of Fe. The study uses in-situ high-energy X-ray total scattering to elucidate the atomic evolution



of Fe-rich AAMs during the early stages of reaction and to unravel the formation mechanism of the
binder. This has been achieved by tracking the evolution of the total scattering data and pair distribution
function (PDF) during the initial 80 hours reaction, where the speciation of the intermediate reaction
products in solution has been identified together with the atomic arrangements of any metastable phases.
The kinetics of individual reaction types have been studied via tracking of specific atom-atom
correlations in the PDF data and the small-angle region in the reciprocal-space data. Finally, the impact
on the formation mechanism and resulting atomic structure of the alkali-activated binder of both
precursor composition (Fe/Ca molar ratio) and alkali metal in the activating solution (Na/K) have been

determined.

Material and methods

Two Fe-rich slags have been investigated, a “low-Ca” and a “high-Ca” slag, as outlined in previous
work [40], which have approximate molar compositions of 0.83Fe0-Si0,-0.17Ca0 and 0.67FeO-SiO»-
0.33Ca0, respectively. The production of the slags was performed by melting oxide powders and water
quenching the molten slag, using the methodology of previous work [38]. In this procedure, Fe, Fe;Os,
Si0; and CaO powders are mixed and a melt is produced in an Indutherm TF4000 using a steel crucible
at a temperature 100 °C above the liquidus temperature. This temperature is calculated using FactSage
software (version 7.0). The change in chemical composition of the slag that occurs during production
due to dissolution of the steel crucible was taken into account in these calculations. After obtaining a
completely molten phase, a mixture of CO/CO; (flow of 40/20 L/h) is bubbled through the melt for a
duration of 15 minutes. Quenching is carried out by transferring the liquid slag to a water bucket using
a stainless steel ladle. The activators were a sodium silicate solution (molar ratios SiO»/Na,O = 1.6 and
H>O/Na,O = 20) and a potassium silicate solution (molar ratios SiO»/K,O = 1.6 and H>O/K,O = 20).
These solutions were made by first dissolving the hydroxide (Sigma-Aldrich, 97.0 (NaOH) and 85 wt.%
(KOH) purity) in distilled water, and then mixing with fumed silica (Sigma-Aldrich, 99.8 wt% purity).
The silica-rich solutions were allowed to equilibrate for 48 hours. Pastes consisting of the activating
solution and Fe-rich slag were mixed for 10 seconds by hand followed by 1 minute using a Fisher

Scientific Vortex mixer, maintaining a water/slag mass ratio of 0.28 (solution/slag mass ratio was 0.40
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for Na, 0.43 for K-silicate solution). For each X-ray scattering sample, the paste was loaded via suction

into a 1 mm diameter polyimide capillary and both ends were sealed using modeling clay.

X-ray scattering experiments were performed at the Advanced Photon Source, Argonne National
Laboratory, on beamline 11-ID-B using a monochromatic X-ray energy of 58.66 keV. In-situ scans were
acquired for each sample every 10 minutes, starting at 15 minutes after mixing and ending after 15
hours. After these in-situ scans, the same samples were re-measured at 27, 40, 62 and 81 hours. A scan
time of 2 minutes per sample was used along with a sample-detector distance of 180 mm. The 2D
diffraction data were integrated using GSASII (intensity calibrated with respect to CeQ,). Calculation
of the scattering function (S(Q)) and the Fourier transform, used to obtain the PDF (G(7)) in real space,
were performed using PDFgetX2 [41], with @ Qmin 0f 0.9 A" and Qumax 0f 20 A™'. Simulated PDFs of the

crystalline phases have been generated using PDFgui [42].

Results and discussion

Evolution in reciprocal space

An example scattering function is provided in Figure 1, showing the data for the Na-activated high-Ca
slag at different stages of the reaction. The most pronounced change as a function of reaction time is the
intensity increase at 0.3-0.4 A™'. This is the high-Q region of the small-angle scattering (SAS) intensity,
which is cut off by the beam stop for the current X-ray total scattering setup to avoid oversaturation of
the detector. The maximum intensity cannot be directly related to the nanoscale morphology of the
material, therefore, but instead will be a combination of scattering from the material and contributions
from the experimental setup. By examining SAS data from the literature for AAMs [43-45], however,
the intensity at 0.3-0.4 A" can be used to qualitatively analyze the formation of pores or a layered
structure in the paste as it evolves. Although previous studies on metakaolin-based IPs have shown that
this SAS region is attributed to pores in the paste [43], a layered structure cannot be discounted at this
stage of the investigation as calcium-silicate-hydrate-type gels typical of Portland cements and Ca-rich
AAMs/IPs can give rise to a basal peak in reciprocal space positioned between ~ 0.35 < O < 0.8 [46].

The minor differences at higher Q values (1-10 A™") are shown more clearly by the difference plot given



in Figure 1. The broad diffuse peaks in this figure show that the changes occurring during reaction are
attributed to slag dissolution together with the formation of amorphous reaction products. In general,
the in-situ total scattering functions of all samples have a similar appearance (see supplementary data)

as the reactions progress and are close to those of the ex-situ samples from previous work [40].

A comparison of the in-sifu total scattering data after 62 hours for Na-activated low-Ca slag, with a
sample of the same chemical composition that was extensively cured (61 days in a closed bottle), milled
and loaded in the capillary as a powder (> 6 months in age, the sample is from previous work and was
remeasured on 11-ID-B in conjunction with the in-situ measurements [40]), shows that after 6 months
the SAS region decreases in intensity, Figure 2. This suggests that the porosity or the layered features
that emerge during the early stages of the reaction are disrupted after the extended curing period
(including milling and exposure of the powder to air), indicating that (i) the layered features are
associated with an intermediate reaction product, or (ii) the pore structure is significantly augmented

during the later stages of reaction.
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Figure 1: X-ray total scattering functions of Na-silicate activated high-Ca slag during the initial 62
hours of reaction. Upper plot: Full total scattering functions. Lower plot: Difference curves obtained

by subtracting the initial data set (15 minutes) from those at later times.
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Figure 2: X-ray total scattering functions of Na-silicate activated low-Ca slag at 15 minutes, 62 hours
and approx. 6 months after mixing. Note that the 6 months sample was cured in a sealed container,

then crushed into a powder and loaded into a polyimide capillary prior to measurement.

The intensity of the SAS peak as a function of time during the in-sifu measurements is plotted for all
samples in Figure 3. After an induction period of approximately 2 hours, during which the intensity does
not change, the binder structure starts to form. As mentioned previously, without complementary
experimental data on the evolution of the pore structure of Fe-rich AAMs, it is difficult to assign these
changes in the SAS intensity to a specific structural feature within the AAM. Figure 3 indicates that the
reactions are occurring faster for the low-Ca slag (steeper slope), however, which may be a direct
reflection of either faster reaction kinetics or that the AAM is forming (i) a more porous structure or (ii)
a more ordered layered phase. Interestingly, setting of the Fe-rich slags occurs soon after the end of the

induction period noted in Figure 3, typically ~3 hours after initial mixing.

In terms of the impact of the alkali (Na/K), there is a much stronger difference in the SAS region between
sodium and potassium for the low-Ca systems compared with the high-Ca systems. While the Na-
activated low-Ca sample is seen to initially react faster, which was also observed for metakaolin-based
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geopolymers [43], the reaction rate for the K-activated low-Ca sample seems to catch up with the Na-
activated sample during the later stages of reaction, specifically between ~27 and 40 hours after mixing.
According to Steins et al. [47], this behavior is associated with the higher amount of mesopores in the
final structure of K-activated aluminosilicate IPs. In the present work, this is difficult to confirm due to

the decline in SAS intensity between 62 hours and ~6 months, as seen in Figure 2.
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Figure 3: Evolution of the intensity of the small-angle region (maximum S(Q) within a Q range of 0.3-
0.4 A") in the X-ray total scattering functions. (a) During the initial 15 hours of reaction and (b) up to

80 hours after initial mixing.

Evolution in real space

The PDF data are presented in Figures 4 to 7 for the Na-activated low-Ca slag, Na-activated high-Ca
slag, K-activated low-Ca slag and K-activated high-Ca slag, respectively. The atom-atom correlations
corresponding to specific peaks in the PDF data are indicated based on previous work on the slags and
extensively cured samples [40]. The low-r correlations (Si-O, Fe-O, Ca-O and O-O) are denoted by
vertical dashed lines, whereas higher-» correlations have been highlighted using a finite width to indicate
the variation of the center of the Fe-metal correlation according to the oxidation state and coordination
number of Fe. The center of the Fe-metal correlation can be located anywhere within this box, including

the shoulders. To enable a better visual distinction between the Fe-Fe and Fe-Si boxes, different dash



types are used. For Na-silicate activated samples, the nearest-neighbor Na-O correlation is positioned at
~2.3-2.5 A [20,40,48], which raises the intensity of the minimum between the Ca-O and O-O
correlations, while the K-O correlation (~2.8-2.9 A [49]) exerts a similar influence on the intensity

between the O-O and Fe-Fe correlations.

Taking into account previous X-ray absorption near-edge spectroscopy and Mdossbauer spectroscopy
data on Fe-rich slags with similar chemical compositions [38,39], the position of the nearest-neighbor
Fe-O correlation (Figures 4 to 7; see also [40]) 15 minutes after initial mixing is indicative of the
precursor slag, and contains a combination of IV- and V-fold coordinated Fe species. Furthermore, with
respect to the local bonding environment and speciation of Fe in the AAMs, previous work [39] has
shown that V'Fe*" and "VFe®" species emerge simultaneously as the reaction continues. According to the
Fe-O distances reported in the literature, this behavior should lead to an increase in intensity on either
side of the Fe-O correlation associated with the slag (~2.02 A), specifically the high 7 (~2.14 A) and low
r (~1.86 A) shoulder for V'Fe** and "VFe**, respectively [40,48,50]. The inserts of Figures 4 and 6 show
a shift of the Fe-O maximum intensity toward higher » values, confirming the emergence of “'Fe*
species. The formation of VEe** is less evident, however. The isomer shifts associated with this species
shown by Mdssbauer spectroscopy were seen to be large [39], suggesting that the Fe-O bond lengths
associated with this species will also be larger than commonly observed for a "VFe** site [51]. Hence,
instead of seeing an intensity rise at 1.86 A, the Fe**-O is more likely to be positioned between 1.90

and 1.95 A.
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Figure 4: X-ray PDFs of the Na-silicate activated low-Ca slag during the initial 62 hours of reaction.
Upper plot: Full PDFs and insert showing a zoom of the Fe-O correlation. Lower plot: Difference

curves obtained by subtracting the initial data set (15 minutes) from those at later times.

The evolution of the metal-metal correlations in the PDFs in Figures 4 to 7 is dominated by the rise in
intensity of the main peak, denoted as the Fe-Si correlation at ~3.24 A. The increase in distance between
Fe and O upon formation of the V'Fe** should be considered, however, as it results in a potential Fe-Fe
correlation at 3.25 A [50]. The reason for this overall increase in the Fe-Si peak intensity and area as the

reaction proceeds (Figures 4 to 7) has two possibilities. First, an increase in sample density would lead
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to an increase in the atom-atom correlations, but as this would also affect the intensities of the nearest-
neighbor bond lengths (such as Si-O) [52], and the PDF curves do not reflect such a change, density is
not likely to be the cause of the increase in Fe-Si peak area. The second, and more probable, explanation
is that the former Fe-Si correlation in the slag partially transitions toward a correlation that contains an
element with a larger scattering cross-section, such as Fe-Fe or Fe-Ca [40]. Given that the Fe-Ca
correlation is not usually observed around 3.25 A [48,50], the rise in intensity is attributed to a Fe-Fe
correlation. The position of 3.25 A for the Fe-Fe correlation directly results from the Fe-O distance of
2.14 A, and this rise in intensity of the metal-metal correlations should therefore be associated with the
formation of a configuration with Y'Fe?". The elevated intensity of the Fe-Fe correlation suggests that
this state contains an elevated amount of Fe-O-Fe linkages; thus, V'Fe*" is not homogeneously distributed
throughout the silicate network, but instead shows a preferential aggregation. This phenomenon is
clearly observed in the low-Ca systems (Figures 4 and 6) but is less pronounced when more Ca (and less
Fe) is present (Figures 5 and 7). The intensity of the curves where the Fe-Ca, Ca-Si and Ca-Ca
correlations would be present (3.4-4.0 A [47-56]) shows a drop as the reaction proceeds. This suggests
that Ca does not take part in the formation of the binder during the early stages. Instead it may reside in

the pore solution or be involved in a secondary phase (if present).
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Figure 5: X-ray PDFs of the Na-silicate activated high-Ca slag during the initial 62 hours of reaction.
Upper plot: Full PDFs and insert showing a zoom of the Fe-O correlation. Lower plot: Difference

curves obtained by subtracting the initial data set (15 minutes) from those at later times.
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Figure 6: X-ray PDFs of the K-silicate activated low-Ca slag during the initial 62 hours of reaction.

Upper plot: Full PDFs and insert showing a zoom of the Fe-O correlation. Lower plot: Difference

curves obtained by subtracting the initial data set (15 minutes) from those at later times.
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Figure 7: X-ray PDFs of the K-silicate activated high-Ca slag during the initial 62 hours of reaction.
Upper plot: Full PDFs and insert showing a zoom of the Fe-O correlation. Lower plot: Difference

curves obtained by subtracting the initial data set (15 minutes) from those at later times.

The extensive changes seen in the PDFs in Figures 4 to 7 during the in-situ test are also observed at
higher  values (~8 - 20 A; see Figures 8 and 9), especially for the Na-activated low-Ca slag system
(Figure 8). For this sample, peaks emerge that are associated with the second (~5.6 A) and third metal-
metal correlations (~8.6 A) [40]. Similar to the first metal-metal correlations (Figures 4 through 7), the
changes as the reaction proceeds are less evident in the Na-activated high-Ca system, shown in Figure

0.
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Assignment of the peaks associated with the second and third metal-metal correlations has been carried
out using the simulated partial X-ray PDFs of mineral phases that are similar to the chemical
composition of the various AAMs, as shown in Figure 10. The 15 minutes after mixing PDF for Na-
activated low-Ca slag clearly aligns with the Fe-Fe(2) correlations in ferrosilite, the mineral phase
closest in chemical composition (FeSiOs) to the low-Ca slag. This, together with the fact that the first
metal-metal peak is dominated by the Fe-Si correlation (as outlined above), implies that the bonding
network for the low-Ca slag consists of Fe-O-Si-O-Fe linkages. Although it would be present in the slag,
the Si-Si(2) is not observed in the PDF because of its relatively small scattering strength compared with

Fe, and therefore has not been included in Figure 10.
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Figure 8: Long range X-ray PDFs of the Na-silicate activated low-Ca slag during the initial 62 hours

of reaction.
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Figure 9: Long range X-ray PDFs of the Na-silicate activated high-Ca slag during the initial 62 hours

of reaction.

During formation of the binder a clear rise in intensity is observed at 5.6 and 8.6 A in the PDF data
(Figure 8). As shown in Figure 10, these peaks correspond to the Fe-Fe distances in a trioctahedral layer
(e.g., amakinite, Fe(OH),). The peak at 5.6 A also corresponds well to goethite, FeO(OH), but the
agreement of the other correlations with the experimental data is less secure and the increased intensity
should probably be associated with the observed increase of Y'Fe*"-O- V'Fe?" linkages, while goethite
contains Fe*". Furthermore, there is a slight increase in the correlation at 6.5 A, which distinguishes the
trioctahedral layers from dioctahedral layers [57,58]. Importantly, for Fe(OH), shown in Figure 10, the
correlations positioned at 5.6 A and 8.6 A are valid for any material containing layers of V'Fe*" in
trioctahedral configuration (as shown in Figure 11), provided that there is an Fe-Fe distance of 3.25 A.
There are peaks associated with Fe(OH), that do not appear in the experimental PDFs, specifically at
7.2 A and 8.0 A. These correlations correspond to out-of-plane distances in amakinite, and therefore
the V'Fe?*-containing layers are not stacked as would be expected for such an Fe(OH), phase. Instead,

the PDF data indicate that the Y'Fe®"-containing phase may consist of alternating layers of trioctahedral
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Fe(IT)oxide and silicate. This proposed atomic arrangement is more closely related to mica or smectite
clays, in which trioctahedral layers of network modifiers (usually Mg, intermixed with Fe or Ca) are
stacked with layers of network-forming elements (Si, Al) [59-61]. There are also similarities between
this stacking arrangement and that of calcium-silicate-hydrate (C-S-H) gel, in which calcium oxide
sheets are sandwiched between layers consisting of silicate chains [62,63]. Alkali-activated blast furnace
slags give rise to a similar structure, with the Al from the slag in tetrahedral positions, making it a C-A-
S-H gel [24,54]. In cement nomenclature, the presented material might then be referred to as F-F-S-H
or F2-S-H, as the Fe?'-trioctahedral clusters have similarities to the calcium oxide sheets, while the Fe**
might have the same role in the silicate network as AI*". No evidence of the layered nature of the silica
was found in the PDF data, however, and the presence of silicate hydrates cannot be confirmed from the
present experiments. Future work, including, for instance, inelastic neutron scattering [64], should

clarify the role of H, in the form of OH and/or H>O, in the structure of the alkali-activated Fe-rich slag.
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Figure 10: X-ray PDFs of (a) initial (15 minutes) and (b) final (81 hours) sample of the Na-activated
low-Ca slag during the in-situ test, compared with ferrosilite (Fe2Si,Os), hedenbergite (CaFeSi,Og),

amakinite (Fe(OH),) and goethite (FeO(OH)).
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Figure 11: Calculation of the Fe-Fe distances in a trioctahedral Fe*" layer. Fe atoms are located at the

corners of the triangles.

With respect to the possibility of the formation of Fe(OH),, it is known that high pH conditions are
necessary for the precipitation of Fe-hydroxides [65]. Hence, the activating solutions, where the pH is
~13-14, are ideal conditions for the formation of V'Fe*"-containing trioctahedral layers. Furthermore, the
presence of silicates in solution will influence the precipitated products. For instance, hydrothermal
synthesis from Fe-silicate solutions results in the precipitation of Fe-based layered double hydroxides
(LDHs) or Fe-bearing clays [59,60,66-68]. Smectite or mica are examples of such clays [59-61]
incorporating trioctahedral Y'Fe*" layers. In the natural environment, Fe atoms within the trioctahedral

layers are extensively intermixed with Ca and/or Mg [59-61].

In the alkali-activated high-Ca slag systems, the 5.6 A and 8.6 A peaks (associated with the Fe-Fe
distances) show less increase compared with the low-Ca systems, even after taking into account the
lower Fe content of the slag. This behavior indicates a lower extent of formation of the trioctahedral
layer-containing phase in the high-Ca systems compared with low-Ca. There are two possible
explanations for this behavior, the first being the intermixing of Ca atoms in the trioctahedral layers.
Due to the larger ionic radius of Ca compared with Fe, this would lead to a distortion of the Fe-Fe
distances associated with the trioctahedral layer and therefore broaden the corresponding peaks in the
PDFs. The second explanation involves the Ca atoms preventing the formation of the “'Fe*'-
trioctahedral layers. Assessment of the peak widths in Figures 8 and 9 reveals that limited peak
broadening occurs in the high-Ca sample, and therefore the Ca atoms are disrupting the overall formation

of the V'Fe?*-trioctahedral layers.

Additional information on the trioctahedral layer-containing phase can be obtained from the SAS region
in Figures 1 to 3. The trioctahedral layer-containing phase (e.g., Fe(OH),, LDH or clays) should show a
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distinct peak in the SAS region representative of the basal spacing. As seen in Figure 3, the low-Ca
systems undergo a more dramatic increase in SAS intensity compared with the high-Ca systems, which
correlate with the intensity increase of the 5.6 and 8.6 A peaks in the PDF. Although it is impossible in
the present study to definitively determine if the SAS intensity is due to a basal spacing arising from the
VIFe**-containing phase or small pores, it is possible to state that the longer-term decrease in SAS
intensity (Figure 2) is directly linked with the same decrease in intensity of 5.6 and 8.6 A PDF
correlations (see Figure 12). The evolution of the intensity of the SAS and the peak at 5.6 A in the PDF
is quantitatively compared in Figure 13. The rise and fall of both intensities show the same relation
across different samples, suggesting that this SAS region is directly related to the Y'Fe**-containing
phase and shows that, after extensive curing, the V'Fe*"-containing phase has undergone significant

alterations, as discussed in the next section.

As seen in Figure 8, the ordering of the V'Fe?" trioctahedral layer only extends up to ~9 A. Hence, the
domain size for these ordered layers corresponds to approximately 20 FeOg units. The formation of these
VIFe** domains can explain previous results from Fourier-transform infrared spectroscopy [37,69],
where a shift of the Si-O stretching band to higher wavenumbers (from 850-900 to ~950 cm™) was
observed as the slag dissolves and binder forms. The Y'Fe** clustering and associated decrease in the Fe-
Si correlation and increase in Fe-Fe causes an increase in the Si-Si correlation, when assuming that the
connectivity of the Si units remains relatively unchanged. The amount of Si-O-Si bonds is thereby
increased (the amount of non-bridging oxygens is decreased), and the wavenumber of the Si-O
stretching band increases. These Si-Si correlations are not clearly observed in the current PDF study
because of the low scattering strength of Si with respect to Fe. In terms of nanoscale ordering of the
AAM paste, the main phase that contributes to an increase in ordering with respect to the initial slag is
the Y'Fe?"-containing trioctahedral structure, where the remainder of the material does not contribute to
intermediate range ordering (Figures 8 and 9) and therefore the "VFe’*-containing silicate network is

amorphous.

The atomic rearrangements seen in Figures 4 through 7 for the in-situ reactions have been compared

with the extensively cured and milled pastes in previous work, where the same pastes as reported in
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Peys et al. [40] were measured again at ~6 months after mixing. Figure 12 compares the in-sifu Na-
activated low-Ca sample after 62 hours of reaction with the 6 months cured version (61 days closed
bottle, total age ~6 months), where a clear shift of the Fe-O correlation to a lower distance can be
observed. This behavior is associated with the change in oxidation state of Fe, where the initially formed
VIFe?*_species in the layered trioctahedral configuration (also observed in previous work [39]) transition
to "VFe®". This transition is also noticeable in the metal-metal correlations via the decrease in intensity
of the features associated to the trioctahedral layers. The intensity at 3.25 A together with this peak’s
area are seen to decrease, indicating a transition from Fe-Fe linkages to Fe-Si. This transition is
accompanied by a decrease in intensity of the peaks at 5.6 and 8.6 A. It can be concluded, therefore, that
the trioctahedral layers are converted when the Fe*" species undergo oxidation during the later stages of
reaction or during the milling procedure described in previous work [40]. During this oxidation, no
change in color is observed, the samples remain dark grey. This indicates that the formed Fe’* is not
present as hematite, which would turn the samples red/brown, but a phase with a more dark or less
intense color. Future studies should concentrate on the later stage process(es) to determine the exact
cause of the oxidation reaction and influence on macroscopic properties. Furthermore, as seen in Figure
12 for the 6 months sample, a peak is still observed at around 5.6 A (also at 8.6 A), indicating that a

residue of the trioctahedral layers remains within the material.
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Figure 12: Comparison of the X-ray PDFs of the Na-activated low-Ca slag immediately after mixing
(15 minutes), after 62 hours of reaction and extensively cured/oxidized from previous work [40]. The

insert shows a zoom of the Fe-O correlation.
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Figure 13: Comparison between the intensity of the SAS and peak at 5.6 A in the PDF for the low-Ca
(left) and high-Ca (right) system for the same times as presented in Figure 12. Note that the units for

the scattering function and PDF are intensity (arb. units) and A=, respectively.
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The reaction kinetics have been evaluated using the atom-atom correlations that showed the biggest
change during the in-situ measurements, specifically the intensity 5.57 A. As seen in Figure 14a, the
intensity of the 5.57 A correlation shows a similar trend as the SAS intensity in Figure 3. An induction
period for the reactions that form the binder is observed at the beginning of the reaction (initial 2-3
hours), after which the reaction rate increases. This is contrary to the in-situ changes seen in metakaolin-
based AAMs, where no induction periods were identified [21]. To determine the rate law of the
reactions, the data are plotted in Figure 14 on linear, logarithmic and reciprocal axes. Two straight lines
are observed in Figure 14c and the overall formation reaction therefore follows a logarithmic rate law
indicative of two separate pseudo-single step first-order rate expressions, corresponding to the

dissolution-dominated and polymerization-dominated stages.
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Figure 14: Evolution of the intensity of the 5.57 A correlation in the X-ray PDFs on a (a) linear scale;

G, (b) logarithmic y-axis; log time, (c) logarithmic x-axis; log G, (d) reciprocal y-axis; 1/G.

23



The PDF curves during the dormant period are shown in Figure 15 for the K-activated and Na-activated
low-Ca samples over an r range of 1.4 <r<4.0. While previous work involving Mdssbauer spectroscopy
[39] showed that the oxidation state and coordination number of Fe stays constant during this period
(~90% Fe*"; combination of 4- and 5-fold coordinated species), it is also clear from Figure 15 that the
Na-system only starts to show changes after ~3 hours (also seen for this sample in Figure 4), whereas
the K-system shows subtle changes to the local atomic structure immediately after mixing. In particular,
the Fe-O correlation is seen to increase in both intensity and distance, which indicates an increase in the
average coordination number of Fe towards 5. An increase in 5-fold coordinated Fe, rather than a
combination of 4- and 5-fold, results in the increase in intensity of the Fe-O correlation, as more Fe-O
bonds are present in the system. In addition to the changes seen in the Fe-O correlation in Figure 15, the
rearrangements are also seen as a rise in intensity at ~3.25 A and decline at ~2.8 A. These changes
indicate a reconfiguration in the metal-metal correlations, as a consequence of the increased coordination
number of Fe and can be influenced by a change in the K-O correlation, which should also be present at
~2.8 A. The lack of rearrangements in the Na-system before the polymerization reactions (~3 hours after
mixing) indicates that the dissolution of the slag liberates Fe-silicate clusters, i.e., the slag is not
dissolved to the ionic level, where the Fe atoms retain their original coordination environment found in
the slag. In the K-system, the Fe coordination of these clusters in solution change during the induction
period, as described above. The kinetics of the changes of the Fe-O correlations are presented in Figure
16. After the rapid intensity increase of the Fe-O correlation for the K-system, the intensity of this
correlation slowly declines again. This decline is also observed in the Na-system and can be explained
by the formation of the Y'Fe*'-trioctahedral clusters. The rise of the V'Fe**-O correlation at 2.14 A at the

expense of 4- and 5-fold coordinated Fe** (1.99-2.06 A) results in a broadening of the Fe-O correlation.
Hence, the reaction mechanism of Fe-rich AAMs can be summarized as follows:

1. Dissolution of precursor; liberating Fe-silicate species with the same atomic arrangement as the
slag (for Na), or a similar atomic arrangement but with an increased coordination number of Fe

(for K).
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2. After reaching a threshold value of Fe-silicate species in solution, the simultaneous formation

of V'Fe*" trioctahedral layers and a "VFe**-incorporating silicate binder phase with an increased

degree of polymerization with respect to the precursor.

3. The oxidation of the V'Fe?" trioctahedral layers towards more Fe** binder.
y

These reaction stages are schematically presented in Figure 17, which is an updated and more detailed

version of a figure from previous work [39].
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Figure 15: Low r region of the X-ray PDFs for the low-Ca AAMs during the first 4 hours. The insert

shows a zoom of the nearest neighbor Fe-O correlation.
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Figure 16: Evolution of the intensity for the nearest neighbor Fe-O correlation in the low-Ca systems.
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Figure 17: Schematic overview of the formation mechanism and different reaction stages of alkali-

activated Fe-rich slag.

This reaction mechanism, and the unique last step (i.e., late stage oxidation) in particular, can have
repercussions for the macroscopic behavior of the Fe-rich AAMs. The oxidation reactions may lead to
a volume reduction (i.e., shrinkage). To accurately quantify this potential shrinkage, detailed atomistic
representations or molar volumes would be required for the Y'Fe**-containing structure and the "VFe**-
containing silicate binder phase, as changes in coordination can result in geometrical
shrinkage/expansion that cannot be determined solely using bond length changes. Moreover, it is unclear
how rapidly this oxidation step would occur for non-milled samples, as exposure to an oxidizing
environment for solid samples would depend on the diffusion rate of gas molecules through the partially-
saturated pore network, which in turn would control the level of shrinkage attained during the life-time
of the concrete. It is interesting to note that a decrease in the mechanical properties of the Fe-rich AAMs
has not been observed to date [30,70]. Future research concentrating on shrinkage data and pore structure
information is needed, therefore, to enable more accurate prediction of the long-term performance of

these novel Fe-rich binders.

Conclusions

The formation of low-CO, AAMs starting from CaO-FeOx-SiO; slag as the precursor was studied using
in-situ X-ray total scattering and PDF analysis. Two slags with molar composition 0.83FeO-SiO»-
0.17Ca0 and 0.67FeO-Si0,-0.33Ca0 were mixed with sodium and potassium silicate solutions. Three
reaction stages were identified from the in-situ measurements: dissolution, polymerization and

oxidation. During the initial few hours, the reactions are dominated by dissolution of the Fe-rich slag,
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and the atomic rearrangements of the Fe-silicate species released into solution depend on the alkali
cation. For sodium, the atomic correlations of the intermediate species in solution are found to be exactly
the same as those in the precursor slag. In contrast, potassium causes an increase in the coordination
number of Fe once it is released into solution. The setting of the binder commences with the formation
of two new phases with different Fe oxidation states (i.e., the polymerization stage). The Fe**-containing
silicate network did not explicitly reveal details of its structure in the PDFs, apart from its glassy nature.
The total scattering and PDF data do reveal the emergence of V'Fe*" trioctahedral layers, however,
especially for the low-Ca slag AAMs. The Fe-O distance associated with this phase is positioned at 2.14
A, resulting in higher » Fe-Fe distances at 3.25, 5.6 and 8.6 A. These Y'Fe*"-containing layers are
characteristic of Fe(OH), and layered double hydroxides (LDHs) and observed in nature in clay
minerals, e.g. in smectites or micas. The kinetics of formation of these layers follow a logarithmic rate
law. A comparison with well-developed milled samples (> 6 months) suggests that the Fe associated
with the trioctahedral layers undergoes oxidation over the long term. Hence, this investigation has
discovered the formation mechanism of Fe-rich alkali-activated binders, enabling future studies to focus
on the processing and performance of these materials by manipulating the fundamental formation
behavior and the long-term performance of the material under the influence of the observed oxidation

reaction.
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