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Supplementary cementitious materials (SCMs) are used to minimize CO,
emissions associated with cement production. However, their global supply is
insufficient to meet the growing market demand for cement and concrete,
being essential to develop alternative SCMs based on abundant waste streams
and low-cost resources. Fe-bearing Mg-based glasses are promising candidates
with the potential to utilize high-volume feedstocks rich in Fe and Mg, but their
effectiveness relies on deep understanding of the relationship between glass
composition, reactivity, and pozzolanic properties. In this study, Fe-Mg silicate
glasses with varying Fe concentrations were precisely engineered through a
sol-gel route to better understand the impact of Fe on the glass structure and
reactivity. While Fe3* typically acts as a glass network former, it was observed to
also function as an intermediate cation, behaving either as a network former
or modifier. Glass reactivity was assessed through aqueous dissolution tests,
revealing that the composition and chemical environment of Fe>* within the
glass network significantly influence the dissolution behavior. The introduction
of Fe into Mg-Si glasses increased overall reactivity, potentially due to Fe-
induced phase separation and the increasing of [FeOg4] octahedra sites at higher
Fe concentrations, which was also associated to network depolymerization.
These findings deepen the understanding of the role of Fe3* in magnesium
silicate glasses, provide key insights into optimizing glass reactivity by fine-tuning
the composition, and indicate the potential of these glasses as promising SCMs.

KEYWORDS

sustainability, sol-gel, glass, reactivity, phase separation, magnesium silicate glasses,
supplementary cementitious materials (SCMs)

1 Introduction

Portland cement production accounts for ~8% of the global anthropogenic CO,
emissions annually (Scrivener et al., 2018). To mitigate these emissions supplementary
cementitious materials (SCMs), such as silica fume, coal fly ash, and ground granulated
blast furnace slag, have been employed as partial replacements of Portland cement (Juenger
and Siddique, 2015; Serdar et al., 2019), aligned with the main actions in CEMBUREAU’s
net zero roadmap by 2050 (CEMBUREAU, 2020). However, the limited availability of these
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materials presents challenges in meeting the growing demand
for cement (Serdar et al., 2019). Since the reactivity of SCMs is
primarily driven by their glassy or amorphous phases (Skibsted
and Snellings, 2019a), the development of synthetic glasses
with tunable properties has emerged as a promising alternative
(Micoulaut et al., 2015; Mascaraque et al., 2017). Synthetic glasses
offer the advantage of precisely controlling chemical composition,
particle size, and surface properties, making possible to fine-tune
their reactivity and pozzolanic behavior to meet the specific needs
of cementitious systems.

Traditionally, glasses are synthesized through the melt-
quenching technique, which requires high temperatures (above
1,400°C), leading to high energy consumption and associated CO,
emissions (Mackenzie, 1982; Fiume et al., 2020). In contrast, the sol-
gel process offers a low-energy, potentially eco-friendly alternative,
operating at significantly lower temperatures (400°C and 700°C)
while producing highly pure and homogeneous materials with
controllable properties (Wenzel, 1985; Dislich, 1986; Baccile et al.,
2009; Foroutan et al, 2015). Sol-gel methods are employed in
several industrial fields that require accurate control over glass
properties (e.g., optics, biomedicine and sensor industries) (Zheng
and Boccaccini, 2017; Aminirastabi et al., 2018; B; Figueira et al.,
2021). Former works have reported the use of glass materials as
supplementary cementitious materials (Li et al,, 2019; Skibsted
and Snellings, 2019b; Alzeer et al, 2022a), however, a better
understanding of the relation between the glass composition and
reactivity is still needed to allow further technological developments
in the field. The sol-gel technique has been used in studies of
cementitious materials to enhance the calcium silicate hydrate
(C-S-H) structure by incorporating organic groups into the glass
structure, and optimizing hydration mechanics, leading to improved
physical properties and durability of hardened cement structures
(Minet et al., 2006; Zarzuela et al., 2020; Nair et al., 2021). Thus, the
sol-gel technique offers higher accuracy and control over synthetic
variables, enabling a fine tuning of the composition and morphology
of the produced glasses. For this reason, the current work opted
for producing the synthetic glasses via a sol-gel method, aiming
at producing glasses with targeted elemental compositions, and
investigating the impact of the glass structure on their physico-
chemical properties, as well as probing the potential of the glasses
for applications as SCMs.

The chemical composition of synthetic glasses plays a crucial
role in determining their properties, such as reactivity, thermal
stability and mechanical properties (Yoldas, 1982; Kuryaeva, 2004).
Glass reactivity depends largely on the degree of polymerization
within the network, a key factor influencing its stability and
dissolution behavior (Snellings, 2013). In turn, the degree of
polymerization is primarily determined by the ratio of network
modifiers to network formers (Scholer et al., 2017) Additional
factors, such as phase separation, microstructural characteristics
(e.g., density, porosity, specific surface area), and environmental
conditions (e.g., temperature, pH), also influence reactivity
(Kinnunen et al, 2019; Perez et al, 2019; Hamdan et al,
2023). Calcium-based glasses have been widely studied for SCM
applications due to the ability of Ca®** to depolymerize glass
networks (Diamond, 1983). However, the production of Ca-based
glasses often involves the calcination of CaCOj; to obtain CaO,
with inherent CO, emissions, thereby limiting the sustainability
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of these materials (Lisa et al., 2006). Magnesium has similar
chemical properties to Ca but offers more sustainable alternatives
due to its possible near-zero-carbon feedstocks, such as Mg
silicates and brine (Weisinger and Bellorin-Font, 1998). In our
previous study, the addition of MgO significantly enhanced the
reactivity of synthetic silicate glasses (Jiang et al., 2023). On a
practical application, a higher Mg substitution for Ca in calcium
aluminosilicate glasses has shown increased SCM reaction activity
in glass-cement blends (Nie et al., 2020).

Iron, the fourth most abundant element in the Earth’s
crust, is commonly found in Mg-rich minerals such as olivine
and pyroxene (Kim and Lee, 2019). Natural raw materials for
alternative cements, such as clays and volcanic sources, often
contain significant amounts of iron (Peys et al., 2022). These Fe-
bearing Mg-Si minerals are known to have long-term geochemical
stability, and their incorporation in cementitious systems is
expected to enhance pozzolanic reactions, suggesting that Fe
can improve the performance of SCMs in cementitious systems
(Gartner and Myers, 1993). This understanding of the role of
Fe in natural minerals supports the strategic use of synthetic
glasses for cement applications. Studies further show that synthetic
glasses offer superior reactivity, consistent quality and strong
cementitious performance without the need for additional chemical
activators or admixtures, offering advantages over natural mineral
resources (Alzeer et al., 2022a; 2022b; Snellings et al, 2023).
Thus, incorporating Fe into synthetic glasses designed for cement
applications presents a forward-looking and environmentally
responsible approach.

Glass networks are formed of strong covalent bonds
between [SiO,4] tetrahedra connected by bridging oxygens (BO)
(Durdzinski et al., 2015). Alkali and alkali earth (e.g., Ca**, Na®,
Mg?*) ions can integrate into networks as modifiers, generating
non-bridging oxygens (NBO) and remaining weakly bonded.
Current understanding suggests that high-field strength cations
(e.g., APP*, SC**, La®") may play an “intermediate” role in glass
structures, sharing some characteristics of network formers and
network modifiers (Kelsey et al., 2009). It is reasonable to expect
Fe’* to have the properties of an intermediate similar to AI**
because of their comparable ionic field strengths (56.6 A™* for
AIP* and 54.5 A2 for Fe’*) (Holland et al., 1999). Thus, although
Fe** typically acts as a network former, it has been found to
also act as an intermediate cation, depending on its coordination
environment (Holland et al., 1999; Pinakidou et al., 2008). Fe**
is often found in two different coordination environments within
silicate glasses, particularly in alkaline and alkaline earth silicate
glasses, forming both tetrahedra and octahedra units depending
on the glass composition (Farges et al., 2004; Coey, 1974). It is
suggested that at low concentrations, Fe** primarily forms [FeO,]
tetrahedra, contributing to the net structure as a network former,
while a greater proportion of [FeO,] tetrahedra convert to [FeOg]
octahedra as a network modifier when the iron concentration
is increased (Baowei et al., 2013a; 2015). This versatility allows
Fe** to modify the glass network significantly, potentially
enhancing key properties such as reactivity and mechanical strength.

This study investigates Fe**-bearing magnesium silicate glasses
synthesized via sol-gel processing, aiming at assessing the impact
of Fe’ on the structure and reactivity of Mg-Si glass systems.
Our results showed that the concentration of Fe’* determines
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TABLE 1 Sample codes for Fe-Mg-Si glasses with variable X, [nominal molar ratio of Fe/(Fe + Mg)], and the experimental chemical compositions
determined by XRF measurements.

Sample codes Fe/(Fe + mg) (mol%) Mg/(Mg + Si) (mol%)
XRF analysis Nominal ratio XRF analysis
G00 0 — 25 23.72
Go5 5 6.67 25 22.85
G10 10 12.25 25 23.08
G15 15 1655 25 23.82
G25 25 26.13 25 23.79
G30 30 33.43 25 22.74
G35 35 34.41 25 2231
G40 40 39.32 25 23.07
G45 45 4423 25 23.82
G50 50 50.14 25 23.03
G55 55 52.77 25 23.36

its role as network modifier and former in the glasses structure,  TABLE2 Oxide composition of samples based on XRF analysis (in mol%).
impacting the reactivity of the produced glasses. While this work

. . . . . Sample Fe,Oz MgO
focuse.s on. an initial evaluat.lor.l of th.e reactivity throug.h dlssolut{on . (mol%) (mol%)
behavior, it offers valuable insights into the role of Fe in enhancing
the performance of magnesium silicate glasses as a potential low- G00 — 23.72 76.28
carbon SCM for future cement applications. It is expected that follow
up research can be built from the results presented in the current Go> 0.81 2266 7653
work to develop suitable routes for utilizing Fe,Mg-rich feedstocks,
G10 1.58 2271 75.71

such as inorganic waste streams, to produce SCMs with similar
performance to the observed for synthetic glasses (Shanks et al., GI5 231 2327 74.42
2024). This approach holds potential not only to improve material

performance but also to support sustainability by reducing G25 4.04 2283 7313
dependence on raw materials and enabling the repurposing of
. ) G30 5.40 21.52 73.08
industrial waste.

G35 5.53 21.08 73.39
2 Experimenta[ G40 6.96 2147 7157

. G45 8.63 21.76 69.61

2.1 Glass synthesis

G50 10.38 20.64 68.98

Fe-bearing magnesium silicate glasses with different Fe contents
[(Mg, xFey)SiO; with Xy, = Fe/(Fe + Mg) from 0 to 55 mol%] and
constant Mg/Si ratio [Mg/(Mg + Si) = 25 mol%)] were prepared via a
modified rapid sol-gel method. Sample codes are shown in Table 1, in the solution. Magnesium nitrate hexahydrate [Mg(NO;),-6H,0,
and their chemical compositions, expressed as oxide percentages, ~ 98.0%-102.0%, VWR BDH, Belgium] and iron (III) nitrate
are provided in Table 2. The Mg/Si ratio was selected based on ~ nonahydrate [Fe(NOs);-9H,O, purity>98%, VWR Alfa Aesar,
the previous study (Jiang et al., 2023), where binary magnesium  United States] were utilized as the precursor for MgO and Fe,0;,
silicate glasses with a Mg/(Mg + Si) ratio of 25mol% showed  respectively.
the highest reactivity. Tetraethyl orthosilicate (TEOS, purity=98%, The sol-gel process is shown in Figure 1, adapted from reported
Fisher Scientific, Germany) was employed as the precursor to  Fe-containing sol-gel routes and modified to suit our system
establish the silica framework. Nitric acid (HNOj;, 65%, Merck, (Coroiu et al., 2005; Shankhwar and Srinivasan, 2016; Baino et al.,
Germany) was used as a catalyst, with a concentration of 1M  2018). TEOS was mixed with ethanol absolute (purity> 99.8%)
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Mg(NO,),-6H,0
Distilled water +
TEOS + Ethanol
+ Catalyst HNO,

>

Stirring
I hour

>

Stirring
I hour

FIGURE 1
Procedure flow chart for the sol-gel route.

and deionized water at a molar ratio of EtOH: H,O: TEOS =
4:4:1, while subjected to consistent stirring at 450 rpm at room
temperature (22°C * 1°C). HNO; was then added until the initial
pH of the solution reached 1. One hour later, Mg(NO;),-6H,0
and Fe(NO;);-9H,O were sequentially added into the system at
1-h intervals. The sol gradually turned from orange to brown,
depending on Fe content. The sol was held at room temperature
until a homogeneous wet gel formed. This ageing process took
between 2 and 5 days. Wet gels underwent drying at 60°C for a
duration of 4 days, yielding dried gels with a fluffy appearance, which
are pulverized into powders by hand grinding. Finally, obtained
powders were heated to 500°C for 3h in the high-temperature
furnace at a heating rate of 5°C/min.

2.2 Characterization

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) of dried gels were completed (SDT 650, TA
Instruments, US). Glass powders weighing 15 mg were loaded
into Pt crucibles and subjected to heating, ramping from 40°C to
1,010°C at a rate of 10 °C/min in a N, environment. The device
was calibrated according to the ASTM E1582 standard, following
the recommendations of the manufacturer. The equipment has
a temperature precision of +0.5°C, a calorimetric precision and
accuracy of +2%, a heat capacity accuracy of +5%, a weighing
accuracy of £0.5%, and a weighing precision of +0.1%.

X-ray diffraction (XRD) measurement was performed utilizing
a Rigaku X-ray diffractometer (SmartLab 9 kW, Japan) running
at 40 kV and 135 mA, equipped with Co K-beta radiation (A =
1.620750 A). At a scanning speed of 4°/min, diffraction patterns
were obtained within the 20 range of 10°-100°. Crystalline
phases were identified using PDXL software (2nd version).
A PANalytical X-ray fluorescence (XRF) spectrometer (Axios
max 4 kW, Netherlands) was used to ascertain the chemical
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composition. The LECO CS230 analyzer (United States) was used to
determine the residual carbon and sulfur concentration in glasses.

Scanning electron microscopy (ZEISS, Sigma HD VP,
Oberkochen, Germany) was used to perform the morphologic
characterization of glasses at an acceleration voltage of 5 kV. Before
imaging, the samples underwent platinum sputter coating to form
conductive layers. Elemental analysis was performed using an
energy-dispersive X-ray spectroscopy (EDS) detector (Oxford,
model Ultim Max 65) and the mapping analysis used Oxford
Aztec software. STEM imaging was conducted using JEOL (JEM-
2200FS) microscopy, coupled with the EDS detector (JEOL Dry
SD100GV, 100 mm?, 0.98 Sr). The specific surface areas were
determined based on mass using the BET (Barrett-Emmett-Teller)
model. Measurements were performed through N, physisorption
at 300°C using a Micrometrics instrument (ASAP 2000). Laser
diffraction particle size analysis was employed to acquire particle
size distribution (PSD) data (Beckman Coulter LS 13320, Brea, CA,
United States).

Data regarding the infrared active groups within glasses were
acquired (Bruker, Vertex 80v, United States) using diffuse reflectance
infrared Fourier transform (DRIFT) spectrometer in transmission
mode. All measurements were completed at room temperature.
For each sample, 40 scans spanning from 4,000 to 400 cm™" at a
resolution of 4 cm™! were collected with baseline correction and
normalization applied. X-ray photoelectron spectroscopy (XPS)
was conducted with a Thermo Fisher Scientific instrument (model
ESCALAB 250Xi, United Kingdom), using an X-ray source of Al (Ka
= 1,486.6 ¢V) with a spot size of 650 um and a CAE analyzer mode.
The high-resolution elemental spectra were measured with a pass
energy of 20 eV and an energy step size of 0.1 eV. The XPS data were
analyzed utilizing Thermo Avantage software (v 5.9925, built 06702,
Thermo Fisher Scientific).

To investigate the local structures of Fe** in samples, Mossbauer
measurements were conducted in transmission geometry using
a 25 mCi Co-57(Rh) source from Rietverc Co, aged 10 months,
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at room temperature. A linear Doppler velocity range with
a maximum of 10.0 mm/s was apllied. Sample powders were
thoroughly mixed with epoxy resin and placed in thin-walled,
3D-printed plastic containers with an inner diameter of 20 mm.
The amount of sample varied according to the Fe concentration:
200 mg for GO5, 130 mg for G25, and 75 mg for G45, ensuring
sufficient absorption of the 14.4 keV gamma quanta used in the
experiments. The spectra were fitted using a custom non-linear least-
square fitting program, which incorporated the full Hamiltonian
of combined electric and magnetic interactions. Fit parameters
included the quadrupole-coupling constant (eQVzz), the isomer
shift (§), component intensities (I), and internal field (B.g) as
applicable. The experimental line width (I) was constrained to
match that of the non-magnetic components, while magnetic sextets
were fitted with a separate line width parameter.

2.3 Dissolution test

The reactivity of glasses was evaluated based on the elemental
solubility in water, with samples tested in duplicate. The dissolution
test offers a straightforward and effective method for understanding
the ability of glasses to release reactive species, which are crucial
for pozzolanic or hydraulic reactions and are key to assessing
their cementitious potential (Oey et al., 2020). Experiments were
performed at room temperature (22°C + 1°C). Before use, Milli-
Q water underwent bubbling with N, (99.997%) to ensure the
absence of dissolved CO,. The experimental setup consisted
of 300 mL polypropylene vessels with 0.01 g of glass powder
dissolved in 100 g of solution (L/S = 10000). 0.05 wt% TIPA (tri-
isopropanolamine, CoH,;NO;) was applied additively in solutions.
Dissolution experiments were carried out on an IKA KS 260 orbital
horizontal shaking table with continuous shaking at a speed of
250 rpm. Solutions were shaken continuously for 2 days. A 2 um
filter paper was used to filter the remaining solutions, which were
then acidified to pH~2 with 2% HNO; and stored at 4°C. Aqueous
concentrations of Fe, Mg and Si in filtered solutions were detected
by inductively coupled plasma optical emission spectrometry (ICP-
OES, Thermo Scientific, Model iCAP 6500 Duo).

3 Results and discussion
3.1 Optimization of preparation conditions

TG-DTG analysis was performed to determine the optimal
heating temperature for the gels. Figure 2 presents the TGA and
DTGA results for four dried gels with varying Fe contents. Three
stages of mass loss are shown by the TG curves in Figure 2A.
The first step occurs in the range 60°C-200°C, being attributed to
the desorption of physically adsorbed water, and loss of residual
water and ethanol (Montazerian et al., 2015). The decomposition of
residual organic precursors can be associated with the second steep
mass loss at around 250°C (Catauro et al., 2016; Ren et al., 2017). The
third mass loss ranging from 300°C to 500°C relates to the removal
of nitrate ions derived from the acidic catalyst and metal precursors
(Saravanapavan and Hench, 2003). Figure 2B indicates that changes
in weight become smaller and steady after the temperature reaches
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500°C. The LECO test of GO0 and G30 glasses reveals residual C
and S contents below 0.5% and 0.01%, respectively. This suggests the
absence of organic residues in samples (Supplementary Material S1).
Based on TG and DTG results, heat treatment of gels at 500°C would
allow minimizing the impurities in produced glasses.

The amorphous structure of the synthetic glasses heated at
500°C for 3h was confirmed with XRD analyses of the GO0 to
G55 glasses (Figure 3). It can be observed from Figure 3A that
glasses with Xp. less than 55% only have a broad reflection
from 20° to 40° (20), which is the fingerprint of an amorphous
structure. Some distinct reflections are seen in the G55 pattern,
where the reflections correspond to the crystalline phase hematite
(PDF#04-006-8177) defined in Figure 3B. When Xp, reaches 35%,
some small reflections emerge, and appears in greater intensity
with increasing Fe content. This can be attributed to the phase
separation occurring in glasses. During heat treatment, Mg,(Si0,)
(Mg-rich), Si-rich and Fe-rich phases form through a nucleation
process (Kinnunen et al., 2019; Enju et al., 2022). This phenomenon
may result from minor variations and statistical fluctuations
in thermal conditions during experiments. Despite these minor
reflections, the matrix remains predominantly vitreous, as indicated
by broad reflections in the XRD spectra. The faint, hard-to-identify
reflections further suggest that G35 glass largely retains its glassy
nature. XRD analysis demonstrates that the vitreous structures
of synthetic Fe-bearing Mg-Si glasses are obtained when the X,
is lower than 55%. Therefore, only glasses with X, below this
threshold were included for further characterization and research.
Combined with previous studies where Mg-Si glasses with Mg/(Mg
+ Si) less than 55% are amorphous (Jiang et al, 2023), the
compositions of pure amorphous glasses fall within the narrow
range shown in Supplementary Material S2.

3.2 Morphologic characterization

The surface morphologic features of GO0 to G55 glasses
are shown in Figure4. The Fe content has no obvious effect
on the glass morphology. SEM images indicate that all glasses
have a large range of particle size distributions consisting of
micron-sized clusters. Glass particles on the sub-micron scale
are prone to agglomeration, forming larger clusters. Pores with
the size of ~3 um are observed in the G55 glass, while other
samples show much smoother surfaces on large particles. SEM-EDS
mapping reveals a generally uniform distribution of elements at the
micrometer scale (Supplementary Material S3).

The particle size distribution (PSD) of 5 samples with different
Fe contents is present in Figure 5A, where all glasses show a particle
size ranging from 0 to 500 um with a median size of ~100 pm. GO0
shows the narrowest differential volume distribution curve with the
smallest median size of about 66 um (Supplementary Material S4).
When Fe is introduced, the differential PSD curves broaden, which
indicates that Fe doping deteriorates the homogeneity of glass
particle sizes to some extent. Specific surface area (SSA) analysis
of GO0 to G50 glasses in Figure 5B shows that glasses with Xp,
ranging from 0% to 40% have similar SSAs, while the G45 glass
exhibits a relatively lower SSA and G50 a relatively higher one.
Given that SSA influences glass dissolution, it will be considered
when evaluating glass reactivity in this study. The correlation
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FIGURE 2
(A) Thermogravimetric analysis (TGA) and (B) corresponding differential TGA (DTGA) data of GOO, G30, G40 and G50 dried gels. Weight changes
become negligible above 500°C.
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FIGURE 3
(A) XRD patterns of GOO to G55 glasses, and (B) indexed peaks of crystalline phases in G55. The amorphous structure is obtained when X, is lower than
55%. The crystalline Fe,O3 phase is detected in the G55 sample. Measurements were taken at 40 kV and 135 mA using Co K-beta radiation (A = 1.62 A).

FIGURE 4
SEM images of GOO to G55 glasses. It can be observed that Fe content has no obvious effect on the glass morphology and glass particles are prone to
agglomerate to form larger clusters. The G55 sample shows a different porous surface compared to other samples.
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(A) Particle size distribution data and (B) specific surface area (SSA) measured via the BET method of glass with different Fe contents.

coeflicient values from BET SSA analysis and PSD analysis are
provided in Supplementary Material S4.

3.3 Evaluation of glass reactivity

The reactivity of the glasses was evaluated through dissolution
testing. However, the supersaturation of Fe-hydroxides in water
makes it difficult to accurately measure Fe solubility. To address
this, TIPA was used as a chelating agent to mitigate Fe precipitation
by forming ferric-alkanolamine complexes (Gartner and Myers,
1993; Peys et al.,, 2022). TIPA is commonly used as an additive
in Portland cement to accelerate dissolution and hydration
(Deng et al,, 2022). In this study, 0.05 wt% TIPA was introduced
into the solutions, with a control group tested without TIPA for
comparison. Ionic concentrations measured by ICP-OES confirmed
that TIPA effectively prevented Fe precipitation without affecting
the dissolution of Mg and Si (Supplementary Material S5).

Glass reactivity is quantified as normalized mass loss (Q;),
defined as the mass of the target element i released per unit area
of glass (mg/m?). Q; is calculated using the following equation
(Equation 1) (Corkhill et al., 2013; Cheng et al., 2017):

Q= (C;- Viy1)/(SSA - m - x;) 1)
where C; is the concentration of element i in the solution (mol/L)
determined by ICP measurements, V; is the solution volume (L),
SSA denotes the specific surface area of the glass (mz/g), m is the
mass of glass used (g), and x; represents the mass fraction of element
i in the initial glass before the dissolution experiment.

Figure 6 presents the normalized mass loss results for Fe, Mg
and Si of all glasses, along with the total normalized elemental
mass loss. The data indicates that Fe-doped glasses exhibit higher
overall reactivity compared to binary Mg-Si glasses. As shown in
Figures 6A, B, the reactivity of the glasses, based on the dissolution
of Mg and Si, increases as Xp, rises from 0 to 10 mol%. However, a
decrease in reactivity is observed when Xy, reaches 30 mol%. The
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reactivity then increases with maximum at X, = 45 mol%, and then
declines again when Xy, increases to 50 mol%. Figure 6C highlights
the exceptionally high solubility of Fe in the G05 glass compared
to the other samples, which exhibit lower Fe solubility. Overall,
these results suggest that introducing Fe enhances the reactivity
of magnesium-based glasses. Additionally, the elemental solubility
data, presented as the percentage of each dissolved element, is
provided in Supplementary Material S7. The data reveal all glasses
with varying Fe concentrations exhibit Si solubility higher than
60 mol%, with Si solubility exceeding 80 mol% in the sample with
Xpe = 45 mol%. This indicates the high reactivity of the synthetic
glasses in this study. In the following sections, we will explore
how Fe** incorporation influences overall reactivity based on the
physico-chemical characterizations of the materials. We provide
insights on the role of Fe®* in the glass network, aiming to better
understand the structural factors driving reactivity changes and
optimize compositions for more reactive glass systems.

3.4 Structural analysis of glasses

3.4.1 DSC investigation on glass thermal stability

The thermal stability of glasses is assessed from the glass
transition temperature (T,) and the glass crystallization temperature
(T., maximum of the crystallization peak), both of which are
obtained from DSC data. The T, implies the onset of polymer chain
mobility in amorphous materials, observed as a slight change in the
slope of the heat flow curve (Leyva-Porras et al., 2019), while T
is marked by exothermic events (Senkov et al., 2002). Generally,
T, reflects the degree of crosslinking in the glass structure (Naito
and Miura, 1993; Kozmidis-Petrovi¢, 2010), with a decrease often
linked to the disruption of Si-O-Si bonds (Le Losq and Neuville,
2013). Materials with higher T, and T, require higher activation
energy for atomic motion and exhibit higher thermal stability
(Lankhorst, 2002) (Supplementary Material S8).

DSC curves shown in Figure 7 provide information on Ty and T,
of glass samples. Figure 7A shows that all Fe-bearing glasses exhibit
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Reactivity of glasses assessed by normalized mass loss (Q;) of (A) Mg, (B) Si, (C) Fe, and (D) total normalized elemental mass loss. Variation is based on
duplicate batch results. The pH of the leachates ranges between 9.5 and 9.8 (Supplementary Material S6).

T4 and lower T compared to Mg-Si glasses (G0O).
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lower T, than binary Mg-Si glasses (X, = 0), suggesting that glasses
doped with Fe have lower cross-linking degree than glasses without
Fe, and they require lower activation energy for atomic movement.
The stability of glasses deteriorates rapidly with the introduction
of Fe, as seen by the significant decline in T, when Xp, increases
from 0% to 5%, contributing to the high solubility of Fe for the G05
sample. However, the glass transition temperatures fluctuate non-
linearly with increasing Fe contents. It can be observed in Figure 7B
that T. decreases with increasing Xy, from 0% to 25%. Conversely,
T, shows a trend to increase when Xy, exceeds 25%. G45 glass
breaks this tendency and has a lower T, value than G40 glass, which
explains why G45 samples show higher solubility compared to other
samples. Similarly, all glasses doped with Fe exhibit lower T, than
GO0 glass. In agreement, small peaks observed in XRD data of G30
and G35 glasses are aligned with the low T of these two samples.
To summarize, the introduction of Fe in Mg-Si glasses weakens
network connectivity, in agreement with the higher ion solubility of
Fe-bearing glasses.

3.4.2 FTIR characterization

FTIR spectroscopy was employed to investigate the chemical
environment governing the bonds formation in the glass samples,
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and the obtained spectra are shown in Figure 8. The band between
1,300 and 850 cm ™ is assigned to antisymmetric vibration of Si-O
bonds within [SiO,] comprising diverse Q" units, where n refers
to the number of non-bridging oxygen atoms within glass forming
units (from Q° to Q*) (Ma et al., 2008; Delpino et al.,, 2021).
The band at ~1,190 cm™' in GO0 glass is attributed to the Si-
O antisymmetric stretching vibrations of bridging oxygens in Q*
structure (Zhao et al.,, 2016; Luo et al.,, 2021). The broadening and
weakening of bands at 1,250-1,100 cm™" with increasing Fe content
is due to the formation of Fe-O-Si bonds at the expense of Si-
O-Si bridging units (Van De Leest and Roozeboom, 1998). Bands
of M (Si, Fe)-O stretching vibration progressively shift to lower
wavenumbers, aligned with previous observations (Yoshio et al.,
1981). It has also been suggested that bands shifting to lower
wavenumbers implies a smaller degree of crosslinking in [Si-O]
networks, which is likely compensated for by the incorporation of
[FeO,] and [SiO,] tetrahedra (Glazkova et al., 2015). Generally, the
bands at about 1,055 cm™, 1,005 cm™!, 945 cm™! and 895 cm™! are
assigned to the Si-O vibrations in Q3 Q% Q' and QO structures
(Delpino et al., 2021; Luo et al., 2021). The band at ~820 cm™!
relates to Si-O-Si symmetric stretching vibration (Yoshio et al.,
1981). The intensity bands associated to the vibrational modes of
Si-O bonds decreases with increasing Fe content due to breakage
of Si-O bonds and replacement of Si-O-Si by Fe-O-Si (Atalay et al.,
2001). The bands between 470 and 400 cm™" are attributed to an
overlap of Si-O-Si bending and rocking vibrations (Ma et al., 2008;
2011; Fneich et al., 2018).

Vibrations of Fe-O bonds in [FeO,] tetrahedra and [FeOg]
octahedra are observed at ~620 cm™' and ~510 cm™!, respectively
(Tordanova et al., 1996; Rada et al., 2011; Glazkova et al., 2015).
When Fe is introduced, an intense Fe-O band associated with [FeO,]
units is observed in the GO5 glass in Figure 8, suggesting that a
significant proportion of Fe®* ions occupy tetrahedral sites at low
concentrations. These [FeO,] groups cross-link the Si chains and
act as network formers (Misbah et al., 2021). When X, exceeds
30%, the bands at 650-450 cm™" shift to lower wave numbers, which
indicate a gradual transition from [FeO,] tetrahedra to [FeOg]
octahedra (Baowei et al., 2013b).

3.4.3 XPS analysis

XPS analysis was conducted to investigate the glass structure
by examining the binding energies of Si 2p and O 1s, providing
insights into the bonding environment. The XPS Si 2p and O 1s
spectra for G05, G15, G35 and G45 glasses are shown in Figure 9.
The spectra show a Si 2p peak ranging from 102.3 to 103.5¢€V,
aligning well with other multi-oxide silicate materials (Sawyer et al.,
2012; Stone-Weiss et al., 2020). Si is primarily found in two forms:
bonded with bridging oxygens [Si-O-Si (Fe)] and bonded with
non-bridging oxygens [Si-O-Mg (Fe)] (Simonsen et al., 2009). In
Figure 9A, as X, transitions from 5% to 15%, there is a noticeable
increase in binding energy of Si 2p. However, when Xy, reaches
35%, the binding energy decreases. The Si 2p peak shift occurs due
to changes in the electron density surrounding the Si atom, which
result from varying chemical environments (Zhao et al., 2016). The
Si 2p binding energy varies slightly among each species (Q"), with
Si species exhibiting lower polymerization typically found at lower
binding energy levels (Dalby et al.,, 2007). The deconvolution of
Si 2p spectra is provided in Supplementary Material S9, where Q*,
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Méssbauer spectra of (A) GO5, (B) G25 and (C) G45 glasses measured at room temperature. All samples exhibit two distinct paramagnetic Fe>*

doublets, and the G25 glass also shows minor magnetic Fe** sextets.

Q® and Q? species are fitted, and the relative area ratios for each
species are presented. Among the samples, the G15 glass exhibits
the highest fraction of highly polymerized Si species (Q* = 17.0%)
and the lowest fraction of depolymerized Q? species (Q% = 8.9%).
Combined with its higher binding energy value, this indicates that
G15 has a more cross-linked and polymerized network structure
compared to other samples. In contrast, the G45 glass contains
the highest fraction of depolymerized Q? species (Q% = 16.1%),
and the greatest overall proportion of less polymerized Si species
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(Q*3 = 89.1%), followed by G35 (Q* = 14.6%, Q> = 87.6%) and
GO5 (Q? = 13.0%, Q** = 85.5%). Additionally, the lower binding
energies of Si 2p in G35 and G45 further suggest a weakening
in structural connectivity, pointing to a less polymerized network
compared to G15. These observations align with the observations
in FTIR spectra, which may be associated with a gradual
transition from [FeO,] tetrahedra to [FeOg] octahedra. Specifically,
in the GO5 sample, the low binding energy of Si 2p and high ratio
of Q* and Q? species might be attributed to the high concentration
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TABLE 3 Mdssbauer parameters for GO5, G25 and G45 glasses at room
temperature: isomer shift (8), quadrupole splitting (AEg), line width (1),
and tetrahedral-to-octahedral component ratios.

GO05 G25 G45
Fe** doublet a & (mm/s) 0.21 +£0.01 0.27 £0.01 0.24 +0.01

AEq (mm/s) 1.44 +£0.03 1.62 £ 0.04 1.76

I' (mm/s) 0.41 £0.03 0.46 £ 0.01 0.43

Fe** doublet b & (mm/s) 0.49 +0.01 0.45 +0.01 0.46
AEq (mm/s) 1.55+0.05 1.47 1.63

I' (mm/s) 0.41 £0.03 0.46 £ 0.01 0.43

Fe’* (Td)/Fe** 1.83 0.89 0.75

(Oh)

of MgO modifiers, agreeing with the low T, value of GO05 in
DSC analysis.

O 1s peaks of G05, G15, G35 and G45 glasses are observed
between 531.7 and 532.5eV in Figure 9B. The binding energy
increases as Xy, transitions from 5% to 15%, while a shift toward
a lower binding energy value is seen when Xy, reaches 35%. Based
on the previous investigation, the O species with low binding
energy are interpreted as non-bridging oxygen [Si-O-Mg (Fe)],
while high energy species correspond to the bridging oxygen [Si-
O-Si (Fe)] (Gresch et al., 1979). Prior studies support that the O-
Si bond is less ionic compared to O-Fe and O-Mg (Barr, 1990;
Scholtzova et al., 2000; Yliniemi, 2022). Hence, the binding energy
of O 1s decreases as O-Si is gradually substituted by O-Fe with
the increase of Fe content. Additionally, the decrease in O Is
binding energy indicates that the fraction of non-bridging oxygen
increases, which further implies the change of Fe coordination
number in networks.

3.4.4 Mdbssbauer spectra

Mossbauer spectroscopy was conducted to determine the
chemical environments of Fe in the glass structure. Three glass
samples G05, G25 and G45 were analyzed, and the resulting spectra
are shown in Figure 10. Circles indicate the raw experimental data,
while continuous lines represent the fitted data. Each sample exhibits
two paramagnetic trivalent iron doublets with distinct isomer
shifts, represented by blue and red lines. These doublets provide
an averaged view of the possible paramagnetic Fe** environments
within the glasses, associated with different coordination geometries
(Kurkjian, 1970). The broad peaks and relatively large quadrupole
splitting of the doublets reflect the amorphous nature of glasses; the
absence of a well-defined crystal structure results in a distribution
of hyperfine parameters (Horie et al., 1978). Notably, magnetic
trivalent iron sextets (similarly to Fe,0;), are observed in the G25
glass, while a close inspection of the G45 spectrum suggests a small
amount of similar magnetic iron, although in insufficient quantities
for reliable fitting.

The isomer shift (J, corrected with metallic a-iron at room
temperature), quadrupole splitting (AEq) and line width (I') for each
glass sample are summarized in Table 3. The isomer shift is primarily
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associated with the >’ Fe absorption, reflecting variations in electron
density at the nucleus due to differing chemical environments,
causing slight shifts in velocity (Kistner and Sunyar, 1960; Walker
etal, 1961). An isomer shift around 0.26 mm/s typically indicates
Fe’* in a tetrahedral coordination, while higher velocities near
0.5 mm/s correspond to octahedrally coordinated Fe** (Coey, 1974;
Horie et al., 1978; Mysen, 1987; Xu et al., 2024). Therefore,
all three glass samples exhibit both tetrahedral (doublet a) and
octahedral (doublet b) coordinated Fe**, with AE(, near or above
1.5 mm/s, indicating some degree of distortion (Sharma et al., 2007;
Xu et al.,, 2024). The broad line widths suggest a distribution of
Fe3+
octahedral components are also provided in Table 3. The GO5 glass

environments within the glass. The ratios of tetrahedral to

exhibits the highest proportion of tetrahedrally coordinated Fe’*,
which decreases in the G25 glass as the proportion of octahedrally
coordinated Fe’* increases, while the G45 glass showing the highest
proportion of Fe>" in octahedral coordination. These results are also
aligned with the evidence found in the FTIR analysis, indicating that
higher Fe concentrations favor the formation of [FeOg] units and
drive the conversion of [FeO,] to [FeO¢] coordination.

3.4.5 Impacts of Fe>* on the structure and
reactivity of Mg-Si glasses

In Fe-free Mg silicate glass, Mg®" acts as a network modifier
within the glass structure, as illustrated in Figure 11A. When Fe
is introduced into the glass network, Fe*" ions substitute Si*" and
primarily form [FeO,] tetrahedra connected to bridging oxygens.
This is indicated by FTIR analysis, which shows a wavenumber
shift from Si-O-Si to Si-O-Fe upon Fe incorporation. If [FeO,]
tetrahedra units replace the [SiO,] units, they generate a negative
charge deriving from the isomorphous replacement of Si** with Fe**
(Holland et al., 1999). This requires a modifier cation to be close by
for local charge compensation (Kalahe et al., 2022). The expected
chemical environment of Fe>* and Mg?* ions is shown in Figure 11B.
In the glasses systems investigated in this work, it is expected to
have enough Mg?* to charge-compensate [FeO, ] at systems with low
Fe** concentrations, which would lead to a minimal variation in the
mobility of Mg?*. Although tetrahedrally coordinated Fe** ions are
expected to act as network formers, introducing Fe*" into the system
likely destabilizes the network and reduces connectivity due to the
weaker bond strength of Fe-O. This is supported by DSC analysis,
where GO5 glass exhibits a significantly lower T, compared to the
Fe-free GOO glass. Additionally, the relatively low binding energies
of Si 2p and O 1s suggest weak network connectivity. Consequently,
the solubility of Si and Mg in the GO5 glass is still enhanced relative
to that in the G0O glass.

Remarkably, GO5 glass shows exceptionally high leachability
of Fe, which could be explained based on the STEM analysis
(Figure 12). A clear droplet phase separation is observed in the
Fe map shown in Figure 12A, suggesting that Fe is proportionally
immiscible with magnesium silicate phases. The droplet-separated
phase is seen as an amorphous structure in the STEM diffraction
analysis (Figure 12B). Thus, these 50-100 nm droplets seem to
be formed of Fe-rich glass and distributed on Fe-poor glass
matrix, significantly enhancing Fe leachability. Additionally, the
Fe-rich glass is expected to contain a significant proportion of
network modifier [FeOg4] units, contributing to the overall increased
reactivity of the GO05 glass compared to the GO0 glass. Similarly,
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2D schematic presentation of the Fe3*-Mg silicate glass networks. (A) In the GOO glass, Mg®* acts as the network modifier, weakly bonding to
non-bridging oxygens. (B) With the introduction of Fe** in the GO5 glass, [FeO,] tetrahedra primarily form and act as the network formers, while some
Mg?* ions transition from the network modifier to the charge compensator at low Fe concentrations. (C) As Fe concentrations increase, more Mg>*
ions function as compensators, as shown in the G30 glass. (D) In the G45 glass, a higher proportion of [FeO,] tetrahedra convert into [FeOg] octahedra,
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FIGURE 12

STEM images of the GO5 glass and maps of Mg, Si, O and Fe. Droplet phase separation is observed in (A) Fe map, mainly composed of iron-rich glass,
which is separated into ~50-100 nm-sized droplets dispersed in the Fe-poor main glass. The amorphous structure shown in (B) STEM diffraction
analysis supports the existence of phase separation in glasses.
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droplet-like phase separation of Fe is observed in STEM images of
the G10 glass, but less pronounced than in the GO05 glass. In the
G50 glass, phase separation is also evident, with Si and Mg notably
depleted in Fe-rich regions (Supplementary Material S10). These
observations may infer that increasing Fe concentration facilitates
the segregation of Fe-rich and Si-rich phases, which may explain
the enhanced dissolution of Si and Mg as illustrated in Figure 6.
Thus, the phase immiscibility in Fe**-Mg silicate glasses may also
contribute to the enhanced reactivity of Fe-doped samples compared
to binary magnesium silicate glasses.

When Xy, increases from 5% to 30%, some [FeO,4] units convert
to [FeOg], as indicated in Mdossbauer spectra showing a higher
fraction of [FeOg4] in G25 compared to the GO5 glass. Nevertheless,
the overall amount of [FeO,] units in the glass network likely
increases, as seen in FTIR spectra where both Fe-O bands for
[FeO,] and [FeOy] increase, with a more pronounced rise in [FeO,]
intensity in G15 and G25 glasses. This would shift more Mg** ions
to the role of compensators instead of modifier cations, thereby
enhancing the polymerization degree of the glass network. XPS
analysis supports this interpretation, with G15 showing the highest
binding energy of Si 2p and O 1s, and the largest proportion
of polymerized Q* species through deconvolution analysis.
This increased polymerization may account for the modest decrease
in the ionic leaching ratio. The anticipated chemical environments
of Fe** and Mg”* ions in the G30 glass are illustrated in Figure 11C.

As Xg, continues to increase, the amount of Fe’* acting as a
network former is limited by the Si to Fe ratio, as Fe-O bonds
are less stable than Si-O bonds (Arslan et al., 2009). Higher Fe3*
concentrations would favor further conversion of [FeO,] tetrahedra
to [FeOg] octahedra (Figure 11D), as indicated by Mossbauer
spectra for the G45 glass, which shows the highest fraction of
octahedrally coordinated Fe**. Given that [FeO4] octahedra act
as network modifiers and promote network depolymerization
(Pinakidou et al.,, 2007), with a continuous increase of Xp,, a more
open structure and a reduced level of polymerization within the
network are expected. This is supported by XPS analysis, where
G35 and G45 glasses show significantly lower binding energies of
Si 2p and O 1s, with G45 exhibiting the highest proportion of
depolymerized Q* and Q? species. This increased depolymerization
contributes to the enhanced reactivity of the glasses. The decrease
in the dissolution observed for the G50 glass may be attributed to
a higher degree of crystallinity, seen in the minor reflections in the
XRD patterns (Nommeots-Nomm et al., 2020).

Overall, these findings reveal that Fe*" significantly impacts the
reactivity of Mg-Si glasses, with its primary role as network former
or modifier depending on the glass composition. Structural changes
observed in Mossbauer, XPS, DSC and FTIR analyses demonstrate
a clear relationship between Fe concentration and reduced glass
connectivity, with additional observation of phase separation seen
in STEM figures.

4 Conclusion

This study reported the synthesis of Fe-bearing magnesium
silicate glasses with varying Fe content via a sol-gel method, and
an investigation of their reactivity through solubility behavior
analysis. Samples with Xy, [Fe/(Fe + Mg)] up to 50 mol% exhibited
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an amorphous structure, according to the observations in the
XRD measurements. The incorporation of Fe into Mg-Si glasses
resulted in a significant enhancement in reactivity compared to
previously studied Mg-Si glasses (Jiang et al., 2023). This increase
is attributed primarily to the weakening of network connectivity
and the reduction of structural stability caused by the presence of
Fe. Atlow Fe concentration (Xg, = 5%-10%), Fe* jons are believed
to replace Si**, primarily forming [FeO,] tetrahedra connected
to bridging oxygens and acting as network formers. However, it
is possible that the relatively weaker Fe-O bonds destabilized the
network, along with the formation of nanoscale phase separation
into iron-rich and iron-poor regions, as observed in STEM-EDS
analysis, promoting elemental dissolution, particularly the leaching
of Fe. When the Fe concentrations increased, FTIR and XPS
analyses indicated a gradual transition of [FeO,] tetrahedra to
[FeOg] octahedra, with Mdssbauer spectra of representative samples
showing this transition at higher Fe concentrations. Interestingly,
as Xy, increased from 10% to 30%, a slight decrease in reactivity
was observed, possibly due to a partial shift of Mg?* from a network
modifier to a charge compensator. This led to an increase in network
polymerization, which was only minimally offset by the addition
of [FeOg4] units. XPS analysis, through deconvolution, supports
this interpretation, showing that the G15 glass exhibited a more
polymerized structure compared to the G05, G35 and G45 glasses.
The notable increase in reactivity beyond Xy, = 30% is attributed
to the higher concentration of [FeO] octahedra acting as network
modifiers, leading to further depolymerization of the glass network
and a consequent enhancement in reactivity. The high Si solubility
ofthe glasses, with all samples showing over 60 mol% and exceeding
80 mol% for the glass with X, = 45%, indicates the potential for
high reactivity of the synthetic Fe>"-Mg silicate glasses.

The study provides useful insights into the potential of Fe-
bearing magnesium silicate glasses as effective supplementary
cementitious materials (SCMs). The ability to fine-tune the
reactivity of these glasses through controlled Fe incorporation offers
a promising pathway for developing SCMs that can contribute
to reducing CO, emissions in cement production. Additionally,
this understanding opens possibilities for utilizing and modifying
highly available resources, such as Fe- and Mg-rich inorganic
waste streams, glass waste, mine tailings, and Mg silicates, to
produce reactive materials for SCM applications. While reactivity
is largely influenced by the chemical composition, it may not
be strictly dependent on preparation method, suggesting that
optimized glass compositions achieved via sol-gel processing
may also be adapted for materials produced by other methods.
Follow-up research could tackle the use of variable feedstocks for
producing Mg silicate glasses and investigate their use as SCMs in
construction materials.
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