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Abstract

In this study, a series of xFe;O3-Na,O-CaO-5iO; glass-ceramics containing 0-28 wt.%
Fe,O3 were prepared via the conventional melt-quenching technique. The resulting sam-
ples, designated S1-54, were subsequently subjected to thermal treatment and investigated
with respect to their structural, thermal, and optical characteristics. Differential scan-
ning calorimetry analysis revealed the influence of the Fe,O3 concentration on the glass
transition temperature and crystallization behavior of the samples. Structural analysis
of the samples revealed that crystalline silicate and iron oxide phases constituted the
predominant crystalline phases, with their overall crystallinity being strongly dependent
on the Fe,O3 content and thermal treatment. Fourier transform infrared spectroscopy
evidenced structural modifications of the silicate network induced by iron incorporation,
while ultraviolet-visible-near infrared spectroscopy highlighted the presence of Fe?* /Fe3*
ions and their associated electronic transitions. The results indicate that increasing the
Fe;O3 content significantly affects the network structure, redox state, and thermal behavior
of the glass-ceramic system, leading to enhanced absorption properties.

Keywords: soda-lime-silica glass-ceramic system; Fe,O3; X-ray diffraction; crystallization;
FTIR spectroscopy; UV-Vis-NIR spectroscopy

1. Introduction

In recent years, glass and glass-ceramic systems have gained increasing attention due
to their multifunctional applications, ranging from storage medium in high-temperature
Thermal energy storage (TES) systems [1,2] and thermal insulation to the valorization of
industrial wastes and the immobilization of radioactive waste. The performance of TES
systems is strongly dependent on the thermophysical, chemical, optical, environmental,
and economic properties of the storage material, particularly in applications such as con-
centrated solar power (CSP) [3]. The ability of storage materials to operate at elevated
temperatures significantly enhances the efficiency of heat-to-electricity conversion, making
the development of high-temperature TES materials an important research topic [4].

Among different materials investigated for TES applications, glasses and glass-
ceramics have attracted considerable attention due to their excellent thermal stability,
chemical durability, corrosion resistance, relatively low cost, and ease of processing [5].
Furthermore, their chemical stability enables long-term heat storage, while their recyclabil-
ity and abundance make them environmentally sustainable alternatives to conventional

Crystals 2026, 16, 470

https://doi.org/10.3390/ cryst16070470


https://crossmark.crossref.org/dialog?doi=10.3390/cryst16070470&domain=pdf&date_stamp=2026-07-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0003-1643-4543
https://orcid.org/0000-0002-1920-9272
https://doi.org/10.3390/cryst16070470

Crystals 2026, 16, 470

2of 16

TES materials. The possibility of tailoring their composition over a wide range allows the
optimization of structural, thermal, and optical properties according to specific application
requirements [6]. Also, the incorporation of waste-derived raw materials, including indus-
trial by-products and metallurgical slags, into glass and glass-ceramic matrices provides
both ecological and economic benefits by reducing environmental pollution while enabling
the development of sustainable value-added materials [7-10]. In addition, the excellent
chemical durability and long-term stability of glass-based systems make them promising
candidates for radioactive waste immobilization. Recent advances in glass, glass-ceramic,
and composite processing technologies have further expanded the functional capabilities of
these materials, particularly regarding magnetic properties, structural integrity, and tailored
radiation-absorption characteristics [11]. Although integrating multiple functionalities into
a single material remains a considerable challenge, significant progress has been achieved
in tailoring the structure and properties of these systems for advanced technological ap-
plications [12]. Moreover, glass foams and glass-ceramic foams have indicated excellent
potential as thermal insulation materials for buildings, contributing to reduced heating and
cooling demands and consequently improving energy efficiency [13].

The Nay,O-CaO-SiO; (soda-lime-silica) system is the most widely used glass family,
accounting for approximately 90% of all commercially produced glasses. Besides its tradi-
tional applications in windows, containers, and flat glass products, this system has also
found use in advanced technological fields, including structural engineering components
and coating systems [14] Owing to its good glass-forming ability, low production cost, and
compositional flexibility, the soda-lime-silica system represents an attractive matrix for the
development of functional glass and glass-ceramic materials.

The incorporation of transition metal oxides into silicate glasses is a well-established
strategy for modifying their physical and functional properties. Among these oxides,
iron oxide (Fe;O3) is of particular interest due to its ability to exist in multiple oxidation
states (Fe>* and Fe3*) and coordination environments within the glass network. Numerous
studies have shown that Fe,Oj3 significantly influences the thermal and structural behavior
of soda-lime-silica glasses, including glass transition, crystallization kinetics, optical ab-
sorption, and network connectivity [14,15]. When added in relatively small amounts, iron
oxide can act as a nucleating agent, affecting both the nucleation rate and crystal growth
processes during glass-ceramic formation [16].

The structural role of iron depends strongly on its oxidation state and coordination
geometry. Fe?* ions generally behave as network modifiers, disrupting Si-O-Si linkages
and creating non-bridging oxygen atoms, which decrease the connectivity of the glass
network. In contrast, Fe?* ions may participate as network formers by entering tetrahedral
sites and contributing to network stabilization. Consequently, the Fe?* /Fe?* ratio has
a significant influence on the glass structure, density, thermal stability, crystallization
tendency, and mechanical performance [17]. Recent studies on CaO-Al,O3-5iO;-based
glasses have indicate that increasing the Fe;O3 content promotes network depolymerization
through the formation of non-bridging oxygens, resulting in substantial modifications of
the structural organization and physical properties of the glass matrix [18].

In addition to their structural effects, iron oxides contribute significantly to the optical
behavior of glasses. The coexistence of Fe?* and Fe* ions gives rise to characteristic elec-
tronic transitions and intervalence charge-transfer processes, leading to strong absorption
in the UV-visible and near-infrared regions. Such absorption characteristics are partic-
ularly attractive for thermal energy-storage applications, where efficient solar radiation
absorption and conversion into thermal energy are desirable [19,20].

The present work focuses on the influence of Fe;O3; substitution for CaO in the
Nay;O-CaO-5i0; soda-lime silicate system and on the effect of thermal treatment on the
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structural evolution and redox state of iron ions. Glasses with compositions of 16Na,O—
(44—x)Ca0—40SiO203 (x = 0, 14, 21, and 28 wt.%) were synthesized using the conventional
melt-quenching method and subsequently subjected to controlled heat treatment. The
obtained glass and glass-ceramic materials were characterized by density measurements,
differential scanning calorimetry (DSC), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and UV-Vis-NIR spectroscopy in order to evaluate their structural,
thermal, and optical properties.

The results indicate that Fe,O3 incorporation significantly modifies the glass network
structure, affects crystallization behavior, and influences the optical absorption characteris-
tics of the investigated materials. Therefore, this study provides valuable insights into the
role of iron oxide in controlling the structure—property relationships of soda-lime-silica
glasses and contributes to the development of advanced glass-ceramic materials.

2. Materials and Methods

2.1. Sample Preparation

Materials belonging to the 16Na;O—(44—x)Ca0O-40SiO;: xFe;O3 system, with x =0,
14, 21, and 28 wt.% Fe, O3, were synthesized via the conventional melt-quenching method
in order to investigate the influence of iron oxide on the structural, thermal, and optical
properties of the obtained glass-ceramics. The starting mixtures were prepared from
analytically pure reagents: anhydrous sodium carbonate (Na;CO3), calcium carbonate
(CaCO3), silicon dioxide (SiO;), and iron(III) oxide (Fe;O3).

The glass-ceramic samples were prepared under normal atmospheric conditions by
melting 5 g batches in alumina crucibles at 1350 °C in an air atmosphere. For the com-
position containing 28 wt.% Fe;O3, the melting temperature was increased to 1400 °C to
ensure complete melting and proper pouring of the sample from the crucible. The molten
mixtures were subsequently poured and rapidly quenched onto a stainless-steel plate at
room temperature to obtain the samples.

Two series of samples were investigated in this study. The first series consisted of the
as-quenched samples, denoted S1-54, while the second series, labeled 5'1-54, underwent
an additional thermal treatment in air at 500 °C for 1 h in order to relieve internal stresses,
followed by slow cooling to room temperature at a rate of 1 °C/min.

2.2. Characterizations

The structural, thermal, and optical characteristics of the prepared materials were
investigated via X-ray diffraction (XRD) (Bruker AXS, Karlsruhe, Germany the manufac-
turer, city, and country), differential scanning calorimetry/differential thermal analysis
(DSC/DTA), Fourier transform infrared (FT-IR spectroscopy, and UV-Vis spectroscopy.

The density (p) of the prepared samples was measured at room temperature using the
Archimedes method with an analytical balance of four-digit precision.

Thermal behavior was investigated using a simultaneous thermal analyzer (SDT
Q600, TA Instruments, New Castle, DE, USA). Approximately 25 mg of powdered sample
was placed in alumina crucibles and analyzed under a dynamic air atmosphere. The
measurements were carried out under non-isothermal conditions up to 1000 °C, employing
a constant heating rate of 10 °C-min .

The crystalline phases of the glass-ceramic samples were identified via X-ray diffrac-
tion (XRD) using a D8 ADVANCE diffractometer (Bruker, Karlsruhe, Germany). Diffraction
patterns were collected in the 20 range of 20-80° with a scanning rate of 4° /min.

Fourier transform infrared (FTIR) spectra were recorded using a JASCO FTIR-6200
spectrometer (Jasco, Tokyo, Japan) in a 400-4000 cm™~! spectral range with a spectral
resolution of +2 cm~!. The measurements were performed using the KBr pellet technique.
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Optical absorption measurements were carried out using a PerkinElmer Lambda 45
UV-Vis spectrometer (PerkinElmer Inc Waltham, MA, USA) equipped with an integrating
sphere. The powder samples were mixed with BaSO,4 and uniaxially pressed into transpar-
ent pellets under a load of 10 tons/ cm?, resulting in disks with a diameter of 13 mm and a
thickness of approximately 2 mm. The spectra were recorded in the wavelength range of
200-2000 nm, with a wavelength accuracy of +2 nm.

3. Results and Discussions
3.1. Physical Properties of the Samples

The physical properties of the prepared materials were investigated in terms of density
and molar volume in order to evaluate the influence of Fe;O3 incorporation on the structural
arrangement of the glass network. The compositions belonging to the Na, O-CaO-5iO,—
Fe,O3 quaternary system are illustrated in Figure 1a, while the macroscopic appearance
of the obtained glass-ceramic samples is presented in Figure 1b. Samples S1-S3 were
synthesized at 1350 °C, whereas sample 54 required a higher melting temperature of
1400 °C, which may be attributed to an increase in melt viscosity resulting from the
combined effect of Fe,O3 enrichment and CaO depletion. All prepared samples exhibited an
opaque appearance.

Increasing Fe,O; content

(i) (i) (iii) (iv)

s1 s4
(0%Fe,0,) (28%Fe,05)
1350°C

Figure 1. (a) Na;O-CaO-SiO,-Fe,O3 quaternary phase diagram; (b) macroscopic appearance of

glass-ceramic samples with increasing Fe;O3 content.

However, in the literature, it is mentioned that the ferrous and ferric ions are localized
in specific environments within glass structure, giving diluted glasses a blue (Fe?*), yellow
(Fe®*), or green (mixed oxidation states) color [21]. Also, the progressive color evolution
of the samples (Figure 1b), from white (S1) to dark brown (52), reddish-brown (53), and
nearly black (54) quantitatively follows the increase in optical absorption observed in the
UV-VIS-NIR spectra. In technical glasses, both Fe?* and Fe®* are always present, resulting
in an iron-green color. As the addition of iron increases, the color darkens (due to strong
absorption) [22]. However, color alone cannot be considered evidence for the oxidation
state distribution of iron.

The density and molar volume results (Table 1) provide important information regard-
ing the structural evolution of the investigated glass-ceramic system with an increasing
Fe,O3 content. In oxide glasses, density is closely related to atomic packing efficiency
and the molecular weight of the constituent oxides, while the molar volume reflects the
degree of structural compactness and the availability of free volume within the glass
network [23,24].
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Table 1. Density and Molar volume of the samples.

Samples P Vm
Code (g/cm?) (cm3/mol)
S1 2.77 21.13
S1 2.49 23.53
S2 3.09 23.59
S2 2.25 23.50
S3 3.56 22.56
S’3 2.84 28.28
S4 4.54 19.29

The density measurements of the as prepared and heat-treated materials were per-
formed on different specimens of the same nominal composition.

The observed increase in density together with the decrease in molar volume suggests
a more compact atomic packing. These changes are likely the combined result of the
increasing Fe;O3 content and the corresponding reduction in CaO content, both of which
affect the connectivity and packing of the glass network. The FTIR analysis further supports
this interpretation by evidencing changes in the vibrational features of the silicate network.

The sample containing the highest Fe;O3; concentration (S4) exhibits the highest
density value (4.54 g/cm?) together with a lower molar volume (19.29 cm®/mol), indicating
the formation of a more compact and tightly packed structure. This behavior can be
attributed to the high atomic mass of iron ions and to the increasing participation of Fe
ions in octahedral coordination, which enhances structural packing [25,26]. In addition, the
simultaneous decrease in CaO content, a major network modifier, may further contribute to
increased network connectivity and reduced free volume, thereby supporting the observed
densification [27].

For samples with intermediate Fe,O3 concentrations (S2 and S3), the decrease in
density accompanied by relatively larger molar volumes suggests partial depolymerization
and expansion of the silicate network. At these concentrations, Fe>* ions may enter the glass
network in tetrahedral coordination by partially replacing Si** ions, producing structural
rearrangements and increasing the free volume of the system.

The annealed samples (S series) generally exhibit lower density values and larger
molar volumes compared to the as-quenched glasses-ceramic samples. This behavior may
be associated with structural relaxation during thermal treatment, which reduces internal
stresses and promotes local rearrangements within the glass network [25]. In some cases,
heat treatment may also induce the formation of microcrystalline phases and structural
heterogeneity, contributing to changes in the packing density.

Overall, the simultaneous variation of the density and molar volume suggests that
Fe,Os plays a dual structural role in the investigated glass-ceramic samples, acting both
as a network former and as a network modifier depending on the concentration and iron
oxidation state. These structural modifications strongly influence the thermal and optical
properties of the investigated glass-ceramic materials.

3.2. Thermal Analyses

The thermal behavior of the investigated glass-ceramic samples was evaluated via
DSC analysis (Figure 2), and the characteristic thermal parameters are summarized in
Table 2. The glass transition temperature (Ty), crystallization temperature (T,), melting
temperature (T,), onset temperature (T,), thermal stability parameter (AT), glass-forming
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ability coefficient (K¢), and stability factor (S) provide important information regarding
the structural stability and crystallization tendency of the investigated materials. The Ag,x
corresponds to the heat-flow difference associated with the glass transition was determined
directly from the DSC diagram. The thermal stability parameters were calculated according

to the following equations [28,29]:

where Tg, Ty, T;, and Ty, denote the glass transition, crystallization onset, crystallization

S =

AT=T. - T,
T.— T,

Ky = :

¢ T, — T,

(TC—TO)(TC—Tg)
Tg

peak, and melting temperatures, respectively.

75 peak region
o —
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; endo % 55
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(a) (b)
Figure 2. DSC curves of the investigated samples: (a) S1-54 samples recorded up to 1350 °C;
(b) enlarged DSC curves of the samples, highlighting thermal peaks in the 320-470 °C range.
Table 2. The DSC key parameters for the investigated samples.
Thermal Parameters
Samples
T, T, T T AT
Cod g c m o
ode ge) Re) Re) €0 co A 0k8) Ky )
S1 320 460 1046 290 140 0.3458 0.2389 74.375
S1 319 421 1192 288 102 0.7312 0.1327 42.853
S2 362 420 1206 350 58 0.1226 0.0741 11.269
52 340 418 1207 319 79 0.2864 0.0999 23.123
S3 352 416 1213 345 64 0.1407 0.0805 13.007
5’3 327 392 1202 292 66 0.0108 0.0812 20.223
S4 351 401 1182 344 50 0.2371 0.0640 8.1624

The DSC results indicate that Fe,O3 incorporation strongly influences the thermal
stability and crystallization behavior of the investigated samples. The glass transition
temperature generally increases with an increasing Fe,O3 content, from 320 °C for the
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reference sample S1 to values around 351-362 °C for iron-containing samples. This increase
suggests that Fe ions contribute to strengthening the glass network by increasing network
connectivity and restricting structural mobility. The observed behavior can be attributed not
only to the incorporation of Fe ions, which may increase network connectivity through the
formation of Fe-O structural units, but also to the simultaneous decrease in the CaO content.
As a network modifier and fluxing agent, CaO is in the system, promoting the formation
of non-bridging oxygens and partial disruption of the silicate network. Consequently,
reducing the CaO concentration limits network depolymerization, leading to a more rigid
structure and higher Tg values. This interpretation is consistent with the well-established
role of CaO as a network modifier in silicate materials [27].

The crystallization temperature (T.) exhibits a gradual decrease with an increasing
Fe;O3 concentration, indicating that iron oxide promotes crystallization processes within
the glass matrix. Sample S1 shows the highest T, value (460 °C), whereas S4 presents
the lowest crystallization temperature (401 °C). This behavior suggests that higher Fe,O3
concentrations facilitate nucleation and crystal growth due to the modifier role of iron ions
at elevated concentrations.

The thermal stability parameter AT (=T, — Tg), commonly used to evaluate glass
stability against devitrification, decreases significantly from 140 °C for S1 to 50 °C for S4.
Higher AT values indicate better resistance to crystallization during heating; therefore, the
decrease in AT indicates that increasing the Fe,O3; content reduces the thermal stability of
the glass-ceramics and increases their tendency toward crystallization.

The glass-forming ability parameter K¢, and the stability factor S also decrease with an
increasing Fe;O3 concentration. The highest K¢; (0.2389) and S (74.375) values are observed
for the Fe,O3-free sample S1, confirming its superior glass-forming ability and structural
stability. In contrast, sample 54 exhibits the lowest K¢; (0.0640) and S (8.1624), indicating
reduced glass stability and enhanced crystallization tendency. These results suggest that
iron oxide progressively modifies the silicate network and promotes the formation of
glass-ceramic structures.

The annealed samples (S’ series) exhibit variations in Tg, T, and Ag, compared to
the as-quenched samples, reflecting structural relaxation and partial rearrangement of the
network during heat treatment. In particular, for S'1 and 52, the lower Agyy values for
samples with higher Fe,O3 contents suggest reduced structural mobility.

Overall, the thermal analysis indicates that Fe,O3 plays a major role in controlling
the structural organization and crystallization behavior of the Na,O-CaO-5iO; glass-
ceramic system. Increasing the iron oxide concentration enhances network rigidity but
simultaneously promotes crystallization, favoring the formation of thermally stable glass-
ceramic materials.

3.3. X-Ray Diffraction

The XRD patterns presented in Figure 3 reveal significant structural differences be-
tween the investigated samples as a function of the Fe,O3 concentration and thermal
treatment. Structural analysis of the reference matrix (S1) confirmed the coexistence of mul-
tiple crystalline phases, dominated by calcium silicate phases (Cay5iOy), (CazSi,O7) and
sodium silicate phases (NagSi;Oy). These crystalline phases suggest partial crystallization
of the soda-lime silicate system during cooling.
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Figure 3. XRD patterns of the samples.

After thermal treatment, sample S’1 still preserves pronounced crystalline reflections,
confirming that the heat treatment at 500 °C promotes further structural ordering and
crystal growth within the material [30].

In contrast, for samples S2 and S'2, which contain intermediate Fe,O3 concentrations,
the XRD patterns exhibited severe peak broadening and a substantial reduction in the
relative intensity. Rather than indicating a true structural amorphization or a purely
amorphous matrix transition—especially given the notable absence of characteristic diffuse
amorphous halos—this signal attenuation is primarily attributed to strong iron-induced
X-ray fluorescence under CuK«x radiation. This phenomenon significantly elevates the
background noise and drops the signal-to-noise ratio, effectively obscuring the underlying
crystalline reflections. Consequently, the apparent loss of peak resolution masks the real
crystallization state of these intermediate samples, which is highly dependent on the
synergistic effects of the Fe;O3 content and subsequent thermal treatments.

While the base soda-lime-silicate system exhibit multiple diffraction peaks attributed
to mixed sodium—calcium silicate phases, the Fe,Os-modified compositions show distinct
structural features, indicating the influence of iron oxide on phase formation and crystalliza-
tion behavior. Fe?*, with an ionic radius of 0.78 A in octahedral coordination, is much closer
in size to Ca2* (1.00 A) than to Fe3* (0.49 A in tetrahedral coordination). Consequently, the
presence of Fe?" promotes a network-modifying role, leading to depolymerization of the
glass structure, unlike Fe3*, which can act as a network former.

The absence of sharp diffraction peaks after heat treatment suggests that 500 °C
remains below the effective crystallization temperature for compositions S2 and S2’. The
intermediate Fe,O3 concentration appears to increase the thermal stability of the glass
network, delaying nucleation and suppressing crystal growth.
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In contrast, samples S3 and S4 exhibit the appearance of additional diffraction peaks
associated with iron oxide crystalline phases. In sample S3, the reflections marked with
(*) are assigned to hematite (x-Fe;O3), while in sample S4, the peaks marked with (#)
correspond mainly to magnetite type phases (Fe;Os). The intensity and number of these
peaks increase with an increasing Fe,O3 content, indicating enhanced crystallization and
phase separation processes at higher iron concentrations.

The transition from hematite-rich reflections in S3 to magnetite reflections in S4 may
suggest that increasing the Fe,O3 concentration modifies the local oxygen potential during
melting and cooling. At higher iron loadings, the formation of mixed iron oxide phases
reported in the literature is consistent with the possible coexistence of Fe?* and Fe>* ions.
This observation is consistent with previous studies reporting that the Fe?* /Fe?* ratio
strongly governs the crystallization pathway of iron oxide phases in silicate glasses. After
thermal treatment (S3’), the characteristic hematite diffraction peaks become significantly
weaker, indicating a marked reduction in the detectable crystalline «-Fe,O3 phase. This
behavior suggests that the heat treatment modifies the iron oxide crystallization state,
while the increased background caused by Fe fluorescence under CuK« radiation may also
contribute to the reduced peak visibility.

The formation of hematite and magnetite phases indicate that iron oxide no longer
remains fully incorporated within the silicate lattice at elevated concentrations but partially
segregates into iron-rich crystalline domains. This behavior may be related to the coex-
istence of Fe?* and Fe®" ions and to local redox reactions occurring during melting and
cooling [25,31].

Therefore, the increase in the diffraction peak intensity together with the appearance
of new reflections indicates not only the formation of additional crystalline phases but
also an increase in the crystallite fraction. The appearance of crystalline iron oxide phases
at higher Fe,O3 contents suggests that the solubility limit of iron in the soda-lime sili-
cate glass matrix is exceeded, leading to phase separation and precipitation of iron-rich
crystalline domains.

Overall, the XRD results demonstrate that Fe,Os3 plays a dual role in the soda-lime
silicate glass. At higher concentrations, however, the solubility limit of iron in the silicate
matrix is exceeded, resulting in phase separation and crystallization of iron oxide phases,
first as hematite and subsequently as magnetite. These structural changes are expected to
influence both the magnetic behavior and the physical properties of the glass-ceramic.

3.4. FT-IR Spectroscopy

Infrared spectroscopy (FI-IR) is used to investigate and identify the functional groups
presented in the soda lime silicate system containing iron oxide. Figure 4a presents the
FTIR spectra of the samples investigated in the range of 400-4000 cm .

The sketch of the polymeric (SiO4)n network in silicate glass and their structural
representation relevant to FTIR analysis with examples of the different conformations of
tetrahedra, from isolated (NBO = 4, Q) to fully connected (NBO = 0, Q4), is presented
in Figure 4b. Selected FI-IR spectral bands and their assignment to vibrational modes
of the selected characteristic groups in the investigated samples are listed in Table 3.
The FTIR spectra of the soda-lime-silica glass-ceramic systems, with and without Fe,O3,
exhibit strong absorption bands in the 415-600 cm ™! region, which are primarily attributed
to Si-O and Si—O-Si bending vibrations. For the Fe,O3-containing samples, additional
contributions from Fe-O-related vibrations may also be present in the higher-wavenumber
portion of this region. In the 750-1250 cm ™!, the asymmetric stretching vibrations of
[SiO4]~ are tetrahedral with the various structural units Q,. The 1189, 1090, 950, and
850 cm ™! are associated with Q;—[SiO;]%, Qs—[Si»Os5]*~, Q—I[SiO3]*~, Q1 —[Si,071°~
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and Qy—[SiO4]*, respectively [15,32,33]. These band assignments are consistent with a

silicate network predominantly composed of SiOy tetrahedra [22].
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Figure 4. (a) FTIR absorption spectra of samples. (b) Distribution of Q" species in silicate structure.

The band around 467 cm ! is attributed to Si-O-Si bending vibrations, while the bands
near 945, 984, and 1089 cm~! correspond to Si-O stretching vibrations of non-bridging
and bridging oxygen bonds. These bands indicate the presence of depolymerized silicate
units, which is typical for soda-lime-silica glasses containing Na,O and CaO as network

modifiers [34].
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Table 3. The FTIR vibrational frequencies and associated functional groups.

Wavenumber (cm—1) FTIR Bands
467 Si-O-5i bending vibrations
518 682, 725 include contributions from y-Ca,SiO4 and

(3-CaSiOj crystalline phase

Fe—-O-related vibrations (reported for iron

567 oxide-containing silicate materials)
596 Fe-O-related vibrations
750-500 region relating to the bending vibrations of SiO4
1419 asymmetric stretching vibrations of the CaO
1620 bending vibration of water molecules adsorbed on
the surface

2848, 2927 stretching of C—-H bonds

3400 relating to OH stretching vibrations

For the Fe;O3-containing samples, additional bands appear or become more evident
in the low-wavenumber region. The absorption bands around 567 cm~! and 596 cm ™! are
assigned to Fe-O bending vibrations, associated with hematite- and magnetite-type iron
oxide environments. Also, the Fe;O3 can be identified with two low absorption bands at
~468 cm ! and 555 cm 1. The bands at ~460 and ~570 are assigned to specific vibrations
of Fe-O bonds [35]. Their presence suggests the incorporation of iron ions into the glass-
ceramic structure and agrees with the XRD results, which indicate the formation of iron
oxide crystalline phases at higher Fe,O3 contents.

At high temperatures, part of Fe>* is reduced to Fe?", as explained in the thermal
analysis section. Thus, Fe?* and Fe3* usually coexist when Fe,Oj is present in the system.
According to the literature, Fe?* and Fe>* may occupy tetrahedral and/or octahedral coordi-
nation sites in silicate structure, depending on the composition and thermal history) [36,37].

The bands observed at 518, 682, and 725 cm ™1 may be related to calcium silicate
crystalline phases, such as y-CaSiO4 and (3-CaSiOs. This suggests partial crystallization of
the soda-lime-silica matrix, especially after thermal treatment.

In the Fe-free sample S1, the silicate bands are more clearly defined, showing the
typical structure of the soda-lime-silica network. With an increasing Fe,O3 content, the
broadening and slight shifting of the bands in the 750~1250 cm ! region indicates structural
rearrangement of the silicate network. This behavior suggests that Fe3* ions can enter
the glass structure either as network formers in tetrahedral coordination or as network
modifiers in octahedral coordination, depending on concentration.

The weak bands at 1419 cm ™! and 1635 cm ™! are assigned to carbonate group vi-
brations and adsorbed water molecules, respectively. The bands near 2927 cm~! and the
broad band around 3400 cm ! correspond to C-H stretching and O-H stretching vibrations,
indicating the presence of small amounts of surface-adsorbed species.

Overall, the FTIR results suggest that Fe,O3 incorporation influences the soda-lime-
silica network by modifying the local silicate structure and introducing Fe-O-related
structural units. The observed changes in band intensity, position, and broadening are
consistent with structural rearrangements induced by increasing Fe;O3; content. The
observed FTIR bands cannot be assigned uniquely to specific crystalline iron oxide phases.
They may be also contributions from Fe-O structural units in the possible residual glass-
ceramic matrix and/or iron-containing crystalline phases.
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3.5. UV-Vis-NIR Spectroscopy

The UV-Vis-NIR absorption spectra, recorded in the wavelength range 200-2000 nm
for the Na,O-CaO-5iO; soda lime silicate glass-ceramic samples with Fe; O3 substitutions
are presented in Figure 5a, while the corresponding Tauc plots used for the determination
of the optical band gap are shown in Figure 5b. The spectra reveal broad and overlapping
absorption bands, characteristic of transition on metal ions in the disordered silicate matrix.
Table 4 presents the assignment of the characteristic UV-Vis-NIR absorption bands of the
iron crystal field (d—d).
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Figure 5. (a) UV-Vis-NIR spectra of investigated samples; (b) Tauc plot (ahv)? versus hv with linear
extrapolation for the determination of the optical band gap (Ey).

Table 4. UV-VIS-NIR absorption bands of iron crystal field (d—-d) transitions.

Ferrous—Fe?* (3d°) range from 2500 to 526 nm
Ferric—Fe®* (3d°) range from 526 to 350 nm

400-600 nm spin-forbidden d-d transitions of ferrous and ferric ions, with 4-, 5-, and
6-fold coordination states, in the spinel ligand field

<350 nm—oxygen-metal charge transfer bands (OMCT) due to both Fe?* and Fe3*
350, 396, 465, 483 nm—Fe3* spin-forbidden transitions

551, 664, 780 nm—Fe?* Fe3* ion pairs (intervalence charge transfer, IV CT, transition)

1076 nm—S5 T2(D) — 5 E(D) transition for octahedral Fe?* ions in Oy, sites in the
glass network

The UV-Vis—NIR spectra show that Fe,O3 strongly influences the optical absorption
behavior of the materials derived from the soda-lime-silica system. The absorption in-
tensity increases progressively from S1 to S4, confirming the higher concentration of iron
ions in the glass matrix. The Fe;O3-free sample S1 shows weak absorption, mainly in the
UV region, while the Fe-containing samples present broad and intense absorption bands
between 200 and 800 nm. The bands observed around 271, 350, 396, 465, and 483 nm are
associated mainly with Fe* electronic transitions, especially spin-forbidden d-d transitions
in tetrahedral and octahedral coordination environments [38,39]. The absorption features
around 551, 664, and 780 nm can be assigned to Fe?*-Fe3* ion-pair transitions and interva-
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lence charge transfer processes. These bands indicate the coexistence of both Fe?* and Fe3*
ions in the glass network [38,40]. The broad absorption in the visible region also explains
the dark coloration and opacity of the iron-containing samples. In the literature, the broad
absorption band around 1078 nm has frequently been attributed to crystal-field transitions
associated with octahedrally coordinated Fe?* ions in oxide glasses [41]. Accordingly, the
week band observed may be related to similar Fe?* associated transitions. However, due to
the broad and overlapping nature of absorption features in glass-ceramics, contributions
from intervalence charge-transfer process and other overlapping electronic transitions
cannot be excluded. Therefore, this band is tentatively assigned to Fe?*-related transitions
reported for oxide glasses, while recognizing that complementary spectroscopic techniques
would be required to confirm the oxidation-state distribution. Therefore, this assignment
should be regarded as tentative. The progressive increase in absorbance with an increasing
Fe,; O3 content, especially for 54, indicates enhanced electronic transitions and stronger light
absorption and is consistent with the higher concentration of optically Fe-related absorbing
species and the enhanced electronic absorption within the glass-ceramic matrix. According
to the literature, the coexistence of Fe?* and Fe3* ions contribute to broad optical absorption
and charge-transfer transitions in iron-containing glasses [21,22]. The optical behavior
observed in the present samples is consistent with these previous reports, although the
oxidation-state distribution was not directly determined in this work. The band gap energy
values were determinate from the Tauc plots (¢hv)? versus f(hv) and are summarized in
Table 5. The undoped sample (S1) exhibits the highest Eo value (4.32 eV). As the Fe;O;
content increases at the expense of CaO, the optical band gap decreases, reaching 1.62 eV for
sample S4. This reduction in the optical band gap suggests that Fe incorporation introduces
localized electronic states within the forbidden band, facilitating lower-energy electronic
transitions, in agreement with previous studies on Fe,O3-containing glass-ceramic sys-
tems [42,43]. The heat treatment at 500 °C did not affect the optical band gap of the iron-free
sample (S1’), whereas the Fe-containing samples (S2" and S3’) exhibited slightly lower Eq
values than their corresponding parent glass-ceramic. This decrease may be attributed
to structural rearrangement and /or partial crystallization, leading to additional localized
defect states and further band-gap narrowing [44].

Table 5. Quantitative parameters extracted from the UV-Vis-NIR absorption spectra of the investi-
gated glass-ceramic samples.

A Waveleneth Calculated Integrated Integrated Integrated
Sample max (nm) & Eg Absorbance Absorbance Absorbance
(eV) (200-450 nm) (450-900 nm) (900-1200 nm)
S1 249 4.32 234 59.5 29.2
S1/ 248 4.32 229 45.0 20.3
S2 400 1.81 146.1 231.1 121.4
S2/ 406 1.67 136.6 2249 118.2
S3 412 1.72 151.0 230.6 110.7
S3/ 405 1.69 146.7 242.0 116.8
S4 396 1.61 124.4 151.0 40.0

To complement the qualitative interpretation of the UV-Vis-NIR spectra, quantitative
optical parameters were extracted from the experimental absorption data. The wavelength
of the dominant absorption maximum (Amax), the calculated (Eg), together with the inte-
grated absorbance calculated over three characteristic spectral regions (200450, 450-900,
and 900-1200 nm), are summarized in Table 5.
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As summarized in Table 5, the dominant absorption maximum shifts from approxi-
mately 249 nm for the iron-free glass (S1) to 396—412 nm for the Fe;O3-containing samples,
indicating that iron incorporation significantly modifies the electronic absorption profile
of the glass matrix. The integrated absorbance also increases markedly in the 200-450 nm
and 450-900 nm spectral regions with an increasing Fe,O3 content, reflecting the increasing
contribution of iron-related electronic transitions. In contrast, the integrated absorbance in
the 900-1200 nm region exhibits a different trend, particularly for sample P4, suggesting
that the structural changes associated with the higher Fe;Os3 content and thermal treatment
influence the near-infrared absorption profile. However, due to the extensive overlap of
crystal-field and charge-transfer transitions in iron-containing glasses, these changes cannot
be unequivocally assigned to specific Fe?* or Fe®* species.

The evolution of the optical absorption spectra is consistent with the structural modifi-
cations evidenced by XRD, FTIR, and DSC. This behavior is accompanied by changes in the
FTIR spectra, particularly in the 750-1250 cm ™! region, indicating modifications of the sili-
cate network associated with iron incorporation. These structural changes are reflected in
the optical response by the shift of the dominant absorption maximum from 249 nm for the
iron-free glass to approximately 396-412 nm for the Fe-containing samples, together with
the increase in the integrated absorbance in the UV-visible spectral regions. Moreover, the
DSC results show a progressive decrease in the crystallization stability with an increasing
Fe, O3 content, suggesting that iron modifies both the glass structure and its crystallization
behavior. Overall, these observations demonstrate a clear correlation between the structural
evolution and the optical properties of the glass-ceramics investigated.

4. Conclusions

A series glass-ceramics derived from the 16Nay;O—(44—x)CaO—-40SiO,:xFe;O3 (x =0,
14, 21, and 28 wt.%) system were successfully prepared via the conventional melt-quenching
method and subsequently characterized in terms of their structural, thermal, and optical
properties. The influence of Fe,O3 incorporation, together with the corresponding decrease
in CaO content, on these properties was investigated using density measurements, DSC,
XRD, FTIR, and UV-Vis-NIR spectroscopy.

The results indicate that the compositional modifications significantly influence the
glass network, crystallization behavior, and optical response of the investigated materials.
Density and molar volume measurements, supported via FTIR analysis, suggest changes
in the packing efficiency of the glass network. DSC and XRD analyses confirmed the
formation of crystalline phases after heat treatment, while the crystallization behavior
strongly depended on the Fe;O3/CaO ratio.

UVVis-NIR spectroscopy revealed progressively enhanced optical absorption with an
increasing Fe,O3 content, which may be attributed to the presence of iron ions in different
oxidation states. Such optical behavior may be advantageous for applications requiring
efficient solar radiation absorption.
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