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Abstract

Bioactive glasses are known for their surface reactivity and ability to bond with bone
tissue through the formation of hydroxyapatite. This study investigates the effects of
substituting ultrapure water with natural geothermal waters from the Azores in the sol-gel
synthesis of 4555 and MgO-modified bioglasses. Using high-resolution X-ray photoelectron
spectroscopy (XPS), we examined how the mineral composition of the waters influenced
the chemical environment and network connectivity of the glass surface. The presence of
trace ions, such as Mg2+, SrZ*, Zn%*, and B?*, altered the silicate structure, as evidenced
by binding energy shifts and peak deconvolution in O 1s, Si 2p, P 2p, Ca 2p, and Na 1s
spectra. Thermal treatment further promoted polymerization and reduced hydroxylation.
Our findings suggest that mineral-rich waters act as functional agents, modulating the
reactivity and structure of bioactive glass surfaces in eco-sustainable synthesis routes.

Keywords: X-ray photoelectron spectroscopy (XPS); sol-gel synthesis; 4555 bioactive glass;
geothermal waters; surface and structural analysis

1. Introduction

Bioactive glasses are a class of biomaterials that have garnered significant attention for
their ability to establish a strong bond with bone tissue through both mechanical interlock-
ing and chemical integration. This biointegration is predominantly driven by the formation
of a surface layer of hydroxyapatite (HA)—a calcium phosphate phase that closely resem-
bles the mineral component of human bone—upon immersion in physiological fluids [1].
Since the development of Bioglass® 45S5—a quaternary system composed of 45%Si0,-24,
5%Nay0-24, 5%Ca0-6%P,0s5 (Wt%)—in the 1960s, these materials have become central to
regenerative medicine because of their ability to chemically bond with bone and promote
osteogenesis [2]. The modification of 4555 bioactive glass with MgO has been previously
highlighted to modulate surface reactivity and enhance bioactivity [3]. During dissolution
in physiological environments, 4555 forms a silica-rich layer that facilitates the nucleation
and growth of an apatite-like phase (Ca;o(PO4)s(OH);) at the glass—tissue interface. The
kinetics of this process and the quality of the resulting layer are influenced by the glass’s
chemical composition and network structure.
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In addition to bioactive glasses, a wide range of biomaterials, such as calcium phos-
phate ceramics (e.g., hydroxyapatite, 3-TCP), bioresorbable polymers, polymer—ceramic
composites, and hybrid organic-inorganic scaffolds, have been explored in regenerative
medicine. These materials are synthesized through various techniques, including melt-
quenching, sol-gel processing, electrospinning, freeze-drying, and additive manufacturing.
Each approach presents unique advantages in terms of bioactivity, degradation kinetics,
porosity, and mechanical performance, depending on the clinical application.

Mg, as an alkaline earth element, has been shown to enhance the bioactivity of bioac-
tive glass systems by promoting hydroxyapatite formation, potentially through strong
interactions with phosphate groups. Moreover, Mg?* can act both as a network modifier—
increasing non-bridging oxygens and altering dissolution rates—and, under some con-
ditions, as a network former, affecting glass durability. For these reasons, MgO was
incorporated into the 4555 formulation in this study to evaluate its impact on structural
reorganization, surface chemistry (via XPS), and potential implications for bioactivity.
This approach is supported by studies demonstrating that even small additions of MgO
(1-5 mol%) can significantly affect the reactivity and biointegration performance of sol-
gel-derived bioglasses [3]. Surface chemistry and local bonding environments are critical
factors that govern bioactivity. X-ray photoelectron spectroscopy (XPS) is therefore em-
ployed as a powerful tool to probe surface composition, chemical states, and subtle shifts
in binding energies caused by ion incorporation and network modifications, providing
insights into the mechanisms of biointegration.

A key feature of these glasses is their bioactivity, defined as the ability of a material
to elicit a biological response that leads to the formation of a stable bond between tissue
and the material surface. In vitro assessments of this property often focus on the material’s
capacity to form a polycrystalline layer of carbonated hydroxyapatite (HCA) when exposed
to simulated body fluid (SBF), a feature formalized in ISO 23317 for the evaluation of
medical implants [4,5]. The formation of this HCA layer not only promotes osteoblast
adhesion and proliferation but also provides a conducive environment for subsequent
mineralization and tissue ingrowth.

Advancements in bioactive glass research have emphasized the importance of compo-
sition and surface characteristics in modulating biological responses. In particular, sol-gel
synthesis has emerged as a powerful route for producing highly porous glasses with
tunable chemistry and high specific surface area, enhancing the rate and extent of HCA
layer formation [6]. Traditionally, sol-gel methods employ ultrapure water and synthetic
catalysts, like HCI, to hydrolyze metal alkoxides. However, emerging methods aim to
simplify the synthesis process and introduce bio-functional elements using alternative,
naturally enriched aqueous media [7].

Following previous work that demonstrated the viability of replacing distilled wa-
ter with naturally occurring geothermal waters from Furnas (Sao Miguel Island, Azores,
Portugal) in the sol-gel synthesis of bioactive glasses, such as 4555, 77S and 58S [7], the
present study advances this concept by focusing exclusively on the surface structural
effects observable by X-ray photoelectron spectroscopy (XPS). Rather than conducting
in vitro bioactivity assays or engaging in multi-technique characterization, this work fo-
cuses exclusively on how the ionic composition of the synthesis water modifies the local
chemical environment at the glass surface. Each water, with its distinct pH and trace
element profile, has the potential to induce ion exchange, network disruption, and surface
reorganization—phenomena that manifest in XPS core-level spectra as binding energy
shifts, peak broadening, and asymmetry.

These mineral-rich waters, extensively characterized in [8], exhibit an acidic pH suit-
able for sol-gel catalysis [9] and contain major elements, such as Na*, K*, Ca?*, Mg2+,
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SO42’, SiO,, and Cl~. While elements like Na* and CaZ* play structural roles in mod-
ifying the glass network and dissolution kinetics, others, such as SO42~ and Cl~, con-
tribute to the ionic strength and reactivity of the synthesis medium. In addition to these
major constituents, trace elements, including 7Zn%t, Sr2t Cu?*, Min%*, B3+, and Li*, are
present at low concentrations but are known to independently promote osteogenesis, an-
giogenesis, and antimicrobial activity [10]. These ions are summarized in Table 1 for their
bio-functional relevance.

Table 1. Ions commonly found in biomedical glasses and their potential benefits. References corre-
spond to studies linking each ion to specific properties, such as bone growth stimulation, antibacterial
activity, tissue regeneration, and other relevant biomedical applications.

Ion Possible Benefit in Biomedical Glass Ref.
Mg2+ Stimulates bone growth, osteoblast activity [11]
o4 Antibacterial and regenerative action,
Zn . . . [12]
important in bone metabolism
G2+ Stimulates bone formation, inhibits [13]
bone resorption
Cut Antibacterial action, angiogenesis [14]

(formation of blood vessels)
B3* Stimulates bone and cartilage regeneration [15]
Potential neuroprotective and bone

Li* : : [16]
regenerative properties
Fe May influence magnetic properties [17]
and strength
Mo, Mn Less common, but can b-e 1r}corporated for [18,19]
specific applications
Al High quantities can be toxic, must [20]

be controlled

Among the waters tested, “Agua Azeda” and “Agua de Prata” were identified as
particularly suitable for sol-gel synthesis because of their moderately acidic pH (5.09 and
5.33, respectively) and higher concentrations of several biologically active ions [7,8].

Although the direct detection of these trace ions by XPS is limited because of their low
surface abundance, their presence can still influence the local electronic structure. These
effects manifest as subtle changes in core-level spectra—namely, binding energy shifts, peak
broadening, or asymmetry in regions such as O 1s, Si 2p, Ca 2p, and Na 1s. High-resolution
XPS is particularly sensitive to such alterations, making it a powerful tool for probing ion
incorporation and network restructuring at the atomic scale. These structural effects are
known to impact glass dissolution and, consequently, its bioactivity.

The structure of silicate glasses can be described using Q" structural units, where Q
represents a 5iOy tetrahedral unit and n indicates the number of bridging oxygens (BOs)
per tetrahedron. There are five types of Q" units, ranging from Q" (no BOs) to Q* (four
BOs), each reflecting a different degree of network connectivity. Conventional glasses
typically contain a high proportion of Q* and Q® units, which corresponds to a highly
connected, three-dimensional network. Inverted glasses, including many bioactive glasses,
are mainly composed of Q? chains terminated by Q! units, indicating a less connected
and more open glass network. The relative abundance of Q? and Q3 units depends on the
glass composition—especially the SiO, content—and the type of network modifiers (such
as Ca?*, Na*, or Mg?*), which reduce network connectivity by generating non-bridging
oxygens (NBOs). Although the theoretical network connectivity (NC) can be calculated
from the glass composition, it does not fully account for the influence of these modifiers [21].
The structural and functional behavior of bioactive glasses is influenced not only by their
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chemical composition but also by the distribution of electronic states and local bonding
environments within the amorphous network. Network connectivity is defined as the
average number of bridging oxygen (BO) atoms bound to a network-forming cation, where
a BO atom is defined as an oxygen atom that is chemically bound to two network polyhe-
drons. Oxygen atoms that do not connect two network polyhedrons are called non-bridging
oxygen (NBO) atoms [22]. The inclusion of network modifiers introduces variations in
ionic field strength, coordination number, and local bond polarization, which influence
the formation of non-bridging oxygens (NBOs), medium-range order, and the rigidity of
the glass matrix. These changes modify the electronic structure and alter the electrostatic
potential surrounding the core-level electrons. X-ray photoelectron spectroscopy (XPS)
offers a sensitive probe into these atomic-scale phenomena by detecting shifts in binding
energy, variations in full-width at half maximum (FWHM), and peak asymmetry—all
signatures of local structural and electronic perturbations. This study, therefore, combines
the chemical sensitivity of XPS with a physics-informed interpretation to uncover how
sol-gel chemistry and ionic media influence the local atomic and electronic structure of
bioactive glasses.

The novelty of this study lies in the use of natural geothermal waters—rich in bio-
functional trace ions—as a sustainable and compositionally complex alternative to ultrapure
water in the sol-gel synthesis of bioactive glasses. In contrast to conventional methods,
which rely on deliberate doping with purified precursors, our approach harnesses the
intrinsic geochemistry of naturally enriched waters to introduce multiple trace elements si-
multaneously, without synthetic additives or pH adjustment. To the best of our knowledge,
this is the first work to apply high-resolution XPS to elucidate how these naturally sourced
ionic species—some below the direct detection threshold—alter the surface electronic struc-
ture, bonding environments, and network connectivity of sol-gel-derived bioglasses. This
strategy not only offers a methodological advance in green biomaterials synthesis but also
provides new conceptual insight into low-level dopant effects and network modulation in
complex silicate systems.

2. Materials and Methods
2.1. Materials

Bioactive glasses were synthesized via the sol-gel method using high-purity chemical
precursors. Tetraethyl orthosilicate (TEOS, Si(OC;Hs)4, >98%, Sigma-Aldrich, Darmstadt,
Germany) was used as the silica source, while calcium nitrate tetrahydrate (Ca(NO3),-4H,0O,
>99%, Sigma-Aldrich) served as the calcium source. Triethyl phosphate (TEP, (C;H50)3PO,
>99%, Sigma-Aldrich) was employed as the phosphorus precursor. Magnesium nitrate
(Mg(NO3)2, >99%, Sigma-Aldrich) and sodium nitrate (NaNO3, >99%, Sigma-Aldrich)
were also used as sources of magnesium and sodium, respectively. All reagents were used
as received, without further purification.

The aqueous media used for sol-gel hydrolysis included both deionized water (resis-
tivity > 18.2 M()-cm) and two naturally mineralized geothermal waters:

e  Prata water, collected from a geothermal spring in the Furnas volcanic area (Sao Miguel
Island, Azores), at UTM 649365 E /4182020 N (WGS 84);

e Azeda water, collected from a nearby spring within the same Furnas hydrothermal
system, at UTM 649452 E /4182034 N (WGS 84).

Both geothermal waters were freshly collected in sterile, acid-washed containers and
stored at 4 °C until use. Prior to synthesis, the waters were passed through 0.22 pum sterile
syringe filters (Nylon membrane, 0.22 pm pore size, 30 mm diameter; VWR International,
Radnor, PA, USA) to remove suspended solids and microorganisms without altering the
dissolved ionic content. No chemical adjustments were made, preserving their natural
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pH and composition. Figure 1 summarizes the chemical profiles of the waters, based
on data previously characterized in [8], which were selected because of their distinctive
mineralogical composition and acidic pH values.

Agua de Prata
pH
.33

@ 887 ng/L
Q 22 v
@ 12 ng/lL
@ 2530 w01
@10 ug/L
@ 3.06 mant
@ 2200 pg/L

Agua Azeda
pH

5.09

@ 565 ug/L

@ 26.9 ng/L
@ 3.27 mg/L
@ 4350 g/l

Furnas (Sdo Miguel, Agores)

Figure 1. Summary of the chemical compositions of the geothermal waters: Agua de Prata and Agua
Azeda (Furnas, Sao Miguel Island (Agores), Portugal).

2.2. Geothermal Water Composition and Relevance to Sol-Gel Synthesis

Waters naturally occur from a geothermal spring located in the Furnas volcanic com-
plex, on Sao Miguel Island in the Azores archipelago (Portugal). This region is characterized
by intense hydrothermal activity, resulting in a unique profile of mineral-rich acidic waters
that emerge from deep volcanic aquifers [8].

Although naturally sourced, both Agua de Prata and Agua Azeda originate from
deep geothermal springs that have been extensively characterized and are considered
geochemically stable over time due to aquifer buffering. Their compositions, particularly
in terms of pH and bioactive ion content (e.g., Mg2+, Sr?*, Zn?*), show limited seasonal
variation, similar to commercial mineral waters, such as Vichy or San Pellegrino. As
detailed in Section 2.1, the waters were used without chemical adjustment and processed
under sterile, controlled conditions to preserve their native ionic profiles.

2.2.1. Geochemical Context of Prata Water

Among the waters tested, Agua de Prata presents a unique mineral profile that sup-
ports its use in the sol-gel synthesis of bioactive glasses. It exhibits a moderately acidic
pH of 5.33, which remains compatible with acid-catalyzed sol-gel synthesis. Its mineral
composition is notable for elevated levels of biologically relevant ions. Notably, it con-
tains 25.3 mg/L of Sr’*, known to stimulate osteogenic activity, and 20.1 mg/L of Zn?*,
with well-documented antibacterial and bone-healing properties. The water also provides
12 mg/L of Li*, potentially beneficial for neuroprotection and anti-inflammatory responses,
and 22 mg/L of B%*, an element involved in cartilage and bone metabolism. While Fe
(2200 mg/L) and Al (593 mg/L) concentrations are relatively high and may require moni-
toring for cytotoxicity, their presence reflects the deep geochemical processes active in this
hydrothermal environment. The exceptionally high Mo content (867 mg/L)—the highest
among all sampled waters—adds further interest, as molybdenum may influence redox
regulation or enzymatic activity [10].
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2.2.2. Geochemical Context of Azeda Water

Agua Azeda, in contrast, exhibits stronger acidity and greater mineral complexity. It is
renowned for its low pH, typically around 5.09. This strongly acidic environment is highly
compatible with acid-catalyzed sol-gel synthesis and facilitates the incorporation of a broad
range of ions into the glass matrix. Agua Azeda stands out because of its exceptionally
high content of Mg?* (187 mg/L), a divalent cation known to enhance enzymatic activity
and influence bone metabolism. It also contains B3* (25 mg/L) and Zn?* (17 mg/L), both
of which contribute to bone health and antibacterial properties. The spring’s elevated Fe
concentration (4560 mg/L) and Al levels (1010 mg/L) highlight the aggressive nature of the
water, posing challenges in terms of potential cytotoxicity but also presenting opportunities
for structural modification of the glass. Importantly, Agua Azeda contains trace amounts
of Mn%*, Cu?*, and Ba?*, elements that can contribute to redox modulation, antimicrobial
effects, and potential cellular responses [10].

2.3. Synthesis of Bioactive Glasses: 4555® and 4555°/MgO
2.3.1. Sample Description

The sample naming convention used in this study corresponds to internal identifiers
assigned during the experimental phase. The codes do not follow a sequential logic but
were retained as originally assigned to ensure consistency across experimental records,
spectral analyses, and figure references. The specific samples are as follows:

e  Sample 7 corresponds to the control bioglass (4555) synthesized using deionized water
acidified with HCI;

e Sample 4 refers to the same 45S5 composition synthesized with Agua de Prata, a
mineral-rich geothermal water;

e  Sample 4700 denotes Sample 4 after thermal treatment at 700 °C:

e  Sample 10 represents a modified bioglass in which P,Os was replaced by 6 wt% MgO,
synthesized using Agua Azeda.

2.3.2. Synthesis Procedure

The synthesis of 45S5® bioactive glass was conducted via the sol-gel method, employ-
ing deionized water (Di) as the control synthesis medium, alongside two distinct geother-
mal waters—Azeda and Prata. Precursor solutions were prepared following standardized
weight percentages of SiO,, CaO, NayO, and P,0Os. Specifically, silicon tetraethoxide
(TEOS) was hydrolyzed in an ethanol-water mixture, followed by the sequential addition
of calcium nitrate, sodium nitrate, and triethyl phosphate (TEP). For the 4555® /MgO for-
mulation, magnesium nitrate was used in place of TEP to incorporate MgO. The resulting
gels were dried at ambient conditions for 15 days and subsequently aged at 60 for 7 days to
eliminate residual solvents. Only Sample 4 was further subjected to thermal treatment at
700 °C for 2 h to achieve vitrification.

The samples synthesized with Agua de Prata yielded transparent gels and glasses,
demonstrating greater compatibility with the original 4555® formulation when compared
to those prepared with geothermal waters. In contrast, the samples prepared with Agua
Azeda exhibited increased translucency and improved performance when incorporated
into the 4555® formulation containing 6 wt% MgO. The synthesis process is schematically
illustrated in Figure 2.
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Samples 7, 4, 4700:

Ca(NO;),
NaNO, Sample 10:
ETOH TEP Mg(NOs),

=
TEOS| ———>  Deionized water —> @
e Geothermal water

Tra nsparent gel

Sample 4700
— - I“
@ v
Glass 5
700°C,2h 60°C

Deionized water
Geothermal water

Figure 2. Schematic representation of the sol-gel synthesis process for 45S5® bioactive glass and
its modified formulation (4555®/ MgO) using deionized water, Agua de Prata, and Agua Azeda as
synthesis media. Sample 7 (45S5 synthesized with deionized water + HCL; untreated); Sample 4 (4555
synthesized with Agua de Prata; untreated); Sample 4700 (4555 synthesized with Agua de Prata;
thermally treated at 700 °C); Sample 10 (45S5 composition modified with 6 wt% MgO, synthesized
with Agua Azeda; no phosphate).

2.4. XPS

In this study, X-ray photoelectron spectroscopy (XPS) was selected as the sole char-
acterization technique because of its element-specific sensitivity to surface chemistry and
oxidation states. This research aimed to evaluate structural and electronic modifications
induced by the presence of trace multivalent ions from geothermal water, which are most
evident at the glass surface. While Fourier-transform infrared spectroscopy (FTIR) is often
used to assess bulk glass network connectivity, XPS offers higher surface sensitivity (~5 nm)
and provides insight into chemical environments, such as the distribution of bridging and
non-bridging oxygens (BO/NBO), binding energy shifts, and coordination asymmetries.
These features are particularly relevant when evaluating local effects of low-abundance
ions on the surface network structure of sol-gel-derived bioactive glasses.

X-ray photoelectron spectroscopy (XPS) analyses were performed on the glass samples
using an ESCALAB 250 spectrometer equipped with dual anode sources (Al/Mg), operated
with a monochromatic Al K« radiation source (photon energy hv = 1486.6 eV). The XR5
Gun was configured with a 500 um spot size, operating at 15 kV and 150 W. To compensate
for surface charging effects inherent to dielectric materials, a low-energy electron flood gun
was employed during acquisition. Prior to high-resolution spectral acquisition, surface
contaminants were removed via ion sputtering using a 3 keV Ar* beam for 5 min. All
measurements were conducted under ultra-high vacuum (UHV) conditions, with the
analysis chamber pressure maintained below 8 x 10~ mbar to minimize scattering of
emitted photoelectrons. The spectra were calibrated by setting the binding energy of
the C 1s peak to 284.8 eV [23]. XPS spectra were acquired with a step size of 1.0 eV for
survey scans and 0.1 eV for high-resolution scans. Survey spectra were collected with a
pass energy of 150 eV, while all high-resolution spectra—including those corresponding
to the O 1s, Si 2p, P 2p, Na 1s, Ca 2p, and Mg 1s regions—were obtained using a pass
energy of 20 eV. Elemental identification in the survey spectra was carried out using the
XPS Peak 4.1 software. Peak fitting and spectral analysis were conducted using the Peak
Fit module in Origin17® software. Manual baseline correction was applied before fitting
the peaks using Gaussian functions. The fitting aimed to identify peak asymmetries and
overlapping contributions indicative of chemically distinct environments, rather than for
quantitative analysis.
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Due to the limited inelastic mean free path of photoelectrons, XPS is inherently surface-
sensitive, providing compositional and chemical state information of the outermost layers
of the glass surface.

3. Results and Discussion
3.1. XPS Analysis

In order to interpret the surface chemistry of the synthesized glasses, XPS data were
analyzed following a systematic workflow (Figure 3) comprising two main stages. First,
wide-range survey spectra were acquired to identify the elemental composition of each
sample, detect any surface contaminants, and highlight differences related to the use of
distinct water sources and synthesis conditions. This provided an overview of the chemical
elements present on the surface and served as a baseline for deeper investigation. Second,
high-resolution spectra of selected core levels—including O 1s, Si 2p, P 2p, Ca 2p, Na 1s,
and, where applicable, Mg 1s—were collected and subsequently analyzed in detail. This
included side-by-side comparison, spectral overlay, and deconvolution into individual
chemical environments, allowing for the identification of shifts in binding energy, peak
broadening, and changes in chemical state indicative of structural rearrangements or ion
substitution. The results of this multi-step analysis are presented in the following sections
and discussed in relation to the ionic profile and mineral complexity of the synthesis
waters employed.

Survey Spectrum Acquisition

Identify all elements present
and detect possible contaminats

=

Core-Level High-Resolution
Spectra

0S2pP Focused acquisition of O 1s, Sl 2p, Ca 2p,
P 2p,Nals,Mg1s,N1s

=

Side-by-Side Comparison
Visual comparison of peak shapes and
Side yside positions across all samples

Comparison

=

N
Overlay of Spectra
A Detection of binding energy shifts,
Overlay peak broadening, shoulders

of Spectra

N
Peak Deconvolution
_AA_ Separation of chemical environments
(e.g., bridging vs. non-bridging oxygesen)

k
Deconvolution

Interpretation

E] Q Chemical state analysis
interpretation|  @nd structural insight

6 Correlation with Water
Composition

Figure 3. Schematic workflow of the XPS analysis applied to the sol-gel-derived bioglasses in this
study. The procedure includes an initial survey spectrum to identify elemental composition, followed
by high-resolution core-level acquisition for detailed chemical analysis. Comparative steps involve
side-by-side and overlay examination of spectra to detect shifts and broadening, culminating in peak
deconvolution for chemical state resolution. The findings are then interpreted and correlated with
the ionic profiles of the synthesis waters.

3.1.1. Survey

Survey XPS spectra of the sol-gel-derived bioactive glasses synthesized with differ-
ent water sources reveal significant compositional and structural distinctions among the
samples. All spectra show characteristic peaks of the main glass constituents—O 1s, Si
2p, P 2p, Ca 2p, and Na 1s—along with minor signals associated with synthesis reagents
or trace elements introduced through the synthesis media. Variations in peak intensity,
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shape, symmetry, and full-width at half maximum (FWHM) reflect differences in both
elemental distribution and the degree of local atomic ordering, network relaxation, and
electronic environment [24]. These spectral features provide insight into the effects of water
composition and synthesis conditions on the surface chemistry and physical structure of
the materials, as illustrated in Figures 4 and 5.
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Figure 4. Survey XPS spectra of two bioactive glass samples synthesized using different aqueous
media: Sample 7 (45S5 synthesized with deionized water acidified with HCI) and Sample 4 (4555
synthesized with Agua de Prata). The main core-level peaks—O 1s, Si 2p, Ca 2p, P 2p, and Na 1s—are
observed in both samples.
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Figure 5. Survey XPS spectra of two additional bioactive glass samples synthesized with geothermal
waters: Sample 4700 (45S5 synthesized with Agua de Prata and thermally treated at 700 °C) and
Sample 10 (MgO-modified, phosphate-free glass synthesized with Agua Azeda). The main core-level
peaks—O 1s, Si 2p, Ca 2p, P 2p, and Na 1s—are present in both samples.
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In Sample 7, synthesized with deionized water (as a reference for the traditional 4555
sol-gel glass), the survey spectrum presents the expected major peaks, including a strong O
1s signal at ~532.8 eV, narrow and intense Si 2p (~103.4 eV), a well-resolved Ca 2p doublet
(~347.0/350.6 eV), and a symmetric P 2p at ~133.5 eV. A pronounced Na 1s peak at ~1072 eV
further confirms good retention of this network modifier. In addition to these, Sample 7
uniquely exhibits two additional peaks in the low binding energy region: one near ~198 eV
and another between ~155 and 165 eV. The former is attributed to Cl 2p, resulting from
the HCI used to catalyze the sol-gel reaction. Its presence suggests incomplete removal of
chloride species during drying or gelation. The second low-energy feature may stem from
a Cl Auger satellite or minor sulfur species (e.g., S 2p), potentially introduced via reagent
impurities or laboratory atmosphere [25]. Most notably, Sample 7 shows a distinct N 1s
signal at ~400 eV—absent or weak in the other samples—corresponding to surface-bound
nitrate (NO3 ™) from the sodium and calcium nitrate precursors [26]. Since the synthesis
used deionized water, lacking competing multivalent cations, electrostatic stabilization of
these anions on the surface is enhanced, unlike in mineral water-based samples, where
ionic exchange processes with cations like Mg+ and Ca?* may suppress nitrate adsorption.
Together, these features confirm that even in a nominally “clean” system, reagent-derived
anions can leave detectable surface residues.

Sample 4, synthesized with Agua Prata, exhibits survey features closely resembling
Sample 7, including strong O, Si, Ca, and P signals, but with slightly broadened Na 1s
and O 1s peaks. This subtle broadening may be attributed to modifications in the local
coordination environment or minor electronic redistribution induced by trace elements in
the geothermal water. This suggests some ionic interaction from trace elements present in
the geothermal water, but without major perturbation of the glass network.

Although elements such as Sr?>* and Zn?* are not individually detected in the XPS
survey because of their low surface concentration, the observed spectral features (e.g.,
peak broadening, asymmetry) in the O 1s, Si 2p, and P 2p regions are consistent with the
perturbative effects these multivalent cations are known to exert on silicate and phosphate
glass networks.

Notably, no Cl or N peaks are observed, indicating more complete removal or dis-
placement of these species. The absence of Mg-related peaks confirms the moderate ionic
profile of Agua Prata.

In Sample 4700—also synthesized with Agua Prata but subjected to thermal treatment—
the survey spectrum shows sharper and more intense Si 2p and Ca 2p peaks, consistent
with increased network ordering and densification. The O 1s peak is more symmetric, indi-
cating a greater fraction of bridging oxygens (BOs) [22,27]. These changes not only reflect
improved structural ordering but also suggest a redistribution of bonding environments
and local charge density. No residual Cl or N peaks are present, reinforcing the effect of
both ionic balance in the water and heat-induced structural reorganization in reducing
surface contamination.

In stark contrast, Sample 10—synthesized with highly mineralized Agua Azeda and
MgO addition—displays clear differences. A strong Mg 1s peak near ~1303 eV is exclusive
to this sample, confirming magnesium incorporation. The Na 1s peak is strongly attenuated,
likely due to ion exchange with Mg?* and other multivalent cations (e.g., Fe**, Zn?*)
abundant in Agua Azeda. The Ca 2p and P 2p peaks are both broadened and reduced
in intensity, suggesting partial substitution or interference by competing cations. These
spectral shifts also imply modification of the local electrostatic environment around core-
level electrons and changes in bonding symmetry [24].

The O 1s peak exhibits significant asymmetry, reflecting an increased presence of
non-bridging oxygens (NBOs) and disrupted silicate—-phosphate network connectivity.
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Altogether, these features suggest that Sample 10 underwent physical reorganization of its
short- and medium-range structure, with consequences for both chemical composition and
electronic structure at the surface. These changes are typical of glasses undergoing modi-
fier ion substitution [28,29], where foreign multivalent cations displace native Na*/Ca?*
species, leading to altered local environments.

The survey spectra strongly suggest that the synthesis water composition and thermal
treatment influence the surface chemistry of the glasses. Deionized water tends to yield a
compositionally cleaner surface, although enriched in C1~ and NO3 ™, likely stemming from
precursor residues. Agua Prata appears to introduce trace elements with potential benefits
and, when combined with thermal treatment, enhances structural definition. Agua Azeda,
on the other hand, promotes marked structural changes, seemingly through extensive ion
exchange involving magnesium, leading to a spectral signature with modifier depletion
and increased network disorder.

3.1.2. O 1s Core-Level Analysis

The O 1s core-level spectra of the four samples were carefully analyzed to investigate
the chemical environment of oxygen atoms and assess the influence of water composition
and thermal treatment on the glass structure. As shown in Figure 6, all the samples display
a dominant O 1s peak centered between ~531.0 and 532.8 eV, primarily reflecting contribu-
tions from bridging oxygens (BOs, e.g., 5i-O-5i) and non-bridging oxygens (NBOs, such
as Si-O™), associated with network modifiers like Na*, Ca®*, and Mg?* [22]. The overlaid
spectra in Figure 6 allow direct comparison of peak position, shape, and asymmetry.
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Figure 6. High-resolution O 1s spectra of all samples: Sample 7 (45S5 synthesized with deionized
water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample 4700 (4555
synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-modified,
phosphate-free glass synthesized with Agua Azeda).
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Sample 7, synthesized with deionized water, serves as a reference since it shares
the same base composition as Samples 4 and 4700. It exhibits the broadest and most
symmetric O 1s peak, centered at the lowest binding energy among all the samples. This
shape suggests a relatively balanced distribution of BOs and NBOs and a structurally
homogeneous network with diffuse local disorder typical of sol-gel-derived glasses in the
absence of ionic perturbation. Sample 4, synthesized with Agua Prata, presents a narrower
and slightly asymmetric peak with a mild shoulder at lower binding energies. Although
compositionally equivalent to Sample 7, the difference in water source likely introduced
ionic species (e.g., Sr**, Zn?*) that mildly perturbed the network, increasing the fraction of
NBOs and slightly altering the electronic environment. These cations replace native Na*
and Ca?* network modifiers, increasing structural disorder and reactivity [30]. Sample
4700, also synthesized with Agua Prata but subjected to thermal treatment, displays a
more pronounced left-side asymmetry, with a higher binding energy maximum. Instead
of the expected narrowing due to densification, the appearance of a distinct shoulder
at lower energies suggests persistent structural heterogeneity or the generation of new
reactive oxygen environments. These may arise from partial network relaxation or residual
reorganization processes post-heating. Finally, Sample 10, which differs from the others
by replacing P,Os with MgO in its composition and using Agua Azeda, shows a peak
shape similar to that of Sample 4. The O 1s envelope is slightly asymmetric toward
lower binding energies, suggesting a moderate level of NBOs. The absence of phosphate
simplifies the spectrum, while the presence of Mg?* and waterborne ions may contribute
to local structural variations, although not to the same extent as seen in the thermally
treated samples.

The observed variations in O 1s peak shape and width across the samples reflect
differences not only in network connectivity and modifier content but also in local bonding
symmetry and electronic charge distribution. The position of the O 1s maximum shifts
between the samples, with Sample 4700 at the highest binding energy and Sample 7 at
the lowest, indicating changes in the average oxygen bonding environment. The peak
asymmetry, particularly in Samples 4 and 4700, reflects the degree of non-bridging oxygen
formation and structural perturbation linked to both water composition and post-synthesis
treatment (Figure 7). The spectra reveal how even subtle differences in synthesis conditions
modulate the network structure, with mineral water-derived ions and thermal effects
playing distinct roles in disrupting or modifying the silicate framework.

To further clarify the structural differences, the O 1s spectra were deconvoluted. This
analysis resolves the total peak into components typically attributed to bridging oxygens
(BOs), non-bridging oxygens (NBOs), and, in some cases, minor contributions from surface
hydroxyls or adsorbed species.

The deconvoluted O 1s spectra, shown in Figure 8 and summarized in Table 2, reveal
distinct differences in the relative contributions of bridging oxygens (5i-O-5i), non-bridging
oxygens (5i-O7), and surface hydroxyl groups (5i-OH) across the samples, reflecting the
impact of synthesis conditions and thermal treatment.

Sample 4, synthesized with Agua Prata, displays a dominant Si-OH contribution
(68.4%), accompanied by a relatively small fraction of Si-O~ (16.3%) and a minor Si-O-5i
component (15.3%). This distribution suggests a highly disrupted silicate network, likely
due to the presence of multivalent cations (e.g., Sr**, Zn?*) introduced by the mineral water,
which promote the formation of terminal -OH and NBOs at the expense of network connec-
tivity. Upon thermal treatment (Sample 4700), this distribution changes dramatically: the
5i-O-Si fraction becomes predominant (77%), with Si—-OH reduced to 21% and Si-O~ nearly
absent (2%). This shift reflects significant network densification and re-polymerization
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upon heating, as hydroxyl groups condense to form bridging linkages, decreasing reactivity
and hydroxylation, and the glass matrix becomes more ordered.

Normalized Ols Spectra
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Figure 7. Overlay of normalized O 1s spectra for all samples. Sample 7 (45S5 synthesized with
deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample
4700 (4555 synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-
modified, phosphate-free glass synthesized with Agua Azeda). The differences in peak shape and
symmetry reflect the influence of the synthesis water composition and thermal treatment on the
oxygen environment.

Table 2. Relative peak areas (%) of Si-OH, Si-O~ and Si-O-Si components obtained from O 1s
core-level spectral deconvolution of Samples 4, 4700, 7, and 10. Data reflect the impact of water
composition and heat treatment on silicate network structure.

Water Si-OH Si-O-Si (BO, Si-O—
Sample ID Type (%) %) (NBO, %) Notes
Hydrated, sol-gel,

7 DI (control) 75.0 25.0 - balanced BO

4 Agua Prata 68.4 15.3 16.3 Ion'f‘duce.d NBO
ormation

4700 Agua Prata 21.0 77.0 2.0 Densified, restructured

network

10 Agua Azeda 49.2 50.8 - No resolved NBOs

In contrast, Sample 7, prepared with deionized water, exhibits a very high Si-OH
content (75%) and a moderate amount of Si-O-5i (25%), characteristic of sol-gel glasses
that remain hydrated and structurally open due to the absence of ionic modifiers.

Sample 10, with a distinct formulation (replacement of P,Os by MgO) and synthesized
using Agua Azeda, shows a near balance between Si-OH (49.2%) and Si-O-Si (50.8%),
suggesting moderate hydroxylation and structural polymerization. The lack of a distinct Si—
O~ peak may result from a reduced presence of strong network modifiers or a different ion
distribution associated with Agua Azeda. The spectrum remains similar in shape to Sample
4, but the reduced hydroxyl signal and absence of NBOs indicate a more ordered network.
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Figure 8. Deconvoluted O 1s spectra for Sample 7 (4555 synthesized with deionized water acidified
with HCIl), Sample 4 (4555 synthesized with Agua de Prata), Sample 4700 (4555 synthesized with
Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-modified, phosphate-free glass
synthesized with Agua Azeda). The fitted peaks correspond to bridging oxygens (Si-O-Si), non-
bridging oxygens (Si-O ™), and hydroxyl groups (Si-OH). Differences in peak shape and component
areas reflect changes in network connectivity and local structure due to water composition and
heat treatment.

3.1.3. Si 2p Core-Level Analysis

High-resolution Si 2p spectra were analyzed to assess the structural state of silicon
within the glass network and its response to variations in synthesis conditions. As shown
in Figure 9, all the samples exhibit a primary Si 2p peak centered near ~103.4 eV, charac-
teristic of silicon in fully oxidized tetrahedral coordination (Si**) within SiO4 units. The
overlaid spectra in Figure 10 highlight differences in peak sharpness and subtle shifts in
binding energy, reflecting variations in silicate network connectivity and local electronic
environments.

Samples 4, 4700, and 10 exhibit narrow and well-defined Si 2p peaks, indicating
relatively ordered silicon environments and a higher degree of network polymerization.
These findings are consistent with their O 1s spectra, where a higher proportion of bridging
oxygens (5i-O-Si) is observed, particularly in Samples 4700 and 10. This correlation
supports the interpretation that enhanced structural coherence at the oxygen level translates
into more resolved silicon environments.
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Figure 9. High-resolution Si 2p spectra of all bioactive glass samples displayed side by side: Sample
7 (4555 synthesized with deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua
de Prata), Sample 4700 (45S5 synthesized with Agua de Prata and thermally treated at 700 °C), and
Sample 10 (MgO-modified, phosphate-free glass synthesized with Agua Azeda). The peak near
~103.4 eV corresponds to Si** in tetrahedral SiOy units.

Conversely, Sample 7, synthesized with deionized water, presents the broadest and
least resolved Si 2p signal. This broadened profile suggests a more disordered network
and a wider distribution of Si bonding geometries. Notably, this sample also displayed
the highest proportion of surface hydroxyls (5i-OH) and a comparatively lower fraction
of bridging oxygens in the O 1s deconvolution. These features point to a less cross-linked
network with a greater number of terminal Si-O~ or Si-OH units, which contribute to the
electronic inhomogeneity detected in the Si 2p signal.

Therefore, the Si 2p results complement and reinforce the O 1s analysis, collectively
suggesting that synthesis conditions (such as the ionic content of the water and post-
synthesis heat treatment) not only affect oxygen speciation but also significantly modulate
the silicon coordination environment and network order.

The observed spectral differences reveal a strong interplay between network connec-
tivity (as indicated by BO/NBO ratios) and the electronic structure of silicon, as probed by
the Si 2p core level.

To gain deeper insight into the differences in silicon coordination and local disorder,
the Si 2p spectra of Samples 7 and 4700 were deconvoluted. These two samples were
chosen as structural extremes: Sample 7, representing a less condensed network with
higher disorder, and Sample 4700, reflecting a more densified and ordered structure due to
thermal treatment. Figure 11 presents the deconvoluted Si 2p spectra of both samples.
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Figure 10. Overlay of normalized Si 2p spectra for all samples, illustrating differences in peak
sharpness and symmetry. Sample 7 (4555 synthesized with deionized water acidified with HCI),
Sample 4 (4555 synthesized with Agua de Prata), Sample 4700 (45S5 synthesized with Agua de Prata
and thermally treated at 700 °C), and Sample 10 (MgO-modified, phosphate-free glass synthesized
with Agua Azeda). Sample 7 shows the broadest and most asymmetric peak, reflecting a less
polymerized network, while Samples 4, 4700, and 10 show narrower profiles consistent with increased
structural order.
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Figure 11. Deconvoluted Si 2p spectra for Sample 7 (45S5 synthesized with deionized water acid-
ified with HCl) and Sample 4700 (45S5 synthesized with Agua de Prata and thermally treated at
700 °C). Sample 7 exhibits dominant low-binding-energy components (~102.4 eV), consistent with
Q?/Q? species, while Sample 4700 shows a shift toward higher-binding-energy Q3/Q* components
(~103.1-103.7 eV), indicating increased network polymerization.

The Si 2p spectrum of Sample 4700 displayed two distinct components at 103.1 eV
(70.6%) and 103.7 eV (29.4%), attributed to Q* and Q* environments, respectively. These
species are indicative of a highly polymerized silicate network, enriched in bridging
oxygens (BOs) and exhibiting greater structural order. This assignment agrees with the
reduced hydroxyl content previously observed in the O 1s spectrum and reflects the
formation of densified silicate domains through thermal treatment [22]. The presence of a
significant high-BE Q* component suggests extensive Si-O-Si crosslinking characteristic of
fully connected silicate tetrahedra.
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In contrast, Sample 7 exhibited two broader components centered at 102.4 eV (82.4%)
and 103.3 eV (17.6%), corresponding to overlapping Q?/Q?3 and Q3/Q* species, respec-
tively. These features indicate a less polymerized and more disordered network, rich in
non-bridging oxygens (NBOs) and terminal silanol groups (5i-OH). This interpretation is
consistent with the high fraction of Si-OH and NBOs detected in the O 1s spectra, confirm-
ing a loosely connected silicate structure. The lower binding energy component is mainly
associated with Q2 or Q® environments, which are characteristic of open, low-connectivity
silicate networks.

These assignments align with previous studies, where Si 2p components near ~102.4 eV
and ~103.3 eV were linked to less polymerized Q?/Q? units and intermediate Q%/Q*
transitions, respectively, in silicate systems undergoing structural reorganization [22]. The
comparison clearly illustrates a shift toward higher binding energy and polymerization
from Sample 7 to Sample 4700, reflecting the increasing degree of network connectivity,
dominated by bridging oxygens (BOs).

Peak assignments are based on the Q" classification of silicate structural units, which
are described as follows:

e Q7 corresponds to Si(OSi),(OH),;
e  Q® corresponds to Si(OSi)3(OH);
e  Q* corresponds to fully connected Si(OSi), species.

These results highlight the strong correlation between silicon’s core-level electronic
environment and the extent of silicate network polymerization. The progression from
Q?/Q3-dominated spectra in Sample 7 to Q®/Q*-rich spectra in Sample 4700 highlights
the significant structural reorganization induced by post-synthesis thermal treatment.
Moreover, this analysis corroborates the trends observed in the O 1s data, offering com-
plementary atomic-scale evidence of the evolving glass network structure. Although not
directly confirmed here by NMR, the Q" assignments are based on XPS deconvolution
models widely validated by previous MAS-NMR studies in comparable sol-gel silicate
systems [22,28-30].

A summary of these findings is presented in Table 3.

Table 3. Binding energies (BEs) and relative contributions of deconvoluted Si 2p components in
Samples 7 and 4700.

Sample BE(eV) Area (%) Assignment
7 102.4 82.4 Q?/Q3—NBO-rich (disordered)
7 103.3 17.6 Q3/Q*—Minor ordered sites
4700 103.1 70.6 Q3—Bridging oxygen (ordered)
4700 103.7 29.4 Q*—Fully polymerized domains

3.1.4. P 2p Core-Level Analysis

High-resolution P 2p spectra were examined to assess the local chemical environment
of phosphorus within the silicate—-phosphate network and to evaluate how synthesis condi-
tions and thermal treatment influence phosphate incorporation. P 2p spectra were acquired
only for the phosphorus-containing samples; Sample 10 was excluded from this analysis
because of its phosphate-free formulation. As shown in Figure 12, all analyzed samples
exhibit a P 2p envelope centered around ~133.5 eV, consistent with phosphorus in fully
oxidized tetrahedral coordination (PO4>~ units). The overlaid spectra in Figure 13 reveal
substantial differences in peak shape, width, and symmetry, which reflect variations in the
phosphate environment and its interaction with the surrounding matrix.
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Figure 12. High-resolution P 2p core-level XPS spectra for Sample 7 (4555 synthesized with deionized
water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), and Sample 4700 (4555
synthesized with Agua de Prata and thermally treated at 700 °C). The main peak at ~133.5 eV
corresponds to phosphorus in tetrahedral PO43~ coordination.
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Figure 13. Overlaid normalized P 2p spectra highlighting peak shape differences among the three
samples that contain P;Os5: Sample 7 (4555 synthesized with deionized water acidified with HCI),
Sample 4 (45S5 synthesized with Agua de Prata), and Sample 4700 (45S5 synthesized with Agua de
Prata and thermally treated at 700 °C).

Sample 7, synthesized with deionized water, displays the most intense P 2p peak
among all the samples, despite its relatively broad and symmetric profile. This suggests that
phosphate groups are present in higher relative surface concentration but are embedded in
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a structurally under-consolidated network. The absence of thermal treatment likely results
in incomplete condensation and greater variability in local bonding geometries. While
the chemical environment is clean and free of interfering multivalent cations, the local
electrostatic environment remains less defined, as indicated by the broadened peak. This
spectral profile reflects strong P-O bonding within PO43~ units distributed in electronically
diverse coordination shells.

Sample 4, prepared using Agua Prata, exhibits the lowest P 2p intensity and a broader,
less defined envelope compared to Sample 4700. Although ions such as Sr?* or Zn** may
act as stabilizers, they can also introduce electrostatic heterogeneity through local charge
imbalance or competition for coordination, thereby broadening the spectral response. The
reduced signal may reflect a lower surface availability of phosphate species or a suppressed
photoemission yield due to modifier interaction.

Sample 4700, synthesized with the same water but subjected to thermal treatment,
shows an intermediate P 2p intensity but the narrowest and most symmetric peak of all
samples. This spectral sharpening indicates enhanced phosphate network ordering and
stabilization via heat-induced compaction and the removal of labile surface species. The
reduced peak asymmetry and increased definition are consistent with improved local
symmetry, decreased electrostatic fluctuations, and uniform bonding conditions around
phosphorus atoms.

The evolution of the P 2p signal across these samples illustrates how both structural
and electronic factors influence the spectroscopic response. Thermal treatment promotes
phosphate consolidation and charge stabilization (Sample 4700), while the chemical com-
plexity of the water source introduces ionic perturbations and electrostatic heterogeneity
(Sample 4). The observed correlation between spectral broadening and local disorder, as
well as peak sharpening with structural densification, underscores the dual role of the P 2p
signal as both a chemical and physical probe of network integrity. These findings highlight
how core-level line shapes can be used to infer local symmetry, charge distribution, and
relaxation mechanisms in phosphate-bearing silicate glasses.

Given the pronounced asymmetry and broadening observed in the P 2p spectrum of
Sample 4, a deconvolution was performed to resolve potential contributions from multiple
phosphate environments. In contrast, the sharper and more symmetric peaks observed
in Samples 7 and 4700 suggest a chemically homogeneous phosphorus environment,
dominated by tetrahedral PO4%~ units, and therefore did not warrant additional spectral
fitting. Figure 14 shows the deconvoluted P 2p spectrum of Sample 4, revealing two
components centered at approximately 132.5 eV and 133.6 eV. The main peak at 132.5 eV
(dominant in intensity) is attributed to fully oxidized phosphate units (PO437), in line with
the expected structure of silicate—phosphate glasses.

The minor component at 133.6 eV, though much less intense, indicates the presence
of perturbed phosphate environments, likely resulting from the interaction with network-
modifying cations, such as Sr** and Zn?* from the Agua Prata synthesis medium. These
ions can distort local charge distributions and alter the electronic environment of phosphate
groups, thereby shifting the binding energy slightly higher.

This spectral profile aligns with previous XPS studies reporting that even a single
apparent P 2p peak may consist of overlapping contributions from chemically distinct
phosphate species. Bonding variations involving Si-O-P, O-P-O, or P-O-metal linkages
(e.g., P-O-Na, P-O—-Ca) may lead to subtle shifts that are not always resolvable without
deconvolution [31].
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Figure 14. Deconvoluted P 2p spectra for Sample 4 (45S5 synthesized with Agua de Prata), exhibiting
two peaks (133.5, 134.7 eV), assigned, respectively, to PO4%~, PO43~ + modifier, and revealing a
heterogeneous local environment.

In this context, the dual-component spectrum of Sample 4 reflects a chemically het-
erogeneous phosphate environment, shaped by the ionic composition of the synthesis
water. In contrast, Samples 7 and 4700 showed no such heterogeneity and were adequately
modeled with a single PO4>~ peak, consistent with a more uniform coordination state.

These two phosphate environments are summarized in Table 4. The main peak at
~132.5 eV corresponds to fully oxidized, tetrahedrally coordinated PO,3~ units, whereas
the minor component at ~133.6 eV likely arises from phosphate groups interacting with
network-modifying cations (e.g., Sr?* or Zn?*), leading to a slight shift in binding energy
due to local charge redistribution and coordination variability.

Table 4. Binding energies (BEs) and chemical assignments of deconvoluted P 2p components in
Sample 4, showing contributions from regular phosphate groups (PO43~) and modified phosphate
species interacting with network-modifying cations.

BE (eV) Assignment Description
Main phosphat i t
3 . phosphate environment,
1325 PO4™ (fully oxidized) tetrahedral and chemically uniform
133.6 Modified PO43~ Phosphate perturbed by interaction
' (P-O-5r/Zn) with network-modifying cations

3.1.5. Ca 2p Core-Level Analysis

High-resolution Ca 2p spectra were analyzed to investigate the chemical environment
and coordination states of calcium across the different glass compositions. All the samples
exhibit the characteristic spin—orbit doublet of Ca 2p3,, and Ca 2p1 /5, located near 347.2 eV
and 350.7 eV, respectively, consistent with divalent calcium species. However, variations
in peak width, intensity, and symmetry were observed among the samples, reflecting
differences in local ordering, bonding environments, and the influence of synthesis con-
ditions. These spectral variations are clearly illustrated in Figure 15, which compares the
high-resolution Ca 2p spectra across all the samples.
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Figure 15. High-resolution Ca 2p spectra of bioactive glass samples: Sample 7 (4555 synthesized with
deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample 4700
(4555 synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-modified,
phosphate-free glass synthesized with Agua Azeda). The Ca 2p doublet (~347.2 and ~350.7 eV)
exhibits differences in peak shape and intensity, reflecting variations in calcium coordination and
local structure influenced by synthesis and thermal treatment.

Sample 4700, prepared with Agua Prata and subjected to thermal treatment, displays
the narrowest and most intense Ca 2p doublet, indicating a highly ordered coordination
environment. The spectral sharpness suggests that thermal densification promotes net-
work consolidation and electrostatic uniformity around Ca?* ions, leading to enhanced
photoemission definition.

Sample 4, also prepared with Agua Prata but without thermal treatment, exhibits
broader and less intense peaks. This intermediate behavior highlights the competing effects
of ionic complexity in the synthesis medium and the absence of thermal consolidation,
which limits structural organization and increases chemical heterogeneity.

Sample 10, synthesized with Agua Azeda and no phosphate precursors, serves as a
phosphate-free control. Its spectrum is sharper than those of Samples 4 and 7, and no signs
of phosphate-associated components are present. This simpler spectral profile reflects a
chemically uniform Ca—O-Si coordination environment and reinforces its role as a reference
for silicate bonding without interference from phosphate species.

Sample 7, prepared using deionized water and phosphate precursors, displays the
broadest and most asymmetric Ca 2p spectrum, indicating a highly disordered local envi-
ronment and the coexistence of multiple calcium coordination states.

To better highlight differences in line shape and intensity, Figure 16 shows the normal-
ized Ca 2p spectra overlaid. The spectrum of Sample 4700 is notably the sharpest and most
intense, consistent with high coordination order due to thermal treatment. In contrast, the
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broader and less defined profiles of Samples 7 and 10 reflect increased structural disorder
and electrostatic heterogeneity.
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Figure 16. Overlay of normalized Ca 2p spectra for all samples: Sample 7 (45S5 synthesized with
deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample
4700 (4555 synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-
modified, phosphate-free glass synthesized with Agua Azeda). Sample 4700 shows the sharpest
and most intense peaks, consistent with enhanced network consolidation after thermal treatment.
Broader, less symmetric peaks in Samples 7 and 10 indicate increased chemical heterogeneity and
disorder in calcium environments.

Given the pronounced broadening and asymmetry observed in the Ca 2p spectra of
Samples 4 and 7, a deconvolution procedure was applied to resolve overlapping contri-
butions from distinct calcium environments (Figure 17). However, Samples 4700 and 10
did not require deconvolution. The narrow, symmetric profiles observed in these samples
suggest chemically uniform calcium coordination environments. In Sample 4700, thermal
treatment stabilizes the network, while in Sample 10, the absence of phosphate simplifies
the coordination to Ca—O-Si only.

Deconvolution of the Ca 2p spectra revealed the presence of three distinct components.
In both samples, the primary Ca 2p3/, signal appears at ~346.6-347.5 eV, assigned to
calcium coordinated with phosphate groups (Ca-O-P), and is accompanied by its Ca 2p;/»
spin-orbit counterpart near 350.4-350.7 eV. However, Sample 7 exhibits a third, lower
binding energy feature at 345.5 eV, absent in Sample 4, which is interpreted as calcium in a
more weakly bound or hydrated environment—possibly related to surface Ca(OH), or non-
integrated Ca* species resulting from sol-gel processing in ultrapure water. In Sample 4,
the Ca—O-P environment dominates (58.8%), with a smaller contribution (9.6%) assigned to
calcium incorporated into the silicate network (Ca—O-5i). The absence of the low-BE compo-
nent suggests a more stabilized coordination framework, likely supported by the presence
of multivalent cations (e.g., Sr¥*, Zn?*) from the mineral-rich synthesis medium, which
may compete with calcium for phosphate binding and promote structural integration.
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Figure 17. Deconvoluted Ca 2p spectra of Sample 7 (4555 synthesized with deionized water acidified
with HCI) and Sample 4 (45S5 synthesized with Agua de Prata). Two distinct calcium coordination
environments are resolved, including a lower binding energy component (~347.2 eV), attributed to
calcium phosphate species, and a higher binding energy component (~347.8-348.2 eV), assigned
to Ca®* coordinated to silicate or carbonate-like groups, demonstrating chemical heterogeneity in
these samples.

In contrast, Sample 7 shows a more heterogeneous calcium distribution, with substan-
tial contributions from both Ca—O-P (48.3%) and the low-BE disordered component (25.9%),
reflecting incomplete coordination and structural hydration. This behavior is typical of
sol-gel glasses formed in the absence of ionic competition or post-synthetic stabilization.

The Ca—O-P environments identified here, representing calcium phosphate coordi-
nation, reflect local bonding between Ca?* and PO4>~ groups in disordered, amorphous
regions within the sol-gel matrix. These phosphate-rich domains are typical of glasses
synthesized without thermal treatment, where limited condensation allows for nanoscale
segregation or clustering of modifier cations around phosphate species.

In Sample 7, the exclusive detection of Ca-O-P environments (alongside the disordered
species) reflects the chemically simple nature of the synthesis medium—ultrapure water
without multivalent cations. Under these conditions, calcium displays strong affinity for



Surfaces 2025, 8, 50

25 of 32

phosphate groups, leading to preferential coordination as Ca-O-P clusters. The lack of
Sr?*, Zn?*, or other modifiers prevents the redistribution of Ca?* into the silicate network.
Moreover, the absence of thermal treatment limits network densification and inhibits
calcium incorporation into silicate domains, which explains the absence of a distinct Ca-O-
Si component in the deconvolution. The quantitative contributions of the different calcium
environments in both samples are summarized in Table 5.

Table 5. Binding energies (BEs) and relative peak areas (%) of deconvoluted Ca 2p components
in Samples 4 and 7. Assignments include phosphate coordination (Ca—O-P), silicate incorporation
(Ca—0O-5i), and disordered or hydrated surface species.

Sample BE (eV) Area (%) Assignment
4 346.6 58.8 Ca-O-P (calcium phosphate)
4 347.5 9.6 Ca—0-Si (calcium in silicate domains)
4 350.4 31.6 Ca 2py /, spin-orbit pair
7 345.5 25.9 Disordered Ca®* (e.g., Ca-OH)
7 347.5 48.3 Ca—O-P (calcium phosphate)
7 350.7 25.8 Ca 2p1 /» spin—orbit pair

This interpretation aligns with previous findings [32], which show that although the
Ca 2p doublet is typically the dominant spectral feature, deconvolution is often necessary to
uncover underlying heterogeneity—such as surface carbonates, phosphate coordination, or
partial network integration. These effects are particularly pronounced in low-temperature
sol-gel systems, where limited thermal energy hinders the stabilization of well-defined
coordination environments.

3.1.6. Na 1s Core-Level Analysis

The high-resolution Na 1s spectra provide insight into sodium incorporation, surface
retention, and ionic dynamics in the glass matrices. As shown in Figure 18, all the samples
display a Na 1s signal centered around ~1071.5 eV, characteristic of Na* acting as a network
modifier [22].

The overlaid normalized spectra in Figure 19 reveal significant differences in intensity
and peak shape, reflecting both synthesis conditions and the ionic competition present
during gel formation.

Sample 4700, synthesized with Agua Prata and subjected to thermal treatment, exhibits
the most intense Na 1s peak, indicating enhanced sodium retention near the surface.
However, this peak is broader compared to Sample 4, suggesting increased local structural
or electronic heterogeneity. This broadening likely results from thermal treatment inducing
sodium redistribution into multiple coordination environments, possibly influenced by
competing multivalent cations (e.g., Sr>*, Zn?*) present in the mineral-rich synthesis water.
These factors lead to a wider distribution of Na—O bond characteristics, reflected in the
broadened Na 1s peak.

Sample 4, synthesized under similar conditions but without thermal treatment,
presents a narrower and less intense Na 1s peak. The narrower peak suggests a more
uniform sodium environment, likely due to reduced ionic mobility and redistribution
during gelation and drying. The lower peak intensity indicates less sodium retained at or
near the surface, consistent with a less consolidated glass structure.
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Figure 18. High-resolution Na 1s spectra of all bioactive glass samples: Sample 7 (45S5 synthesized
with deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample
4700 (4555 synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-
modified, phosphate-free glass synthesized with Agua Azeda). The main Na 1s peak (~1070 eV)
reveals variations in peak width and symmetry, reflecting differences in sodium coordination and the
local chemical environment, as influenced by the synthesis medium.

Sample 10, synthesized with Agua Azeda, exhibits a moderately intense and asymmet-
ric Na 1s signal. This suggests partial substitution or competitive interaction between Na*
and multivalent cations such as Mg?* and possibly Fe** from the water. These ions may
displace sodium from its typical modifier role or alter the surrounding oxygen coordination,
disrupting charge balance and increasing variability in sodium’s local environment. The
broader peak aligns with greater structural disorder and non-uniform electrostatic potential
at Na* sites, indicating increased heterogeneity.

Sample 7, synthesized with deionized water and no thermal treatment, exhibits the
weakest and broadest Na 1s signal. Despite the chemical purity of the medium, the
absence of thermal consolidation likely results in an open, under-condensed structure
that allows Na*—a highly mobile species—to migrate away from the surface or reside
in poorly coordinated, weakly bound environments. The reduced intensity and broad
peak envelope reflect a low surface sodium density coupled with elevated electronic and
structural disorder [33].

These observations indicate that the Na 1s peak serves as a sensitive probe for sodium
coordination and mobility in glass systems. Similar to findings by Barr et al. [34] n alu-
minosilicate glasses—where increasing the Si/ Al ratio enhanced the ionicity of the Na-O
bond and thereby increased Na* exchangeability—it is plausible that comparable effects
arise here because of multivalent cations introduced via mineral-rich waters. Ions such as
Mg?*, Sr?*, Zn?*, or Fe3* may act as competitive modifiers or local electrostatic disruptors,
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increasing Na—O bond polarization and enhancing sodium mobility or lowering binding
energy. These effects are reflected in the observed peak asymmetry and broadening [34].
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Figure 19. Overlay of normalized Na 1s spectra for all samples: Sample 7 (45S5 synthesized with
deionized water acidified with HCI), Sample 4 (45S5 synthesized with Agua de Prata), Sample 4700
(4555 synthesized with Agua de Prata and thermally treated at 700 °C), and Sample 10 (MgO-modified,
phosphate-free glass synthesized with Agua Azeda). All spectra are aligned around ~1070 eV. Sample
7 shows the broadest peak, while Sample 4700 exhibits the narrowest one, indicating potential
differences in the chemical environment or local bonding structure of sodium atoms.

Although some Na 1s peaks show asymmetry and broadening, no spectral decon-
volution was performed. This choice is justified by the fact that Na* typically exists in a
single predominant chemical state in silicate glasses [22] and does not produce multiple
chemically distinct contributions within the Na 1s region. Instead, variations in peak shape
are interpreted as indicators of local structural heterogeneity rather than distinct chemical
states requiring deconvolution. Unlike elements such as Si or O—where distinct bonding
environments can be resolved via peak fitting—the Na 1s signal is generally less informative
when deconvoluted and may lead to misleading interpretations if over-analyzed [35].

3.1.7. Mg 1s Core-Level Analysis

The high-resolution Mg 1s spectrum of Sample 10 is presented in Figure 20. A single,
well-defined peak centered at ~1302-1303 eV indicates that Mg?* is present in a stable,
fully oxidized state, incorporated uniformly into the glass matrix. The slight asymmetry
towards lower binding energies may reflect minor variations in the local coordination
environment, but no evidence of multiple chemical states or significant peak broadening
was observed, and thus, spectral deconvolution was not required. The spectral profile
supports the interpretation that Mg?* acts primarily as a network modifier or structural
stabilizer within the glass. Indeed, it has been shown that Mg?* can promote local network
densification by occupying specific coordination environments and compensating for non-
bridging oxygens, thereby enhancing the compactness and mechanical integrity of the
silicate structure [36]. In phosphate-free glass systems such as Sample 10, magnesium is
expected to act primarily as a network modifier or structural stabilizer. Its presence may
contribute to increased local packing density, altered cation ratios (e.g., Na*/Ca?*), and
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enhanced electrostatic balance within the silicate network. The localized occurrence of Mg
in this composition reinforces its structural role in shaping the final properties of the glass.
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Figure 20. High-resolution Mg 1s spectrum of Sample 10 (MgO-modified, phosphate-free glass
synthesized with Agua Azeda). The main peak at ~1302.5 eV reflects the incorporation of Mg?* into
the glass matrix. The slight asymmetry toward lower binding energies may indicate multiple local
environments or surface-related contributions affecting magnesium coordination.

3.1.8. Summary of Core-Level Trends

The high-resolution XPS analyses of the O 1s, Si 2p, P 2p, Ca 2p, and Na 1s core levels
provide a comprehensive picture of the surface structure and local bonding environments
across the synthesized bioactive glass compositions. Despite the amorphous nature of these
materials, the electronic signatures reveal systematic chemical trends that reflect underlying
physical principles governing atomic coordination and network formation.

One of the most striking observations lies in the evolution of the O 1s spectra, where
the relative intensity of non-bridging oxygens (NBOs) decreases upon thermal treatment.
This spectral narrowing and shift toward lower binding energies correspond to the conden-
sation of hydroxyl-rich species into Si—-O-5i bridges, as predicted by sol-gel polymerization
kinetics. From a physical standpoint, this reflects a transition from higher energy, loosely
bound surface states (with significant electron lone-pair contributions) toward more cova-
lently bonded, lower-energy orbital overlaps. The resulting reduction in electronic disorder
enhances the local dielectric environment and improves core-level resolution. In the Si
2p region, thermal consolidation and network modifier effects are equally evident. Shifts
to lower binding energy and decreased FWHM values indicate a progressive enrichment
in Q3 and Q* units—a signature of increasing polymerization and three-dimensional net-
work integrity. This reflects both the electrostatic stabilization of Si** centers by bridging
oxygens and a reduction in final-state screening effects, as network compactness increases
the average local electron density. The silicate network thus transitions from fragmented,
NBO-rich chains to more interconnected units with greater structural coherence. The P
2p core-level signals show that phosphate species, though retained in the network, are
highly sensitive to the presence of modifying cations. The deconvolution profiles suggest
a dual population: regular tetrahedral PO43~ units and distorted phosphates influenced
by interactions with cations such as Sr>* and Zn?*. These interactions cause localized
distortion and charge redistribution, leading to small chemical shifts in binding energy.
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From a quantum mechanical perspective, this represents modulation of the local potential
field around phosphorus centers, affecting the core-level relaxation energies.

In the Ca 2p spectra, both binding energy shifts and peak multiplicity are observed,
which correlate directly with coordination diversity. The presence of Ca—O-P and Ca—O-Si
environments, and, in some cases, surface-hydrated Ca species, reflects the sensitivity of
calcium to local ionic competition and structural disorder. In untreated glasses, particularly
those synthesized in deionized water, calcium remains loosely coordinated, forming clusters
with phosphate due to electrostatic preference. In contrast, when trace elements are present
in the synthesis medium, as with Agua Prata, calcium is redistributed into the silicate
network. These shifts are governed by differences in cation field strength and polarizability,
which influence not only bond stability but also core-hole screening during photoemission,
resulting in measurable variations in binding energy.

The Na 1s spectra further support the dynamic behavior of alkali modifiers. Sodium,
with its low field strength and high mobility, exhibits consistent binding energies but
variable intensity, likely due to partial leaching or exchange with divalent cations during
gelation. This behavior aligns with its role as a charge compensator for non-bridging
oxygens, which decrease upon thermal consolidation.

Altogether, these trends demonstrate that the local electronic structure of bioactive
sol-gel glasses is not static but highly responsive to both the chemical complexity of the
synthesis medium and post-synthetic thermal evolution. The observed shifts in core-level
energies, changes in peak symmetry, and deconvolution patterns reflect a complex interplay
of local coordination geometry, electronic relaxation dynamics, and ion-mediated structural
reorganization. These effects are rooted in fundamental physical interactions, such as
Coulombic attraction, orbital hybridization, and photoelectron screening, which govern
the chemical state sensitivity of XPS.

This multi-level spectroscopic insight reveals that natural waters, far from being inert
solvents, act as active structural agents that shape the glass network at the atomic scale,
reinforcing the potential of environmentally integrated sol-gel routes for fine-tuning surface
reactivity in bioactive glasses.

A condensed summary of the core-level observations and structural implications
for selected samples is presented in Table 6, integrating compositional and processing
parameters with XPS-based interpretations.

Table 6. Summary of synthesis parameters, XPS core-level responses, and structural interpretations
for selected samples. Observations are based on high-resolution spectra of Si 2p, Ca 2p, Na 1s, P 2p,
O 1s, and Mg 1s (when applicable).

Sample  Synthesis Water = Key XPS Observations Key Observations
Broad, symmetric O 1s; Phosphate-rich,
disordered Si 2p; intense  under-condensed network
7 DI P 2p; low Na 1s; Ca 2p with weak ionic shielding;
shows Ca-O-P + Ca loosely coordinated; low
disordered component densification
Asymmetric O 1s; Na 1s Presence of multivalent
and P 2p broadened; Ca cations (e.g., Sr2+, Zn%t)
4 Prata 2p shows Ca—O-P + induces moderate network
Ca-0O-5i; no perturbation and partial

disordered Ca integration of Ca
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Table 6. Cont.

Sample  Synthesis Water Key XPS Observations Key Observations

Thermal densification
Sharpened O 1s, Si 2p, promotes polymerization
and Ca 2p; most intense (Q%/Q%), reduction of OH

4700 Prata Na 1s; P 2p narrow and  groups, and consolidation
symmetric of coordination
environments
Broad O 1s; Na 1s Ton exch'ange With Mg2+ +
depleted: Me 1s and other ions disrupts Na
10 Azeda p V8 role; silicate network less

detected; P 2p absent; Ca

2p sharp (Ca-O-Si) hydrated, more ordered

despite no heat treatment

4. Conclusions

This study demonstrates that the substitution of ultrapure water with geothermal
waters in the sol-gel synthesis of bioactive glasses significantly alters the structural and
chemical characteristics of the final material. High-resolution XPS revealed the following:

e The presence of multivalent trace elements in waters such as Agua Prata and Agua
Azeda leads to local rearrangements in the silicate and phosphate networks.

e Thermal treatment enhances network consolidation, reducing hydroxylation and
promoting Q*-like domains.

e Modifier ions introduced via mineral waters can replace native Na* and Ca?*, leading
to complex surface chemistries that potentially enhance bioactivity.

These findings support the use of geothermal waters as eco-functional synthesis media,
offering a route to tailor glass properties through natural ionic environments without the
need for synthetic additives. Future studies may explore the biological responses to these
materials to validate their functional performance in regenerative applications.
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