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Abstract. Morocco has established a prominent industry focused on the
transformation and development of its abundant phosphate deposits, valued
for their diverse properties. Numerous physic-chemical studies focus on the
leaching and devitrification of oxide glasses characterized by the
composition yPbO-(1-y)[xMo0Os3-(1-x)P20s], with specific parameters of
0<y<0.3 and x values of 0.5 and 0.67. Measurements indicated that the
addition of PbO in phosphate glasses, at concentrations from 0% to 30%,
affects chemical durability. This was assessed across various solution pHs
and dissolution times, utilizing an ammonium acetate solution and grain
sizes between 300 to 500 pm, demonstrating the cross-linking effect of lead
on the glass framework. A study indicates that the mass losses from the
leaching of glasses occur linearly over time, regardless of their composition,
and that glasses containing PbO exhibit increased durability. Studying the
devitrification of elaborate glasses, this work presents X-ray diffraction
analysis results for two glass families (x=0.67; 0.5). The analysis of the
crystalline glass composition 0.3PbO-0.47Mo003-0.23P20s indicates the
formation of Pb(M002)2(PO4)2.

1 Introduction

The significance of glasses in daily life and technology is immense, with ongoing
advancements in lens parameters presenting a critical scientific challenge. While a definitive
theory is still developing, numerous models and results effectively describe the glassy state
and can predict various properties of glasses, including physicochemical, optical, electrical,
and thermodynamic characteristics.

The study aims to enhance the chemical durability of phosphate glasses, which currently
suffer from low durability when compared to silicate glasses. It focuses on understanding
factors influencing glass leaching, acknowledging the complex interplay of multiple factors
that affect weathering behavior. To achieve reproducible results and clarify the influence of
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different parameters on dissolution mechanisms and kinetics, a significant number of
experiments are required. The study focuses on the complexity of conducting both chemical
and structural analyses of phosphate glasses with multivalent oxides (Mo, Pb) known for
their good chemical durability. It aims to enhance this durability by modifying the chemical
composition, while examining its influence based on several factors: chemical composition,
pH of the etching solution, temperature, and immersion time. The study focuses on the
chemical durability of phosphate glasses containing multivalent oxides (Mo, Pb), noting that
both chemical and structural analyses are necessary for a comprehensive understanding. It
emphasizes the potential to enhance durability through modifications in chemical
composition, and investigates various influencing factors, such as chemical composition, pH
of the etching solution, temperature, and immersion time.

This study focuses on the durability of glasses, assessed through their dissolution rate in
water, and involves characterizing the glasses by: (1) chemical analysis via MEB for
composition; (2) thermal analysis using DSC to measure glass transition (T,), crystallization
(T.), and melting (Ty) temperatures; (3) infrared spectroscopy for structural analysis; and (4)
X-ray diffraction to examine crystallized phases.

The exploration of new materials with open structures has led to significant research on
molybdenum phosphates [1-2], which combine PO, tetrahedra and MoOg octahedra to create
frameworks with tunnels or interlayers for alkaline [3-4] and alkaline-earth cations [5-6].
These materials have applications in heterogeneous catalysis, ion exchange, ion conduction,
and as molecular sieves. Recent studies on the devitrification of the compound yPbO-(1-
y)[xMoOs3-(1-x)P20Os] revealed that the diffractograms for these glasses were completely
amorphous at room temperature, with crystallization kinetics assessed through annealing and
identification of crystallized phases using ICDD data.

2 Experimental procedures

Glasses yPbO-(1-y)[0.5M003-0.5P,0s] are prepared according to the following reaction [7]:

YPbO + 0.5(1-y)MoOs + 0.5(1-y) (NHy) H:POs — yPbO 0.5(1-y)MoOs 0.25(1-y) P05 + 0.5(1-y)NH;

+0.75(1-p) H:0 (eq. (1))
Where y=0, 5, 10, 15, 20, 25, 30 mol %.

Appropriate amounts of PbO, MoO3, and NH4H,PO4 are ground and mixed, then subjected
to two heat treatments: first at 260°C to break down ammonium phosphate and remove
moisture, and second at 1000°C to fuse the mixture, resulting in glass obtained by air
quenching.

The density of the glasses was measured using Archimedes' method, while the amorphous
state of the materials was assessed through differential scanning calorimetry (DSC) and X-
ray diffraction (XRD) analyses

The chemical durability of the glasses was assessed by calculating the dissolution rate (Dg)
from the measured weight loss (AW) using a specific equation [8]:

Dr=AW(g) / [A(cm?) X t(min)] , (eq.(2))

Where A is the surface area (cm?) of the sample and t is the time (min) that the sample was
immersed in the test solution at 32 °C.

The tests involved preparing buffer solutions with pH values ranging from 5.5 to 8.5 using
2.5 vol % glacial acetic acid and concentrated ammonia. The pH was measured with a digital
pH-meter. Leaching was conducted by combining 0.2 g of glass with 100 ml of the ammonia
acetate buffer in Erlenmeyer flasks at 32 °C for specific time intervals.
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In order to devitrify the glasses studied above, we carried out successive 12-hour anneals at
increasing temperatures above T,, at intervals of 20°C. We found that glassy materials rich
in P,Os formative oxide always retain their amorphous character as the temperature rises up
to melting temperature.

3 Results and discussion

Figure (1) shows that density of yPbO-(1-y)[0.5M003-0.5P,0s] glasses, increases with
higher PbO concentration, while molar volume decreases.
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Fig. 1. Changes in density and molar volume (cm?/mol) depending on the PbO content of the glass
yPbO-(1-y)[0.5M003-0.5P20s].

Density increases linearly with PbO content due to glass network cross-linking. The linear
density behaviour shows that PbO in the glass matrix contributes to the density evolution
with a specific factor [9-12].

Adding PbO to the 0.5Mo003-0.5P,0s composition raises glass density due to improved
cohesion and more covalent bonds [13].

The study investigates glass network cross-linking through molar volume analysis. This
decrease in Vi, due to the addition of PbO oxide is confirmed by several studies [14-15].

As shown in Figure (1), molar volume decreases with PbO content. In the glasses studied,
the Mo/P ratio is fixed, while the PbO content varies. The evolution of molar volume as a
function of PbO insertion in the glass matrix MoO3-P,0Os, conforms to the decrease in the
fraction of ionic character ((FCI (Pb-O)=0.57) (FCI (P-O)=0.36); (FCI (M0-0)=0.34) and
ionic radius (r(Pb>)=1.214; r(Mo®")=0.41A; r(P°)=0.17A). As a result, the decrease in
molar volume in glass is due to the larger ionic radius of lead.

In this section, the measured mass loss method, or leached element release method [16], was
utilized to assess the dissolution rate of glasses, with the results illustrated in figure (2),
highlighting the relationship between dissolution rate and PbO oxide content.

https://doi.org/10.1051/bioconf/202621502008
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Fig. 2. Evolution of the Dr dissolution rate as a function of the PbO content of glasses PbO-MoO3-P20s

Figure (2) illustrates a non-proportional variation in the dissolution rate (Dr) with respect to
PbO concentration. Initially, the Dr decreases to a minimum at approximately 10-15 mol%
PbO, aligning with Peng's findings that PbO reduces Dr [13]. Beyond this point, additional
PbO leads to an increase in Dg, highlighting the effect of PbO addition on dissolution rate
across different pH levels at a constant temperature. The addition of PbO (0.05<y<0.15)
reduces the dissolution rate (Dr) of yPbO-(1-y)[0.5M003-0.5P,0Os] glasses at a fixed pH,
whereas higher additions (above 15mol% PbO) lead to increased Dr. The dissolution rate
rises as the solution's pH increases. The key distinction between binary 0.5Mo003-0.5P,0s
and ternary yPbO-(1-y)[0.5M003-0.5P,Os] glasses lies in the incorporation of PbO,
suggesting their dissolution mechanisms may differ, akin to those of lead silicate glasses [17-
18]. The dissolution mechanism in these glasses involves a two-stage process, starting with
an ionic exchange between divalent Pb?>" ions and H', H;0", and/or H,O species from the
solution:

(M-0)...Pb** + 2H* — 2M-O-..H" + Pb>* (M=P, Mo) (Eq. 3)

The ions diffuse in opposite directions, resulting in a leachate or gel layer on the glass surface
that lacks divalent Pb ions and is rich in hydrogen-bearing species. Vibrational spectroscopy
confirms the formation of P-OH bonds on the glass surface [19]. The second stage involves
the dissolution process, which breaks the network's formative links of P»0Os.

From the analysis of P,Os and MoOs3 concentrations in leaching solutions, it is observed that
the P/Mo ratio varies with acidity: lower in acidic conditions and higher in basic ones,
indicating selective dissolution of yPbO-(1-y)[0.5Mo00s3-0.5P,0s]. The selectivity is
attributed to the more covalent Mo-O bond compared to Si-O, suggesting Mo atoms assume
lattice-forming positions in the PbO-Mo0Os-P,0s framework. Thus, the glasses contain two
oxide formers, P,Os and MoOQs, with bridging bonds such as -P-O-P-, -Mo-O-Mo-, and -P-
O-Mo- [20]. The oxides exhibit acidic (P2Os) and basic (MoO3) behavior, influencing the
stability of P-O-P and Mo-O-Mo units under varying pH conditions.

P-O-P + OH (ou H:0) > P-O-H + P-Or (Eq.4)
Mo-O-Mo + H:0 (ou H;0*) > 2Mo-O-H (Eq.5)

Consequently, the selective dissolution of glasses can be explained by the occurrence of
preferential bond attacks.

To clarify the dissolution mechanisms of binary glasses MoO3-P,Os versus ternary PbO-
MoO;-P,0s, it is noted that binary glasses primarily consist of forming cations (P°*, Mo®",
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and/or Mo®") in their glass matrix. Consequently, the ion exchange reaction is excluded from
their dissolution process, with the most likely reactions during dissolution being represented
by equations (4) and (5).

In order to interpret the IR absorption spectra obtained from our ternary oxide glasses PbO-
MoO3-P»0s, we have compiled some information on the vibrational behaviour of the various
entities that may exist in phosphate-based glasses [21-29

IR spectra of glasses from the yPbO-(1-y)[0.5M003-0.5P,0s] ambient in the 400-4000 cm’!
are shown in figure (3). The spectrum of every glass shows several bands centred at 400-500
cm™, 531 cm™, 690-723 cm!, 900 cm™, 1005 cm™?, 1130 cm™ and 1220 cm™.
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Fig. 3. IR spectra of glasses yPbO-(1-y)[0.5M003-0.5P205].

Based on literature data [21-29], The spectra of these glasses exhibit certain general
characteristics as illustrated in Figure 3:

In the high-frequency region (800-1400 cm™), the main modes can be observed:

- The absence of an IR band above 1250 cm™ confirms the lack of very long chains.

- In the high-frequency region, two bands are observed at 1130 cm™ and 1230 cm™, attributed
to the antisymmetric elongation vibrations of (PO3)? and (PO,)" groups, respectively.

- Observation of a wide band split at 1000 cm™ is attributed to mode vs, which disappears at
y=15 mol%.

- In the range of 850-1050 cm!, the strong absorption near 900 cm™! is primarily due to the
antisymmetric vibrational modes of P-O-P and vibrations of Mo-O bonds in MoOg octahedra.
In the mid-frequency region (300-800 cm™), fashions are observed.

- In the field of 690-800 cm’!

- The symmetrical vibrational modes of P-O-P strongly absorb around 720 cm!, potentially
overlapping with the symmetrical elongation vibration mode of Mo-O bonds in MoOa.

- Two centered bands at 570 and 613 cm™ are not present in the glass 0.5M003-0.5P,0s, and
their intensity increases with Pb content; these bands are attributed to the vibrations of M-O-
Pb (where M=P, Mo).

-The deformation modes of the phosphate lattice in glasses are observed between 480-550
cm’', with contributions from the deformation of the phosphate lattice (3(PO4)) and possibly
from MoOs octahedrons, with intensity decreasing as PbO increases.

- The observation of a 400-480 cm™! peak, which vanishes upon adding PbO, is linked to the
deformation mode 6(MoOs).

Comparison of the dissolution rates of glass with and without divalent oxide PbO indicates
that the dissolution rate (Dr) of pure glass is significantly higher than that of glass containing
PbO. The incorporation of Pb%* cations into the glass matrix results in a denser cross-linking
of phosphate units (PO.), leading to a reduced dissolution rate. Pb2* facilitates the formation
of stronger cross-links between phosphate chains, effectively chelating the metal ions within
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the structure, as previously reported by Van Wazer [30]. Irregular change in Dr with
increasing cation content Pb?* suggests that there are parameters other than molar volume,
such as the rigidity of the structure responsible for the change in the Dg.

IR spectroscopy indicates that the glass (y=0) contains metaphosphate units that connect
with two neighboring phosphate groups, forming a cross-linked structure, which is altered by
the addition of PbO. The strength of the chemical bond [(E; (Pb-O) = 378 Kj/mol); (Ei (Mo-
0) = 607 Kj/mol) and (E; (P-O) = 596.6 Kj/mol)] in glass depends on the atomic properties
of the cation Pb*" and especially its ionic potential (charge/ionic radius). The presence of
Pb** in the PbO-MoQ;-P,0s glass is anticipated to lower its durability (Dr). The increased
durability of PbO-MoOs-P,0s glass over the glass with y=0 is due to the substitution of easily
hydrated P-O-P bonds with more corrosion-resistant Pb-O-P bonds.

In this section, we will study the devitrification of oxide glasses yPbO-(1-y)[0.67MoOs-
0.33P,0s], with key observations detailed in Table 1 from the annealing at sub-melting

temperatures.
Table 1. X-ray phase identification of glasses at different temperatures: yPbO-(1-y)[0.67M0O3-
0.33P205]
y Temp.°C | Phase identification by RX y Temp.°C | Phase identification by RX
400 Totally amorphous phases 400 Totally amorphous phases
0.05 . Pb(M002)2(POa4)2 +
520 Merging these phases 520 unidentified phases
0.25 Pb(M002)2(PO4)2 +
0.10 400 Totally amorphous phases 600 unidentified phases
520 Merging these phases 650 Pb(M002)2(PO4)2
400 Totally amorphous phases 700 Pb(M002)2(PO4)2
Pb(M002)2(PO4)2 +
2 4 Totall h h
0.15 520 unidentified phases 00 ofafly amorphous phases
. Pb(M002)2(PO4)2 +
600 Merging these phases 520 unidentified phases
Pb(M002)2(PO4)2 +
400 Totally amorphous phases a0 600 unidentified phases
Pb(M002)2(PO4)2 + ’
520 (Mo0:2)2(PO4). 650 | Pb(MoO2)x(POs)
0.20 unidentified phases
’ Pb(M002)2(POa4)2 +
600 e
unidentified phases 700 Pb(MoO2)(PO
650 Pb(MoO2)2(PO4)> (M0O:)2(PO4):
700 Pb(M002)2(PO4)2

Analysis reveals that diffractograms of recrystallized glasses from the PbO-MoOs3-P,0s
system (Mo/P=1), when annealed below the melting point, particularly for lead-rich
compositions, show the formation of Pb(M00O:)>(PO4),. An example is illustrated in Figure
(4) for the glass composition 0.3PbO-0.47M003-0.23P,0s.



BIO Web of Conferences 215, 02008 (2026) https://doi.org/10.1051/bioconf/202621502008
RENA 2025

@ S PbMoOs)a POl
o
o 2 o Qo TOOC
. . <> o T o
=
[
—1|
@
—
o= 650°C
G00FC
10 20 30 40 S0
*6

Fig. 4. Diffractograms of glass at different temperatures 0.3PbO-0.47M003-0.23P20s.
Table 2 shows the crystallographic data for the Pb(M00O,)2(POs),.
Table 2. Crystallographic data for Pb(M002)2(PO4)2

Formula Pb(M002)2(PO4)2

Molar mass M=653.02 g mol"!

Crystalline system Monoclinic

Space group P21/c (No. 14)

Mesh parameters a=6.353 A; b=12.28 A; c=11.804; p=92.56
Mesh volume V=920.33 A3

Group forms 7=8

Calculated density D=4.713 g cm™

Powder diffraction file (PDF) 78-1655

ICSD 062832

The structures consist of a three-dimensional network of monophosphate groups (PO4) and
molybdenum (MoQO:), characterized by polyhedrons. The POs and MoOs share their apices,
with two oxygen atoms from each MoOs bonded to the molybdenum atom.

The crystallographic structure of Pb(M00O,)»(POs); is monoclinic, belonging to space group
P2i/n. It features chains of PO4 and MoOs groups along the a axis, creating interconnected
tunnels along the ¢ axis, forming a rigid network. The structure has two sites for molybdenum
(Mo) and two sites for phosphorus (P).

Fig. 5. Projection of the Pb(M002)2(PO4)2 along axis b on plane ac.

The three-dimensional structure of Pb(Mo00O;)>(PO4), monophosphate features chains of
MoOQOsg octahedra and POy tetrahedra, located at x = 0.25 and x = 0.75. These elements are
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arranged to form chains running along the a axis, with PO4 tetrahedra sharing oxygen atoms
with MoO6 octahedra. The schematic representation omits phosphorus and molybdenum
atoms, highlighting the tunnels formed by this framework (Fig. 5a and 5b). The structure
around the Pb atom in the tunnels, occurring at x ~ 0, consists of eight oxygen atoms forming
a deformed antiprism. This resembles the monophosphate NaMoO,PO4 described by
Kierkegaard [1]. A comparison of the cell parameters shows that Pb(M00O,),(POs), can be
aligned with NaMoO,PO, (P21/n, a = 12.08 A [31], b=11.96 A [31], c =6.359 A [2], B =
91°19 [32], Z = 8) where the (a, ¢) projection of NaMoO,POj is similar to the (b, a) projection
0be(MOOz)2(PO4)2.

Glasses yPbO-(1-y)[0.5M00;3-0.5P,0s] annealed below melting temperatures show specific
characteristics based on the annealing conditions:

- At 400 °C, there is no change in glass particle size or color observed.

- At 600 °C, Glasses with compositions greater than 15 mol% melt, whereas those with
compositions of 15 mol% or lower exhibit different properties.

- At 640 °C, glasses with compositions of 10 and 15 mol% melt, whereas the glass with a
composition of 5 mol% remains amorphous.

- At 660 °C, glass with a composition of 5 mol% begins to melt, accompanied by a change
in color.

Glass from the PbO-Mo0O3-P,05 (Mo/P=0.5) retains its amorphous character until melting.

4 Conclusion

All results from this study on PbO-MoO3-P»Os glasses lead to conclusive insights:

- Glasses yPbO-(1-y)[0.5M003-0.5P,0s] exhibit a variety of phosphate and molybdate units.
IR spectra indicate that the O/P ratio significantly influences the phosphate chain length, with
MoOs units playing a key role in the structural network. This leads to depolymerization of
phosphate units, which reduces Vy, increases density, and enhances chemical durability. The
addition of PbO delocalizes the P=0 bond, increases glass network cross-linking, reduces
mobility, and strengthens the molybdenum phosphate glass network through stronger P-O-
Pb bonds, replacing weaker P-O-P bonds.

- Results from the chemical durability study of glasses yPbO-(1-y)[0.5M003-0.5P205]
indicate that substituting PbO enhances the chemical durability of molybdenum phosphate
glasses, particularly with small additions (0.05 <y < 0.15). The dissolution rate is primarily
influenced by the glass network's cross-linking, while the dissolution mechanism involves
simultaneous hydration reactions of anions and cations, leading to their release into solution.
- Molybdenum in the PbO-MoOs-P,0s glasses exhibits two coordination types: MoO4
(dominant) and MoOs [33].

- X-ray diffraction crystallography of PbO-Mo00O3-P,0s glasses (Mo/P=1) with high PbO
content (y>15 mol%) has identified a new monoclinic material, Pb(M0O2)>(PO4),,
characterized by an open framework and lack of symmetry center. In contrast, glasses with
low PbO concentration (y<15 mol%) remain amorphous until melting.

- Glasses PbO-Mo00O;3-P,0s (Mo/P=0.5) maintain their amorphous structure until melted.

- Glass is defined as an amorphous material with a glass transition temperature (T,), no
crystallization temperature (T¢), and maintains its amorphous nature despite annealing during
devitrification.
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