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A B S T R A C T   

The addition of V2O5 has been long known to increase the sulfur (as SO4
2-) solubility in borosilicate glasses. 

However, the mechanism governing this effect is still unknown. Although several studies have been published in 
the past two decades attempting to decipher the structural origins of increasing sulfur solubility as a function of 
V2O5 in borosilicate glasses, most of these studies remain inconclusive. The work presented in this paper attempts 
to answer the question, “Why does V2O5 increase sulfur solubility in borosilicate glasses?” Accordingly, a series 
of melt-quenched glasses in the system [30 Na2O – 5 Al2O3 – 15 B2O3 –50 SiO2](100-x) – xV2O5, where x varies 
between 0 – 9 mol.%, have been characterized for their short-to-intermediate range structure and the redox 
chemistry of vanadium using 11B, 27Al, 51V MAS NMR, Raman, and XPS spectroscopy. The impact of V2O5 on 
sulfur solubility in glasses has been followed by ICP-OES. The addition of ≤ 5 mol.% V2O5 results in a linear 
increase in sulfur solubility in the investigated glass system. Based on the results, we hypothesize that adding 
vanadium to the glasses increases their network connectivity, but reduces the network rigidity by replacing 
stronger Si–O–Si linkages with weaker Si–O–V linkages and forming (VO3)n-single chains. These modifications to 
the glass structure increase the flexibility of the network, thus making it possible to accommodate SO4

2− in their 
voids/open spaces.   

1. Introduction 

While scientists and engineers around the world are working towards 
developing efficient processes and glass chemistries to enhance the 
loading of nuclear wastes into borosilicate glasses, one major bottleneck 
impeding this effort is the low solubility of sulfur in these vitreous waste 
forms [1–7]. In general, sulfur (as sulfate, SO4

2−, in nuclear waste) sol
ubility in the nuclear waste borosilicate glasses is considered to be ≤ 1 
wt.% [2-4,8-10]. Exceeding the solubility limit of sulfur in the glass melt 
would result in the precipitation of an immiscible salt layer (known as 
“gall” or yellow phase) containing a high concentration of 
alkali/alkaline-earth sulfates and certain radionuclides (e.g., Tc, Sr, and 
Cs). Once formed, the salt layer would float on top of the melt resulting 
in the corrosion of sidewalls of the melter and short-circuiting the 
heating electrodes [11–14]. Hence, the practical concentration of sulfur 
in the borosilicate waste form is intentionally kept much lower than its 
solubility limit, thus, reducing the overall waste loading of the waste 

form, thereby increasing the volume of the glass to be produced and the 
cost of the whole clean-up mission. 

In order to avoid the aforementioned complications and design 
advanced glassy waste forms with enhanced waste loading, researchers 
have adopted a two-pronged approach. In the first approach, researchers 
are working towards developing empirical models to predict the prac
tical limit of sulfur (batched as SO3) solubility in the melt as a function of 
the feed composition [4,15]. Being empirical, this approach solely relies 
on the amount of data and the statistical models employed to predict the 
limits of sulfur solubility [4,16,17]. The higher the number of data 
points pertaining to sulfur solubility in borosilicate glasses designed 
over a broad composition space, the more reliable and accurate are the 
predictions. The current machine learning-based models developed to 
predict sulfur solubility in nuclear waste glasses are based on 1074 glass 
compositions and exhibit an accuracy of R = 0.83, where R is the 
Pearson correlation coefficient and mean absolute percentage error 
(MAPE) of 42.99% [17]. Although this model does a reasonable job in 
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predicting the sulfur solubility in the nuclear waste borosilicate glasses 
(primarily focused on Hanford low-activity waste and high-level waste 
chemistries), the low values of R and MAPE suggest significant room for 
improvement in these models, which will require thousands of addi
tional experimental data points. 

The second approach is more scientific and relies on establishing the 
composition – structure – sulfur solubility relationships in borosilicate 
glass matrices with an overarching goal of developing Quantitative 
Structure-Property Relationship (QSPR) based models to predict sulfur 
solubility in the final waste form. However, this approach requires a 
comprehensive understanding of the compositional and structural de
scriptors controlling the solubility of sulfur in the glassy waste forms. 
Although efforts have been made in this pursuit, they have primarily 
been limited to qualitative analysis, where the results are explained 
based on semi-empirical crystallo-chemical parameters, e.g., cation- 
oxygen binding energy, Dietzel field strength, bond strength, size and 
polarization of polyhedra, etc. [9,18] or the structural details deci
phered from qualitative/semi-quantitative spectroscopic techniques, e. 
g., Raman spectroscopy [2,12,19]. These studies are immensely helpful 
in establishing the composition–structure–property relationships at a 
“qualitative level,” and in simplified compositions, thus laying the 
foundation of our knowledge about this subject. Nonetheless, their im
plications in multicomponent complex nuclear waste glasses are limited 
to the cause–effect relationships. 

More recently, state-of-the-art spectroscopic techniques, for 
example, magic angle spinning – nuclear magnetic resonance (MAS 
NMR) spectroscopy and neutron diffraction, combined with other 
qualitative/semi-quantitative techniques, for example, Raman spec
troscopy, have been employed to determine the compositional and 
structural dependence of sulfur solubility in both simplified and com
plex borosilicate based nuclear waste glasses [10,20-23]. While we are 
slowly progressing towards realizing the development of QSPR models 
to predict sulfur solubility in nuclear waste glasses, there are still several 
arduous questions about the role of additives (e.g., V2O5) or components 
from the nuclear waste (e.g., Cr2O3, Fe2O3, Cl) in the structure of bo
rosilicate glasses and their consequent effect on sulfur solubility in the 
final waste form that need to be answered before we can successfully 
accomplish this goal. One such question that needs to be addressed is, 
“why does V2O5 increase sulfur solubility in borosilicate glasses?” 

In the late-1980s, Russian researchers suggested that incorporating 
V2O5 in borosilicate glasses increases their sulfur solubility by 
enhancing the liquid state miscibility of sulfates in the glass melt [18]. 
Based on the crystallo-chemical parameters, it was proposed that the 
cations in a glassy matrix could be arranged into increasing order of 
sulfur solubility as [18]: 

S6+
IV − P5+

IV − V5+
IV − B3+

III − Si4+
IV − B3+

IV − Al3+
IV − Zn2+

IV  

where subscripts represent the cation coordination; according to this 
series, the closer the cation is to the SO4

2− anion, the higher the sulfur 
solubility. For example, sulfate tetrahedra share better compatibility 
with phosphate tetrahedra than silicate ones, which explains the higher 
sulfate solubility within the phosphate matrices. Further, because the 
vitreous V2O5 primarily comprises V5+O4 tetrahedra with a structure 
similar to the PO4 tetrahedra, i.e., V––O apex bond with three bridging 
oxygens, in addition to a minor fraction of VO5 pyramids (later experi
mentally shown by McKeown et al. [24]), it has been assumed that V2O5 
additions to borosilicate glasses will enhance their sulfur solubility. 
Although their assumption is correct, as V2O5 addition to the borosili
cate glasses has been shown to increase their sulfur solubility [2,25], the 
reason behind their assumption, i.e., the similarity between the struc
tures of V5+O4 and P5+O4, is most likely incorrect due to the following 
reasons: (1) their assumption is based on high sulfur solubility in glassy 
phosphate matrix, which is chemically and structurally different from 
the borosilicate glassy matrix; (2) P2O5, when added to a borosilicate 
glass, tends to induce phase separation in the glassy matrix [26]; (3) our 

preliminary (unpublished) results exhibit a negative impact of P2O5 on 
sulfur solubility in borosilicate glasses; (4) no other research group could 
reproduce the high sulfur loadings (up to 10 wt.% SO3) in borosilicate 
glasses published by the Russian researchers [2]. 

Nevertheless, the positive impact of V2O5 on sulfur solubility in bo
rosilicate glasses enticed researchers to unearth the mechanism gov
erning this effect. In this pursuit, McKeown et al. [24] employed X-ray 
absorption spectroscopy to investigate the coordination and local envi
ronments of vanadium and sulfur in simulated borosilicate-based nu
clear waste glasses. However, they did not find any evidence of V–S 
bonds or vanadium bonding to sulfate tetrahedra, even in the glasses 
with the highest concentration of V2O5, i.e., 11.85 wt.%. Later, Manara 
et al. [2] and Sengupta et al. [27] also attempted to reveal this mecha
nism by employing Raman and 11B, 29Si MAS NMR spectroscopy, 
respectively. However, they could not conclusively answer this long
standing question and recommended further detailed investigations. 

Based on our understanding of the composition–structure–sulfur (as 
SO3) solubility relationships, the following are the four chemo-structural 
drivers that primarily control the sulfur incorporation in borosilicate 
glasses: (1) degree of polymerization of the glass network; (2) avail
ability of network modifying alkali/alkaline-earth cations to charge- 
compensate the SO4

2− tetrahedra; (3) ionic field strength of non- 
framework cations; and (4) the redox behavior of multivalent ions in 
the melt, e.g., V3+O4, V4+O5, V5+O4[24,25,28]. The present study at
tempts to answer the question “why does V2O5 increase sulfur solubility 
in borosilicate glasses?” by considering all the aforementioned 
chemo-structural drivers (except ionic field strength because the glass 
compositions do not include multiple alkali/alkaline-earth cations). 
Accordingly, a suite of state-of-the-art spectroscopic techniques, 
including 11B, 27Al, and 51V MAS NMR, Raman, X-ray photoelectron 
spectroscopy (XPS), and inductively coupled plasma–optical emission 
spectroscopy (ICP-OES) have been employed to study the structure, 
vanadium redox chemistry and sulfur solubility in a series of 
melt-quenched glasses in the system (30 Na2O – 5 Al2O3 – 15 B2O3 – 50 
SiO2) (100-x) – (V2O5)x, where x varies from 1 to 10 mol.%. Finally, an 
attempt has been made to correlate the structural descriptors of glasses 
with their sulfur solubility and decode the reason for the positive impact 
of vanadium on sulfur solubility. 

2. Experimental details 

2.1. Synthesis of sulfur-free glasses 

The V2O5-free baseline glass chosen for this study, with composition 
30 Na2O – 5 Al2O3 – 15 B2O3 – 50 SiO2 (mol.%), is the simplified version 
of ORPLG27 LAW glass [20], where Na2O represents the combination of 
all the alkali and alkaline-earth oxides. The glasses were synthesized by 
the melt quench technique. High purity powders of SiO2 (Alfa Aesar; 
>99.5%), H3BO3 (Alfa Aesar; >98%), and Na2CO3 (Fisher Scientific; 
>99.5%) were used as precursors. NH4VO3 (Alfa Aesar; ˃  99%) was used 
as a precursor to incorporate V2O5 in the glass. For each glass compo
sition, batch calculations were made for 70 g glass. Before melting the 
glass, the calculated amount of NH4VO3 was mixed with SiO2 and Al2O3 
and calcined at 500 ◦C for 2 h to volatilize ammonia from the batch. The 
calcined mixture was homogenously mixed with an appropriate amount 
of H3BO3 and Na2CO3 and melted in 90%Pt –10%Rh crucibles (loosely 
covered with a Pt lid) in an electric furnace at 1200 ◦C for 1 h. The melt 
was quenched on a copper plate maintained at room temperature. 

2.2. Synthesis of sulfur-containing glasses 

Na2SO4 has been used as a precursor for incorporating sulfur in 
glasses. The batch calculations were made to ensure that the total con
tent of Na2O in the glass remains constant. The example below describes 
the methodology used to synthesize sulfur-containing glasses in the 
present study. When adding x mol.% SO3 to a sulfur-free composition, 
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for example, 35 Na2O – 5 Al2O3 – 10 B2O3 – 50 SiO2, the batch was 
calculated as (35-x) Na2O – 5 Al2O3 – 10 B2O3 – 50 SiO2 – x Na2SO4 (mol. 
%), where x mol.% Na2SO4 serves as the source of x mol.% Na2O and x 
mol.% SO3. Accordingly, a batch corresponding to composition (35-x) 
Na2O – 5 Al2O3 – 10 B2O3 – 50 SiO2 was prepared and melted in a Pt-Rh 
crucible using the methodology described in Section 2.1. Once the melt 
(poured on the copper plate) cooled to room temperature, the resulting 
glass was returned to the same Pt–Rh crucible and x mol.% Na2SO4 was 
added to it. The Pt–Rh crucible was loaded in the furnace and covered 
with a Pt lid. The mixture was melted at the same temperature (as the 
sulfur-free glass) for another hour, followed by quenching of the melt by 
pouring it on a copper plate kept at room temperature. 

2.3. Compositional analysis of glasses 

The amorphous/crystalline nature of the resulting samples has been 
confirmed by powder (particle size < 45 μm) X-ray diffraction (PAN
alytical X’Pert Pro-X-ray diffractometer with Cu Kα radiation; 45 kV; 40 
mA; 2θ range of 10 - 90◦; step-size of 0.013◦; dwell time of 0.01 s at each 
step). The compositional analysis of the glass samples has been per
formed by ICP–OES (Perkin Elmer Optima 8300). The methodology to 
prepare the samples for the ICP-OES analysis has been described in our 
previous article [10]. Table 1 presents the batched and analyzed com
positions (as obtained using ICP-OES) of the baseline, sulfur-free (but 
vanadium-containing), and sulfur-containing glasses investigated in the 
present study. The sulfur-free glasses are labeled as xV, where x repre
sents the molar concentration of V2O5 in the glass. Similarly, the 
sulfur-containing glasses are labeled as xV-yS, where y represents the 
molar concentration of SO3 (batched) in the glass. 

2.4. Structural analysis of glasses 

11B and 27Al MAS-NMR spectra of the glasses have been acquired 
using a commercial spectrometer (VNMRs, Agilent) and a 3.2 mm MAS 
NMR probe (Agilent). The samples were powdered in an agate mortar, 
packed into 3.2 mm zirconia rotors, and spun at 22 kHz for 27Al, and 20 

kHz for 11B MAS NMR. 27Al MAS NMR data have been collected at 16.4 T 
(182.33 MHz resonance frequency) with a 0.6 µs (~π/12 tip angle) pulse 
width for uniform excitation of the resonances, recycle delays of 2 s and 
averaging of 1000 acquisitions. 11B MAS NMR experiments have been 
conducted at 16.4 T (224.52 MHz resonance frequency), incorporating a 
4 s recycle delay, short radiofrequency (rf) pulses (0.6 µs) corresponding 
to a π/12 tip angle, and signal averaging of 400 to 1000 scans. Fitting of 
the MAS NMR spectra has been performed using DMFit [35]. The 
CzSimple model, which accounts for distributions in the quadrupolar 
coupling constant, has been utilized for 27Al MAS NMR spectra. For 11B 
MAS NMR data, “Q MAS 1/2″ and Gaus/Lor functions have been used to 
fit 3- & 4-fold coordinated boron resonances, respectively, accurately 
reproducing the 2nd-order quadrupolar line shapes of 3-fold coordi
nated boron. A minor correction for the 4-fold coordinated boron peak 
has been applied due to its overlapping satellite transition [36]. 

51V MAS NMR data have been collected using an Agilent DD2 
spectrometer, Agilent 5 mm MAS NMR probe, and at an external field 
strength of 4.7 T, corresponding to a 51V resonance frequency of 52.51 
MHz. The glass samples were powdered with an agate mortar/pestle and 
loaded into 5 mm zirconia rotors. The sample spinning was performed 
with compressed nitrogen and computer controlled to 10.0 kHz. 1000 
acquisitions were co-added using a rf pulse width of 0.8 μs (~ π/10 tip 
angle) and a 2 s recycle delay.  The data were processed with commercial 
software, and the shift reference was determined using the International 
Union of Pure and Applied Chemistry (IUPAC) method of ratioing the 
shift of 51V relative to that measured with another nucleus (i.e., 13C in 
adamantane) [29]. NMR parameters, quadrupolar coupling constant 
(CQ), and isotropic chemical shift were estimated using the CzSimple 
lineshape model in DMFit. 

Unpolarized Raman spectra were collected at room temperature over 
300 to 1600 cm–1 with a precision of ±5 cm–1, using an HR Horiba 
spectrometer. The excitation source was the 488 nm line of a solid state 
laser operating at 200 mW. The measurements were performed at 
different positions on the sample surface to ascertain sample 
homogeneity. 

The XPS measurements were performed on freshly fractured mono
lithic vanadium-containing glass samples to analyze and quantify the 
oxidation states of vanadium in the investigated glasses. The XPS mea
surements utilized Thermo Scientific K-Alpha equipment, which used a 
1486.6 eV monochromatic Al Kα x-ray source to excite core-level elec
trons from the sample. A low-energy dual electron/argon-ion beam 
flood gun was used for charge compensation during measurements. The 
kinetic energy of the photoelectrons was measured using a 180◦ double- 
focusing hemispherical analyzer with a 128-channel detector. Binding 
energies were referenced to the main component of the adventitious 
carbon peak at 284.8 eV. The photoelectron spectrometer was calibrated 
using the Au4f7/2 binding energy (83.96 eV) for the etched surface of the 
Au metal reference. The analyzer was operated in constant resolution 
mode with a pass energy of 10 eV for high-resolution spectroscopy, 
while a pass energy of 50 eV was used for the routine survey scans. Peak 
fitting for the core-level scans was performed using a mixed Gaussian- 
Lorentzian function (Gaussian: 85%) to obtain binding energy and 
FWHM of the peaks. Peak areas were converted to composition using 
suitable elemental relative sensitivity factors [30] and corrected for 
attenuation through an adventitious carbonaceous overlayer using a 
calculation similar to the method described by Smith [31]. 

2.5. Density and thermal analysis 

The density measurements have been performed on the monolithic 
glass samples using the Archimedes principle. A hydrostatic balance 
with D–limonene (specific gravity at 25 ◦C = 0.84 g/cc) as the immer
sion fluid has been used to measure the submerged weight of the glasses. 
The density data reported for any glass composition is an average of at 
least nine measurements (3 pieces of glass; each piece measured thrice) 
with a standard deviation of <0.0014 g/cc. Molar volume (Vm) of glasses 

Table 1 
Batched and experimentally measured (within ±0.2 wt.%) glass compositions 
(in parentheses) of xV and xV-yS glasses. The reported SO3 concentration for any 
composition corresponds to its solubility limit in that glass.  

Glass 
ID xV 

Na2O 
(wt.%) 

B2O3 

(wt.%) 
SiO2 

(wt.%) 
Al2O3 

(wt.%) 
V2O5 

(wt.%) 
SO3 

(wt.%) 

0V 28.97 
(28.95) 

16.27 
(16.26) 

46.81 
(46.82) 

7.94 
(7.94) 

0 0 

1V 28.16 
(28.14) 

15.82 
(15.83) 

45.51 
(45.52) 

7.72 
(7.73) 

2.78 
(2.77) 

0 

2.5V 27.00 
(27.01) 

15.17 
(15.16) 

43.62 
(43.61) 

7.40 
(7.40) 

6.77 
(6.76) 

0 

5V 25.21 
(25.20) 

14.16 
(14.16) 

40.74 
(40.73) 

6.91 
(6.92) 

12.98 
(12.98) 

0 

7.5V 23.56 
(23.57) 

13.23 
(13.24) 

38.07 
(38.06) 

6.46 
(6.46) 

18.68 
(18.67) 

0 

9V 22.63 
(22.64) 

12.71 
(12.71) 

36.56 
(36.56) 

6.20 
(6.20) 

21.89 
(21.88) 

0 

Glass 
ID 
xV- 
yS 

Na2O 
(wt.%) 

B2O3 

(wt.%) 
SiO2 

(wt.%) 
Al2O3 

(wt.%) 
V2O5 

(wt.%) 
SO3 

(wt.%) 

1V- 
1.25S 

26.89 
(26.87) 

15.76 
(15.77) 

45.35 
(45.36) 

7.70 
(7.71) 

2.77 
(2.78) 

1.53 
(1.51) 

2.5V- 
1.75S 

25.27 
(25.25) 

15.10 
(15.11) 

43.44 
(43.45) 

7.37 
(7.38) 

6.74 
(6.75) 

2.08 
(2.06) 

5V-3S 22.38 
(22.37) 

14.05 
(14.06) 

40.42 
(40.42) 

6.86 
(6.86) 

12.88 
(12.89) 

3.40 
(3.39) 

7.5V- 
6S 

18.19 
(18.17) 

13.04 
(13.05) 

37.51 
(37.52) 

6.36 
(6.37) 

18.41 
(18.41) 

6.48 
(6.47) 

9V- 
6.5S 

16.97 
(16.95) 

12.51 
(12.51) 

36.00 
(36.01) 

6.11 
(6.12) 

21.55 
(21.53) 

6.81 
(6.83)  
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has been calculated using the equation: 

Vm =
Mw

ρ (1)  

where MW and ρ represent the molecular weight and density of the glass, 
respectively. 

The differential scanning calorimetric (DSC) scans have been ob
tained on the glass samples to determine the onset of glass transition 
temperature (Tg). The DSC measurements have been performed using a 
simultaneous thermal analyzer, STA-449F Jupiter, manufactured by 
Netzsch, Germany. The glass samples were crushed and sieved to a 
particle size range of 0.85 mm to 1 mm. The measurements were per
formed in Pt–Rh (10 wt.% Rh) pans covered with a Pt–lid. The samples 
were heated from 100 to 1000 ◦C at 10 ◦C/min in air. An empty Pt–Rh 
pan was used as a reference. The reported data for each glass is an 
average value of at least three scans. 

3. Results 

3.1. Redox chemistry of vanadium in the investigated glasses 

The images of vanadium-containing aluminoborosilicate glasses are 
shown in Fig. 1. The color of the glass changes from yellow to dark 
brown as the concentration of V2O5 increases from 1 mol.% to 9 mol.%, 
thus suggesting +5 as the dominant oxidation state of vanadium in the 
glass structure [32]. Further increase in the V2O5 concentration to 10 
mol.% results in a visible phase separation/crystallization, while the 
glass shows a mix of blue and dark brown colors. Here it should be noted 
that the blue color is a characteristic of tetravalent vanadium [32,33]. 

All xV glasses have been found to be XRD amorphous, as shown in 
Fig. 2a. Although the XRD analysis shows the 10 V sample to be 

amorphous, the presence of traces of crystallinity in this glass are 
confirmed by optical microscopy (Fig. 2b). Therefore, this glass 
composition has not been investigated further. Also, based on the studies 
reported by Sengupta et al. [27] and Halder et al. [34], the possibility of 
phase separation in the glasses with V2O5 > 5 mol.% was considered. 
Accordingly, the mirror-polished (unetched) glass samples from com
positions 7.5 V and 9 V were observed under a scanning electron mi
croscope (SEM) equipped with energy dispersive spectroscopy (EDS). 
However, no phase separation was observed in the investigated glasses 
(images not shown). Further investigations using transmission electron 
microscopy (TEM) may be required to confirm the presence/absence of 
nano-scale phase separation in these glasses, if any. Nonetheless, for the 
present study, the investigated glasses have been considered to be 
homogeneous. 

According to the literature [32,35], the color of a V2O5-containing 
glass depends on the atmosphere during melting and the alkali (alka
line-earth)–to–aluminum ratio in the glass composition. Replacing Na+

with Li+ or K+ does not significantly affect the color of 
vanadium-containing glasses [32]. However, moving from per-alkaline 
to per-aluminous regimes has been shown to change the color of glass 
from yellow to brown [35], both being characteristic colors of vanadium 
in +5 oxidation state [32]. According to Weyl [32], the pentavalent 
vanadium forms yellow-to-brown colored oxide which resemble chro
mic acid (CrO3), but due to its acidic nature, it usually forms a colorless 
metavanadate (VO3

−) anion in the solutions. Similarly, while a 
V2O5-containing soda lime silica glass melted under ambient conditions 
is yellow, the re-melting of the same glass under reducing conditions has 
been shown to change its color to emerald green, thus indicating the 
presence of V3+ as the dominant species [32]. According to Cicconi et al. 
[35] the V2O5-free aluminosilicate glasses exhibit the UV-edges below 
300 nm wavelength in their optical absorption spectra and are, there
fore, colorless. However, the glasses doped with a low concentration of 
V2O5 (up to 2.5 mol.% in the present study) are supposed to have their 
UV edges in the visible region around 400 nm, absorbing the violet light 
and giving the characteristic yellowish color. Further, in the glasses with 
higher V2O5 content (>2.5 mol.%), the shoulders of the UV-edge at 500 
nm tend to cut the contributions from blue light, thus, leading to more 
brownish colors. 

The qualitative analysis of the redox chemistry of vanadium (based 
on their physical appearance) in the investigated xV glasses is further 
corroborated by their XPS analysis. Fig. 3a presents the XPS spectra of 
the O 1 s and V 2p core levels from each sample. The untreated spectra 
are shown using dots for each data point, whereas the solid lines are the 
same spectra after applying a 10-point (1.0 eV) smoothing spline. Each 
spectrum exhibits the following four distinct features: (1) Na KL2 Auger 
emission line (537 eV); (2) O 1 s core level (531 eV); (3) V 2p3/2 (517 
eV); and (4) V 2p1/2 (524 eV) core level states. An accurate deconvo
lution of the V 2p envelope is complicated (if not impossible) due to its 
relatively low signal-to-noise ratio and an additional unknown peak that 
overlaps with the V 2p1/2. Therefore, to semi-quantitatively determine 
the oxidation state of vanadium in the glasses as a function of V2O5 
content, the binding energy at the maximum height of the smoothed 
data has been calculated and plotted in Fig. 3b. In glasses with V2O5 
<7.5 mol.%, the binding energy of the V 2p3/2 peak is around 517.3 eV, 
which is near the expected binding energy of 517.91 eV for the V5+

oxidation state [36]. At higher concentrations (≥7.5 mol.% V2O5), the V 
2p3/2 peak shifts to a lower binding energy, suggesting the presence of 
V4+ species, whose peak is expected to be at 516.35 [36]. Thus, the XPS 
analysis suggests that vanadium exists primarily in +5 oxidation state in 
the investigated glasses. The presence of vanadium in +4 oxidation state 
in glasses with V2O5 ≤ 5 mol.%, although cannot be negated, is minimal. 
In glasses with higher V2O5 content (>5 mol.%), a notable fraction of 
V4+species is present. 

Fig. 1. Images of V2O5-containing sulfur-free glasses (xV); glasses xV-yS where 
sulfur solubility limit has been reached; and glasses xV-yS supersaturated with 
sulfur showing the formation of salt layer on their surface. 
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3.2. Impact of vanadium on the structure of glasses 

3.2.1. Raman spectroscopy 
Raman spectra of xV (baseline) glasses are shown in Fig. 4. In the 

low-frequency region (300–800 cm−1), the Raman spectrum of baseline 
glass exhibits a broad envelope with characteristic bands around 520, 
575, 632, and 747 cm−1, respectively. The bands around 520 cm−1 and 
575 cm−1 can be attributed to the mixed vibrations of T–O–T (T repre
sents Si and Al tetrahedra) linkages and reedmergnerite-like borosilicate 
units [37,38]. The characteristic bands at 632 cm−1 and 747 cm−1 

correspond to the danburite and pentaborate units in the glass network 
[37]. The mid-frequency region (800–1250 cm−1) belongs to the 
stretching vibrations of TO4 units and encompasses contributions from 
Qn

mAl units, where n (= 0–4) is the number of bridging oxygens associated 
with silicate unit, and m (= 0–4) is the number of AlO4 units in the 

next-nearest sphere of Si. Since the peak corresponding to this band is 
centered at ~1070 cm−1, it is safe to assume that the Q3 units form the 
backbone of the silicate network in the baseline glass [37]. The 
high-frequency region (1350–1600 cm−1) is associated with stretching 
vibrations of metaborate (B–O−) units linked to other BO3 and BO4 units 
in the glass network [37,39-41]. 

The addition of 2.5 mol.% V2O5 to the baseline alkali aluminobor
osilicate glass leads to the appearance of two bands: a band at ~372 
cm−1 corresponding to O–V–O vibrations [2], and a second band in the 
spectral region between 800 and 1000 cm−1 with its intensity maximum 
at 863 cm−1, suggesting vanadium to primarily exist as V5+O4 units in 
the glass structure [24,35]. The addition of 5 mol.% V2O5 to the glass 
leads to two changes: (1) broadening of the ~863 cm−1 band along with 
a shift in its peak position from 863 cm−1 to 869 cm−1; (2) appearance of 
a new peak at 913 cm−1, which is associated with the vibration of V4+O5 

Fig. 2. X-ray diffractograms of (a) xV glasses and (b) optical microscope image of 10 V glass.  
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units in the glass [2,42]. Further addition of V2O5 ( >5 mol.%) leads to a 
decrease in the intensity of 869 cm−1 band along with a shift in the 913 
cm−1 peak to ~937 cm−1. These spectral features indicate a partial 
reduction of V5+ to V4+and a change in the coordination environment of 
vanadium in the glass network. 

With respect to the impact of V2O5 on the degree of polymerization 
in the silicate network, the addition of 1 mol.% V2O5 divides the 800 
cm−1 – 1200 cm−1 band into two parts: (1) 800 cm−1 – 1000 cm−1 and 
(2) 1000 cm−1 to 1200 cm−1. As discussed above, the 800 – 1000 cm−1 

region is completely masked by VOx bands. Therefore, it is difficult to 
decipher any changes in the fraction of Qn (n = 1, 2) units in the glass 
structure as a function of V2O5 concentration. The band in the region 
1000 cm−1 to 1200 cm−1 is centered at ~1070 cm−1, confirming the 
presence of Q3 and Q4 units, where Q3 units are in the majority. An in
crease in the V2O5 concentration, from 1 mol.% to 5 mol.%, results in a 
gradual decrease in the intensity of the 1000 cm−1 to 1200 cm−1 band, 
leading to its complete disappearance in glasses with 7.5 mol.% and 9 
mol.% V2O5. The complete disappearance of the Raman band 
comprising Q3 and Q4 units suggests either a significant degree of 
depolymerization induced by V2O5 in the silicate network, wherein the 

aluminosilicate network most likely comprises Qn (n = 0, 1 and 2) units, 
or the replacement of stronger Si–O–Si linkages by weaker Si–O–V 
linkages, thus, shifting the band to lower wavenumbers. Since the molar 
volume of the glasses is increasing with an increase in V2O5 content 
(discussed in Section 3.2.3), suggesting an increase in directional 
bonding in the glass structure [43,44], the latter scenario seems more 
plausible. The structural results are in good agreement with the disso
lution studies on the investigated glasses (unpublished results), where it 
has been observed that adding V2O5 (up to 5 mol.%) to the baseline glass 
increases its dissolution kinetics in Tris–HCl solution and deionized 
water in part due to a decrease in Si–O–Si linkages. 

3.2.2. 11B, 27Al and 51V MAS NMR spectroscopy 
Fig. 5a depicts the 27Al MAS NMR spectra of xV glasses with a broad 

peak centered around 60 ppm assigned to the tetrahedrally-coordinated 
AlO4 units (hereafter referred to as AIV) in the glass structure [45,46]. 
Weaker resonances are also apparent upon close inspection, including a 
small amount of five-coordinated Al (AlV) under the upfield portion of 
the asymmetric AlIV peak and a small feature around 0 ppm from Al in 
the zirconia rotors (i.e., background signal) [47]. Quantitative details of 
Al speciation and related NMR parameters have been obtained by fitting 
the 27Al MAS NMR spectra, and the results are listed in Table 2. An in
crease in the V2O5 concentration does not significantly affect the 
aluminum coordination in the aluminoborosilicate glass network, as 
evident from the nearly identical spectra in Fig. 5a and an essentially 
constant fraction of AlIV and AlV groups. Nonetheless, adding V2O5 re
sults in the systematic broadening of the AlIV resonance, which likely 
arises from interactions between AlIV groups and paramagnetic vana
dium species [48]. Another change in the 27Al MAS NMR spectra with 
increasing V2O5 is a progressive shift of the AlIV resonance towards 
lower ppm values, suggesting a change in the next-nearest neighbor 
polyhedra around Al, similar to what has been observed in P2O5-con
taining aluminosilicate and aluminoborosilicate glasses [49,50]. 

Fig. 5b presents the 11B MAS NMR spectra of xV glasses with a 
relatively broad and complex resonance in the interval 10–20 ppm, 
reflecting strong quadrupolar interactions for the 11B nuclei of three- 
coordinated boron (BIII) sites. A relatively narrow peak around 0 ppm 
corresponds to four-coordinated boron (BIV) sites [51,52]. The addition 
of V2O5 to the baseline glass has a rather subtle impact on boron 
speciation, as the relative peak intensities for both BIII and BIV are 
seemingly unaffected. Nevertheless, a closer inspection reveals the 

Fig. 3. (a) XPS spectra of the O 1 s and V 2p core levels of the xV glasses. The untreated spectra are shown using dots for each data point, whereas the solid lines are 
the same spectra after applying a 10 point (1.0 eV) smoothing spline. (b) Variation in the binding energy of V-2p3/2 (at the maximum height of the smoothed data 
shown by circles in Fig. 3a) as a function of V2O5 concentration in the glasses. 

Fig. 4. Raman spectra of xV glasses along with 0 V glass.  
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broadening and shifting of the BIV peak towards lower ppm values 
(Fig. 5c), in line with the impact of V2O5 on the AlIV NMR signal, as 
discussed above. We hypothesize that this may be attributed to the 
coupling between the boron nuclei and paramagnetic V4+ centers, as 
corroborated by an increase in the Lorentzian broadening of the BIV 

NMR peak (centered at ~ 0.2 ppm) with an increase in V2O5 

concentration and reduced V species (observed in the Raman/XPS 
analysis). Although there is a slight broadening in the trigonal BIII 

resonance peak, mainly for the 9 V glass, the observed change is much 
less obvious, which may indicate that VOx polyhedra are more closely 
associated with the negatively charged AlO4 and BO4 groups than with 
neutral BO3 units. The measured N4 value (= BIV

BIII+BIV ) for the 0 V glass is 
59.3%, which gradually increases to 65.8% as V2O5 concentration in
creases up to 7.5 mol.%. As the V2O5 concentration is increased further 
(9 mol.%), the N4 value decreases to 61.9% (Table 3). The observed 
trend pertaining to the variation in N4 fraction as a function of V2O5 
content in glasses is in good agreement with that predicted by Lu et al. 
[53] using molecular dynamic (MD) simulations and experimentally 
demonstrated by Muthupari et al. [54], and Saetova et al. [55] in alkali 
borovanadate glasses. 

Fig. 5d presents the 51V MAS NMR spectra of xV glasses with a 
symmetric resonance peak around −565 ppm (for 1 V, 2.5 V, and 5 V 
glass), which moves slightly towards more negative shift with increasing 
V2O5 – a trend observed in other vanadium-containing oxide glasses [48, 
56]. The resonance peak exhibits a shift to −558 and −560 ppm for 7.5 V 
and 9 V glasses, respectively; however, the difference is small. The 
addition of V2O5 to the glass leads to a broadening of the central 

Fig. 5. (a) 27Al, (b) 11B, (c) shifting of BIV peak position with V2O5 concentration, and (d) 51V MAS NMR spectra of xV glasses.  

Table 2 
Results from the deconvolution of 27Al MAS NMR spectra of xV glasses. The 
uncertainty in abundance, chemical shift (δCS) and quadrupolar coupling con
stant (CQ) is ±1%, ±1 ppm and ±0.2 MHz, respectively.  

Glass 
ID 

AlIV AlV  

Atomic 
(%) 

δCS 

(ppm) 
CQ 

(MHz) 
Atomic 
(%) 

δCS 

(ppm) 
CQ 

(MHz) 

0V 97 63.8 4.39 3 32.7 3.24 
1V 98 63.7 4.31 2 32.6 2.18 
2.5V 98 63.0 4.35 2 32.9 2.21 
5V 98 62.4 4.36 2 33.0 2.16 
7.5V 98 62.1 4.38 2 33.1 2.14 
9V 98 61.9 4.44 2 33.0 1.84  
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resonance peak and increases the intensity of additional sidebands 
arising from the paramagnetic interactions due to reduced V4+ species 
[48], as observed in the Raman and XPS analysis. The quadrupolar 
coupling constant (CQ) increases from 4.6 to 6.5 MHz as V2O5 increases 
from 1 mol.% to 5 mol.% and remains ~ 6.5 MHz for higher V2O5 glasses 
(7.5 V and 9 V). Since the spectra are broad and likely affected by the 
paramagnetic spins associated with reduced V, it is unreliable to 
deconvolute them to get accurate information about the coordination 
environment of vanadium in the glass structure. The estimated chemical 
shifts and quadrupolar coupling constants are summarized in Table 3 
and, in general, are similar to those reported in V-doped lithium silicate 
glasses [57] and crystalline alkali metavanadates [58]. 

3.2.3. Density, molar volume, and glass transition temperature 
Fig. 6 presents the glass transition temperature (Tg) of the xV glasses 

as a function of V2O5 content. The Tg value of the baseline (0 V) glass is 
485 ◦C. The Tg remains nearly constant (~486 ◦C) with the addition of 
2.5 mol.% V2O5 to the baseline glass. However, it decreases to 462 ◦C 
with the addition of 5 mol.% V2O5. Further increase in the V2O5 con
centration subtly affects the Tg of the glasses as it decreases to 454 ◦C for 
glasses containing 7.5 and 9.0 mol.% V2O5. The results agree with those 
reported in the literature [35,54] and can be explained based on the 
Adam – Gibbs model of glass transition [59]. The activation barriers for 
the structural rearrangement in melt may decrease when stronger sili
cate and borate linkages are substituted by weaker vanadate linkages, 
enlarging the liquidus regime. Hence, it results in lowering the Tg values. 

The density (ρ) of the xV glasses increases from 2.45 g cm−3 to 2.49 g 
cm−3, and the molar volume increases from 24.58 cm3 mol−1 to 28.19 

cm3 mol−1 with the addition of V2O5 (1–9 mol.%), as shown in Fig. 7. 
The observed trends in the variation in density and molar volume are in 
agreement with the literature [60] and can be attributed to the (1) 
addition of an oxide with higher density (ρV2O5 = 3.36 g cm−3) and (2) 
expansion in the volume of the glass network due to the incorporation of 
4- and 5-coordinated V5+ and V4+ units in its structure [53], as discussed 
in Section 4. 

3.3. Sulfur solubility in glasses and its impact on glass structure and 
properties 

3.3.1. Sulfur solubility in glasses 
Sulfur (as SO3) has been added to the xV glasses (starting from 1 mol. 

% SO3) until it supersaturates in the melt and appears as a salt layer on 
the glass surface. The highest concentration of SO3, which dissolves in a 
glass without altering its amorphous nature (as analyzed by XRD anal
ysis), has been defined as its solubility limit. Once the SO3 solubility 
limit has been reached, the excess sulfate tends to partition out of the 
melt in the form of salt and floats on the melt surface. Upon quenching 
the melt, the salt layer tends to stick to the surface of the transparent and 
XRD amorphous glass. All the sulfur-containing glasses (within the sol
ubility limit) are XRD amorphous, as shown in Fig. 8a. Interestingly, the 
color of the salt layer, formed after the supersaturation of SO3 in the 
glass melt, changes from white to brown as V2O5 content increases in the 
investigated glasses. The XRD analysis of the white salt reveals the 
formation of Na2SO4 [PDF# 04–009–1822; Orthorhombic, Space group: 
Cmcm (63)] as the only phase, while the brown salt exhibits the pres
ence of a small fraction of Na2SO4 [PDF# 98–000–0433; Orthorhombic; 
Space group: Fddd (70)] and NaVO3 (PDF# 04–013–7267) along with 
Na2SO4 (PDF# 04–009–1822), as evident from Fig. 8b. 

Table 1 presents the compositions of the sulfur-free (xV) and sulfur- 
containing (xV-yS) glasses, as analyzed by ICP-OES. The compositional 
analysis of the sulfur-containing glasses has been performed only for the 
compositions supersaturated with SO3. Therefore, the SO3 concentra
tions reported in Table 1 should be considered as the solubility limit of 
sulfate ions in the respective glasses under the given experimental 
conditions. The experimental compositions of the sulfur-free glasses are 
in good agreement with the batched compositions, suggesting minimal 
volatility of Na2O or B2O3 from the glass melts. 

The addition of ≤5 mol.% V2O5 to the baseline glass results in a 
linear increase in the SO3 solubility (Fig. 9), from 1 mol.% in 0 V glass to 
3 mol.% in 5 V glass. Here, it should be noted that the SO3 addition to 
these glasses did not significantly change their physical appearance, as 
evident from Fig. 1. An increase in V2O5 concentration to 7.5 mol.% in 
the baseline glass doubled the SO3 solubility (compared to 5 V glass) to 

Table 3 
Fraction of borate species in the xV glasses estimated from the deconvolution of 
11B MAS NMR spectra, and the chemical shift (δCS) and quadrupolar coupling 
constant (CQ) parameters obtained from 51V MAS NMR spectra. The uncertainty 
in abundance, δCS and CQ is ±1%, ±2 ppm and ±0.5 MHz, respectively.  

Glass ID Boron speciation 51V  

N3 (%) N4 (%) δCS (ppm) CQ (MHz) 

0V 40.7 59.3 — — 
1V 41.8 58.2 −565 4.6 
2.5V 36.8 63.2 −565 5.6 
5V 35.4 64.6 −564 6.5 
7.5V 34.2 65.8 −556 6.5 
9V 38.1 61.9 −560 6.5  

Fig. 6. Variation of glass transition temperature (Tg) of xV glass as a function of 
V2O5 concentration. 

Fig. 7. Variation of density (ρ) and molar volume (Vm) of xV glass as a function 
of V2O5 concentration. 
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6 mol.%. However, the addition of 6.5 mol.% SO3 to 7.5 V glass induced 
visible phase separation in the glass, as shown in Fig. 1. Further increase 
in V2O5 concentration to 9 mol.% did not significantly impact the SO3 
solubility, as evidenced by Table 1. 

3.3.2. Impact of sulfur on the structure and properties of glasses 
Sulfur is known to exist in glasses with valence states ranging from 

S2− (sulfide) to S6+ (sulfate), depending on the redox chemistry of the 
glass melt [19,61,62]. Polysulfide chains or rings would give rise to S–S 
stretching modes in the region 300–460 cm−1, while two closely spaced 
bands in the  950–970 and  970–990 cm−1 regions would be expected for 
SO3

2− (sulfite) groups [63–65]. For the glasses investigated in the present 
study, we found no evidence of sulfur speciation with an oxidation state 
other than +6, i.e., sulfur exclusively exists as a sulfate (SO4

2−) species in 

the investigated glasses. A comparison of the Raman spectra of 
sulfur-free and sulfur-containing 1 V glass has been presented in Fig. 10a 
as a representative example to depict the speciation of sulfur in the 
investigated glasses. 

Two new bands can be seen to evolve in the Raman spectra of sulfur- 
containing glasses: the increased intensity band component near 460 
cm−1, corresponding to asymmetric O–S–O bending modes, and a band 
at 988 cm−1 attributed to symmetric S–O stretching modes. While the 
group theoretical analysis predicts four vibrational modes assigned as: ν1 
(symmetric S–O stretching modes) at ⁓990 cm−1; ν2 (symmetric O–S–O 
bending modes) at ⁓460 cm−1; ν3 (asymmetric S–O stretching modes) 
at ⁓1100 cm−1; and ν4 (asymmetric O–S–O bending modes) at ⁓620 
cm−1 [2,12], only the bands corresponding to the modes characterized 
by the frequencies ν1 and ν2 are visible. The other two modes are difficult 
to identify because they overlap with bands attributed to vibrational 
modes associated with the borosilicate network. In the present work, the 
sharp band at 987 cm−1 in the glass samples has been taken as the 
fingerprint of the presence of sulfur as SO4

2− in the investigated glasses, 
and its intensity increases with an increase in SO3 concentration [20]. 

The introduction of SO4
2− anions in the glass network leads to the re- 

polymerization of the glass network, as indicated by the slight shift of 
the Q3 peak towards a higher frequency, along with the increase in the 
intensity of the Q4 edge in the range 1100–1200 cm−1. Basically, the 
incorporated SO4

2− anions can scavenge Na+ from non-bridging oxygen 
(NBO) containing borate and silicate units, thereby re-polymerizing 
these parts of the glass network [2]. The SO4

2− cannot scavenge Na+

from BO4
− or AlO4

− units [10,20]. In the present study, based on Raman 
spectroscopy data, the possibility of SO4

2− to scavenge Na+ from anionic 
BO3 (i.e., BO3 with non-bridging oxygen) units is negligible. Therefore, 
as a first approximation, the re-polymerization of the glass network is 
primarily due to the formation of Si–O–Si linkages in the glass network, 
decreasing the concentration of NBO and increasing the Tg of 
sulfur-containing glass as compared to the sulfur-free glass (Fig. 10b). 
Here it needs to be mentioned that we have not considered the possi
bility of SO4

2− scavenging Na+ from vanadate ions as, according to the 
literature, sulfate, and V5+ do not interact with each other in the 
structure of borosilicate glasses [24,66]. 

Fig. 8. (a) Sulfur-containing glasses (within solubility limit) and (b) Na2SO4 (in 
case of 1 V, 2.5 V, 5 V glass) while Na2SO4 (*), minor Thenardite (*) and NaVO3 
(*) crystalline phases observed as salt layer over the surface of phase separated 
7.5 V and 9 V glasses. 

Fig. 9. A linear increase in SO3 solubility in glasses with increasing V2O5 
content up to 5 mol.%. 
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4. Discussion 

4.1. Compositional dependence of redox chemistry of vanadium 

Vanadium can co-exist in an alkali aluminoborosilicate glass in the 
following three different oxidation states: V3+, V4+, and V5+, where V4+

and V5+ tend to act as the first redox pair and V3+ and V4+ act as the 
second redox pair, as described in Eqs. (2) and (3), respectively [67,68]. 

2O2−+4V5+↼
⇁

4V4+ + O2 (2)  

2O2−+4V4+↼
⇁

4V3+ + O2 (3) 

In peralkaline glasses (Na/Al > 1) synthesized in an ambient atmo
sphere, V5+ is the dominant species (>90%) followed by V4+ (<10%). 
The V3+ species has been shown to be present in trace quantities (<1%) 
in peralkaline glasses. However, the concentration of both V3+ and V4+

increases when the glass composition shifts from peralkaline to per
aluminous [35,68,69]. In other words, the basicity of a glass has a sig
nificant impact on the redox chemistry of vanadium in the glass melt, i. 
e., alkaline glasses favor the more acidic (+5) state of vanadium. As the 
acidity of the glass is increased, the more basic (lower) state of vanadium 
is favored [32]. Therefore, considering the peralkaline nature of the 
glasses in the present study, the dominance of +5 oxidation state of 
vanadium is not surprising. 

Further, an increase in the V4+/V5+ ratio in glasses with V2O5 ≥ 5 
mol.% may be explained based on the thermodynamic redox equilib
rium of a polyvalent ion (Mx+) in an oxide glass melt under an ambient 
atmosphere, as described by the general Eq. (4), 

2O2− +
4
n

M(x+n)+⇄
4
n
M(x)+ + O2 (4)  

where n represents the change in the number of electrons in the oxida
tion–reduction reaction, and O2 is the oxygen dissolved in the glass melt. 
Since the redox reactions of polyvalent ions in a glass melt are endo
thermic and can be adjusted by varying its melting temperature and 
partial pressure of oxygen (pO2), high melting temperatures or low pO2 
can shift the redox ratios to more reduced states [70]. In the present 
study, the addition of V2O5 is expected to lower the melting tempera
tures (Tm) of the glasses – based on the empirical relation proposed by 
Kauzmann (Eq. (5)) [71]. 

Tm =
3
2

Tg (5) 

However, all the glass melts in the present study are heated at 1200 
◦C for 1 h. Thus, the glasses with higher V2O5 content, for example, 7.5 V 
or 9 V, have encountered relatively higher melting temperatures 
compared to the glasses with lower V2O5 content, thus shifting the re
action in Eq. (2) toward the right-hand side. 

4.2. Impact of vanadium redox on the glass structure 

The impact of the redox chemistry of vanadium on the structure of 
borosilicate glasses is still debatable. According to Lu et al. [53], V5+ can 
exist in 4, 5, and 6-coordination in the structure of a peralkaline glass, 
while V4+ mainly exists in 4-fold coordination, with minor fractions of 5- 
and 6-coordinated species. However, their results are based on molec
ular dynamic simulations and have not been experimentally validated. 
The experimental studies (literature) suggest that vanadium exists in 
peralkaline borosilicate glasses primarily as V5+O4 units (vanadate), 
with a small fraction of V4+O5 units (cavansite) [2,28,35,66,72]. 
Therefore, though we are not negating the possibility of 4+ and 5+

vanadium species in multiple coordination states in the glass structure, 
we have based our discussion on the results demonstrated experimen
tally in the literature. 

When discussing the impact of V2O5 on the structure of the investi
gated glasses, 27Al MAS NMR spectra of the sulfur-free xV glasses 
(Fig. 5a) reveal that the atomic abundance of AIV units does not change 
with V2O5 addition (Table 2), which is consistent with the reported 
literature [48,72]. This can be explained based on the following two 
hypotheses: (1) AlO4

− prefers to be charge compensated by Na+ over 
[V5+O4]+1. Since there is sufficient Na+ available to charge-compensate 
AlO4

−, the addition of V2O5 does not affect the aluminum coordination in 
the glass structure; (2) [V5+O4]+1 replaces or competes effectively with 
Na+ for the charge compensation of AlO4

−, thus, resulting in the for
mation of Al–O–V linkages or AlVO4 neutral units analogous to Al–O–P 
or AlPO4 units in P2O5 containing glasses [50]. Owing to a minimal shift 
in the 27Al MAS NMR spectra of the investigated glasses with increasing 
V2O5 concentration (not surprising due to the highly peralkaline nature 
of glasses), we expect the first hypothesis, i.e., Na+ charge compensating 
AlO4

−, to be the most likely reason for a constant AlO4 concentration. The 
charge compensation of AlO4

− units by [V5+O4]+1 can be hypothesized in 
the peraluminous glasses, as has also been proposed by Cicconi et al. 

Fig. 10. (a) Comparison of Raman spectra of 1 V and 1V-1.25S glasses, and (b) comparison of Tg of xV and xV-1.25S glasses.  
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[35], which are quite distinct from the compositions explored in this 
work. 

On the other hand, an increase in the fraction of BIV units with 
increasing V2O5 concentration (up to 7.5 mol.%) followed by a decrease 
with a further increase in V2O5 concentration to 9 mol.% suggests an 
interaction between the V4+, V5+, and borate units in the glass structure. 
Similar trends for borate speciation as a function of V2O5 content have 
been reported for lithium borovanadate [48,73], binary vanadium 
borate [60], borosilicate [27], and aluminoborosilicate [53,72] glasses. 
However, the exact nature of these interactions leading to these trends is 
still unclear and needs further investigation. According to Lu et al. [53], 
[V5+O4]+1 acts as a modifier in the glass network. In glasses with lower 
V2O5 content, it acts as a charge compensator to facilitate the conversion 
of BO3 to BO4 units. At higher V2O5 concentrations, it starts to create 
NBOs instead of facilitating BIII→BIV conversion. The above-mentioned 
explanation by Lu et al. [53] contradicts their own results in the same 
article, where they also classify [V5+O4] units as a network former in the 
glass structure. Another plausible explanation for the initial increase and 
then a decrease in the fraction of BO4 units with an increasing concen
tration of V2O5 has been proposed by Muthupari et al. [54] in sodium 
borovanadate glasses. According to Muthupari et al. [54], the formation 
of BO4 units in the borovanadate glasses occurs in pairs via the bridging 
of BO3 units by an O2− ion resulting in the formation of diborovanadate 
type species with the formula [B2V2O9]2−. They did not observe the 
formation of [BO3/2O]− type BIV units. Whether similar 
vanadium-containing borate or borosilicate-based superstructural units 
are formed in borosilicate glasses needs to be seen. Therefore, as 
mentioned above, additional spectroscopic investigations need to be 
performed to unearth the exact reason for the observed trends pertaining 
to borate speciation in the investigated glasses as a function of V2O5 
content. 

The impact of V2O5 addition to the silicate network of the glass 
structure is based on the analysis of Raman spectra (Fig. 4), wherein the 
800 cm−1 – 1200 cm−1 region corresponding to the stretching vibrations 
of Qn units is heavily masked by the bands corresponding to the vibra
tion of VOx units. Therefore, it is difficult to draw any quantitative 
trends pertaining to the change in the degree of polymerization in the 
silicate network of glasses as a function of V2O5 content. Nonetheless, 
based on the molar volume results and the trends observed in the Raman 
spectra of glasses as a function of V2O5 content, we hypothesize the 
formation of Si–O–V type weaker linkages in the glass structure at the 
expense of Si–O–Si stronger linkages. Here, it should be mentioned that 
the authors could not find any literature demonstrating the interaction 
of V5+ with the silicate network in the glasses; though V4+–O–Si linkages 
have been reported in mineral canavsite [Ca(VO)Si4O10•4H2O] [24,74]. 
Nevertheless, the possibility of existence of Si–O–V5+ linkages in the 
glass structure cannot be negated as V5+O4 and SiO4 units co-exist as a 
solid solution in the naturally existing mineral aradite [BaCa6[(SiO4) 
(VO4)](VO4)2F] [75]. Therefore, further detailed structural studies on 
this subject are warranted. 

4.3. Impact of glass structure on SO4
2− solubility 

The sulfate (SO4
2−) solubility in a borosilicate glass depends on two 

factors: (1) the presence of voids or depolymerized regions in the glass 
structure to accommodate the SO4

2− tetrahedra and (2) the availability of 
network modifier cations to charge compensate the accommodated 
SO4

2− tetrahedra [2,11,14,20,21,24,61]. In the present study, the addi
tion of V2O5 results in an increase in the molar volume of the glasses, 
which according to Lu et al. [64], is the reason for higher sulfur solu
bility in vanadium-containing borosilicate glasses. This, in our opinion, 
is incorrect because higher molar volume indicates more directional 
bonding in the glass network [44,76], thus resulting in lower sulfur 
solubility, as has been shown in our previous study [20]. Another factor 
that can be attributed to the higher sulfur solubility in 
vanadium-containing borosilicate glasses is network depolymerization. 

According to Sengupta et al. [27], with the addition of ≤5 mol.% V2O5, 
the borate network in the glass structure tends to depolymerize, while 
the silicate network remains unaltered, thus increasing the sulfur solu
bility. This is contrary to their own 11B MAS NMR results where it has 
been shown that the addition of ≤5 mol.% V2O5 results in an increase in 
the fraction of BO4 units in the glassy matrix [27]. Further, according to 
Manara et al. [2], the higher sulfur solubility in vanadium-containing 
sodium borosilicate glasses is due to the depolymerization of silicate 
and borate networks induced by a high alkali content and/or the pres
ence of vanadium-oxygen chains, that lead to the creation of voids in the 
borosilicate matrix. The mechanism proposed by Manara et al. [2], is 
justified as they vary the alkali–to–network former ratio in their glass 
compositions with a fixed V2O5 content. However, their results cannot 
be compared with the present study as we are increasing V2O5 content in 
glasses with the molar ratios of all other oxides in the glass composition 
being constant. 

In our opinion, an increased sulfur solubility in borosilicate glasses is 
due to a net decrease in the network rigidity of the glass structure as 
described here: A fraction of V5+O4 units in the glass structure organize 
themselves as (VO3)n-single chains, as proposed by Manara et al. [2] (in 
borosilicate glasses) and Hayakawa et al. [77] (in alkaline-earth vana
date glasses), thus increasing the network connectivity in the glass 
structure, resulting in higher molar volume. This assertion is supported 
by the formation of NaVO3 phase in the salt layer of V2O5-rich glass 
melts supersaturated with SO4

2−. On the other hand, the remaining 
V5+O4 units weaken the silicate network by replacing Si–O–Si linkages 
with Si–O–V linkages. These modifications to the glass structure 
decrease the overall network rigidity [78,79], thus making it possible to 
accommodate SO4

2− in their voids/open spaces. Here it needs to be 
mentioned that the (1) possibility of the existence of (VO3)n-single 
chains is a hypothesis that contradicts the concept of isolated (VO4)3−

proposed by McKeown et al. [80], thus, warrants further experimental 
structural investigations; (2) reason for a 2 × increase in SO3 solubility 
in glasses upon increasing V2O5 content from 5 mol.% to 7.5 mol.% is 
still unclear and needs to be investigated further. 

The next question is how the incorporated SO4
2− anionic units are 

charge-compensated in the glass network. According to Lu et al. [53], 
[V5+O4]+1 acts as a charge compensator for SO4

2− tetrahedral units. 
However, as has been experimentally shown by McKeown et al. [24,66], 
vanadium and sulfur do not interact in the structure of borosilicate 
glasses. Also, the segregation of SO4

2− and VO3
− (where V is in +5 

oxidation state) oxyanions in the melts supersaturated with sulfur, 
where both the oxyanions are being charge compensated by Na+

(resulting in the formation of Na2SO4 and NaVO3 salt phases), demon
strate that vanadium and sulfur do not interact with each other in the 
glass structure, thus refuting the proposition of Lu et al. [53]. The hy
pothesis of charge compensation of SO4

2− by Na+ is also supported by an 
increase in the Tg of the sulfur-containing glasses (Fig. 10b), thus sug
gesting re-polymerization in the glass structure, as has been shown in 
our previous studies [10,20]. 

5. Conclusion 

A suite of state-of-the art spectroscopic techniques have been 
employed to decipher the origin of increased sulfur solubility in boro
silicate glasses as a function of V2O5 content. Vanadium primarily exists 
as V5+ (as V5+O4) in the investigated glasses with a small fraction of V4+

(whose fraction increases with increasing V2O5 concentration). The 
addition of V2O5 (up to 9 mol.%) to the baseline glass (0 V) results in (1) 
a minimal change in the aluminum coordination suggesting the charge 
compensation of AlO4 units by Na+; (2) an increase in the fraction of BO4 
units until 7.5 mol.% V2O5 followed by a decrease with further increase 
in V2O5 concentration to 9 mol.% –– further investigations are needed to 
understand the origin of this trend; (3) an increased connectivity but 
decreased rigidity of the glass network. In our opinion, it is the 
decreased rigidity of the glass network that makes it possible to 
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accommodate SO4
2− in their voids/open spaces, thus resulting in an 

increased sulfur solubility. 
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