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Abstract

Aluminosilicate glasses are widely used in everyday applications and can be seen
as building blocks of modern technology, from display screens to glass-ceramics.
However, due to their high viscosities, gas bubbles can only be removed from
aluminosilicate melts at high temperatures, leading to significant energy costs.
This fining process can be improved with the use of multivalent oxides such
as Sn0,. In this study, extended x-ray absorption fine structure (EXAFS) and
Raman spectroscopy were used to determine the local environment surround-
ing Sn(IT) and Sn(IV) ions in a sodium aluminosilicate glass. In situ XANES
spectroscopy enabled the quantification of Sn redox state at high temperature,
allowing for the determination of thermodynamic parameters governing the Sn
reduction. Our results show that Sn(IV) is octahedrally coordinated and linked to
network-forming tetrahedra through corner-sharing, whereas Sn(II) is in a lower
coordination number. Comparing the modeled behavior of Sn with that of Fe and
Ce, it appears that SnO, is a suitable fining agent for aluminosilicate glasses as it
undergoes reduction when the viscosity is sufficiently low for bubbles to escape
the melt. Conversely, the use of CeO, leads to substantial gas release at higher
viscosities, resulting in foam formation within the glass.
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tle compositions.®” From an industrial perspective, the
interest and use of aluminosilicate glass stem from its out-

Aluminosilicate and boro-aluminosilicate glasses are a
widespread material family that covers multiple appli-
cations from everyday display glass? to vaccine vials®
and reinforcement fibers.*® In addition to their indus-
trial relevance, aluminosilicates are of great interest in
Earth sciences, as they are chemically close to man-

standing mechanical properties.® ' These properties can
be enhanced through ion exchange'"'? or by incorporating
elements such as lanthanides.® Lithium aluminosilicate
melts are also common precursors for glass-ceramics, with
applications ranging from cooktop induction plates>'* to
energy storage systems due to high Li mobility.”
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The main drawback of aluminosilicate and boro-
aluminosilicate glasses is their high viscosity. As the
aluminum content increases, the melt viscosity rises
accordingly, reaching a maximum near the tectosilicate
join.* This high viscosity drives the processing tem-
peratures up, especially during melting. For example,
boro-aluminosilicate E-glass fibers are processed at tem-
peratures up to 1500°C,'° while LCD panels require
temperatures as high as 1600°C."” Reaching such high tem-
peratures requires substantial energy, which represents a
major cost for the aluminosilicate glass making compared
to traditional window glass manufacturing. This is espe-
cially true for the fining step that requires the highest
temperatures. During fining, gas bubbles that come from
raw materials or are trapped between grains must escape
from the melt to ensure a clear, bubble-free, high-quality
final product. Increasing the temperature lowers the melt
viscosity, facilitating bubble removal. The efficiency of the
fining step can be measured by the number of remain-
ing bubbles after processing.'®!” The goal is to remove all
bubbles at the lowest temperature possible, in the shortest
amount of time.

To enhance fining efficiency, several methods can be
used, such as the bubbling of gas®® or the addition of
fining agents to the raw materials. These agents include
sulfates,”’ nitrates,”> or multivalent oxides'’*>%*; As,0s,
Sb,03, SnO,, and CeO, are multivalent oxides that are
commonly used as fining agents. During glass melting,
as the temperature increases, these oxides dissolve in the
melt and undergo partial reduction. Upon their reduc-
tion, they release oxygen gas, which increases the size
of existing bubbles and enhances their escape from the
melt.”> Consequently, the fining capability of these oxides
is strongly tied to their ability to be reduced upon heat-
ing, which depends on their redox behavior. However, the
redox equilibrium of multivalent elements is influenced
by various parameters, such as temperature, oxygen fugac-
ity, and melt composition.’~?® The relationship between
the reduction of multivalent elements and the amount of
gaseous oxygen release is complex and often requires an
understanding of the local structure and coordination of
these elements.239 Moreover, the redox state at room tem-
perature is not always representative of the redox state
in the molten state,’’ making room temperature analyses
insufficient when assessing the high-temperature redox
state.

In this study, we used extended x-ray absorption fine
structure (EXAFS) and Raman spectroscopy to investigate
the local structure of Sn ions in a sodium aluminosilicate
glass. In situ XANES was used to monitor the evolution
of Sn redox state as a function of temperature. These mea-
surements allowed for a thermodynamic parametrization
of Sn redox behavior in sodium aluminosilicate glass. The
Sn behavior was then compared to that of Ce and Fe in the

TABLE 1 Compositions (wt%) measured by EPMA.
Sample SiO, ALO; Na,O FeO® SnO,"
NASO 61.9+0.8 19.2+0.3 181+0.3 <0.005 0
NASSO_1 62.4+0.8 18.8+0.2 18.0+0.2 0.012 0.18 +0.01
NASSO0_10 60.3+0.7 18,6 +0.2 173 +0.2 0.008 2.22 +0.09
NASSO0_20 59.6 +£0.9 19.5+0.3 17.6 + 0.2 0.042 2.60 + 0.04

“Total iron given as FeO.
Total tin given as SnO,,

same glass, to differentiate the fining abilities of these three
multivalent elements.

2 | EXPERIMENTAL SECTION

2.1 | Glass synthesis

The base undoped glass used in this study, 68.2Si0,-
12.5A1,05-19.3Na,0 (mol%), is the same as that in a
previous investigation.*’ The obtained glass was finely
ground in an agate mortar and mixed with SnO, (99.7%,
Corning) to achieve molar concentrations of SnO, rang-
ing from 0.1 to 2 mol% of SnO,. The samples were labeled
NASSO_x, with x corresponding to the molar concentra-
tion of SnO, in per thousand (%.) with respect to previous
studies. The mixture was then melted four times, each for
2 h at 1600°C in a Pt crucible. The liquids were quenched
by dipping the bottom of the crucible into water. Sam-
ple homogeneity was checked by performing three Raman
spectra in different regions of the sample.

2.2 | EPMA

Electron probe micro-analysis (EPMA) measurements
were performed on a Cameca SX-Five at the Camparis
facility (Sorbonne Université, Paris). A voltage of 25 kV and
a beam size of 20 um were used for all measurements. For
Si, Na, and Al, a current intensity of 4 nA and a counting
time of 10 s were used, while a current intensity of 200 nA
and a counting time of 20 s were applied to measure the low
concentrations of Fe. The standards used for calibration
were Albite (NaAlSi;Og) for Na and Si, (Mg,Fe); Al,(Si04)3
for Al, FeS, for Fe, and Cassiterite (SnO,) for Sn. At least 10
measurements were performed for each composition, with
the average value reported in Table 1.

23 |
K-edge

x-Ray absorption spectroscopy at Sn

Sn K-edge XAS spectra were recorded on the SAMBA
beamline located at the SOLEIL synchrotron facility
(Saint-Aubin, France). During the measurements, SOLEIL
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operated at 2.75 GeV and 500 mA. For room temperature
spectra, glass slices were polished to the appropriate thick-
ness for measurements. A double crystal monochromator
equipped with two Si(220) crystals was used to tune the
energy. Energy was calibrated using a tin foil. Data were
collected in fluorescence mode using a 35-element mono-
lithic planar Ge detector (Canberra). The beam size was
200 by 300 um?. Room temperature EXAFS data were col-
lected from 29 to 30.2 keV, with a 0.5 eV step. The x-ray
absorption near-edge structure (XANES) data were col-
lected between 29 and 29.2 keV with a 0.5 eV step, from 29.2
to 29.4 keV with a 0.2 eV step, and from 29.4 to 29.8 keV
with a 0.5 eV step. High-temperature experiments were
conducted by loading glass powder into a 500 pm hole of
a 90Pt-10Ir wire.** The wires were heated by passing an
electric current through them. Each wire was calibrated
using the procedure detailed by Neuville and Mysen.** The
temperature measurement error was conservatively set to
+20°C. All XAS spectra were processed using the Larch
software.*

2.4 | Raman spectroscopy

Unpolarized Raman spectra were acquired using a Labram
HR Evolution spectrometer equipped with a Peltier-cooled
CCD and an 1800 lines per mm grating. The samples
were excited with a Coherent MX 488 nm solid-state laser
focused through a x50 Olympus objective (LMplanFl, WD:
10.6 mm) on the sample surface. The spectral resolution of
the setup is approximately 1.7 cm™!, and the spatial reso-
lution is approximately 1 um. The laser power at the exit
was adjusted to 600 mW. Spectra were acquired from 20
to 1500 cm~! thanks to an ultralow frequency (ULF) filter
to attenuate the laser signal. A linear baseline was fitted
and removed over the 1350-1500 cm™! range. Spectra fitting
was performed using the Fityk software.*

3 | RESULTS
3.1 | Sample synthesis and SnO,
volatilization

Analyzed chemical composition of the glasses is analyzed
and given in Table 1.

The amount of SnO, measured by EMPA for samples
NASSO0_1 and NASSO0_10 is in good agreement with the
nominal values. However, the measured concentration of
SnO, in NASS0_20 is significantly lower than the expected
value (of about 4.4 wt%). Additional EPMA measurements
on this sample revealed a gradient in SnO, contents, with
all concentrations being lower than the nominal value.

SCIENCE

This shows that the tin content in the NASSO_20 sample
is heterogeneous. A possible explanation for this behavior
is the volatilization of Sn during sample elaboration, which
occurs when exposed to air for more than 8 h. Indeed, Sn
is considered a moderately volatile element in the Earth
science literature.’” Recent thermodynamic calculations
considering trace amounts of Sn showed that about 8% of
Sn was in vapor form at equilibrium for a granodiorite com-
position (about 66 mol% Si0,).*® Given that the crucible
was left open in the furnace, this volatilization behavior
is likely more pronounced than the calculations suggest.
Moreover, Sn cannot be considered as a trace element in
NASSO0_20, and Henry’s Law used in the thermodynamic
calculations may not apply to our samples. This could
increase the volatility of Sn at higher concentrations and
explain why NASSO_1 and NASSO0_10 seem less affected by
this behavior. Another possible explanation might be the
limited solubility of Sn in our system, causing the “excess”
Sn to volatilize. However, more investigation is required to
better understand SnO, incorporation in aluminosilicate
systems.

Fe was not added intentionally to the glass. Its presence
can be explained by impurities in the raw materials (SiO,)
as well as potential cross-contamination via the crucibles,
as Fe-rich compositions were also synthesized for other
projects. However, the Fe concentration is always much
lower than that of Sn (by at least a factor of 15). There-
fore, the presence of Fe in such low concentrations will not
affect Sn redox state.*!

3.2 | XANES spectroscopy at Sn K-edge
The XANES spectra at Sn K-edge (Figure 1) can be
described as the sum of two contributions, the first one
being the main feature at 29 210.5 eV, followed by a shoul-
der at 29 228 eV. These two features are present in the
spectra of both the SnO and SnO, references as well as in
the glass sample.

The position of the absorption edge is at lower energies
for the Sn(IT) reference compared to the Sn(IV) reference
(29 198.8 eV vs. 29 201.8 eV). Although these values dif-
fer slightly from those reported by Farges et al.,*” the
energy difference between the Sn(IT) and Sn(IV) edges is
consistent with their study. The absolute difference (of
about 2.4 e€V) can be attributed to the calibration differ-
ence between Farges et al.’s study and ours. The edge
in the NASSO_1 spectrum lies between those of SnO and
Sn0,, showing that both Sn(II) and Sn(IV) are present in
the glass. The method used to quantify the redox state is
the “half-step” method described by Farges et al.*®* The
energy at the halfway point of the absorption edge is mea-
sured and compared to that of crystalline references. In the
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FIGURE 1 Room temperature XANES spectra at the Sn

K-edge for crystalline references and the sample NASSO0_1.

spectrum of NASSO_1 (Figure 1), the half-step point is
located at 29 200.8 eV. Using a linear combination of the
two references, the redox ratio is quantified at 32% + 8%
Sn(II). The precision of this method is limited by the
experimental resolution and the signal/noise ratio of the
measurements.

No photoionization was observed at room temper-
ature for measurements performed on NASSO_10 and
NASSO0_20. Mild photoreduction was observed in NASSO_1
for long exposure times (~8% difference after 10 scans).
Although this effect was minor, the data presented here for
NASSO_1 are for the first spectrum acquired.

4 | DISCUSSION
4.1 | Influence of total Sn concentration
on Sn redox state at room temperature

The XANES spectra of NASSO_1 and NASS0_20 are dif-
ferent, as shown in Figure 2. It is important to note that
those two samples underwent identical synthesis proce-
dures at 1600°C. The half-step is at lower energies for
NASSO_1 than it is for NASSO_20, and the intensity of the
white line at 29 210.5 eV is also lower in the spectrum of
NASSO_1. These observations indicate qualitatively that Sn
is more reduced in NASSO_1 than in NASSO_20. Using the
half-step method, we can quantify the redox state of Sn at
different concentrations (Table 2).

Sn is quantifiably more reduced in NASSO_1 than in
NASSO0_20. Due to the high uncertainty inherent to the

Reduction

0.4

—~NASS0 1 |
0 —NASS0_20

29190 29200 29210 29220 29230
Energy (eV)

FIGURE 2 Room temperature XANES spectra at the Sn
K-edge for NASS0_1 and NASSO0_20.

TABLE 2 Redox state of Sn at room temperature.
Sample Half-step (eV)* % [Sn(IT)] (£8)
Sn(I1)O 29198.8 100
NASSO0_1 29 200.8 32
NASSO0_10 29 201.4 14
NASS0_20 29 201.6 7
Sn(IV)O 29 201.8 0

Note: Error bars are calculated from the energy resolution.
#See Section 3.2 for the method.

half-step method, the difference between NASSO_10 and
NASSO_20is less clear. This is coherent with the measured
concentrations shown in Table 1, where we show that the
concentration of Sn in NASSO_10 and NASSO0_20 is very
similar. However, it appears that Sn is more reduced at
lower concentrations. A similar behavior has already been
observed in the case of Fe.*” This phenomenon can be
linked to the activity coefficients of the different Sn species.
This relationship can be seen through Equation (1).

2+
Snmelt

1 el 2
+ EOZ(g) = Snp g+ O 1)

The associated equilibrium constant is:

Ao 4+ * Ap2-
Sn o
Kl — melt (2)
Qg2+ * f 0,

melt

with a. 4+ being the activity of the corresponding species

Sl’lmelt

and fo, the oxygen fugacity. By introducing the fraction
of reduced species x4, the activity coefficients y and the
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total Sn concentration [Sn],,,
can be rewritten as follows:

these equilibrium constants

_ (1 - xred) * [Sn]tot
1=

Ysn4+ * Ap2-

Xreq * [Snliqy Ysnz+ * v/ fo,

Even though the [Sn],,, simplify themselves in K, the
activity coefficients of Sn(II) and Sn(IV) are sensitive to
the total Sn concentration. At lower concentrations, like
in the NASSO_1 sample, Henry’s Law applies, meaning
that the activity coefficients of Sn(IT) and Sn(IV) are both
equal to 1. However, the activity coefficients of oxides in
silicate melts do not follow a linear trend with concentra-
tion, but rather exhibit a log-linear form.*' The deviation
to linearity depends on the role of the oxide; it has been
shown that the activity coefficient of network modifiers
exhibits a more pronounced deviation from ideality than
for network formers.*' For Sn, Sn(IV) and Sn(II) play two
different structural roles in silicate glasses.*” Therefore,
it is safe to assume that the activity coefficients of Sn(II)
and Sn(IV) will not follow the same trend with increas-
ing concentration. This deviation is absent or negligible at
low concentrations where Henry’s Law applies. However,
at higher concentrations, the activity of Sn(II) and Sn(IV)
is most likely different, which can influence the redox state
in various ways. This behavior has been evidenced in the
case of Fe, for instance® and can explain why the redox
state of Sn is more oxidized in NASS0_20 sample than in
NASSO_1. This result shows the importance of considering
the total Sn concentration when predicting its redox state.

3)

4.2 | Local structure of Sn in
aluminosilicate glass

EXAFS spectroscopy allows for the determination of the
local environment around Sn. The Fourier transform of
the EXAFS signal, x(k), for NASSO_20 shows a first con-
tribution at R = 1.5 A (uncorrected phase-shift position),
which corresponds to the [Sn]-O-[Sn] backscattering path
(Figure 3B). It is important to note that this does not corre-
spond to the real Sn-O distance but rather an apparent one.
This contribution is also found in the Fourier transform
of Sn0,, indicating qualitatively that the first coordination
sphere of Sn in aluminosilicate glass is similar to the one
in SnO,. The [Sn]-O-[Sn] path in SnO is found at much
higher R, which does not align with the glass data. Regard-
ing the second coordination sphere, the [Sn]-Sn-[Sn] path
in SnO and SnO, is found at R values higher than 3 A.
However, no such contribution is visible on the Fourier
transform of the NASSO_20 sample. This suggests that the
second coordination sphere of Sn in NASSO_20 glass does
not involve another Sn ion. We can conclude that even at

SCIENCE

relatively high Sn concentrations, no detectable clustering
occurs in this system. This observation also confirms the
absence of significant SnO, crystallization in the glass.

The second coordination sphere is due to cationic
species, which can either be network modifiers or formers.
To accurately identify the different coordination spheres
around Sn, the EXAFS spectrum in Figure 3A was fitted
using backscattering pathways reported by Uchida et al.*
for eakerite (SnCa,Al,SigO;4(OH)s). We used eakerite as
it possesses both [Sn]-O-[Sn] and [Sn]-Si-[Sn] backscat-
tering pathways, which are plausible in our glasses. For
details on the FEFF program used for the fitting process,
readers are referred to page 65 of Newville.*

The x(k) signals were fitted in the 1-3.5 A range in R-
space, considering only the first two coordination shells.
The fits deviate from experimental data for k < 4 A1
which may indicate multiple scattering behaviors at low
k. The coordination number, CN, for Sn in NASSO_20 is
the same as for SnO,. This confirms previous studies, indi-
cating that Sn(IV) is present as SnO4®~ units in silicate
glasses.>*%® The Sn-0O distance in NASSO_20 is consistent
with that found in cassiterite or eakerite.*’ This similar
local structure may explain the tendency of Sn(IV) to crys-
tallize. Although the error bars overlap, the data suggest
that the CN of Sn differs between NASS0_1 and NASS0_20
(Table 3). While this difference could be due to concen-
tration effects alone, the most probable explanation is
the variation in Sn redox state between the two samples.
Indeed, Sn is nearly fully oxidized in NASSO_20, whereas
it is significantly reduced in NASSO_1. This suggests that
Sn(II) has a lower CN than Sn(IV), consistent with the
conclusions of McKeown et al.*® who reported that dilute
Sn is present as a mixture of 60% Sn(IV)O43~ and 40%
Sn(I1)0,%~. This redox ratio is similar to that found in
NASSO_1. The reduction reaction of Sn can be expressed
as:

Sn(IV) O~ = Sn(IN) 0§~ + 0>~ + %02(9 &)

This reaction indicates that oxygen gasis released during
Sn reduction. This oxygen release plays a crucial role in the
fining process, which will be discussed in Section 4.4.

The second coordination sphere around Sn in
NASSO0_20 was fitted using the [Sn]-Si-[Sn] path in
eakerite. The resulting fit is convincing with the Sn-Si
distance very close to that in eakerite (3.33 A).*’ In this
mineral, Sn resides in an octahedral site sharing corners
with SiO, tetrahedra. Given the similarity in Sn-Si dis-
tances in NASSO_20, it is reasonable to assume that Sn
occupies a similar local environment in aluminosilicate
glasses. Although the fitting was performed using a [Sn]-
Si-[Sn] path, a similar result is obtained when considering
a [Sn]-Al-[Sn] path, as Si and Al are challenging to
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FIGURE 3
(B) Corresponding Fourier transform of the EXAFS signal.
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(A) Weighted-EXAFS (extended x-ray absorption fine structure) signal of the crystalline references and the NASS0_20 glass.

TABLE 3 Fitting results for the standard and the glass.

Sample Neighbor CN RA) a2 (A?) Reduced 2 %Sn (1)

SnO ¢} 40+04 2.20 £ 0.01 0.007 £ 0.001 24.04 100

SnO, O 5.8 +0.6 2.04 +0.01 0.003 + 0.001 2.34 0

NASSO0_1 ¢} 51+04 2.04 +0.01 0.003 + 0.001 1.86 32 (+8%)
Si* 2+1 3.30 +0.02 0.007 + 0.006

NASS0_20 () 58+ 0.4 2.04 +0.01 0.003 + 0.001 1.57 7 (+8%)
Si? 23+0.9 3.32 £0.01 0.004 + 0.003

Note: Only the first coordination sphere is presented for the standards. The uncertainty on the last digit is given in brackets. CN, R, and o are the coordination
number, average distance, and Debye-Waller factor determined in the fitting process. The %Sn(II) is determined by XANES analysis. All fits were performed with

2 _
52=0.94.

2The second shell was fitted using Sn—Si paths, but it is not possible to distinguish Si and Al in the EXAFS signal due to their similar scattering properties.

distinguish in EXAFS. For this reason, the second shell
contribution in Figure 3B is labeled Sn-T, reflecting the
possible presence of both Si and Al (see Figure 4 for the
fitting of the EXAFS data).

The interpretation of the Raman spectra of the undoped
NASO glass was previously discussed.*” Upon Sn addition,
the Raman spectra change in two different regions, which
are highlighted in the difference spectra in Figure 5B. As
shown in Table 2, Sn is fully or almost fully oxidized in
NASSO_20. Therefore, any differences between the Raman
spectra of NASSO_20 and NASO can be attributed to the
introduction of Sn(IV) in the glass. Though it is possible
that a change in Sn redox state would affect the Raman
spectra, as is the case for Ce redox state,*® our results
do not allow us to discuss that. A decrease in intensity
occurs around 1100 cm™!, as well as a shift of the maximum
toward lower energies. This region holds information on
the network polymerization and, more specifically, on the
relative proportions of the Q" species.*>*° A shift of this
band to lower wavenumbers is associated with a change
from Q" units to Q"' units. The changes observed in this
region can be explained as a decrease in Q* population and
arise in Q? species. Therefore, these spectral changes could

indicate a depolymerization of the silicate network upon
Sn addition, though the extent of this effect is difficult to
quantify with Raman spectroscopy.

Upon Sn(IV) addition, a new contribution appears in
the 500-600 cm ™! range. Contributions in this range are
typically attributed to rings in the silicate structure.**-"
Therefore, the increase at 540 cm™! could be interpreted as
a change in the proportion of rings upon Sn(IV) addition.
However, the preferred hypothesis is that this contribu-
tion arises from the SnOg octahedra connected to the TO,
tetrahedra, evidenced by EXAFS spectroscopy. Indeed,
this structural arrangement is also found in eakerite and
malayaite, the Raman spectra of which have their most
intense contribution in the 500-600 cm™~! range.”!

4.3 | InsituSn redox state and
thermodynamic modelling

Although the determination of Sn redox state at room tem-
perature is important, it is also necessary to monitor its
temperature dependence to fully understand its role as a
fining agent. Samples were equilibrated in a 90Pt-10Ir wire
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FIGURE 4 Weighted-EXAFS (extended x-ray absorption fine structure) spectra fitting of Sn-containing aluminosilicate glasses. The fits

obtained are the dashed red curves.

microfurnace until no variation was observed. This equi-
libration time varied between 2 h at 1000°C to less than
5 min above 1500°C.

When the sample is equilibrated at 1300°C for 90 min,
the edge position at the half-step point is the same as in
the SnO, reference (Figure 6A). We can conclude that Sn is
fully oxidized in the glass at 1300°C. It is important to note
that the white line intensity decreases at higher tempera-
tures, which does not appear to be linked to a reduction
of Sn, as the edge energy still shows complete oxidation
of Sn. Figure S1 shows Sn K-edge spectra recorded at
different temperatures, highlighting the decrease in the
white line intensity with increasing temperature. A pos-
sible explanation is a change in the edge structure due
to thermal and disorder effects, as evidenced for lighter
elements such as Al or Si.>? Indeed, an increase in tem-
perature can favor hybridization of orbitals, resulting in
a change in the XANES contribution relative intensity.
Another possibility is a change in Sn coordination state
from the glassy to the molten state, as mentioned in previ-
ous studies.*®>* However, the data presented here do not
allow us to further discuss a change in Sn’s local envi-
ronment. Most importantly, the changes in the white line
intensity do not affect the determination of the redox state
through the half-step method, as the edge does not shift in
energy.

6_
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[s00%]

For the NASSO_1 composition, when the temperature
is increased to 1610°C, the edge of the XANES spectrum
shifts to lower energies, which indicates Sn reduction. The
edge position of NASSO_1 measured at room temperature
after quenching is very close to the value measured in
situ at equilibrium at 1610°C. This shows that the high-
temperature redox state of Sn is frozen upon quenching,
resulting in the observed room temperature redox state.
A similar behavior was shown in Ce- and Fe-bearing
aluminosilicate glasses.*!*?

Using the half-step method, the Sn redox state was quan-
tified from 1300°C to 1610°C (Figure 6B). As expected, an
increase in temperature leads to a reduction of Sn, from
0% reduced at 1300°C to 25% reduced at 1610°C. However,
the measurement at 1500°C deviates from this trend due to
SnO, crystallization. These crystals dissolve into the glass
when the temperature is increased to 1550°C. The tempera-
ture range over which SnO, crystallizes increases with the
addition of Sn in the glass. For NASS0_20, SnO, crystalliza-
tion occurs between 1450°C and 1550°C, thereby limiting
the number of obtainable data points.

Using the in situ measurements displayed in Figure 6,
the thermodynamics of Sn reduction can be modeled. By
considering the reduction reaction shown in Equation (4),
the redox state can be directly related to thermodynamic
parameters:

Y snob-
+1n(aoz)+§1n(f02)+ln< 5104 > (5

Ysnof~
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FIGURE 5

(A) Raman spectra of NASO glass and Sn-doped glasses. (B) Difference between the Raman spectra of NASO and NASS0_20.

Eakerite and Malayaite reference spectra from the RUFF Raman database are given for comparison (R060319 and R061106). All glass spectra

are normalized to the total area.

with A, H,, the standard reduction enthalpy (J-mol~'), A.S,
the standard reduction entropy (J-mol~!-K!), R the ideal
gas constant (8.314 J-mol~'-K~1), and T the temperature
in K. For a more detailed derivation of Equation (5) from
Equation (4), readers are referred to a previous work.”*
Equation (5) can be rearranged by grouping terms that, to a
first approximation, are independent of temperature under
the denomination C:

6—
[Sn°4 ] AH,

T 72303 %RT

log +C— %log (fo,) (6

[Snoﬁ‘]

C is a function of glass composition, oxygen fugacity,
and total Sn concentration. As the parameter investigated
here is temperature, C can be considered constant. Notably,

C has the same dimensions as entropy and is sometimes
named the apparent entropy. As all experiments were per-
formed under air, the oxygen fugacity is set at 0.21. The
slope of the log(fo,) term is dependent on the number
of electrons exchanged. In the case of Sn(II)/Sn(IV), the
slope is V2. It will be % for Ce(III)/Ce(IV), for instance.
This means that the redox state of Sn is more sensitive to
changes in oxygen fugacity than the redox state of Fe and
Ce. Equation (6) shows a linear relationship between the
log of the redox ratio and the reciprocal of temperature.
Figure 7 illustrates these linear fits, not only for Sn but also
for Ce and Fe.

The Sn redox ratio follows a linear relationship with
the reciprocal temperature within the investigated range,
which confirms that the redox states were measured at
equilibrium. It is important to note that these linear fits
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FIGURE 7
reciprocal temperature (in K=1) for Ce(III)/Ce(IV) (red squares),*
Fe(II)/Fe(I1I) (blue diamonds),* and Sn(II)/Sn(IV) (black circles)
(this study). Data points corresponding to temperatures where

Equilibrium redox state in NAS as a function of

crystallization occurred were removed. The lines are linear
regressions. Molar concentrations in multivalent elements are given
in the labels.

are only valid under air in NAS glass and for a given
concentration of the multivalent element. Similar trends
have been reported for various elements in several glass
compositions.” > The electrochemical series obtained
here is the following in terms of oxidizing power:

Sn (II) /Sn (IV) < Fe (II) /Fe (III) < Ce (IIT) /Ce (IV)

This trend has been confirmed through studies on the
mutual interactions between these three elements in sili-
cate glass.***>° The reduction enthalpy can be calculated
from the slope of the linear regression. In the case of
Sn(II)/Sn(IV), we find a reduction enthalpy of 326 +
25kJ-mol~!. This value is higher than those reported in the
literature. In a sodium disilicate melt, Johnston™ reports
an apparent reduction enthalpy of 41 kJ-mol~!, while Riis-
sel and Von der Gonna> report a value of 175 kJ mol .
These two studies indicate notably different results, even
though they are both investigating the same composition.
It is therefore not surprising that our value differs as we
study an aluminosilicate melt. Despite these absolute dif-
ferences, the relative reduction enthalpies of Sn(IT)/Sn(IV),
Fe(II)/Fe(III), and Ce(III)/Ce(IV) are consistent with the
trend reported by Johnston:

A Hc. (Johnston) — 007 A Hc. (NAS) 026
A, Hp, (Johnston) A Hg. (NAS)
A Hc. (Johnston) _ A Hc. (NAS) 014
A, Hg, (Johnston) A Hg, (NAS)

The difference observed in the ratios of A.Hc to A;Hg,
between our study and the one by Johnston could be
explained by the difference in concentration of multiva-
lent elements. Indeed, Ce was introduced at 2 mol% while
Sn was only present at 0.1 mol%. Our results agree with
the electrochemical series reported in the literature. This
shows that Sn, Ce, and Fe follow a similar behavior in
peralkaline aluminosilicate melts as in sodium disilicate.
However, this may not hold true for Sn in peraluminous
compositions.*

Our findings not only confirm existing results but also
show that thermodynamic parameters can be obtained
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FIGURE 8 Modeled evolution of the reduced fractions at
equilibrium for Ce, Fe, and Sn in NAS glass. The measured
temperature range is highlighted in the figure, as well as the ranges
of crystallization of CeO, and SnO, for the concentrations
considered (see text for details). The relative error is calculated from
the uncertainty in the linear fitting.

using in situ XANES spectroscopy. This is, to our
knowledge, the first in situ direct comparison of Fe, Ce,
and Sn behavior in an aluminosilicate composition.

4.4 | Comparison of Sn behavior with Ce
and Fe: Application to fining

Although Figure 7 is a common representation of multi-
valent element behavior in glasses, it does not provide a
straightforward way to determine the fraction of reduced
species at a given temperature. Using the coefficients
obtained from the linear fits, the percentage of reduced
species can be predicted as a function of temperature (in
K) for Ce, Fe, and Sn:

—2336
10<T+1'8>
%Ce (IIT) = 100 * 7
(Z2+13)
1+10\ T ’
—17 062
10<—T +8.5)
%Sn (IT) = 100 * (8)
—17062 +85>
1+ 10( T
—9047
10077 +4.6)
%Fe (IT) = 100 = )
(5 +46)
1+10\ 7T ’

Using these three equations, it is possible to construct
Figure 8 that compares the behavior of the three elements
in NAS glass.

For the three elements studied, an increase in temper-
ature leads to a reduction. However, the extent to which
an element is reduced and the minimum temperature at

which reduction is detected vary for each element. When
the temperature is increased, Ce is the first element to be
reduced, followed by Fe and then Sn. Notably, this order
changes at higher temperatures, around 1750°C for Fe and
Sn, if we extrapolate the model. This is due to the differing
slopes of the Fe and Sn redox ratios in Figure 7. This differ-
ence in slopes can be traced back to the Sn(IT)/Sn(IV) redox
couple involving a two-electron exchange and having a
higher reduction enthalpy than the Fe(II)/Fe(III) couple. It
is interesting to note that Ce converges very slowly toward
its fully reduced state. This behavior results not only from
Ce having the lowest enthalpy of reduction among the
three elements but also from the mathematical formulas
of Equations (7)-(9). The redox curves are sigmoid with
respect to 1/T and not T. This means that increasing the
temperature becomes less effective to reduce a multivalent
element beyond a certain temperature. Our measurements
show that in our system, CeO, precipitates when the tem-
perature is between 1100°C and 1250°C.*? Similarly, SnO,
precipitation has been evidenced in Figure 6B. It is there-
fore more correct to consider Ce and Sn redox states to
be fully oxidized in their respective precipitation range, as
they will form CeO, and SnO,, respectively.

It is also important to note that Equations (7)—(9) are
given for a molar concentration of 2% for CeO,, 1% for FeO,
and 0.1% for SnO,. Previous investigations have shown that
the redox behavior of Ce is independent of its concentra-
tion over the 0.2-2 mol% concentration range.*” Therefore,
the Ce redox state model shown in Figure 8 can be applied
for different concentrations. The same cannot be said for
SnO, asits redox state is very sensitive to its concentration
(as discussed in Section 4.1).

The fining process is driven by gas release upon heating
of the silicate melt."”"'” As temperature increases, multiva-
lent elements such as Ce and Sn are reduced. According
to Equation (4), Sn reduction is responsible for the release
of oxygen gas. These oxygen bubbles then coalesce with
already existing bubbles (from air trapped in the raw
materials or CO, from carbonates).!” Larger bubbles are
more easily able to escape the viscous silicate melt, which
leads to the making of a final glass product without any
bubbles.®*-% This process is often referred to as the “pri-
mary fining step.” However, some small residual bubbles
may remain even after the reduction of fining agents such
as CeO, or SnO,. In such cases, a “secondary fining step”
may be necessary to ensure the complete removal of resid-
ual bubbles in the final product. During this secondary
step, the temperature is slightly decreased, by 50°C-100°C,
which shifts the redox equilibria toward more oxidized
states. As shown in Equation (4), an oxidation of Sn
requires gaseous oxygen to occur. Therefore, the small
residual bubbles will dissolve into the melt during the oxi-
dation, completing the fining process.'® Given the nature
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of the fining process, several criteria must be met for an
oxide to be a suitable fining agent:

- The oxide must be the oxidized state of a multivalent
couple (i.e., Ce(IIT)/Ce(IV)).

- The multivalent element must be partly reduced at the
primary fining temperature (7f;).

- The multivalent element must be significantly more oxi-
dized during the secondary fining (Tf,) than during the
primary fining.

Here, only fining with multivalent oxides is considered,
excluding the addition of sulfates or nitrates. The main
consideration to determine if an oxide is a suitable fining
agent for a given glass composition is the glass viscosity. If
the glass is too viscous during the oxygen bubble release,
bubbles will be unable to escape the melt and will accumu-
late. This will lead to the formation of an insulating layer,
made of gas bubbles, on top of the glass melt, which greatly
reduces the furnace efficiency. This phenomenon is known
as foaming and must be avoided.'®%3

The viscosity curve of the undoped NASO glass can be
found in Figure S2. Previous studies have shown that the
addition of multivalent elements can modify the viscos-
ity of glasses, but their influence is less pronounced at
higher temperatures compared to near the glass transi-
tion temperature. This has been shown not only for Ce*®
but also for Fe.>%* Considering the relatively low amount
of multivalent element considered here, the viscosities of
Ce- and Fe-bearing NAS glass are unlikely to differ from
that of NASO glass, especially at the highest temperatures
required for fining (>1300°C). To our knowledge, no stud-
ies have been published on the effect of SnO, addition
on the viscosity of silicate glasses. However, given the
0.1 mol% doping of SnO, considered in the present study,
the viscosities of NASO and NASSO0_1 are unlikely to differ
substantially.

Figure 9 represents the redox equilibria as a function of
viscosity. Redox equilibria are calculated from the previous
equations and viscosity using the TVF equation given in
Figure S2.

As illustrated in Figure 8, CeO, dissolves in NAS glass
at about 1250°C, which corresponds to the superior limit
of the precipitation range. Therefore, it is more correct to
consider Ce to be fully oxidized until this temperature is
reached. Once CeO, starts dissolving, the Ce redox state
changes drastically, shifting from fully oxidized to 64%
reduced at 1250°C. A simple reaction for CeO, dissolution
and reduction can be written as:

1 1
CeOycryst) = §C6203(melt) + ZOZ(g) (10)

For each mole of CeO, reduced, a quarter of a mole
of gaseous oxygen is produced. Given the predicted redox
state for Ce at 1250°C, the amount of gaseous oxygen
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FIGURE 9 Modeled evolution of the reduced fractions at

equilibrium for Ce, Fe, and Sn in NAS glass. The viscosity range
presented is the one measured in Figure S2. Relative error is
calculated from the uncertainty in the linear fitting of the redox
state. The purple and cyan regions are taken from Figure 7.

released is 0.64 X 0.25 X [Ce];,; in moles. In NAS melt,
this significant oxygen release occurs at a viscosity around
10304 Pa-s, which is too high for bubbles to escape the
melt. One can estimate the time required for an oxygen
bubble to travel 10 cm in a melt with this viscosity. This
estimation has been done by Jackson et al.>> using the

Hadamard-Rybczynski equation.5>%°
R’g(py — P)
— oV F 11
o 3 6y

with u,, the terminal velocity of the bubble, R the radius
of the bubble, g the acceleration of gravity, p;, the den-
sity of the bubble, p the density of the melt, and #» the
viscosity. The difference between the bubble and the melt
densities is considered to be independent of temperature
and equal to 2520 kg-m~3, as the density of NAS20 glass is
2521 kg-m~3 at room temperature.>” Although the density
of the melt is lower than that of the glass,” the difference
is too small to impact the order of magnitude of the rise
time. It is also important to note that the bubble radius
can change during its ascent, typically decreasing.®”:> This
effect will not be taken into account here, as Jackson et al.*
showed that fixing the bubble radius yields similar results
to the fully integrated solution. For bubbles with radii of
0.5,1, and 2 mm, the terminal velocities are u,,=1.9 X 109,
7.5x107%,and 3.0 X 10~°> m-s~!, respectively. These values
imply that the fastest bubble (r = 2 mm) will take approx-
imately 3300 s to rise 10 cm in NAS melt at 1250°C. The
smallest bubble (r = 0.5 mm) will take 53 000 s (or ~15 h)
to travel the same distance. Thus, the viscosity of NAS is too
high at 1250°C to allow the bubbles to escape the melt. This
will lead to foaming of the glass, which can be problem-
atic during sample synthesis, as mentioned in a previous
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study.32 Therefore, we can conclude that CeO, is not a
suitable fining agent for NAS glass.

Asillustrated in Figure 8, SnO, dissolves in NAS glass at
about 1550°C. Therefore, it is more correct to consider Sn
to be fully oxidized until this temperature is reached. Once
SnO, starts dissolving, Sn redox state changes slightly,
becoming 12% reduced at 1550°C. The reduction reaction
follows the one presented in Equation (4). For each mole
of SnO, reduced, half a mole of gaseous oxygen is pro-
duced. Given the predicted redox state for Sn at 1550°C, the
amount of gaseous oxygen released is 0.12 X 0.50 X [Sn ]
in moles. As Sn gains two electrons during its reduction,
it releases twice as much oxygen per mole reduced com-
pared to Ce. Comparing the theoretical amounts of oxygen
release upon dissolution of CeO, and SnO, crystals at their
respective dissolution temperatures, CeO, at 1250°C will
release 0.16 moles of oxygen per mole of CeO,, while SnO,
at 1550°C will release 0.06 moles of oxygen per mole of
SnO,. Therefore, CeO, releases more oxygen than SnO,
upon dissolution. However, the oxygen release from SnO,
occurs at a viscosity of about 76 Pa-s (Figure 9). At this vis-
cosity, bubbles with radii of 0.5, 1, and 2 mm will rise 10 cm
in 3700, 900, and 230 s, respectively. Similar calculations
were performed by Jackson et al.”> when studying fining
with Sb,05. They determined the temperatures at which
various bubble sizes escape the melt during a tempera-
ture increase and used these findings to assess the fining
temperature.

All samples in our study were synthesized at 1600°C
with an approximate viscosity of 42 Pa-s, which can be
considered as Tf; for the primary fining step. At this
temperature, the Sn redox state is 21% reduced, and the vis-
cosity is low enough to allow for the removal of bubbles.
For the secondary fining step, if we assume a tempera-
ture decrease of 50°C to 1550°C, the Sn redox change will
shift from 21% reduced to 12% reduced, meaning a total of
0.09 X 0.5 X [Sn], moles of oxygen being reabsorbed. If
CeO, is considered as the fining agent, the Ce redox state
at1600°C is 80% reduced, while it is 78% reduced at 1550°C.
This means that the amount of gaseous oxygen absorbed by
Ce during the secondary fining is only 0.02 X 0.25 X [Ce];.

Based on these results, it appears that SnO, is better
suited for fining NAS glass than CeO,. For this reason,
SnO, is used as a less toxic alternative to As,05 and Sb, 05
as fining agents, particularly in glass products processed at
high temperatures, such as LCD screens.>!”-?*%7 However,
for a glass to be efficiently fined by SnO,, the fining tem-
perature must exceed the dissolution temperature of SnO,
(i.e., higher than 1550°C). This is not the case for window
glass compositions, which are usually processed at temper-
atures below 1300°C. Under such temperature conditions
(and under air), Sn will be fully oxidized and, therefore,
will not act as a fining agent (Figure 6B). The main lim-

itation of using SnO, as a fining agent lies in the low
solubility of Sn(IV).%” As the in situ measurements suggest
(Figure 6B), SnO, precipitates even when its concentration
is only 0.1 mol%, significantly limiting the amount of SnO,
that can be introduced in the raw materials and, therefore,
the gaseous oxygen output.

On the other end, CeO, is not suited to fine vis-
cous aluminosilicate melt as it releases oxygen at too
low temperatures. Besides the discussion on the bubble
dwell times, the existence of bubbles at low tempera-
tures adds complexity to the industrial melting process.®®
There might be some upsides to having bubble release at
lower temperatures. Even though the mobility of those
bubbles is really low around 1300°C, this mobility will
increase when they reach hotspots in the furnace. Those
mobile “preexisting” bubbles near hotspots can have an
impact similar to that of bubblers, improving recirculation
motions within the melt.? It is important to note that this
potential increase in convection is not possible if there are
enough bubbles to induce foaming.

However, CeO, has been successfully used as a fin-
ing agent for silicate and borosilicate glasses processed at
lower temperatures.®” Additionally, CeO, has the advan-
tage of oxidizing iron impurities coming from the raw
materials, helping to decolorize the glass.”**! As shown
in Figure 9, Fe,05 undergoes reduction with temperature,
contributing to the release of oxygen. This means that, in
theory, Fe,O5; can be used as a fining agent. However, in
practice, the presence of iron imparts color to the glass,
which prohibits its use as a fining agent.

5 | CONCLUSION
Using Raman and EXAFS spectroscopy at Sn K-edge, we
confirmed that Sn(IV) is in octahedral coordination in
aluminosilicate glasses. The SnO¢®~ octahedra are corner-
linked to TO, tetrahedra. These results also suggest that
Sn(II) is in a lower coordination compared to Sn(IV). Hav-
ing access to the anionic polyhedra of Sn(II) and Sn(IV)
allowed us to correctly assess the oxygen behavior during
Sn reduction. Moreover, we found that the Sn redox state
at room temperature is strongly dependent on the total Sn
concentration, with Sn being more oxidized at higher con-
centrations. In situ XANES spectroscopy at the Sn K-edge
allowed the measurement of Sn redox equilibria at various
temperatures. Using these measurements, we estimated
the thermodynamic parameters that facilitate the predic-
tion of Sn redox behavior as a function of temperature in
NAS glass.

This model was then compared to those obtained for Ce
and Fe in previous studies, highlighting the differences in
redox behavior between the three multivalent elements,
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particularly regarding the amount of oxygen gas released
in the glass at a given temperature. Viscosity measure-
ments were used to model the behavior of oxygen gas
bubbles in NAS melt. We demonstrated that the oxygen
released by CeO, will not allow bubbles to escape from the
melt within reasonable times, while the oxygen released by
SnO, facilitates the removal of bubbles from the melt.

These in situ measurements provide a deeper under-
standing of the behavior of different multivalent oxides
used as fining agents. Specifically, our findings explain
why SnO, is a suitable fining agent for viscous aluminosil-
icate melts, offering a less toxic alternative to traditional
fining agents such as As,0s5 and Sb,Os.
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