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Abstract

Determining the concentrations of different Sn ions in glass containing iron oxide by wet chemical analysis is a challenge
because a redox reaction occurs between Sn>* and Fe**. A chemical analysis method for determining the concentrations of
Sn** and Sn** in soda lime glass containing iron oxide was proposed. A mixture of ascorbic acid, hydrochloric acid, and
hydrofluoric acid was used to decompose the sample in a vessel with nitrogen flow. Ascorbic acid functioned as a reductant
for Fe**. Subsequently, the Sn** were separated as a diethyldithiocarbamate complex. Furthermore, inductively coupled
plasma atomic emission spectroscopy was used to determine the concentrations of Sn** and total Sn, from which the con-
centration of Sn>* can be calculated. The results were validated by comparing ratios of Sn>* to total Sn to results obtained

using Mossbauer spectroscopy. The results were in agreement, thereby validating the use of the proposed approach.
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Introduction

Glass is a versatile material used in a wide variety of indus-
tries. The incorporation of trace elements into glass can alter
its color, optical, and manufacturing properties. Tin oxide
is used in trace quantities as a color modifier for gold and
copper ruby glass [1], a fluorescent agent [2], and a fining
agent [3, 4]. These processes are based on reduction—oxida-
tion reactions. Determining the concentrations of Sn>* and
Sn** in glass is important, and a reliable method is required.
Methods for determining Sn valence in glass can typically be
divided into wet chemical and physical analyses.

Examples of wet chemical analysis include titration [5]
and spectrophotometric methods [6]. These methods can be
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performed daily in laboratories, and the common advantages
of wet chemical analysis are better precision, lower detec-
tion limit, and lower cost [7]. However, a major drawback
of wet chemical analysis of glass materials for valence spe-
ciation is the change in the valence of the target element
during decomposition using hydrofluoric acid. Generally,
an inert atmosphere can prevent the oxidation of species by
air during sample decomposition [8—10]. The other possible
valence change can be caused by the redox reaction with
other multivalent elements. Fe is a multivalent element that
causes the redox reaction with Sn due to the standard poten-
tial energy of the following reactions:

Sn** +2¢” > Sn>* E’= +0.15V, 1)
Fe** + e - Fe>" E' = +0.77V, )
2Fe** + Sn** — 2Fe* + Sn*t. (3)

Industrial glass often contains Fe either due to a deliber-
ate addition of Fe-containing raw materials, or as an una-
voidable impurity in other added raw materials [11, 12].
The previously reported methods [5, 6] are not suitable for
industrially manufactured glass materials due to the redox
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reaction (Eq. 3) that occurs during decomposition using
hydrofluoric acid. In the previously reported methods, redox
reactions were not considered [5] or iron-free glass materials
synthesized in the laboratory were used [6].

Examples of physical analysis are Mdssbauer spectros-
copy [13-17], X-ray absorption fine structure (XAFS)
[18-20], high-resolution X-ray fluorescence analysis (HR-
XRF) [21, 22], and X-ray photoelectron spectroscopy (XPS)
[23]. A common advantage of physical analysis is elemental
selectivity as the interference from other elements, includ-
ing Fe, is small or negligible. However, these methods have
limitations. XAFS requires the use of synchrotron radiation
facilities, and its routine use is challenging. One of the draw-
backs of HR-XRF is the low signal-to-noise ratio owing to
its two-crystal system. Additionally, this equipment is not
widely used, and a long analysis time is required to obtain a
sufficient signal-to-noise ratio for glass materials that con-
tain trace amounts of Sn. Another drawback is that HR-XRF
requires either reference materials, or a different method to
determine the concentration of total Sn to obtain the concen-
trations of Sn’* and Sn**. The drawbacks of XPS include the
analysis depth and sensitivity. The analysis depth is less than
10 nm, which is too shallow to determine the Sn valence for
the bulk of the sample. XPS usually requires more than 1
mass% of Sn to determine the precise valence state.

As mentioned above, both wet chemical and physical
analyses have advantages and disadvantages. Wet chemical
analysis is the preferred method to routinely analyze and
determine the presence of Sn in glass, but faces challenges
in determining the concentration of different Sn valences.
Therefore, this study aims to propose, demonstrate, and vali-
date a novel wet chemical analysis method for Sn speciation
in glass containing iron oxide. The first challenge is to main-
tain the valence of Sn during wet analysis while preventing
the redox reaction between Sn** and Fe**. There are several
possible approaches: a kinetic approach that slows down the
redox reaction and virtually eliminates the reaction [24],
masking Fe** [25], and expelling Fe** from the system [26]
before causing the redox reaction. In this study, we added a
reducing agent to reduce Fe>*, thereby preventing the redox
reaction between Sn>" and Fe*™. The selected reducing agent
was ascorbic acid (C4HgOg), a well-known reducing agent
for Fe** (Eqgs. 4, 5). The redox reaction between ascorbic
acid and Fe** occurs readily at pH 1.5 or lower and ascorbic
acid does not cause any redox reaction with Sn [27].

CeHgOg —» CeHyO4 +2H +2¢" E' = +0.13V, (4

2Fe** + CeHgO4 — 2Fe’™ + C4H O + 2H*. 5)

The second challenge is to separately measure the con-
centration of each valence of Sn, namely Sn%* and Sn**.
Several possible approaches exist: coloring either ion and
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subsequently measuring the concentration using a colori-
metric method [8, 9]; separating either ion using a vola-
tilization separation method and measuring the concentra-
tion [10]; separating each ion using a solvent extraction
method. A solvent extraction method utilizing diethyldithi-
ocarbamate (DDTC) was used since it selectively extracts
Sn?* to an organic phase [28] at pH values ranging from
1 to 2.2 [29]. Considering the above two points, a mixture
of ascorbic acid, hydrofluoric acid, and hydrochloric acid,
which was adjusted to a suitable pH, was used to decom-
pose the glass samples, prevent the redox reaction between
Sn** and Fe** and separate Sn>* and Sn** by the solvent
extraction method using DDTC. The concentrations of
Sn in the glass samples were found to be too low to be
determined by the colorimetry method [28]; therefore,
inductively coupled plasma atomic emission spectrometry
(ICP-AES) was used to determine Sn** and total Sn in
the liquid phase. Sn>* was calculated by subtracting Sn**
from the total Sn concentration. The proposed method
was validated by comparing the average concentration of
Sn valences obtained by Mossbauer spectroscopy for the
prepared soda lime glass materials doped with tin oxide
and iron oxide.

Experimental
Material preparation

The glass studied had the following standard soda lime glass
mass% composition: 16.5Na,09.4Ca0+74.1Si0,. They
were produced by melting from raw materials of Na,COs,,
CaCO;, and SiO, and doped with 0.5 mass% SnO,, 0-0.05
mass% Fe,0;, and 0-0.5 mass% carbon, as a reducing rea-
gent, using a platinum crucible at 1500 °C. Table 1 lists the
sample names and dopant concentrations used. The sam-
ples were then cut and mirror-polished using cerium oxide.
A glass standard reference material, SRM 1830 (National
Institute of Standards and Technology, Gaithersburg, USA),
was used to confirm the effect of Fe>*. Table S1 (Supporting
Information) lists the certified compositions. The concentra-
tion of Fe** in SRM 1830 was calculated from the certified
composition of total Fe and Fe?*.

Table 1 Sample names and the concentrations of dopants used given
in mass%

Sample name  SLS-MOI SLS-M02  SLS-M03  SLS-M04
SnO, 0.50 0.50 0.50 0.50
Fe,0; - 0.05 - 0.05
C - - 0.50 0.50
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Apparatus and instrumentation

A wavelength-dispersive X-ray fluorescence spectrometer
(ZSX Primus II, Rigaku Corporation, Tokyo, Japan) was
used to measure the compositions of produced samples. A
120 mL polytetrafluoroethylene (PTFE) decomposition ves-
sel was used to decompose the glass samples with reagents.
A magnetic stirrer and a 40 x 7 mm? stirring bar were used
to stir the samples and reagents in the vessel. A 100 mL
polypropylene separatory funnel with a stop valve was used
to add reagents to the vessel. A 100 mL glass separatory
funnel was used to extract Sn’>" into the organic phase. A
50 mL volumetric flask was used to fill the sample solutions.
A 10 mL syringe (Terumo Corporation, Tokyo, Japan) and
a syringe filter with 0.45 pm pore (Toyo Roshi Kaisya, Ltd.,
Tokyo, Japan) were used to transfer sample solutions and
to remove any unexpected solids. An inductively coupled
plasma atomic emission spectrometer (SPS5520, Hitachi
High-Tech Corporation, Tokyo, Japan) was used to deter-
mine the Sn concentration.

Reagents and chemicals

Hydrofluoric acid (HF, 50 mass%), hydrochloric acid (HCI,
36 mass%) of atomic absorption spectrometry grade, boric
acid ascorbic acid, mixed xylene (Kanto Chemical Co.,
Inc., Tokyo, Japan) of special grade, and diethylammonium
diethyldithiocarbamate (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) of Wako 1st grade were used.
Standard solutions of Sn and Fe (1 g/L) of ion chromatog-
raphy grade (Kanto Chemical Co., Inc., Tokyo, Japan) were
used. Deionized water was degassed and used.

Composition analysis

The compositions of produced samples were measured by
XRF using fundamental parameter procedures [30]. The
X-ray tube for primary excitation was a rhodium anode X-ray
tube with the exciting conditions of 50 kV and 60 mA, oper-
ated under vacuum conditions. The measurement area was
30mme. The SnO, concentrations of samples were deter-
mined by chemical analysis, as was done for the total Sn in
this study. Details were presented in the next two sections.

Decomposition of glass samples and the separation
of Sn?*

Figure 1 shows the apparatus used for the decomposition
of the glass samples. A 30 mg aliquot of the ground glass
was accurately weighed in a PTFE decomposition vessel and
moistened with 1 mL of 5 mass% ascorbic acid. A mixture
of 10 mL of 1.4 mol/L HF and 0.12 mol/L. HC] was added
to the polypropylene separatory funnel on the vessel, which

magnetic stirrer

polypropylene cup filled with water

Fig. 1 Schematic representation of the experimental setup for decom-
position of the glass samples. Glass samples are decomposed in the
PTFE decomposition vessel with nitrogen flow. The nitrogen flow in
the vessel is confirmed by the presence of nitrogen bubbles in a poly-
propylene cup filled with water

was degassed by passing nitrogen through the solution for
2 min. This was done by twisting the stop valve and the
three-way valve to expel oxygen in the solution. The decom-
position vessel was purged by passing nitrogen through at
approximately 10 mL/s for 5 min to remove oxygen in the
solution. The degassing process and purging process are
collectively named ‘deoxidizing process’. The mixture of
HF and HCI solution was added to the decomposition ves-
sel by twisting the stop valve and the three-way stop valve.
Glass samples were decomposed by stirring for 30 min
with nitrogen flow at approximately 10 mL/s. A boric acid
solution (10 mL, 4 mass%) was added to the polypropylene
separatory funnel during decomposition. After decomposi-
tion, nitrogen gas was passed through the boric acid solu-
tion in the funnel for 2 min by twisting the stop valve and
the three-way valve to expel oxygen in the solution. The
solution was added to the decomposition vessel and stirred
with the decomposition solution for 1 min to ensure safety;
boric acid complexes with free HF to produce HBF, [31],
and the solution does not substantially dissolve glassware
[32, 33]. The vessel was opened, and the solution in the
vessel was transferred to a 50 mL volumetric flask. A small
amount of water was added to the vessel to wash it; the water
was transferred to the same 50 mL volumetric flask, and the
solution was diluted to 50 mL with water. The solution in
the flask was named ““solution A.” Approximately 10 mL of
solution A was sampled twice using a syringe. The 20 mL
solution A sample was added with a syringe into a 100 mL
glass separatory funnel containing 5 mL of xylene mixed
with 0.1 mass% diethylammonium diethyldithiocarbamate.
A syringe filter was used to remove any unexpected solids.
The funnel was shaken for 1 min to extract Sn** in solution
A into the organic phase. This procedure was performed
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twice. The water phase in the funnel was sampled, and the
solution was named “solution B.” These procedures were
performed three times (n = 3) for each sample.

Determination of Sn

The concentrations of Sn present in solutions A and B,
which contain total Sn and Sn**, respectively, were deter-
mined by ICP-AES. Table 2 lists the measurement condi-
tions of ICP-AES. The concentrations of total Sn, Sn**, and
Sn* in the glass samples were calculated as follows:

In mass%

Total Sn (as SnO, mass%)
Sn in solution A (-‘i) % 50(mL) 6)

W,
= \n x 107! x 1.2696,
Sample weight (mg)

Sn** (as SnO, mass%)

_ Snin solution B (pg/mL) X 50(mL)
- Sample weight (mg)

x 107! x 1.2696, Q)

Sn**(as SnO, mass%)

= Total Sn (as SnO,mass% ) — Sn**(as SnO,mass% ).

®)
In mmol/g
Total Sn (as Sn mmol/g)
Sn in solution A (%) X 50(mL) )
= : x 10% + 118.71(g/mol),
Sample weight (mg)
Sn**(as Sn mmol/g)
_ Sniin solution B (pg/mL) X 50(mL) 102 = 11871 ' (10)
- Sample weight (mg) X 107+ 118.71(g/mol).
Sn**(as Sn mmol/g)
1D

= Total Sn (as Sn mmol/g) — Sn**(as Sn mmol/g).

Table 2 ICP-AES measurement conditions

RF power 1.2 kW
Plasma gas flow 15.0 L/min
Auxiliary gas flow 1.5 L/min
Nebulizer gas pressure 0.75 MPa

Emission line Sn (II): 189.927 nm
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The concentrations were calculated as SnO, mass% fol-
lowing the conventions for describing the composition of
oxide glass, and as Sn mmol/g to calculate the redox reaction
between Sn>* and Fe**. Equations 6 and 7 show the conver-
sion factor, 1.2696, from Sn to SnO,. Equations 9 and 10
show the atomic weight of Sn, 118.71 g/mol. In this study,
the ratio of Sn2* to total Sn is defined as the Sn redox, indi-
cating the degree of reduction, as follows:

Sn”* (as SnO, mass% ) Sn2*(as Sn mmol/g)
Total Sn (as SnO, mass% ) " Total Sn(as Sn mmol/g)’
(12)

Sn redox (%) =

Blank test

A blank test was conducted throughout the entire procedure,
consisting of the decomposition, separation, and determina-
tion procedures. The test was repeated four times to calcu-
late the mean blank value and the standard deviation (o).
The limit of detection was defined as the mean blank value
plus 36. The limit of quantification was defined as the mean
blank value plus 10s.

The effects of Fe3*

The effect of Fe*>* on the proposed method was also investi-
gated. A 30 mg aliquot of ground SRM 1830 was added before
30 mg of SLS-MO03 was decomposed to confirm the effect of
Fe** in SRM 1830 on the obtained Sn redox value. Because
SRM 1830 contains Fe3*, if the redox reaction between Fe>* in
SRM 1830 and Sn”* in SLS-MO3 occurs (Eq. 3), the obtained
Sn redox value decreases as compared to that of SLS-MO03. If
the proposed method can prevent the redox reaction (Eq. 3),
the obtained Sn redox value would be the same as that of SLS-
MO3. The test was repeated twice (n=2).

Various amounts of Fe** (0.12 mol% HCl solution), rang-
ing from 0.42 to 8.4 pmol, were added before 30 mg SLS-
MO03 was decomposed. Ascorbic acid was not added to the
iron containing solution, preventing Fe** to be reduced to
Fe?*, to confirm the effect of Fe3*. Other conditions were
kept the same as those described in Section ‘Decomposition
of glass samples and the separation of Sn**’.

The effects of addition of ascorbic acid,
and the deoxidizing process

To validate the proposed method, the effects of addition of
ascorbic acid, and the deoxidizing process were tested using
sample SLS-MO04. The tests were performed with and with-
out the addition of ascorbic acid, each scenario tested in
combination with and without the deoxidizing process. Other
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conditions were kept the same as those described in Section

‘Decomposition of glass samples and the separation of Sn>*’.

Méssbauer spectroscopy measurement

The valence states of Sn in the glass samples were meas-
ured by ''?Sn spectroscopy using standard transmission
geometry. Gamma rays (y-rays) emitted from Ca' 19mSnO3
were used. The Doppler velocity range of the source
was =8 mm/s. The velocity scale was calibrated using
a >’CoRh source and a standard a-Fe foil absorber. The
velocity 0 mm/s criterion was set to the peak position of
the CaSnO; (Sn**) standard material. A Pd 50 pm foil was
used as a filter to cut the interfering Sn-Ka X-rays emitted
from the Sn source. A Nal scintillation counter was used
for y-ray detection. The source activity was 444-416 MBq
(12.0-11.2 mCi). The '"Sn Mossbauer spectra at room
temperature were measured for all glass samples in plate
form. The Mossbauer spectra of !'°Sn of a sample mate-
rial doped with 0.5 mass% SnO, and 0.5 mass% carbon
were measured in a flow-type cryostat at four temperatures
(78 K, 100 K, 200 K, and 300 K). The obtained spectra
were deconvoluted using Lorentzian curves. For the oxi-
dized atmosphere samples (SLS-MO1, SLS-MO02), the
spectra were deconvoluted using one set of quadrupole-
split doublet corresponding to Sn**, and one set of quadru-
pole-split doublet corresponding to Sn>*. For the reduced
atmosphere samples (SLS-MO03, SLS-M04), the spectra
were deconvoluted using one set of quadrupole-split dou-
blet corresponding to Sn** and two sets of quadrupole-split
doublet corresponding to Sn**. The Debye temperature of
the Sn>* and Sn** sites were obtained from the slope of the
straight line in the relationship between the temperature
and the logarithm of the integral absorption intensities for
the sample material doped with 0.5 mass% SnO, and 0.5
mass% carbon, by applying the high-temperature approxi-
mation formula of the Debye model:

Inf OFr . 1
nf =- ; 13
k03 (13)
EZ
Ep,= ——, (14)
R oMe2
A = const X f. (15)

Here, frepresents the recoilless fraction, €, is the Debye
temperature of the Mdssbauer ion, Ej is the recoil energy,
kg is the Boltzmann constant, T is the measurement tem-
perature, E, is the energy of Mossbauer y-rays (23.87 keV),
M is the mass of the recoil nucleus (M(Sn)=118.90331 u),
c is the velocity of light, and A is the integral absorption

intensity. Assuming the Debye temperature obtained for
the sample material doped with 0.5% mass% SnO, and
0.5 mass% carbon is the same for all samples, the integral
absorption intensities obtained for each sample at room
temperature were corrected by the recoilless fraction to
obtain the atomic presence ratios of Sn>* and Sn**.

Results and discussion
Sample composition

Table 3 lists composition of each sample determined by
XRF and chemical analysis. The compositions were close
to the target values except for SnO,. In all the samples, the
concentrations of total Sn were lower than the doped con-
centrations (0.5 mass%). It is highly possible that Sn vola-
tilized as SnO during melting. A small amount of Al,0O;
was found as a result of impurities from the raw materials
or the experimental environment.

Detection limit and quantification limit
of the proposed method

The mean blank value, detection limit, and quantifica-
tion limit of the three Sn valences are the following: for
Sn*t, <0.0001, <0.0001, and 0.004 mass%: for total
Sn, <0.0001, 0.001, and 0.003 mass%; for Sn3*, 0.001,
0.002, and 0.004 mass%.

Determination of Sn?>* and Sn** in glass samples
by the proposed method

Table 4 lists the concentrations of total Sn, Sn**, and Sn**
in glass samples in the form of tin dioxides. It also lists the
Sn redox, indicating the degree of reduction as the ratio of
Sn?* to total Sn. The repeatability of n=3 was good. The Sn

Table 3 Composition of each glass sample measured by XRF and
chemical analysis (given in mass%)

SLS-MO01 SLS-M02 SLS-MO03 SLS-M04
Sio, 73.6 73.6 73.6 73.6
Al,O4 0.10 0.11 0.13 0.12
Na,O 16.4 16.4 16.4 16.4
CaO 9.33 9.31 9.33 9.33
SnO, 0.40 0.40 0.33 0.34
Fe,04 0.02 0.06 0.02 0.07
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redox values of SLS-MO03 and SL.S04 were higher than those
of SLS-MO1 and SLS-MO02, reflecting the melting condi-
tions. SLS-MO03 and SLS-MO04 were produced by melting
with carbon; on the other hand, SLS-MO0O1 and SLS-M02
were produced by melting without carbon. Table 5 lists the
average concentrations of total Sn, Sn*" and Sn** in glass
samples in form of mmol/g as well.

Effect of Fe3*

The Sn redox results of SLS-M03 decomposed with SRM
1830 for n=1 and n=2 were both 74%. The concentration
of Fe** in SRM 1830, calculated from the certified values
of total Fe and Fe?*, was 1.07 mmol/g. The concentration of
total Sn and Sn?* in SLS-MO03 was 2.21 and 1.63 mmol/g,
respectively. Thus, the Sn redox should decrease by 24% if
the redox reaction between Fe** in SRM 1830 and Sn** in
SLS-MO03 occurs (Eq. 3). The resulting Sn redox of SLS-
MO03 decomposed with SRM 1830, which is equal to the Sn
redox of SLS-MO3, as shown in Table 4, indicating that the
proposed method fully prevented the redox reaction between
Sn** and Fe®* during decomposition. The ascorbic acid
completely reduced Fe** in SRM 1830. This is because the
reaction between ascorbic acid and Fe** occurs readily [27].

Table 6 shows the Sn redox of SLS-MO03 solution with
added Fe’* with and without the addition of ascorbic acid.
It also shows the Sn redox with the standard condition in
Table 4 as reference. When Fe** was added without the addi-
tion of ascorbic acid, the Sn redox decreased. This indicates
that the reaction of Eq. 3 occurred during decomposition, as

Table 4 Concentrations of total Sn, Sn** and Sn?* in the glass sam-
ples given in mass% of tin dioxides, as well as the calculated Sn redox

Total Sn Sn** (as Sn* (as Sn redox
(as SnO, SnO, SnO, (%)
mass%) mass%) mass%)
SLS-MO1 n=1 0.406 0.367 0.039 9.6
n=2 0.391 0.351 0.040 10
n=3 0.404 0.366 0.038 9.4
Avg  0.400 0.361 0.039 9.8
SLS-M02 n=1 0.403 0.382 0.021 5.2
n=2 0.390 0.368 0.022 5.6
n=3 0416 0.392 0.024 5.8
Avg  0.403 0.381 0.022 5.5
SLS-M03 n=1 0.317 0.090 0.227 72
n=2 0.350 0.086 0.264 75
n=3 0.333 0.085 0.248 74
Avg 0.334 0.088 0.246 74
SLS-M04 n=1 0.333 0.080 0.253 76
n=2 0.344 0.084 0.260 76
n=3 0341 0.086 0.255 75
Avg  0.339 0.083 0.256 76
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Table 5 Concentrations of total Sn, Sn**, and Sn* in the glass sam-
ples given in mmol/g

Total Sn Sn** (mmol/g) Sn?* (mmol/g)
(mmol/g)
SLS-MO01 2.66 2.40 0.26
SLS-MO02 2.67 2.52 0.15
SLS-MO03 2.21 0.58 1.63
SLS-M04 2.25 0.55 1.70

expected. Conversely, the Sn redox did not decrease quanti-
tatively with respect to the amount of Fe** added. It is highly
possible that the reaction rate of Eq. 3 is relatively slow and
does not proceed to completion during the reaction time of
this experimental condition.

The effects of addition of ascorbic acid,
the deoxidizing process

Table 7 shows the Sn redox of SLS M-04 with and without
the addition of ascorbic acid, with and without the deoxi-
dizing process. It also shows the Sn redox with the stand-
ard condition in Table 4 as reference. Under the conditions
where ascorbic acid was added, and the deoxidizing process
was not employed, the Sn redox was lower than the stand-
ard condition. It is considered that the dissolved oxygen in
the solution caused the oxidation of Sn**. From the above
results, it was found that ascorbic acid acts as a reducing
agent for Fe3*, counteracts the redox reaction between Fe*
and Sn**, and prevents the oxidation of Sn>* by dissolved
oxygen.

Valence analysis result by Mossbauer spectroscopy

Table 8 lists the Sn redox measured by Mossbauer spectros-
copy corrected with the recoilless fractions at room tempera-
ture (300 K). The Mossbauer spectra of the glass samples at
room temperature (300 K) is shown in Figure S1 (Supporting
Information). Two absorption doublets were observed to be
centered at isomer shifts of ~0 and 2.8 mm/s. The absorption
at~0 mm/s can be attributed to Sn** and that at~2.8 mm/s to
Sn?*, according to previous reports [34—36]. The spectra of
SLS-MO03 and SLS04, where 0.5mass% carbon was added,
show obvious Sn** peaks. Because the peaks of the two sets
of Sn?* doublets were connected continuously, it was difficult
to deconvolute uniquely. However, it was confirmed that the
total Sn>* ratio did not depend on the deconvolution method.
The Mossbauer spectra of SLS-MO3 at several temperatures
is shown in Figure S2 (Supporting Information). The lower
the measurement temperature, the larger is the Sn** peak.
Figure S3 (Supporting Information) shows the relationship
between the logarithm of the integrated absorption intensity
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Table 6 Sn redox of SLS-M03

with Fe3* added in various Addition of ascorbic acid Yes No No No No No
amounts Fe’*(pmol) 0 0.42 0.84 1.68 8.42
Fe** mol ratio to Sn** 0 1 2 4 20
Sn redox of SLS-MO03(%) 752 68 55 56 50 <2
4Standard condition
Table 7 Sn redox of SLS M-04 calculated with and without the addi- 3 100
tion of ascorbic acid, with and without degassing/N, purging £ gg
€ -
-
Addition of ascorbic acid Yes Yes No No AE" ;g
X o
Addition of the deoxidizing process Yes No Yes No g % 50
Sn redox of SLS M-04(%) 758 60 63 44 Bo a
. ) & 20
#Standard condition 5 10 -
2 -
— O 1 L L 1 L L 1 L L
% 0 10 20 30 40 50 60 70 80 90 100

Table 8 Sn redox measured

" Sn redox (%)
by Mossbauer spectroscopy
corrected with the recoilless SLS-MO1 11
fraction at room temperature
(300 K) SLS-MO02 5.2
SLS-MO03 73
SLS-M04 77

of the Mdssbauer spectra of Sn?* and Sn** of SLS-MO03 and
the measurement temperatures. The calculated Debye tem-
peratures were 185 and 266 K for Sn>* and Sn*', respectively.
These results are in good agreement with those of previously
researched soda lime silicate glass [16, 17]. The recoilless
fractions for Sn** and Sn** of SLS-MO3 at each temperature
calculated from the Debye temperature are listed in Table S2
(Supporting Information).

Comparison of the results of the proposed method
with Mossbauer spectroscopy

Figure 2 shows a comparison of the Sn redox obtained
through Mossbauer spectroscopy and the proposed method.
The error bar of the x-axis is 2% for Mossbauer spectros-
copy, and the error bar of the y-axis is 1 ¢ for the proposed
method. The results were in good agreement, including
the results of the samples containing iron oxide. This con-
firms that the proposed method determines the Sn redox
accurately.

Sn redox (%) obtained by Mdssbauer spectroscopy

Fig.2 Comparison of the Sn redox obtained by Mossbauer spectros-
copy and the proposed method. The values measured by Mossbauer
spectroscopy were corrected with the recoilless fractions at room
temperature (300 K)

Conclusions

The present study investigates a novel wet chemical analy-
sis method for determining the concentrations of trace total
Sn and Sn** in oxide glass materials containing iron oxide.
The method entails decomposing a glass sample, separat-
ing, and determining Sn** and total Sn concentrations. Sn>*
was calculated using total Sn and Sn**. The ratio of Sn**
to total Sn (the Sn redox) were calculated. Glass samples
were decomposed in a decomposition vessel with a mixture
of ascorbic acid, hydrochloric acid, and hydrofluoric acid
under a nitrogen purge. Ascorbic acid performed as a reduc-
ing agent for Fe®*. Additionally, ascorbic acid inhibited the
oxidation of Sn>* by dissolved oxygen. Sn** was separated
from the glass-decomposed solution into the organic phase
as a diethyldithiocarbamate complex. ICP-AES was used
to determine the concentrations of Sn** and total Sn. As
sample materials, soda lime glasses were doped with tin
oxide and iron oxide. The Sn redox were compared to those
obtained using Mossbauer spectroscopy, and were found
to be in excellent agreement. Thus, the proposed approach
holds significant promise for routine analytical studies of
glass materials without the drawbacks associated with the
industry’s current standard methodologies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44211-022-00110-w.
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