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The amounts of Fe*" and Fe*" present in glass are important indicators of its optical properties because even
small amounts have significant effects. However, it is challenging to use wet chemical analysis to determine the
concentration and the ratio of Fe*" and Fe’! in glass when it contains Sn because of the redox reaction between
Sn?* and Fe*" in the glass decomposition solution. A two-step approach was tested to determine the
concentrations of Fe?" and Fe*" in a glass decomposition solution in the presence of Sn?'. In the first step, the
redox reaction between Sn?" and Fe*" was suppressed by increased pH. In the second step, Sn?" was removed
from the glass decomposition solution by solvent extraction. To understand the kinetics of the redox reaction
between Sn?>" and Fe’', time-resolved dispersive X-ray absorption fine structure and ultraviolet-visible
absorption spectroscopy (UV-vis) were used with standard chloride solutions of Sn and Fe in respective valences.
We found that lowering the acid concentration suppressed redox reactions. The partitioning behaviors of Sn?",
Sn**, Fe?', and Fe** by bis(2-ethylhexyl) hydrogen phosphate (D2EHPA) as an extractant in n-dodecane were
investigated to see the removal ability of Sn?" from the glass decomposition solution. As a result, D2EHPA in
n-dodecane could extract Sn?*, Sn*, and Fe** into the organic phase, and Fe?" remained in the aqueous phase.
The simultaneous removal of Sn?>* and Sn*" and the separation of Fe?>" and Fe’" became possible. This method
can potentially apply to the rapid analysis of the concentration of Fe*" and Fe*" in a glass containing tin oxide.
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1. Introduction

Glass is widely used in various industries. Its optical
properties are some of the most important properties. The
optical properties of the elements in glass determine its
optical properties as a whole [1]. One of these elements,
iron (Fe), is an important indicator of the optical
properties during glass production because even a small
amount of Fe ions dramatically affects the optical
properties. In addition, Fe?* and Fe** ions have different
optical properties [1]. The concentrations of Fe?* and Fe**
should be evaluated during the glass manufacturing
process to maintain consistent optical properties. Both
physical and wet chemical analysis methods for
determining the concentrations of Fe*" and Fe*" in glass
have already been established. Examples of physical
analysis methods include X-ray absorption fine structure
(XAFS) [2,3] and Mossbauer spectroscopy [4-6].
Examples of wet chemical analysis methods include
titration [7] and spectrophotometry [8-11]. Because the
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concentrations of Fe*" and Fe*' in glass need to be
evaluated daily during the glass manufacturing process,
wet chemical analysis, which can be performed in a
general chemistry laboratory and has a high sensitivity, is
mainly used. A representative experimental setup for the
decomposition of the glass sample[12] to determine the
concentrations of Fe?" and Fe’* in the glass is shown in
Figure S1 (Supplementary Material, SM). Existing
methods use reagents degassed in an inert atmosphere to
suppress the reaction between Fe ions and oxygen to
maintain the valence of ions during decomposition. As
previously stated, wet chemical analysis methods for
determining the concentrations of Fe?" and Fe*" in glass
have already been established. However, these methods
make it difficult to suppress the redox reaction of Fe ions
with coexisting multivalent elements in glass, such as Sn?",
A small amount of Sn is sometimes added to achieve
desired glass properties [13-15]. When glass containing
Fe*' and Sn?" is decomposed by acid, a redox reaction
between Fe3" and Sn?' proceeds in the decomposed
solution at the following standard electrode potentials:
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Therefore, conventional wet chemical analysis
methods cannot accurately evaluate the concentrations of
Fe*" and Fe*" in glass. Physical analysis methods such as
the XAFS and Mossbauer methods are difficult to use in
daily analyses at manufacturing sites because they require
a radiation-controlled area. In addition, synchrotron
radiation used in the XAFS method consumes a large
amount of electricity. To rapidly and reliably evaluate the
concentrations of Fe>* and Fe3* in Sn-containing glass at
a manufacturing site, an energy-saving analytical method
that can be performed in a general chemistry laboratory
should be established. In this study, fundamental
approaches were investigated as to their ability to
determine the concentrations of Fe?" and Fe*" in systems
containing Sn using conventional wet chemical methods.

The concentrations of Fe?* and Fe’' in a glass
decomposition solution in the presence of Sn** can be
determined if Sn?* is removed from the solution before the
redox reaction in Eq. (3). Solvent extraction [12,16] and
ion exchange are representative methods for separating
specific ions from solutions. In this study, a solvent
extraction method was developed using bis(2-ethylhexyl)
hydrogen phosphate (D2EHPA) in n-dodecane, which is
an acidic extractant that works well under acidic
conditions, with a high extraction efficiency for rare earth
elements [17-19]. In general, extraction reactions of metal
ions by the D2EHPA are expected as Eq. (4):

M™ +nL & ML, + nH*, (L= D2EHPA) (4)

In the case of D2EHPA, the extraction rates of
transition metals are lower than those of rare-earth
elements [20]. Selective separation of Sn?" from a glass
decomposition solution is expected if the extraction
efficiency of Sn ions is higher than that of Fe ions. Recent
studies have shown that the extraction efficiency of Fe’*
is higher than that of Fe?* [21,22]. The concentrations of
Fe?" and Fe*' in Sn-containing glasses will be established
to determine the concentrations of Fe*' in the glass

decomposition solution using inductively coupled plasma
optical emission spectroscopy (ICP-OES) after the
extraction of Sn?>" and Fe** by D2EHPA in n-dodecane.

This study investigated two approaches using a
standard solution of Sn and Fe to determine the
concentrations of Fe?" and Fe*" in a glass decomposition
solution in the presence of Sn*>*. The first approach was to
suppress the redox reaction between Sn?* and Fe*', while
the second was to remove Sn?' ions from the glass
decomposition solution. Our intent was to apply the
existing Fe?" and Fe*" analyses after removing Sn?* from
the glass decomposition solution while suppressing the
redox reaction. A schematic representation of this
approach is shown in Figure 1. After investigating the
standard behavior for Sn and Fe in this study, these
approaches were applied to the glass decomposition vessel
shown in Figure S1 (SM). The parameters that affect the
redox reaction rate include acid concentration, temperature,
and stirring speed. Since the acid concentration also
affects the Sn®>* removal efficiency, the redox reaction
rates at different acid concentrations were investigated
using a standard solution of Sn and Fe. The change of Fe3*
concentration after addition of Sn?* to the Fe>* solution was
evaluated using ultraviolet-visible absorption spectroscopy
(UV-vis). The change of Sn’* concentration after addition
of Fe** to the Sn?" solution was evaluated based on XAFS.
In addition, the extraction efficiencies of Sn?*, Sn**, Fe?*,
and Fe*" under HCI conditions by the D2EHPA in n-
dodecane were investigated using a standard solution of
Sn and Fe. The Fe*" and Fe** extraction behavior in the
presence of Sn?" was also investigated using a standard
solution of Sn and Fe.

2. Experimental
2.1. Instruments

UV-vis (V-750, JASCO Corporation, Tokyo, Japan)
and ICP-OES (Agilent5800VDV, Agilent Technologies,
Inc., USA) were used. XAFS and time-resolved dispersive
XAFS measurements were carried out in the transmission
mode at room temperature at BL22XU and BL14B1 of
SPring-8, respectively.
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2.2. Reagents and chemicals

Hydrochloric acid (HCl, 36 mass%) of atomic
absorption spectrometry grade, special grade n-dodecane
(Kanto Chemical Co., Inc., Japan), and bis(2-ethylhexyl)
hydrogen phosphate (Tokyo Chemical Industry Co., Ltd.,
Japan) were used. Standard solutions of Sn and Fe (1 g/L)
of ion-chromatography grade (Kanto Chemical Co., Inc.,
Japan) were used. Special grade tin (II) chloride dihydrate
(JUNSEI CHEMICAL Co., Ltd., Japan), tin(IV) chloride
pentahydrate (FUJIFILM Wako Pure Chemical Corporation,
Japan), iron(II) chloride tetrahydrate (Kanto Chemical Co.,
Inc., Japan), and special grade iron(IIl) chloride hexahydrate
(JUNSEI CHEMICAL Co., Ltd., Japan) were used. The
deionized water was degassed prior to use.

2.3. Investigation of the effect of acid concentration on
the redox reaction rate of Fe in Fe/Sn mixed solution
by UV—vis

Initially, 2.5 mL of 1.0 mmol/L FeCls was dissolved in
hydrochloric acid (of concentration varying from 0.01 to
1 mol/L) and added to quartz cells. After measuring the
background, 1.0 mL of 5.0 mmol/L SnCl, was dissolved in
hydrochloric acid (of concentration varying from 0.01 to
1 mol/L)) and quickly added to FeCl; solutions of equivalent
acid concentration. The Fe** absorbance at 334 nm was
measured every second for 1 h at room temperature. The
sample solutions were not stirred during measurements.
The optical path length of the cell is 1 cm. The conditions
of the measured solutions are listed in Table S1 (SM). The
absorbance A was expressed by the Lambert—Beer law of
Eq. (5) using the molar absorption coefficient €, solution
concentration ¢, and optical path length of the cell 1. The
absorbance and concentration of Fe’* immediately after
the addition of the SnCl, solution were defined as Ao and
co, respectively. A/A¢ is expressed as the ratio of Fe’*
concentration to the total concentration of Fe using Eq. (6).
As the amount of Sn*" added was greater than that of Fe*"
required for the redox reaction between Sn?" and Fe3*, this
reaction was assumed to be a pseudo-first-order reaction
of Fe*" ions. The reaction rate constant k for 60 s after
adding the SnCl, solution was calculated from the
relationship between In[A/Ao] and time t using Eq. (7).

A = gcl ®)

A g ¢ _ Fedt

Ao el o TotlFe ©)
A

In- = —kt )

2.4. XAFS study of Sn** and Sn** in solution

Unlike Fe*, the concentration of Sn?" in an aqueous
solution could not be evaluated by UV-vis because Sn?*
has weak absorption in aqueous solutions. In this study,
the Sn?' concentration was evaluated based on XAFS.
XAFS measurements at the Sn K-edge were carried out in
transmission mode using a silicon (111) double crystal
monochromator at the actinide science II beamline
BL22XU of SPring-8. Initially, 1 mL of 10 mmol/L SnCl,

dissolved in 0.1 mol/L HCIl was added to a polyethylene
bag. X-ray absorption near edge structure (XANES)
region and the change of the absorption edge energy of the
Sn K-edge in the solution was measured using
conventional XAFS. Then, the Sn K-edge in 1 mL of 10
mmol/L SnCly dissolved by degassed 0.1 mol/L HCI was
measured in the same way.

2.5. Time-resolved dispersive XAFS study of relationship
between acid concentration and redox reaction rate
of Sn in Fe/Sn mixed solution

The Sn?" concentration was evaluated based on the
time-resolved dispersive XAFS because the redox reaction
proceeded quickly. Time-resolved dispersive XAFS spectra
were observed by using following optics. Dispersive
XAFS measurements at Sn K-edge were carried out in the
transmission mode using a silicon (422) polychromator
and complementary metal-oxide semiconductor (CMOS,
Hamamatsu photonics) at bending magnet beamline
BL14B1 of SPring-8. Initially, I mL of 10 mmol/L SnCl,
dissolved in hydrochloric acid adjusted from 0.1 to 1 mol/L
was added to quartz cells. Measurement was begun, and
after 1 min, an automatic titrator was used to add 0.5 mL
of 40 mmol/L FeCl; dissolved by hydrochloric acid
adjusted from 0.1 to 1 mol/L to the SnCl, solutions, which
had the same acid concentrations. XANES region and the
change of the absorption edge energy of the Sn K-edge in
the solution were measured by dispersive XAFS
immediately after adding the FeCls solution, where the
edge position at the beginning of the measurement was
defined as Ey. The absorption edge position was evaluated
by fitting spectra with an error function and Gaussian
function, and it was determined to be a middle point of the
step function. The hydrochloric acid concentration was
varied to investigate the effect of different acid
concentrations on the Sn K-edge position. The Sn K-edge
position in the solution was measured for 20 min, and the
edge position was defined as E. For comparison, the edge
position was normalized by the edge position at the
beginning of the measurement and the edge position of the
Sn** solution at BL14B1 of SPring-8. The edge position
of the Sn** solution is defined as E,+. The normalized edge
position (norm E) is expressed by Eq. (8). For the Sn**
solution alone, norm E is defined as E>.. The reaction rate
constant, k, for 60 s after adding the FeCls solution was
calculated from the relationship between norm E and time
t using Eq. (9). The reaction rate constant subtracted from
E>. was defined as £;,, and was calculated using Eq. (10).

_ (E-Ey) _ sn*t
normE = (Es4+—Ep)  Total Sn ®)
In(1 —nmormE) = —kt 9)
In(1 — (mormE — E,,)) = —kgpt (10)

2.6. Investigation of distribution ratios of Sn and Fe ions
at several D2EHPA concentrations in n-dodecane

D2EHPA was dissolved in n-dodecane in the range of
0.05 - 0.1 mol/L. A 0.1 mol/L hydrochloric acid solution
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was used to prepare SnCl,, SnCly, FeCl,, and FeCl;
solutions. Each chloride solution (1.5 mL) was then divided
into glass vials. Different concentrations of D2EHPA in n-
dodecane were added to the vials, and they were shaken at
160 - 170 rpm for 15 min. The aqueous phase was then
collected and the concentration of Fe or Sn in the aqueous
phase was analyzed using ICP-OES. The distribution ratio
of the organic phase to the aqueous phase (D = org/aq)
was calculated from the difference in the concentration
before and after shaking.

2.7. Investigation of Sn and Fe extractability by D2EHPA
in n-dodecane

D2EHPA was dissolved in n-dodecane to prepare a 100
mmol/L D2EHPA solution. Then, 2 mL of this D2EHPA
solution was added to 2 mL of the aqueous solution
adjusted to the concentrations listed in Table S2 (SM) and
shaken at 160-170 rpm. The aqueous phase was collected
after 5, 15, 30, 45, and 60 min of shaking, and the
concentrations of Fe and Sn in the aqueous phase were
analyzed using ICP-OES. The extraction rate was
calculated from the difference in the concentration before
and after shaking, as shown in Eq. (11).

. initial conc.)—(aq.conc.
percent extraction = ¢ )—(aq )

1)

initial conc.

3. Results and discussion

3.1. Investigation of the relationship between acid
concentration and redox reaction rate in Fe’>'/Sn**
solution

Figure 2 (a) shows the change in the absorbance of the
peak derived from Fe*" in the UV-vis band. The most rapid
decrease in the absorbance of Fe** was observed in the 1.0
mol/L HCI solution, whereas the change in absorbance
tended to decrease as the acid concentration was lowered.
The reaction rate constants, &, calculated as pseudo-first-
order reactions, are listed in Table S3 (SM). A comparison
of the reaction rate constants confirmed that the reaction
rate decreased significantly with increasing acid
concentrations. Therefore, the acid concentration should
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be decreased to suppress the redox reaction between Fe>*
and Sn*",

Figure S2 (SM) shows the XAFS spectra of SnCl, and
SnCls solutions used as references. The Sn K-edge
position shifted to a high energy from Sn?" to Sn*', and the
ability to identify the valence of Sn using XAFS was
confirmed. Figure S3 (SM) shows the dispersive XAFS
spectra of the Sn K edge for 60 s after the addition of the
FeCls solution to the SnCl; solution in the case of 1.0 mol/L
HCI. The Sn K-edge position shifted to a higher energy
over time. Figure 2 (b) shows the results of the dispersive
XAFS measurements, where the spectra of the Sn K edge
position changed over time immediately after the addition
of FeCls solution to the SnCl, solution. With an increase
in the HCI concentration, the Sn K-edge position shifted
to a higher energy for a shorter period. In other words,
Sn?* was quickly oxidized to Sn*" with an increase in HCI
concentration. The rate of increase in the edge position
tended to be suppressed as the acid concentration
decreased. It was confirmed that the redox reaction
between Fe’* and Sn?" was suppressed as the acid
concentration was lowered. This trend in the redox
reactions between Fe3" and Sn?' with decreasing acid
concentration was consistent with the trend observed in
the UV-vis investigation (Figure 2 (a)). However, the
oxidation rate of Sn*' appeared to be faster than the
reduction rate of Fe’*. This was presumably due to
differences in the solution conditions and/or air oxidation,
as well as the effect of synchrotron radiation. The
absorption edge energy gradually shifted to a high value
when measured at a hydrochloric acid concentration of 0.1
mol/L without the FeCls solution (dashed plot in Figure 2
(b)). This suggests that, in addition to the redox reaction
with Fe*, the oxidation of Sn?* by air and synchrotron
radiation may have also occurred. Table S4 (SM) lists the
reaction rate constants of Sn?" in solutions containing Fe3".
Because the oxidation of Sn?* by air and synchrotron
radiation was excluded in the case of kg.», kup» Was lower
than & at the same HCI concentration. Figure S4 (SM)
shows the relationship between HCI concentration and the
reaction rate constant for Sn>* in a solution containing Fe".
HCI concentration had a more significant effect on the
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reaction rate than the oxidation of Sn?" by air and/or
synchrotron radiation.

These results confirm that the redox reaction between
Fe’* and Sn*" proceeded in acidic solutions and could be
suppressed by lowering the HCl concentration below
0.1 mol/L. Nevertheless, the redox reaction could not be
stopped by lowering the HCI concentration. Therefore, it
is desirable to remove Sn** or separate the valence of Fe,
in addition to suppressing the redox reaction by adjusting
the acid concentration.

3.2. Investigation of extractability of Sn and Fe ions by
D2EHPA

The extraction behavior of each ion with D2ZEHPA was
investigated before evaluating the behavior of Sn and Fe
mixtures. Figure 3 (a) shows the distribution ratios of Sn
and Fe ions at different D2EHPA concentrations. The
distribution ratio of each Sn ion was higher than that of
each Fe ion. Fe?* ions were kept in the aqueous phase
under nearly all conditions. These results suggest that only
Fe?* ions can be retained in the aqueous phase at the
optimal acid concentration and extraction conditions.

Figure 3 (b) shows the extraction ratios after shaking
for Sn and Fe ions dissolved in HCI, as indicated by Nos.
21 - 24 in Table S2. The extraction rate of Fe*" was low.
Figure 3 (a) shows that the extraction capacity of D2ZEHPA
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for Fe*" was low. In the solution with FeCls, almost 100%
of Fe*" was extracted by D2EHPA within 5 min after the
start of shaking. As for Sn, nearly 100% of the Sn ions
were extracted by D2EHPA from both the SnCl, and SnCly
solutions within 5 min of shaking. The extraction rate was
maintained until 60 min after the start of shaking, suggesting
that the extracted Sn was retained in the organic phase.
These results confirm that D2EHPA dissolved in n-dodecane
was very effective at extracting Fe*, Sn?*, and Sn*".

The extraction behavior of D2EHPA in the presence of
Fe?", Fe’*, and Sn?', which undergo redox reactions with
Fe**, was confirmed under the conditions shown in Nos.
25 and 26 in Table S2. The results are shown in Figure 4
(a) and 4 (b). Figure S5 (SM) shows the extraction rate at
5 min after the start of shaking. The results of the
extraction test showed that nearly 100% of Sn?*, Sn*', and
Fe** was extracted into the organic phase within 5 min
after the start of shaking, and the extraction rates of Sn**,
Sn**, and Fe** remained constant after 5 min of shaking.
This suggested that Sn?*, Sn*", and Fe’" reached
equilibrium 5 min after the start of shaking. When
D2EHPA in n-dodecane was used, Fe*" was extracted, but
Fe?" remained in the aqueous phase, which suggests that
this method could also separate Fe?" from Fe*. The Fe?*
concentration can be considered as the concentration of Fe
remaining in the aqueous phase, as shown in Figure 1.
Figure 3 (b) and 4 (a) shows 0-20 % of Fe?" is extracted in
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the solvent, but an error of 10-15% is considered
acceptable; NIST standard glass 1830 has a certified FeO
concentration of 0.032 + 0.004 mass%, which includes an
error of 12.5% at the certified value [23]. Since the
purpose of the study is to evaluate the valence of Fe in
glass daily at the glass manufacturing site, an error of 10-
15% is acceptable to prioritize speed.

This investigation was conducted by dissolving the
reagents in an aqueous HCI solution; however, the actual
glass decomposition solution contains HF and a large amount
of glass components. It is necessary to investigate whether
a glass analysis solution with a more complicated matrix
than that used in this test would exhibit the same extraction
ability. As shown in Figure S6 (SM), in future work we
plan to simultaneously perform glass decomposition and
Sn**, Sn*', and Fe’' removal using D2EHPA and then
analyze the Fe?" in the aqueous phase after separation
using ICP-OES to determine the concentration of Fe?'.
The influence of the glass matrix when applying a glass
decomposition solution will be investigated.

4. Conclusion

Given that the concentrations of Fe?*" and Fe*" in glass
need to be evaluated daily during the glass manufacturing
process, approaches to regulate the redox reaction between
Fe*" and Sn?" in an HCl solution and the extraction kinetics
of Fe**, Fe**, Sn?*", and Sn*' in an HCI solution were
investigated in an attempt to determine the concentration
of Fe?" in Sn-containing glasses using conventional wet
chemical methods. UV-vis and dispersive XAFS were
used to investigate the kinetics of the redox reaction
between Fe’™ and Sn?', and it was found that the redox
reaction could be suppressed by lowering the acid
concentration. The partitioning of Sn?*, Sn*', Fe?*, and
Fe** in D2EHPA in n-dodecane was investigated to confirm
the conditions under which Sn** could be extracted into
the organic phase. D2EHPA in n-dodecane could be used
to simultaneously extract Sn?', Sn*', and Fe*" into the
organic phase and maintain Fe?" in the aqueous phase. It is
thus postulated that the Fe?* concentration can then be
analyzed using ICP-OES to determine the Fe concentration
in the aqueous phase. The results of this study demonstrate
the effectiveness of simultaneously removing Sn?" and
Sn*" and separating the Fe valence by reducing the acid
concentration to suppress the redox reaction and extraction
with D2EHPA in n-dodecane. The Fe*" concentration in
tin-containing glass could potentially be determined
by applying this extraction method during the acid
decomposition of glass.
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