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1 General Introduction 

 

Glass is a versatile material used in various industries and has a wide range of compositions. New 

glass compositions are constantly being developed for various applications. In addition to the major 

components, trace elements affect various glass properties, such as transparency[1], color[2], 

photoluminescence[3], crystallization[4], and manufacturing properties[5–7]. Multivalent elements 

are added as trace elements to glass to adjust its properties. Furthermore, during mass production, 

several multivalent elements can be mixed into glass as impurities derived from the raw materials or 

materials used during the manufacturing process. They also affect the glass properties listed above. 

The total concentration of multivalent elements and the concentration of each valence of the element 

affect the glass properties. Therefore, determining the concentration of each valence of multivalent 

elements in glass is important for adjusting its properties, and reliable methods for achieving this 

outcome are required. The methods should be quantitative, valence-selective, and highly sensitive 

because of the low concentrations of the target elements. Furthermore, these methods must be 

performed at mass-production sites to optimize the properties of the actual product glass. These 

methods should be routinely executable using the equipment and apparatus commonly used in 

laboratories.  

Examples of multivalent elements in glass include S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, As, Se, Mo, Ag, 

Sn, Sb, Ce, Pr, Nd, Sm, Eu, and Er. These are typically added in the form of oxides or salts. S is added 

to the glass as a fining[8–10] and coloring agent[11–13]. As, Sb, Ce, and Sn are also used as fining 

agents[14]. As and Sb are currently avoided because of the legislation that regulates the use of 

hazardous elements[15–17]. The fining agents were replaced with Sn[17]. Fe is a common element 

added to glass and functions as a coloring agent[14,18–20]. Ti, V, Cr, Mn, Co, Ni, Cu, Se, Mo, Pr, Nd, 

Sm, Eu, and Er are also typically used as coloring agents[14]. The fining process is based on a 
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reduction–oxidation reaction, and the coloration depends on the concentration of each multivalent 

element. Examples of multivalent elements mixed into glass as impurities derived from raw materials 

or materials used in manufacturing processes are S, Ti, Cr, Mn, Fe, Ni, Mo, Sn, and Pt. Fe is an 

unavoidable impurity in raw materials, particularly in silica sand. Mo is used as an electric melting 

electrode for raw glass materials, and part of it melts and mixes into glass[21,22]. Sn has been used in 

the float method, which is a mass-production technique implemented to form plate-shaped glass[23]. 

In this method, molten glass is suspended over molten tin, which penetrates the glass surface in contact 

with it at the glass–tin interface. Pt was used as a glass melting container, and part of it was melted 

and mixed with the glass[24–26]. Multivalent elements mixed into glass remain there at multiple 

valences and affect the glass properties. Hence, it is necessary to determine the concentration of each 

valence of multivalent elements in the glass. 

The methods for determining the valence ratios and concentrations of multivalent elements can 

typically be divided into physical and wet chemical analyses. Examples of physical analysis methods 

include Mössbauer spectroscopy[27,28], X-ray absorption fine structure (XAFS) analysis[29–32], 

high-resolution X-ray fluorescence (HR-XRF) analysis[33–35], electron probe microanalysis 

(EPMA)[30,36,37], Raman spectroscopy[38,39], electron spin resonance (ESR) spectroscopy 

[19,40,41], transmission electron microscopy–electron energy loss spectroscopy (TEM-EELS)[42], 

and X-ray photoelectron spectroscopy (XPS)[43]. A common advantage of physical analysis is 

elemental selectivity, as the interference from other elements is small or negligible. However, the 

common disadvantages are the high cost of the equipment and limitations associated with its use.  

Examples of chemical analyses include colorimetry for Fe[44–47] and Sn in glass[48], oxidimetry–

colorimetry for Fe in glass[49,50] and rock[51], titration for Sn in glass[52], a hydrosulfide 

volatilization method for S in rock[53,54] and glass[55,56], ion chromatography and inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) for Sb in glass[57], and reversed-phase 
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liquid chromatography for As in soil[58]. The common advantages of wet chemical analysis are high 

precision, low detection limit, and low cost. These features are useful for the routine analysis required 

in this study. However, wet chemical analysis for the valence analysis of multivalent elements in glass 

poses several challenges. First, the decomposition of the glass sample is necessary, which can cause a 

change in the valence of the target elements. Second, the separation of multiple valence states is 

required. Finally, highly sensitive determination is required owing to the low concentrations of 

multivalent elements. 

In this study, S and Sn were selected as multivalent elements in glass. This is because despite them 

being important additive elements in glass, valence analysis methods that can be performed routinely 

with commonly used equipment and apparatus have not yet been established. Examples of sulfur 

valence analysis in glass include EPMA[30,36], Raman spectroscopy[38,39], HR-XRF[33,34], 

XAFS[29,30,32], and hydrogen sulfide volatilization[55,56]. However, these methods pose certain 

challenges. EPMA and XAFS have the disadvantage of beam damage, which leads to a change in 

sulfur valence during the analysis. Furthermore, the use of synchrotron radiation facilities for XAFS 

renders its routine use challenging. Raman spectroscopy cannot quantitatively determine trace sulfides 

and sulfates. HR-XRF has a low signal-to-noise ratio owing to its two-crystal system, and its analysis 

is time-consuming. A hydrogen sulfide volatilization method can determine the sulfide content in 

glass; however, the total sulfur content needs to be determined using different experiments. Examples 

of tin valence analysis in glass include Mössbauer spectroscopy[33–35], HR-XRF[34,35], XAFS[32], 

titration[52], and spectrophotometric methods[48]. However, these methods have several 

disadvantageous that limit their application. Mössbauer spectroscopy requires a radiation-controlled 

area and an accurate measurement of the Debye temperature of each target ion. The drawbacks of HR-

XRF and XAFS have been described previously. Titration and spectrophotometric methods are 

examples of chemical analyses that have favorable features for the routine analysis required in this 
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study. However, these studies[48,52] did not consider the effects of other multivalent elements in the 

glass. Sn and other multivalent elements undergo redox reactions during decomposition, changing the 

ratio of Sn2+:Sn4+ from that of glass. Fe is a typical multivalent element that is always present as a raw 

material in industrially manufactured glass or as an impurity derived from the material used during 

the manufacturing process, and it undergoes redox reaction with Sn. Therefore, previous methods, 

which target actual mass-produced glass products, cannot be used in this study. 

The purpose of this thesis is to develop, describe, demonstrate, and validate new methods for 

determining the concentration of each valence state of S and Sn in glass to overcome the 

aforementioned challenges, such as the decomposition of glass without changes in the valences of the 

target elements, separation of multiple valence states, and developing a method for highly sensitive 

determination of valence states. Soda lime silicate glass was selected as the base composition as it 

accounts for more than 80% of the glass market[59]. The methods studied in this thesis were designed 

and developed for routine analyses in ordinary laboratories. These methods can help improve the 

properties and design of high-performance glass. Ultimately, utilizing these methods improves the 

mass production yield, thereby saving energy and reducing CO2 emissions. 
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Summary of each chapter 

Chapter1: 

A simple, rapid, and accurate method to determine the concentration of sulfur in soda lime silicate 

glass was developed as a basic method for the development of valence analysis methods. This method 

requires a smaller number of samples and takes less time for the analysis than conventional methods. 

The samples of glass were decomposed using hydrofluoric acid, perchloric acid, and an oxidizing 

agent. For the amber glass samples, the oxidizing agent used was potassium permanganate. The 

decomposed solution was diluted with perchloric acid. The solution was passed through an alumina 

column to enable sulfur adsorption on the column. To desorb sulfur from the column, diluted ammonia 

was passed through it after rinsing it with diluted perchloric acid. ICP-AES was used to determine the 

concentration of sulfur in the ammonia eluent.  

 

Chapter2:  

A new method to determine the concentrations of sulfide and sulfate in glass was developed. This 

method consists of decomposition of a glass material and the separation and determination of sulfide 

and sulfate. Hydrochloric acid and hydrofluoric acid decomposed the material in a vessel. The vessel 

was combined with a series of traps. Hydrogen peroxide and sodium hydroxide in the traps absorbed 

hydrogen sulfide that volatilized during decomposition. This method allowed for the determination of 

sulfate remaining in the vessel and the trapped sulfide, respectively. The method was tested on two 

glass reference materials with commonly used testing equipment. The sums of sulfide and sulfate were 

within the range of each certified value. The average valences of sulfur, which were calculated from 

the quantities of sulfide and sulfate, were in good agreement with the average valences of sulfur 

obtained by wavelength-dispersive X-ray fluorescence spectrometric analysis. 
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Chapter3:  

A new method to determine the concentrations of Sn2+ and Sn4+ in soda lime glass containing iron 

oxide was developed. 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 

Fe3+. Subsequently, the Sn2+ were separated as a diethyldithiocarbamate complex. Furthermore, an 

inductively coupled plasma atomic emission spectroscopy was used to determine the concentrations 

of Sn4+ and total Sn, from which the concentration of Sn2+ can be calculated. The results were validated 

by comparing ratios of Sn2+ to total Sn to results obtained using Mössbauer spectroscopy.  

 

Chapter4: 

A quantitative analysis method for determining the concentrations of total Sn and Sn4+ that penetrate 

the surface of a float glass that was in contact with the molten tin was developed by applying the 

method developed in chapter 3. This method consists of three steps: stepwise etching of a glass sample, 

separation of tin species, and determination of the total Sn and Sn4+ concentrations. The concentration 

of Sn2+ and the ratio of Sn2+ to total Sn (Sn redox) were calculated from the total Sn and Sn4+ 

concentrations. This method provides quantitative depth profiles of the total Sn, Sn4+, Sn2+, and the Sn 

redox. When the total Sn concentration (as SnO2) is greater than 0.2 mass%, this method has the finest 

depth resolution, 0.1 μm, as compared with other techniques. Moreover, it can be implemented in the 

laboratory because it requires only commonly used apparatus and equipment. The proposed method 

can be used to obtain detailed information about tin penetrating the float glass, and thereby strongly 

contributes to the float process for producing high-quality glass. 
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1 Chapter1 

Determination of Total Sulfur in Soda Lime Silicate Glass by 

Inductively Coupled Plasma Atomic Emission Spectroscopy 

following Separation using an Alumina Column 

 

1.1 Introduction 

Soda lime silicate glass is the most widely used glass in the world and is the leader in the world’s 

glass market[1]. The industrial production of glass involves batch preparation, melting, fining, refining, 

forming, annealing, and post processes[2]. To obtain a high-quality glass product, the number of 

bubbles remaining in the final product should be reduced. Fining and refining are, therefore, important 

in the industrial production of glass. The fining agents reduce the bubbles in the glass. One of the 

commonly used fining agents in the production of soda lime silicate glass is sodium sulfate (Na2SO4). 

The melting, fining, and refining reactions of soda lime silicate glass were investigated[3–10]. In 

oxidized melts, the main sulfate fining mechanism is thermal sulfate decomposition. It typically occurs 

between 1430 and 1480 ℃ as follows: 

Na2SO4  →  Na2O + SO2  + 
1

2
𝑂2 (1-1) 

In reduced melts, which contain cokes, CO, and organic contaminants, some sulfates react to 

produce sulfides as follows: 

2C +  Na2SO4  →  2CO2  + Na2S (1-2) 

4CO + Na2SO4  →  4CO2  + Na2S (1-3) 

4C + Na2SO4  →  4CO + Na2S (1-4) 

The sulfide formation typically occurs between 700 and 800 °C, and the formed sulfides react with 

the remaining sulfates. Fining typically occurs between 1000 and 1350 ℃ as follows: 

S2−  + 3SO4
2−  →  4SO2  +  4O2− (1-5) 
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During annealing, which follows fining, fining gases such as O2 and SO2 are chemically absorbed 

into the melt, and the process is called refining. Fining and refining reduce the number of bubbles in 

the final product.  

Determining the quantity of sulfur in the final product is important to understand the fining and 

refining reactions. Sulfur is said to be present in glass mainly as sulfate and sulfide[11,12]. The total 

quantity of sulfur, consisting of sulfate and sulfide, also has to be determined, because sulfides can 

remain in a final product, such as amber glass[7,13].  

Several methods are already available to determine the quantity of sulfur in glass. These methods 

can be categorized into two types. One type decomposes the glass samples to determine the sulfur 

quantity in the decomposed solutions. An example of this type is the gravimetric analysis of barium 

sulfate[14]. The other type expels sulfur in the form of hydrogen sulfide and determines the sulfur 

quantity in the sample by trapping. These methods include distilled separation – methylene blue 

spectrophotometric method[15,16], Tin(II)-strong phosphoric acid decomposition - iodometric 

titration[17] , Tin(II)-strong phosphoric acid decomposition – ion chromatography[18] , reduction-

distillation - hydroxymercuribenzoate titration[19] , hydrophosphorous acid – hydroiodic acid 

reduction[20] and sodium iodide – hydroiodic acid – hypophosphorous acid reduction[21]. However, 

these methods require technical skills and a large number of samples. Some methods even require 

special apparatuses to decompose glass samples and take a long time for the analysis. For example, 

the conventional gravimetric method requires a 3 g sample and at least two days for the analysis. The 

sodium iodide – hydroiodic acid – hypophosphorous acid reduction requires a special reduction–

distillation apparatus solely to determine the sulfur quantity in the samples. This strong reduction is 

unsafe because the samples have to be heated in a closed flask. Isotope dilution high-resolution 

inductively coupled plasma mass spectrometry (ICP-MS) equipped with a flow injection system[22] 

is a simple and accurate method. It can determine even low levels of sulfur using only a small number 
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of samples but requires high-resolution ICP-MS, and thus is still not used widely. X-ray fluorescence 

is used in the daily measurements at glass production sites[23]. However, it requires standard materials 

with accurate quantities of sulfur that require calibration through other methods.  

A simple, rapid, and accurate method is, therefore, required to determine the sulfur quantity in soda 

lime silicate glass using a smaller number of glass samples. The use of commonly used equipment to 

decompose the glass samples and determine their sulfur quantity is preferable. Many elements in glass 

are determined using decomposition methods[24].  

Separating the sulfur before determining its quantity is also preferable. The sulfur separation 

prevents interference by glass matrix elements and improves the sensitivity of the sulfur quantity 

determination. Chromatographic separation using an alumina column with the gravimetric analysis of 

barium sulfate was used to determine the sulfur quantity in iron and steel[25]. This separation 

procedure was simple and rapid. However, a high blank value of sulfur (approximately 50 μg/g) was 

observed owing to the large alumina column and the large amount of reagents used. We developed our 

method by improving the method already available to reduce the blank value of sulfur. In our method, 

the glass samples were decomposed using hydrofluoric acid, perchloric acid, and an oxidizing agent, 

and thereafter the sulfur in the glass matrix elements were separated using a small high-purity alumina 

column. The separation procedure, which is simple and speedy, can simultaneously treat up to 10 

samples.  

The method we propose determines the sulfur content of glass samples containing sulfide. An 

oxidizing agent has to be added to the glass samples in the decomposition procedure. In the absence 

of an oxidizing agent, sulfides evaporate in the form of hydrogen sulfide during the sample 

decomposition. Br2 is a widely used oxidizing agent[24]. However, to determine the sulfur content in 

glass using Br2, additional apparatuses are required, and the decomposing reaction with cold water has 

to be slow. In this study, hydrogen peroxide and potassium permanganate were examined for their 
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suitability as oxidizing agents that would reduce the decomposition time of the samples. Potassium 

permanganate is a typical oxidizing agent used to determine the arsenic content in glass. During the 

decomposition of the glass samples, potassium permanganate oxidizes trivalent arsenic to form 

pentavalent arsenic. Potassium permanganate prevents the evaporation of trivalent arsenic during the 

decomposition of the samples[24]. We could confirm through this study that potassium permanganate 

is required to determine the total quantity of sulfur in amber glass to ensure that the determined value 

of sulfur is not lower than its certified value.  

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine the 

sulfur quantity in the samples. ICP-AES, which is used widely, requires one hour for the process, 

which includes the time taken for equipment setting up and shutting down, standard solution 

measurements, and calculations performed to determine the quantity of sulfur in the samples. 

 

1.2 Experimental 

1.2.1 Materials 

Three certified reference soda lime silicate glass samples were used in the experiment: the three 

glass types were R-1 (Japan Standard Sample Committee, Tokyo, Japan), SGT10 (Society of Glass 

Technology, Sheffield, United Kingdom), and SGT11 (Society of Glass Technology, Sheffield, United 

Kingdom). Table 1-1 lists the compositions of the three types of glass. R-1, SGT10, and SGT11 

represent clear, amber, and green glass, respectively. Values in parentheses for SO3 indicate 95 % 

confidence intervals. All elements are listed in the form of oxides with the maximum valence of each 

element, regardless of the real valence, following the conventions for describing the composition of 

oxide glass. For example, iron (Fe) is contained in glass materials as ferrous (Fe2+) and ferric (Fe3+) 

but listed as Fe2O3. Sulfur (S) is contained in glass materials as sulfide (S2-) and sulfate (S6+) but listed 

as SO3. 
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Table 1-1 Certified mass fractions of glass reference materials 

Certified mass fractions (mass%) 

 
R-1 

(Clear) 

SGT10 

(Amber) 

SGT11 

(Green) 

SiO2 72.2 72.7 70.7 

Al2O3 1.75 1.62 1.83 

Na2O 13.8 12.2 13.6 

K2O 0.84 0.35 0.69 

MgO 4.01 1.81 2.14 

CaO 6.72 10.7 10.3 

BaO - 0.02 0.003 

Fe2O3 0.08 0.33 0.344 

TiO2 0.03 0.097 0.068 

Cr2O3 - 0.02 0.205 

SO3 

0.20 

(0.193-0.204) 

0.05 

(0.043-0.058) 

0.06 

(0.055-0.069) 

 

1.2.2 Apparatus 

A 100 mL polytetrafluoroethylene (PTFE) dish was used as the decomposition container. An 

alumina column, InterSep AL-N Al2O3 500 mg/2 mL (GL Sciences Inc., Tokyo, Japan), placed on a 

vacuum filtration kit (GL Sciences Inc., Tokyo, Japan) was used to separate the sulfur in the samples. 

An inductively coupled plasma atomic emission spectrometer, SPS5520 (Hitachi High-Tech 

Corporation, Tokyo, Japan) was used to determine the sulfur quantity and other glass matrix elements 
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in the glass samples. An agate mortar and pestle were used to grind the samples. A 50 mL volumetric 

flask and a 100 mL volumetric flask were used. 

 

1.2.3 Regents and chemicals 

Hydrofluoric acid (50 mass%), perchloric acid (60 mass%), ammonia solution (25 mass%) of 

atomic absorption spectrometry grade (Kanto Chemical Co., Inc., Tokyo, Japan), hydrogen peroxide 

(30 mass%) of special grade (Kanto Chemical Co., Inc., Tokyo, Japan), and 0.1 mol/L of the potassium 

permanganate solution of reagent grade (Kanto Chemical Co., Inc., Tokyo, Japan) were used. The 

standard solutions used for the ICP-AES analysis were sulfate ion standard solution (1 g SO4
2- /L) of 

ion chromatography grade (Kanto Chemical Co., Inc., Tokyo, Japan), aluminum standard solution (1 

g Al/L), sodium standard solution (1 g Na/L), potassium standard solution (1 g K/L), magnesium 

standard solution (1 g Mg/L), calcium standard solution (1 g Ca/L), iron standard solution (1 g Fe/L), 

titanium standard solution (1 g Ti/L), and chromium standard solution (1 g Cr/L) of atomic absorption 

spectrometry grade (Kanto Chemical Co., Inc., Tokyo, Japan). Deionized water was used throughout 

the experiments. 

 

1.2.4 Procedures 

1.2.4.1 Decomposition procedure of R-1 and SGT11 samples 

Glass samples were dried in an oven for 2 h at 110 °C after they were ground with a mortar and 

pestle. Each ground sample (0.1 g to 0.3 g in weight) was accurately weighed in a PTFE dish and 

moistened with 1 mL of water. Some samples contained reduced sulfur, and 1 mL of 30 mass% 

hydrogen peroxide was added to the dish to oxidize the reduced sulfur. To decompose the glass samples, 

5 mL of HClO4 and 10 mL of HF were also added to the dish. The dish was placed on a hot plate and 

heated until perchloric acid fumes were observed. After the dish had cooled, 5 mL of HF was added 
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to the dish. The dish was heated again until perchloric acid fumes were observed. Silicon, which is the 

main element in glass, was volatilized as silicon fluoride during decomposition. After the dish had 

cooled, the decomposed solution in the dish was transferred to a 50 mL beaker. The solution was 

thereafter diluted to approximately 25 mL using 1.8 mol/L HClO4 to form a decomposed sample 

solution. This decomposed sample solution contained sulfur and other matrix elements that were in 

the glass. 

1.2.4.2 Decomposition procedure of SGT10 samples 

Decomposition procedure of SGT10 samples was similar to that of R-1 / SGT11 samples except for 

the use of an oxidizing agent. Instead of hydrogen peroxide, potassium permanganate (2.5 mL of 0.1 

mol/L) was added to the dish to facilitate the strong oxidization of reduced sulfur present in SGT10 

samples, which were made of amber glass. Without strong oxidization, reduced sulfur is converted 

into hydrogen sulfide and evaporated during the decomposition of the samples. Manganese dioxide 

precipitated after the decomposition of the samples because of the reduction of potassium 

permanganate. The precipitated manganese dioxide was dissolved by adding 0.5 mL of 3 mass% 

hydrogen peroxide, which served as a reducing agent here. Fig. 1-1 demonstrates the decomposition 

procedure of samples. 
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Fig. 1-1 Decomposition procedure of samples 

 

1.2.4.3 Separation procedure of sulfur in the samples using an alumina column 

For washing, 20 mL of 0.7 mol/L NH4OH and 10 mL of water were passed through an alumina 

column at a flow rate of 20 mL/min using a vacuum kit. For conditioning, 10 mL of 1.8 mol/L HClO4 

was passed through the column. The decomposed sample solution was passed through the column at 

a flow rate of 2 mL/min to enable the column to absorb the sulfur in the solution. To remove the glass 

matrix elements in the solution, 20 mL of 1.8 mol/L HClO4 and 20 mL of water were passed through 

the column at a flow rate of 20 mL/min. To desorb sulfur from the column, 10 mL of 0.7 mol/L NH4OH 

was passed through the column at a flow rate of 2 mL/min. The eluent was collected in a 50 mL 

volumetric flask and diluted with 0.7 mol/L NH4OH until its volume was 50 mL. The obtained solution 

was named “measurement sample solution”. The quantity of sulfur in the solution was determined as 

explained in section 1.2.4.5.  
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1.2.4.4 Recovery of the sulfur in the standard solution 

The recovery of sulfur was made using the procedure explained in section 1.2.4.3. A standard 

solution of sulfur diluted with perchloric acid was introduced in place of the decomposed sample 

solution (section 1.2.4.3). The standard solutions used were 0.1 to 4.5 mol/L perchloric acid containing 

100 μg of sulfur, and 1.8 mol/L perchloric acid containing 5 to 1000 μg of sulfur. After completing the 

procedure explained in section 1.2.4.3, the sulfur quantity in the measurement sample solution was 

determined as explained in section 1.2.4.5. The recovery of sulfur is defined as the ratio of the quantity 

of sulfur determined to the quantity of sulfur introduced. The repeatability of the sulfur recovery was 

checked using 1.8 mol/L perchloric acid containing 100 μg of sulfur. The experiment was repeated six 

times using different alumina columns. It was repeated 10 times using the same alumina column to 

determine whether a column could be used several times. 

 

1.2.4.5 Determination of the sulfur and glass matrix element quantities present in the measurement 

sample solution 

The quantities of sulfur and glass matrix elements present in the measurement sample solution were 

determined using ICP-AES. The quantities of glass matrix elements were determined using a 0.3 g 

SGT11 sample. The removal ratio of each glass matrix element was calculated by subtracting the ratio 

of the quantity of each element determined to its theoretical quantity. The theoretical quantities of 

glass matrix elements in the 0.3 g SGT11 sample were calculated using the certified composition listed 

in Table 1-1. Table 2 lists the instrumental conditions of ICP-AES. The sulfur quantity in a glass 

sample was calculated as sulfur trioxide following the conventions for describing the composition of 

oxide glass. 
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Table 1-2 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  S(Ⅰ): 180.669 nm 

 Al(Ⅰ): 167.019 nm 

 Na(Ⅰ): 589.592 nm 

 K(Ⅰ): 766.491 nm 

 Mg(Ⅱ): 279.553 nm 

 Ca(Ⅱ): 396.847 nm 

 Fe(Ⅱ): 259.94 nm 

 Ti(Ⅱ): 334.941 nm 

 Cr(Ⅱ): 205.56 nm 

 

1.2.4.6 Blank test procedure 

A blank test was conducted throughout the entire procedure consisting of the decomposition 

procedure, separation procedure, and determination procedure explained in sections 1.2.4.1, 1.2.4.3, 

and 1.2.4.5, respectively. The test was repeated 16 times to calculate the mean blank value, standard 

deviation, detection limit, and quantification limit of sulfur in the samples. The lower limit of detection 

is defined as the mean of the blank plus three standard deviations. The lower limit of quantification is 

defined as the mean of the blank plus 10 standard deviations. 
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1.3 Results and discussions 

1.3.1 Study of the separation procedure using an alumina column 

Fig. 1-2 displays the recovery of sulfur using various perchloric acid concentrations. The recovery 

was almost 100% for 0.1 to 4.5 mol/L of perchloric acid. A wide range of perchloric acid 

concentrations displayed a good recovery. We chose 1.8 mol/L of perchloric acid to dilute the 

decomposed solution. Fig. 1-3 displays the recovery of sulfur from 5 to 1000 μg. The recovery was 

between 95 and 102 %. Sulfur in the range of 5 to 30 μg showed a relatively variable recovery. The 

reason for this variable recovery can be attributed to procedural or measurement errors caused by the 

small quantity of sulfur present in the samples. The average recovery, which was repeated six times 

using different alumina columns, was 99.1 %. The standard deviation was 0.25 %. The sulfur quantity 

in the glass samples has to be between 100 and 1000 μg for the sulfur recovery to exceed 98 %. The 

average recovery, which was repeated ten times using the same alumina column, was 98.4 % and the 

standard deviation was 0.33 %. Thus, an alumina column can be used more than once. 
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Fig. 1-2 Recovery of 100 μg of sulfur using various perchloric acid concentrations and a 

separation procedure using an alumina column 

 

 

Fig. 1-3 Recovery of 5 to 1000 μg of sulfur with 1.8 mol/L perchloric acid and a separation 

procedure using an alumina column 
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1.3.2 Removal of glass matrix elements using an alumina column 

Table 1-3 Quantities of glass matrix elements present in the measurement solution, using a 0.3 g of 

SGT11 sample shows the removal ratios of glass matrix elements when a 0.3 g SGT10 sample was 

used. The removal ratios were over 99.9 %, except for aluminum. Aluminum has to be an eluent from 

the alumina column because it was detected even in the blank test. Glass matrix elements were 

removed by the separation procedure using the alumina column and sulfur was successfully separated 

from the glass matrix elements. 

 

Table 1-3 Quantities of glass matrix elements present in the measurement solution, using a 0.3 

g of SGT11 sample 

 
Matrix element quantity in the glass sample  

(μg) 

Determined value 

(μg) 

Removal ratio  

(%) 

Al 2900 150 95 

Na 30000 <0.1 >99.9 

K 1700 <0.1 >99.9 

Mg 3900 <0.1 >99.9 

Ca 22000 <0.1 >99.9 

Fe 720 <0.1 >99.9 

Ti 120 <0.1 >99.9 

Cr 420 <0.1 >99.9 

 

1.3.3 Determination of the sulfur quantities in R-1 and SGT11 samples 

The sulfur quantities in R-1 and SGT11 samples were determined using the procedures explained 

in sections 1.2.4.1, 1.2.4.3 and 1.2.4.5. Table 1-4 lists the sulfur quantities determined in the form of 
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oxides. The quantities determined were within the certified values. The relative standard deviations 

were all within 2 %. The developed procedures shown in sections 1.2.4.1, 1.2.4.3 and 1.2.4.5 were 

validated to determine the sulfur quantities in R-1 and SGT11 samples accurately. 

It took 4–5 h to complete the entire procedure; 2–3 h to decompose a glass sample, 1 h to separate 

sulfur in a decomposed sample solution using an alumina column, and 1 h to determine the quantity 

of sulfur in the measurement sample solution using ICP-AES. The procedure can use up to 10 samples 

simultaneously. The separation procedure using an alumina column is simple. Even any newcomer 

can easily learn and use the procedure. 

 

Table 1-4 SO3 quantities in R-1 and SGT11 samples 

 SO3 (mass%) 

Samples 

R-1 

(Clear) 

SGT11 

(Green) 

Certified value 

0.20 

(0.193-0.204) 

0.06 

(0.055-0.069) 

N=1 0.198  0.061  

N=2 0.195  0.061  

N=3 0.202  0.059  

Avg. 0.198  0.060  

standard deviation 0.004  0.001 

Relative standard deviation 

(%) 

1.8  1.8  
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1.3.4 Determination of the sulfur quantity in SGT10 sample 

Amber soda lime silicate glass contains reduced sulfur, which during decomposition of a sample is 

converted into hydrogen sulfide and evaporated. Hydrogen peroxide and potassium permanganate 

were compared to determine the oxidizing agent to be used. A procedure was also implemented 

without an oxidizing agent. Table 1-5 lists the results of determined quantities of sulfur in SGT10 

samples as oxides. With no oxidizing agent, the sulfur quantity was below the lower quantification 

limit. With 1 mL of 30 mass% hydrogen peroxide, the determined sulfur quantity was lower than the 

certified value. With 2.5 mL of 0.1 mol/L potassium permanganate, the determined sulfur quantity was 

within the certified value. 

Without oxidizing agents, most of the sulfur in the samples is evaporated as H2S because reduced 

sulfur is present in glass in the form of sulfide, as mentioned in XANES studies[11,12]. Hydrogen 

peroxide was not sufficient to oxidize the sulfide in SGT10 sample during their decomposition. 

Hydrogen peroxide allowed the evaporation of some of the reduced sulfur as H2S. Potassium 

permanganate properly oxidized the sulfide in the SGT10 sample during decomposition and succeeded 

in preventing the sulfur from evaporating. The process took almost the same time as indicated in 

section 1.2.4.1. Precipitated manganese dioxide requires approximately 10 min to dissolve. Unlike the 

method that uses Br2 as an oxidizing agent, the method using potassium permanganate as the oxidizing 

agent does not require any additional apparatus or a decomposition procedure. 
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Table 1-5 Quantities of SO3 present in SGT10 (amber) samples with and without the oxidizing 

agents 

 SO3 (mass%) 

Oxidizing agent 

Without an 

oxidizing agent 

30 % H2O2 

1 mL 

0.1 mol/L KMnO4  

2.5 mL 

Certified value 

0.05 

(0.043-0.058) 

N=1 <0.002 0.037 0.053 

N=2 <0.002 0.039 0.054 

Avg. <0.002 0.038 0.053 

 

1.3.5 Results of the blank test 

The mean blank value of sulfur was 0.49 μg. The standard deviation was 0.25 μg. The limits of 

detection and quantification were 1.3 and 3.0 μg, respectively. The limit of quantification is low 

enough to determine the sulfur quantity in soda lime silicate glass because soda lime silicate glass 

contains over 100 μg/g of sulfur.  

The mean blank value of sulfur, 0.49 μg, obtained in this study is much lower than the value obtained 

in a previous study that used a large alumina column and the large amount of reagents[25]. The higher 

blank value obtained in this previous study would have been due to the small quantities of sulfur 

contained in the large alumina column and the reagents. In our study, we reduced the blank value of 

sulfur with a decomposition procedure that used hydrofluoric acid and perchloric acid, and a separation 

procedure that used a small and high-purity alumina column. However, the mean blank value of sulfur 

obtained in the study, 0.49 μg, is 10 times higher than the value obtained in the study done by 



30 

 

Makishima[22], who purified the reagents for decomposition and used two charcoal filters in a flow 

injection system to reduce sulfur contamination. These processes are not required in our method 

because our limit of quantification of sulfur is low enough to determine the quantity of sulfur in soda 

lime silicate glass as mentioned above. 
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1.4 Conclusions 

A simple, rapid, and accurate method to determine the sulfur quantity in soda lime silicate glass was 

investigated. Glass samples were decomposed using hydrofluoric acid, perchloric acid, and an 

oxidizing agent. Potassium permanganate was used as the oxidizing agent with glass samples 

containing reduced sulfur, such as those made of amber glass. The decomposed solution was diluted 

using perchloric acid. The sulfur in the decomposed solution was adsorbed on the alumina column and 

was separated from the glass matrix elements by rinsing with diluted perchloric acid. The sulfur was 

desorbed from the column by passing diluted ammonia through the column. ICP-AES was used to 

determine the sulfur quantity in the ammonia eluent. The method requires approximately 0.1 to 0.3 g 

glass samples depending on the sulfur quantity in the glass. The separation procedure with the alumina 

column is simple and rapid: it takes only 1 h, and it can simultaneously treat up to 10 samples. The 

method was validated using three certified glass samples. The sulfur values determined are within the 

certified values. The relative standard deviations of the sulfur values were less than 2 %. This method 

does not require any special apparatus to decompose a glass sample. 
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2 Chapter2 

Separation and Determination of Sulfide Sulfur and Sulfate 

Sulfur in Soda Lime Silicate Glass 

 

2.1 Introduction 

Quantitative determination of sulfide sulfur and sulfate sulfur and the average valence of sulfur in 

soda lime silicate glass are important because they affect the number of bubble defects and glass color. 

Sodium sulfate (Na2SO4) is commonly added as a source of sulfur in the production of soda lime 

silicate glass. It works as a fining agent and coloring agent. It reduces the number of bubbles in the 

glass as a fining agent. The melting and fining reactions were investigated. The fining mechanism is 

due to oxidation-reduction reactions of sulfur to produce SO2 and O2 gases. Sodium sulfate gives an 

amber color to glass as a coloring agent with iron and reducing agents. Sulfate reacts with reducing 

agents to produce sulfide. Ferric iron – sulfide – alkali chromospheres are said to create the amber 

color[1,2]. As described, sulfur remains in glass after oxidation-reduction reactions in the form of 

sulfide sulfur and sulfate sulfur[3,4]. 

A method that determines sulfide and sulfate in glass is required. It is expected that the quantities of 

sulfide and sulfate can be determined accurately and precisely by separating them. Furthermore, a 

method with commonly used equipment is preferable because it can be implemented in laboratories 

in glass production sites. We describe our proposed method after reviewing the determination methods 

of the total quantity of sulfur in glass and the determination methods of sulfide and sulfate quantities, 

and/or the valence state of sulfur in glass. 

Many methods are already available to determine the total quantity of sulfur in a glass material. 

Chemical analysis methods include gravimetric analysis of barium sulfate[5], combustion separation 

– hydrogen peroxide trap and sodium borate titration[6], tin(II)-strong phosphoric acid decomposition 
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- iodometric titration[7], tin(II)-strong phosphoric acid decomposition – ion chromatography[8], 

hydrophosphorous acid – hydroiodic acid reduction[9], sodium iodide – hydroiodic acid – 

hypophosphorous acid reduction[10], isotope dilution high-resolution inductively coupled plasma 

mass spectrometry equipped with a flow injection system[11], and hydrofluoric acid – oxidizing agent 

decomposition – alumina column separation[12]. X-ray fluorescence analysis (XRF)[13,14] and 

infrared detection of SO2 formed after high-temperature combustion[15,16] are examples of direct 

analysis without chemical treatment. 

Several methods are also available to determine sulfide and sulfate and/or the valence state of sulfur 

in glass or other materials. Nagashima et al. reported a determination method of total sulfur and sulfide 

in igneous rocks with tin(II)-strong phosphoric acid and strong phosphoric acid, respectively[17]. 

Yarita et al. applied the method to glass [8]. The method determines the small quantity of total sulfur 

and sulfide (10 μg/g) using a small number of glass samples (approximately 0.1 g). However, this 

method has some drawbacks. One is that it determines total sulfur and sulfide with two experiments. 

The quantity of sulfate was calculated from the total sulfur and sulfide determined. The other drawback 

is that reduction reagents (tin(II)-strong phosphoric acid and strong phosphoric acid) must be 

synthesized beforehand. Sieger tried hydrofluoric acid decomposition under an inert atmosphere 

combined with a hydrogen sulfide trap with AgNO3 titration to determine sulfide in a bottom surface 

layer of a float glass[18]. However, the study did not show the details of the procedure enough for 

reproducible determination. Guadagnino et al. used a hydrogen sulfide trap with silver nitrate and 

determined the excess silver by flame atomic absorption spectrometry to determine the quantity of 

sulfide in glass[19]. However, the method did not determine the quantity of total sulfur or sulfate. Sato 

et al. used wavelength-dispersive X-ray fluorescence spectrometric analysis (WD-XRF) and obtained 

the peak shift of S-Kα with various sulfur-containing materials [20]. This method eliminates chemical 

pretreatments and is a nondestructive analysis. However, its energy resolution is insufficient to resolve 
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S-Kα due to the single-crystal system; the average valence of sulfur is solely obtained from the S-Kα 

peak shift. Faessler et al.[21] and Goshi et al.[22] used high-resolution wavelength-dispersive X-ray 

fluorescence spectrometric analysis with two crystals to precisely measure S-Kα. The method 

measured some sulfur-containing reference materials, and it deconvoluted the S-Kα spectra to 

calculate the ratio of each valence of sulfur. However, it has some drawbacks. It has a low signal-to-

noise ratio due to the two-crystal system. The analysis time is long to obtain a good signal-to-noise 

ratio enough for glass materials because the quantity of sulfur in glass materials is small. This method 

requires reference materials or a different method to determine the quantity of total sulfur. Furthermore, 

the equipment is not widely used. Paris et al.[3], Fleet[23], and Backnaes et al.[4] applied X-ray 

absorption near-edge (XANES) to rock and glass materials. The method estimated the valence state of 

sulfur in glass materials by comparing the peak position with some sulfur-containing reference 

materials. These studies[3,4] showed that glass samples contained sulfide and sulfate but did not 

contain sulfite. A drawback of this method is that the peak positions of sulfide reference materials are 

not constant. It is impossible to generate a calibration curve between the sulfur valence of reference 

materials and their peak positions. Alonso-Mori et al. also confirmed this drawback and showed that 

S-Kα energy shifts measured by X-ray emission spectroscopy (XES) using a synchrotron radiation 

facility can be used for a quantitative determination of the ratio of different sulfur species[24]. The 

XANES and XES methods have a similar drawback in that they require the use of synchrotron 

radiation facilities. A wavelength analysis of X-ray emission spectra using the electron microprobe 

was studied to measure the valence state of sulfur, but the beam damage is a problem [25]. Raman 

spectroscopy identified sulfide and sulfate in silicate glass, but the quantitative determination is a 

challenge [26]. 

As mentioned above, there is no method that determines sulfide and sulfate with commonly used 

equipment. The purpose of this study is to develop a new method that determines sulfide and sulfate 
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in soda lime silicate glass with commonly used equipment and confirm the accuracy and precision. In 

this study, we follow and improve hydrogen sulfide trap methods [18,19]. We propose a determination 

method that consists of the decomposition of a glass sample and separation and determination of 

sulfide and sulfate. For our proposed method, a ground glass sample is decomposed with hydrofluoric 

acid and hydrochloric acid in a decomposition vessel combined with a series of traps. Hydrofluoric 

acid dissolves silicon dioxide networks in glass. Hydrochloric acid dissolves the glass matrix elements. 

Sulfide in the sample volatilizes as hydrogen sulfide during decomposition because the decomposition 

solution is strongly acidic. A nitrogen stream is added to prevent the oxidation of sulfide during 

decomposition and to carry volatilized hydrogen sulfide to the series of traps that contain sodium 

hydroxide and hydrogen peroxide solution. The solution absorbs hydrogen sulfide. Volatilized and 

trapped sulfide is measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 

Sulfate remains in the decomposition vessel after decomposition. Sulfate is measured by ICP-AES 

after a volatilization process of hydrofluoric acid and hydrochloric acid via heating and a separation 

process using an alumina column [12]. The method can determine sulfide and sulfate with commonly 

used equipment in laboratories. The total sulfur is calculated as the sum of sulfide and sulfate. The 

developed method is applied to two glass reference materials. The determined total sulfur quantities 

in the reference materials are compared with certified sulfur values. The average valences of sulfur, 

calculated from the quantities of sulfide and sulfate determined, are compared with the average 

valences of sulfur measured by WD-XRF. As glass materials contain sulfide and sulfate[3,4], we 

validate the new method by showing that the sums of sulfide and sulfate match the certified values 

and that the average valences match the results of WD-XRF. 
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2.2 Experimental 

2.2.1 Glass materials 

Two standard reference soda lime silicate glass materials were used in the experiment: SRM 1831 

(National Institute of Standards and Technology, Gaithersburg, The United States of America) and 

SGT10 (Society of Glass Technology, Sheffield, United Kingdom). SRM 1831 and SGT10 represent 

clear and amber glass, respectively. Table 2-1 lists the certified mass fractions of the two glass 

reference materials. Values in parentheses indicate 95 % confidence intervals. All elements are listed 

in the form of oxides with the maximum valence of each element, regardless of the real valence, 

following the conventions for describing the composition of oxide glass. For example, iron (Fe) is 

contained in glass materials as ferrous (Fe2+) and ferric (Fe3+) but listed as Fe2O3. Sulfur (S) is 

contained in glass materials as sulfide (S2-) and sulfate (S6+) but listed as SO3. 

The glass samples were dried in an oven for 2 h at 110 °C after they were ground with a mortar and 

pestle and used for the determination of sulfide and sulfate. For valence analysis by WD-XRF, the 

surfaces of glass samples were mirror-polished using cerium oxide. Three polished glass samples of 

each of the two types of glass were prepared. 
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Table 2-1 Certified mass fractions of glass reference materials 

Certified mass fractions (mass%) 

 SRM 1831 (Clear) SGT10 (Amber) 

SiO2 73.08 (73.00-73.16) 72.7 (72.64-72.72) 

Al2O3 1.21 (1.17-1.25) 1.62 (1.587-1.644) 

Na2O 13.32 (13.27-13.37) 12.2 (12.17-12.23) 

K2O 0.33 (0.31-0.35) 0.35 (0.344-0.357) 

MgO 3.51 (3.46-3.56) 1.81 (1.807-1.820) 

CaO 8.20 (8.15-8.25) 10.7 (10.61-10.75) 

BaO - 0.02 (0.020-0.022) 

Fe2O3 0.087 (0.084-0.090) 0.33 (0.317-0.322) 

TiO2 0.019 (0.017-0.021) 0.097 (0.095-0.099) 

Cr2O3 - 0.02 (0.018-0.022) 

SO3 0.25 (0.240-0.260) 0.05 (0.043-0.058) 

 

2.2.2 Inorganic reference materials 

Four inorganic reference materials that contain a specific valence of sulfur were used as the standard 

materials for the WD-XRF measurement: S6+, strontium sulfate (FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan); S4+, potassium disulfite of special grade (Kanto Chemical Co., Inc., Tokyo, 

Japan); S2+, sodium thiosulfate pentahydrate of special grade (Kanto Chemical Co., Inc., Tokyo, 

Japan); and S2-, zinc sulfide of high purity grade (Sigma-Aldrich Japan, Tokyo, Japan). These reference 

materials were ground with a mortar and pestle and pressed to make pellets using aluminum rings. 
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2.2.3 Apparatus and instrumentation 

A polytetrafluoroethylene (PTFE) decomposition vessel was used to decompose the glass samples 

with reagents. A magnetic stirrer and a 40 × 7 mm2 stirring bar were used to stir the samples and 

reagents in the vessel. A 100 mL polypropylene separatory funnel with a stopcock was used to add 

reagents to the vessel. Three 30 mL polypropylene cups were used as trap containers. A 100 mL PTFE 

dish was used to volatilize hydrofluoric acid and hydrochloric acid as well as silicon oxide matrix in 

the glass decomposed solution. A 100 mL and a 50 mL volumetric flask were used. An alumina column, 

InterSep AL-N Al2O3 500 mg/2 mL (GL Sciences Inc., Tokyo, Japan), placed on a vacuum filtration 

kit (GL Sciences Inc., Tokyo, Japan) was used to separate the sulfur from glass matrix elements[12]. 

An inductively coupled plasma atomic emission spectrometer (SPS5520, Hitachi High-Tech 

Corporation, Tokyo, Japan) was used to determine the sulfur quantity. A wavelength-dispersive X-ray 

fluorescence spectrometer (ZSX100e, Rigaku Corporation, Tokyo, Japan) was used to measure S-Kα 

spectra. 

 

2.2.4 Reagents and chemicals 

Hydrofluoric acid (50 mass%), hydrochloric acid (36 mass%), perchloric acid (60 mass%), ammonia 

solution (25 mass%) of atomic absorption spectrometry grade (Kanto Chemical Co., Inc., Tokyo, 

Japan), hydrogen peroxide (30 mass%) and sodium hydroxide of special grade (Kanto Chemical Co., 

Inc., Tokyo, Japan) were used. The standard solution used for the ICP-AES analysis was sulfate ion 

standard solution (1 g SO4
2-/L) of ion chromatography grade (Kanto Chemical Co., Inc., Tokyo, Japan). 

Deionized water was degassed and used throughout the experiments. 
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2.2.5 Procedures 

2.2.5.1 Decomposition of glass materials and the separation of sulfide and sulfate  

Fig. 2-1 demonstrates the apparatus for the decomposition of glass samples to separate sulfide and 

sulfate. A 0.5 g aliquot of the ground glass sample was accurately weighed in a PTFE decomposition 

vessel and moistened with 1 mL of water. A mixture of 4 mL of 12 mol/L HF and 10 mL of 6 mol/L 

HCl was added to the polypropylene separatory funnel on the vessel. A mixture of 10 mL of 0.3 mol/L 

hydrogen peroxide and 0.025 mol/L sodium hydroxide was added to each of the three 30 mL 

polypropylene cups. 

To expel oxygen in the decomposition vessel, nitrogen gas was passed through at approximately 10 

mL per second for 5 minutes. A mixture of HF and HCl solution in the funnel was added to the 

decomposition vessel by twisting the stopcock and the three-way cock. Glass samples were 

decomposed with stirring for 90 minutes with nitrogen flow at approximately 10 mL per second. 

After decomposition, the solution in the trap cups was transferred to a 50 mL volumetric flask. A 

small amount of water was added to each of the cups and each of the flow channels to wash them, the 

water was transferred to the same 50 mL volumetric flask, and the solution was diluted to the mark of 

the flask with water. 

The decomposition vessel was opened, and 1 mL of 1 mol/L hydrogen peroxide was added to 

oxidize any sulfur components in the decomposed solution to sulfate. The solution in the vessel was 

transferred to a PTFE dish. A small amount of water was added to the vessel to wash it and transferred 

to the dish. After 5 mL of HClO4 was added to the dish, the dish was placed on a hot plate. It was 

heated until perchloric acid fumes were observed to volatilize hydrofluoric acid, hydrochloric acid, 

and silicon as silicon fluoride. After the dish had cooled, the decomposed solution in the dish was 

transferred to a 50 mL beaker. The solution was thereafter diluted to approximately 25 mL using 1.8 
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mol/L HClO4. Sulfur in the form of sulfate in the solution was separated using an alumina column 

[12]. 

 

 

Fig. 2-1 Components of the apparatus for decomposition and a trap. Glass materials are 

decomposed in the PTFE decomposition vessel with nitrogen flow. Sulfide in glass materials is 

volatilized as hydrogen sulfide and trapped by a mixture of hydrogen peroxide and sodium 

hydroxide in polypropylene cups. 

 

2.2.5.2 Sulfur determination and calculation of the average sulfur valence 

The quantities of sulfur present in the solution after separation with the alumina column and the 

solution collected from the trap cups were determined by ICP-AES. Table 2-2 lists the instrumental 

conditions of ICP-AES. The sulfide quantity and sulfate quantity in the glass material were calculated 

as sulfur trioxide following the conventions for describing the composition of oxide glass. The total 

sulfur quantity was calculated by adding sulfide quantity and sulfate quantity, written as sulfur trioxide. 

The average sulfur valences in glass materials were calculated by subtracting eight times the sulfide 
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quantity divided by the sum of sulfate and sulfide quantities from six as follows: 

 

The average sulfur valence = 6 − 8 ×  
S2− (as SO3 mass%)

S2− (as SO3 mass%) + S6+ (as SO3 mass%)
 ⋯ (2 − 1) 

 

Table 2-2 Instrumental conditions of ICP-AES 

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 S(Ⅰ): 180.669 nm 

 

2.2.5.3 Blank test procedure 

A blank test was conducted throughout the entire procedure consisting of the decomposition 

procedure, the separation procedure, and the determination procedure. The test was repeated four times 

to calculate the mean blank value and standard deviation. The limit of detection is defined as the mean 

blank value plus threefold standard deviations. The limit of quantification was defined as the mean 

blank value plus tenfold standard deviations. 

 

2.2.5.4 S-Kα spectra measurement and determination of the average sulfur valence procedure by 

WD-XRF 

S-Kα spectra were measured by the WD-XRF. The X-ray tube for primary excitation was a rhodium 

anode X-ray tube with input conditions of 30 kV and 120 mA and operated under vacuum conditions. 

S-Kα spectra were measured using a NaCl crystal with a fine slit and a gas flow proportional counter 
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with an argon-methane mixture. Spectra were scanned every 0.020 degrees with 1.5 s per scan from 

143.5 to 146.0 degrees (2-theta angle). The abscissa was changed from the 2-theta angle to the energy. 

The obtained spectra were deconvoluted into two Gaussian curves, which correspond to S-Kα1 and S-

Kα2. The peak with a higher energy value (S-Kα1) was used as the peak position. Each pellet was 

measured four times, and the mean of the peak energy value and the 95 % confidence intervals were 

calculated. 

 

2.3 Results and discussions 

2.3.1 Detection limit and quantification limit 

The mean blank value, detection limit, and quantification limit of sulfide trapped were 1.5, 2.5, and 

4.9 μg/g in sulfur trioxide form, respectively. The mean blank value, detection limit, and quantification 

limit of sulfate remaining in the decomposition vessel were 1.7, 2.4, and 3.8 μg/g in sulfur trioxide 

form, respectively. The limit of quantification of sulfide was lower than those in the studies performed 

by Nagashima et al. [17]and Yarita et al. [8], which were approximately 10 µg/g. Their limits of 

quantification of sulfate were not clear because the quantities of sulfate were calculated by subtracting 

the quantities of sulfide from the quantities of total sulfur. If we compare their lower limits of 

quantification of total sulfur, which were also approximately 10 μg/g, with our lower limit of 

quantification for sulfate, ours was lower than theirs. 

 

2.3.2 Determination of sulfide and sulfate in glass reference materials 

Table 2-3 lists the quantities of sulfide and sulfate in two glass reference materials in the form of 

sulfur trioxides. It also lists the average valence of sulfur in two glass reference materials determined 

by the method shown in sections 2.2.5.1 and 2.2.5.2. The method determined sulfide and sulfate. The 

quantity of sulfide and sulfate in SRM 1831 was under the detection limit and 0.247 ± 0.009 mass% 
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(average ± 95 % confidence intervals), respectively. The quantities of sulfide and sulfate in SGT10 

were 0.0480 ± 0.0002 and 0.020 ± 0.0002 mass%, respectively. The total sulfur quantities, which are 

the sum of sulfide and sulfate, were within the range of each of the certified values. 

The average valence of sulfur of SRM 1831 calculated from quantities of sulfide and sulfate was 

6.00, as sulfide was not detected. The average valence of sulfur in SGT10 calculated from the 

quantities of sulfide and sulfate was -1.68 ± 0.05. 
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Table 2-3 Quantities of sulfide, sulfate, and the total sulfur in glass reference materials in the 

form of sulfur trioxides and the average valences of sulfur determined by the decomposition and 

trap procedure 

  Sulfur value in SO3 form (mass%) Average valence 

of Sulfur   Sulfide Sulfate Total Sulfur 

SRM 1831 Certified Value - - 0.25 (0.24-0.26) - 

 N=1 n.d. 0.246 0.246 6.00 

 N=2 n.d. 0.246 0.246 6.00 

 N=3 n.d. 0.250 0.250 6.00 

 Avg. n.d. 0.247 0.247 6.00 

 standard deviation - 0.0021 0.0021 - 

 Relative standard deviation (%) - 0.85 0.85 - 

 95 % confidence intervals - 0.009 0.009 - 

SGT10 Certified Value - - 0.05 (0.043-0.058) - 

 N=1 0.0481 0.0019 0.0500 -1.70 

 N=2 0.0479 0.0021 0.0500 -1.66 

 N=3 0.0479 0.0021 0.0500 -1.66 

 N=4 0.0481 0.0018 0.0499 -1.71 

 Avg. 0.0480 0.0020 0.0500 -1.68 

 standard deviation 0.0002 0.0001 0.0005 0.024 

 Relative standard deviation (%) 0.3 5.8 0.1 1.4 

 95 % confidence intervals 0.0002 0.0002 0.001 0.05 
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2.3.3 Valence analysis of sulfur in glass reference materials by WD-XRF 

Fig. 2-2 shows normalized S-Kα X-ray emission spectra of four inorganic reference materials 

containing sulfur in different valences from -2 to 6. By increasing the sulfur valence, the peak energy 

of S-Kα increases. Fig. 2-3 presents a correlation between the specific valences of sulfur in inorganic 

reference materials and their S-Kα1 peak energies. A calibration curve with good linearity is obtained, 

and the correlation coefficient is 0.997. The standard errors of peak energies calculated from four 

measurements were all under 0.02 eV. The size of the points covers the error bars (vertical bars). From 

the calibration curve, the average sulfur valences of SRM 1831 and SGT10 were 5.9 ± 0.1 and -1.6 ± 

0.2 (average ± 95 % confidence intervals), respectively. 

 

 

Fig. 2-2 Normalized S-Kα X-ray emission spectra of strontium sulfate, potassium disulfite, 

sodium thiosulfate pentahydrate, and zinc sulfide 
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Fig. 2-3 Correlation between the specific valences of sulfur in inorganic reference materials and 

their S-Kα peak energies and the calibration curve measured by WD-XRF. The size of the points 

covers the 95 % confidence intervals. 

 

2.3.4 Comparison of the decomposition-separation method with WD-XRF for valence analysis 

Table 2-4 shows a comparison of the average sulfur valences of glass reference materials between 

the proposed decomposition and separation method and the WD-XRF. The average sulfur valences for 

the two glass reference materials using the proposed method are in good agreement with those 

measured by WD-XRF. 

The proposed method shows that the sums of sulfide and sulfate of two glass reference materials 

were within the certified values, and the average sulfur valences matched the results of WD-XRF. It 
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was validated to determine sulfide and sulfate in two glass reference materials. It determines sulfide 

and sulfate with commonly used equipment in laboratories. 

 

Table 2-4 Comparison of the average sulfur valences of glass reference materials between the 

proposed decomposition and separation method and the WD-XRF 

 

The proposed decomposition and separation method WD-XRF 

SRM 1831 6.00 5.9 ± 0.1 

SGT10 -1.68 ± 0.05 -1.6 ± 0.2 
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2.4 Conclusions 

A new determination method for sulfide and sulfate in soda lime silicate glass is investigated. The 

method separates and determines sulfide and sulfate. Glass samples are decomposed under nitrogen 

flow with hydrochloric acid and hydrofluoric acid in a decomposition vessel, which is combined with 

a series of three traps containing sodium hydroxide and hydrogen peroxide. Sulfide in the form of 

hydrogen sulfide volatilizes and is absorbed in the trap solution, while sulfate remains in the 

decomposition solution. Sulfide and sulfate are determined by ICP-AES. The method can be 

implemented in laboratories in glass production sites because it uses a commonly used apparatus and 

equipment. The method is tested on two glass reference materials and determines sulfide and sulfate 

with under 1 % relative standard deviations when the quantities are over 0.05 mass% in sulfur trioxide 

form. The quantification limits of sulfide and sulfate are under 5 µg/g in sulfur trioxide form. The 

quantities of total sulfur, which are calculated as the sums of sulfide and sulfate, are within the range 

of each certified value. The average sulfur valences for the two glass reference materials obtained by 

the method are in good agreement with those obtained by WD-XRF. The WD-XRF can be used as a 

routine analysis to measure average sulfur valences in glass materials and our developed method can 

be used as a validation method or for a standard creation. 
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3 Chapter3 

Speciation of Tin Ions in Oxide Glass Containing Iron Oxide 

through Solvent Extraction and Inductively Coupled Plasma 

Atomic Emission Spectrometry after the Decomposition 

Utilizing Ascorbic Acid 

 

3.1 Introduction 

Glass is a versatile material used in a wide variety of industries. 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-oxidation reactions. Determining the concentrations of Sn2+ 

and Sn4+ 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 performed daily in laboratories, and the common advantages of wet chemical analysis 

are better precision, lower detection limit, and lower cost[7]. However, a major drawback of wet 

chemical analysis of glass materials for valence speciation 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 potential energy of the following reactions: 

Sn4+  + 2e−  →  Sn2+  E0  =  +0.15 V (3-1) 

Fe3+  + e−  →  Fe2+  E0 =  +0.77 V (3-2) 

2Fe3+  + Sn2+  →  2Fe2+  + Sn4+ (3-3) 



57 

 

 

Industrial glass often contains Fe either due to a deliberate addition of Fe-containing raw materials, 

or as an unavoidable 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 reaction 

(Equation 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 Mössbauer spectroscopy[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, including 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 drawbacks 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 contain 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 concentrations of Sn2+ and Sn4+. 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 validate a novel wet chemical analysis method for Sn 
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speciation in glass containing iron oxide. The first challenge is to maintain the valence of Sn during 

wet analysis while preventing the redox reaction between Sn2+ and Fe3+. There are several possible 

approaches: a kinetic approach that slows down the redox reaction and virtually eliminates the 

reaction[24], masking Fe3+ [25], and expelling Fe3+ from the system[26] before causing the redox 

reaction. In this study, we added a reducing agent to reduce Fe3+, thereby preventing the redox reaction 

between Sn2+ and Fe3+. The selected reducing agent was ascorbic acid (C6H8O6), a well-known 

reducing agent for Fe3+ (Equations 4 and 5). The redox reaction between ascorbic acid and Fe3+ occurs 

readily at pH 1.5 or lower and ascorbic acid does not cause any redox reaction with Sn[27]. 

C6H8O6  →  C6H6O6  + 2H+ + 2e−  E0  =  +0.13 V (3-4) 

2Fe3+  + C6H8O6  →  2Fe2+  + C6H6O6  + 2H+ (3-5) 

The second challenge is to separately measure the concentration of each valence of Sn, namely Sn2+ 

and Sn4+. Several possible approaches exist: coloring either ion and subsequently measuring the 

concentration by using a colorimetric method[8,9]; separating either ion by using a volatilization 

separation method and measuring the concentration[10]; separating each ion by using a solvent 

extraction method. A solvent extraction method utilizing diethyldithiocarbamate (DDTC) was used 

since it selectively extracts Sn2+ 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 decompose the glass samples, prevent the redox 

reaction between Sn2+ and Fe3+ and separate Sn2+ and Sn4+ 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 Sn4+ and total Sn in the liquid phase. Sn2+ was calculated by 

subtracting Sn4+ from the total Sn concentration. The proposed method was validated by comparing 

the average concentration of Sn valences obtained by Mössbauer spectroscopy for the prepared soda 
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lime silicate glass materials doped with tin oxide and iron oxide. 

 

3.2 Experimental 

3.2.1 Material Preparation 

The glass studied had the following standard soda lime silicate glass mass% composition: 16.5Na2O･

9.4CaO･74.1SiO2. They were produced by melting from raw materials of Na2CO3, CaCO3, and SiO2 

and doped with 0.5 mass% SnO2, 0-0.05 mass% Fe2O3, and 0-0.5 mass% carbon, as a reducing reagent, 

using a platinum crucible at 1500 °C. Table 3-1 lists the sample names and dopant concentrations used. 

The samples 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 Fe3+. Table 3-2 lists the certified compositions. The concentration of Fe3+ in SRM 1830 

was calculated from the certified composition of total Fe and Fe2+. 

 

Table 3-1 Sample names and the concentrations of dopants used given in mass% 

Sample name SLS-M01 SLS-M02 SLS-M03 SLS-M04 

SnO2 0.50 0.50 0.50 0.50 

Fe2O3 - 0.05 - 0.05 

C - - 0.50 0.50 
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Table 3-2 Certified compositions of the glass reference material (SRM 1830) given in mass%. 

Values after the plus-minus sign indicate 95% confidence intervals 

 SRM 1830 

SiO2 73.07 ± 0.04 

Na2O 13.75 ± 0.06 

CaO 8.56 ± 0.06 

MgO 3.90 ± 0.04 

Al2O3 0.12 ± 0.02 

K2O 0.04 ± 0.01 

SO3 0.26 ± 0.01 

Fe2O3(total) 0.121 ± 0.003 

FeO 0.032 ± 0.004 

TiO2 0.011 ± 0.001 

 

3.2.2 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 vessel was used to decompose the glass samples with 

reagents. A magnetic stirrer and a 40 × 7 mm2 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 Sn2+ 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 μm pore (Toyo Roshi Kaisya, Ltd., Tokyo, Japan) were 
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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 

determine the Sn concentration. 

 

3.2.3 Reagents and chemicals 

Hydrofluoric acid (HF, 50 mass%), hydrochloric acid (HCl, 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 chromatography grade (Kanto Chemical Co., Inc., Tokyo, Japan) were used. Deionized water was 

degassed and used. 

 

3.2.4 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, operated under vacuum conditions. The measurement area 

was 30mmφ. The SnO2 concentrations of samples were determined by chemical analysis, as was done 

for the total Sn in this study. Details were presented in the next two sections. 

 

3.2.5 Sn Speciation procedure 

3.2.5.1 Decomposition of glass samples and the separation of Sn2+ 

Fig. 3-1 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 HCl was added to the 
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polypropylene separatory funnel on the vessel, which 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 decomposition 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 HCl solution was added to the 

decomposition vessel 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 

decomposition, nitrogen gas was passed through the boric acid solution 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 HBF4[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 

Sn2+ in solution A into the organic phase. This procedure was performed 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. 
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Fig. 3-1 Schematic representation of the experimental setup for decomposition 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 

polypropylene cup filled with water. 
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3.2.5.2 Determination of Sn 

The concentrations of Sn present in solutions A and B, which contain total Sn and Sn4+, respectively, 

were determined by ICP-AES. Table 3-3 lists the measurement conditions of ICP-AES. The 

concentrations of total Sn, Sn4+, and Sn2+ in the glass samples were calculated as follows: 

In mass% 

Total Sn (as SnO2 mass%) =  
Sn in solution A (

μg
mL) ×  50 (mL)

Sample weight (mg)
 × 10−1  × 1.2696 (3-6) 

Sn4+(as SnO2 mass%) =  
Sn in solution B (

μg
mL) ×  50 (mL)

Sample weight (mg)
 × 10−1  × 1.2696 (3-7) 

 

Sn2+(as SnO2 mass%) =  Total Sn (as SnO2 mass%) − Sn4+(as SnO2 mass%) (3-8) 

 

In mmol/g 

Total Sn (as Sn
mmol

g
) =  

Sn in solution A (
μg
mL) ×  50 (mL)

Sample weight (mg)
 × 102  ÷ 118.71 (

g

mol
) (3-9) 

Sn4+ (as Sn
mmol

g
) =  

Sn in solution B (
μg
mL) ×  50 (mL)

Sample weight (mg)
 × 102  ÷ 118.71 (

g

mol
) (3-10) 

Sn2+ (as Sn
mmol

g
) =  Total Sn (as Sn

mmol

g
) − Sn4+ (as Sn

mmol

g
) (3-11) 
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The concentrations were calculated as SnO2 mass% following the conventions for describing the 

composition of oxide glass, and as Sn mmol/g to calculate the redox reaction between Sn2+ and Fe3+. 

Equations 6 and 7 show the conversion factor, 1.2696, from Sn to SnO2. 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, 

indicating the degree of reduction, as follows: 

Sn redox (%) =  
Sn2+(as SnO2 mass%)

Total Sn (as SnO2 mass%)
 ×  100 =  

Sn2+ (as Sn
mmol

g
)

Total Sn (as Sn
mmol

g
)

 ×  100 (3-12) 

 

Table 3-3 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 

 

3.2.5.3 Blank test 

A blank test was conducted throughout the entire procedure, consisting of the decomposition, 

separation, and determination procedures. The test was repeated four times to calculate the mean blank 

value and the standard deviation (σ). The limit of detection was defined as the mean blank value plus 

3σ. The limit of quantification was defined as the mean blank value plus 10σ. 
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3.2.6 Validation of the method 

3.2.6.1 The effect of Fe3+ 

To validate the proposed method, the effect of Fe3+ on the proposed method was also investigated. A 

30 mg aliquot of ground SRM 1830 was added before 30 mg of SLS-M03 was decomposed to confirm 

the effect of Fe3+ in SRM 1830 on the obtained Sn redox value. Because SRM 1830 contains Fe3+, if 

the redox reaction between Fe3+ in SRM 1830 and Sn2+ in SLS-M03 occurs (Equation 3-3), the 

obtained Sn redox value decreases as compared to that of SLS-M03. If the proposed method can 

prevent the redox reaction (Equation 3-3), the obtained Sn redox value would be the same as that of 

SLS-M03. The test was repeated twice (n = 2). 

Various amounts of Fe3+ (0.12 mol% HCl solution), ranging from 0.42 to 8.4 μmol, were added before 

30 mg SLS-M03 was decomposed. Ascorbic acid was not added to the iron containing solution, 

preventing Fe3+ to be reduced to Fe2+, to confirm the effect of Fe3+. Other conditions were kept the 

same as those described in Section 3.2.5.1. 

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

The effects of addition of ascorbic acid, and the deoxidizing process were tested using sample SLS-

M04. The tests were performed with and without the addition of ascorbic acid, each scenario tested in 

combination with and without the deoxidizing process. Other conditions were kept the same as those 

described in Section 3.2.5.1. 

 

3.2.7 Mössbauer spectroscopy measurement 

The valence states of Sn in the glass samples were measured by 119Sn spectroscopy using standard 

transmission geometry. Gamma rays (γ-rays) emitted from Ca119mSnO3 were used. The Doppler 

velocity range of the source was ±8 mm/s. The velocity scale was calibrated using a 57CoRh source 

and a standard α-Fe foil absorber. The velocity 0 mm/s criterion was set to the peak position of the 
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CaSnO3 (Sn4+) standard material. A Pd 50 μm foil was used as a filter to cut the interfering Sn-Kα X-

rays emitted from the Sn source. A NaI scintillation counter was used for γ-ray detection. The source 

activity was 444–416 MBq (12.0–11.2 mCi). The 119Sn Mössbauer spectra at room temperature were 

measured for all glass samples in plate form. The Mössbauer spectra of 119Sn of a sample material 

doped with 0.5 mass% SnO2 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 oxidized atmosphere samples (SLS-M01, SLS-M02), the spectra were 

deconvoluted using one set of quadrupole-split doublet corresponding to Sn4+, and one set of 

quadrupole-split doublet corresponding to Sn2+. For the reduced atmosphere samples (SLS-M03, SLS-

M04), the spectra were deconvoluted using one set of quadrupole-split doublet corresponding to Sn4+ 

and two sets of quadrupole-split doublet corresponding to Sn2+. The Debye temperature of the Sn2+ 

and Sn4+ 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% SnO2 and 0.5 mass% carbon, by applying the high-temperature approximation formula of 

the Debye model: 

ln𝑓 =  − 
6𝐸𝑅

𝑘𝐵𝜃𝐷
2  × 𝑇 (3-13) 

𝐸𝑅 =  
𝐸𝛾

2

2𝑀𝑐2
(3-14) 

𝐴 =  const × 𝑓 (3-15) 

 

Here, f represents the recoilless fraction, θD is the Debye temperature of the Mössbauer ion, ER is the 

recoil energy, kB is the Boltzmann constant, T is the measurement temperature, Eγ is the energy of 

Mössbauer γ-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% SnO2 and 0.5 mass% carbon is the same for all samples, 
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the integral absorption intensities obtained for each sample at room temperature were corrected by the 

recoilless fraction to obtain the atomic presence ratios of Sn2+ and Sn4+. 

 

3.3 Results and discussions 

3.3.1 Sample composition 

Table 3-4 lists composition of each sample determined by XRF and chemical analysis. The 

compositions were close to the target values except for SnO2. In all the samples, the concentrations of 

total Sn were lower than the doped concentrations (0.5 mass%). It is highly possible that Sn volatilized 

as SnO during melting. A small amount of Al2O3 was found as a result of impurities from the raw 

materials or the experimental environment. 

 

Table 3-4 Composition of each glass sample measured by XRF and chemical analysis (given in 

mass%). 

 SLS-M01 SLS-M02 SLS-M03 SLS-M04 

SiO2 73.6 73.6 73.6 73.6 

Al2O3 0.10 0.11 0.13 0.12 

Na2O 16.4 16.4 16.4 16.4 

CaO 9.33 9.31 9.33 9.33 

SnO2 0.40 0.40 0.33 0.34 

Fe2O3 0.02 0.06 0.02 0.07 

 

3.3.2 Detection limit and quantification limit of the proposed method 

The mean blank value, detection limit, and quantification limit of the three Sn valences are the 

following: for Sn4+, <0.0001, <0.0001, and 0.004 mass%; for total Sn, <0.0001, 0.001, and 0.003 
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mass%; for Sn2+, 0.001, 0.002, and 0.004 mass%.  

 

3.3.3 Determination of Sn2+ and Sn4+ in glass samples by the proposed method 

Table 3-5 lists the concentrations of total Sn, Sn4+, and Sn2+ in glass samples in the form of tin 

dioxides. It also lists the Sn redox, indicating the degree of reduction as the ratio of Sn2+ to total Sn. 

The repeatability of n = 3 was good. The Sn redox values of SLS-M03 and SLS04 were higher than 

those of SLS-M01 and SLS-M02, reflecting the melting conditions. SLS-M03 and SLS-M04 were 

produced by melting with carbon; on the other hand, SLS-M01 and SLS-M02 were produced by 

melting without carbon. Table 3-6 lists the average concentrations of total Sn, Sn4+ and Sn2+ in glass 

samples in form of mmol/g as well. 

It took approximately 1 h to complete the decomposition and separation of one sample. This method 

can analyze up to 6-8 samples per day. More samples can be treated by increasing the number of 

apparatus. It took approximately 1 h to determine the Sn content of samples using ICP-AES. Since the 

solutions were stable for a couple of days, samples can be stored, and ICP-AES analysis can be 

conducted at a later stage. 
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Table 3-5 Concentrations of total Sn, Sn4+ and Sn2+ in the glass samples given in mass% of tin 

dioxides, as well as the calculated Sn redox. 

  
Total Sn (as 

SnO2 mass%) 

Sn4+ (as SnO2 

mass%) 

Sn2+ (as SnO2 

mass%) 

Sn redox (%) 

SLS-M01 

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 0.416 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 0.341 0.086 0.255 75 

Avg. 0.339 0.083 0.256 76 
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Table 3-6 Concentrations of total Sn, Sn4+, and Sn2+ in the glass samples given in mmol/g. 

 
Total Sn 

(mmol/g) 

Sn4+ 

(mmol/g) 

Sn2+ 

mmol/g 

SLS-M01 2.66 2.40 0.26 

SLS-M02 2.67 2.52 0.15 

SLS-M03 2.21 0.58 1.63 

SLS-M04 2.25 0.55 1.70 

 

3.3.4 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 Fe3+ in SRM 1830, calculated from the certified values of total Fe and Fe2+, was 

1.07 mmol/g. The concentration of total Sn and Sn2+ in SLS-M03 was 2.21 and 1.63 mmol/g, 

respectively. Thus, the Sn redox should decrease by 24 % if the redox reaction between Fe3+ in SRM 

1830 and Sn2+ in SLS-M03 occurs (Equation 3-3). The resulting Sn redox of SLS-M03 decomposed 

with SRM 1830, which is equal to the Sn redox of SLS-M03, as shown in Table 3-5, indicating that 

the proposed method fully prevented the redox reaction between Sn2+ and Fe3+ during decomposition. 

The ascorbic acid completely reduced Fe3+ in SRM 1830. This is because the reaction between 

ascorbic acid and Fe3+ occurs readily[27]. 

Table 3-7 shows the Sn redox of SLS-M03 solution with added Fe3+ with and without the addition of 

ascorbic acid. It also shows the Sn redox with the standard condition in Table 3-5 as reference. When 

Fe3+ was added without the addition of ascorbic acid, the Sn redox decreased. This indicates that the 

reaction of Equation 3-3 occurred during decomposition, as expected. Conversely, the Sn redox did 

not decrease quantitatively with respect to the amount of Fe3+ added. It is highly possible that the 

reaction rate of Equation 3-3 is relatively slow and does not proceed to completion during the reaction 
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time of this experimental condition. 

 

Table 3-7 Sn redox of SLS-M03 with Fe3+ added in various amounts. 

Addition of ascorbic acid yes no no no no no 

Fe3+(μmol) 0 0 0.42 0.84 1.68 8.42 

Fe3+ mol ratio to Sn2+ 0 0 1 2 4 20 

Sn Redox of SLS-M03(%) 75* 68 55 56 50 <2 

*Standard condition 

 

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

Table 3-8 shows the Sn redox of SLS M-04 with and without the addition of ascorbic acid, with and 

without the deoxidizing process. It also shows the Sn redox with the standard condition in Table 3-5 

as reference. Under the conditions where ascorbic acid was added, and the deoxidizing process was 

not employed, the Sn redox was lower than the standard condition. It is considered that the dissolved 

oxygen in the solution caused the oxidation of Sn2+. From the above results, it was found that ascorbic 

acid acts as a reducing agent for Fe3+, counteracts the redox reaction between Fe3+ and Sn2+, and 

prevents the oxidation of Sn2+ by dissolved oxygen. 
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Table 3-8 Sn redox of SLS M-04 calculated with and without the addition of ascorbic acid, with 

and without degassing/N2 purging. 

Addition of ascorbic acid yes yes no no 

Addition of the deoxidizing process yes no yes no 

Sn redox of SLS M-04(%) 75* 60 63 44 

*Standard condition 

 

3.3.6 Valence analysis result by Mössbauer spectroscopy 

Table 3-9 lists the Sn redox measured by Mössbauer spectroscopy corrected with the recoilless 

fractions at room temperature (300 K). The Mössbauer spectra of the glass samples at room 

temperature (300 K) is shown in Fig. 3-2. 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 Sn4+ and that at ~ 

2.8 mm/s to Sn2+, according to previous reports[34–36]. The spectra of SLS-M03 and SLS04, where 

0.5 mass% carbon was added, show obvious Sn2+ peaks. Because the peaks of the two sets of Sn2+ 

doublets were connected continuously, it was difficult to deconvolute uniquely. However, it was 

confirmed that the total Sn2+ ratio did not depend on the deconvolution method. The Mössbauer spectra 

of SLS-M03 at several temperatures is shown in Fig. 3-3. The lower the measurement temperature, 

the larger is the Sn2+ peak. Fig. 3-4 shows the relationship between the logarithm of the integrated 

absorption intensity of the Mössbauer spectra of Sn2+ and Sn4+ of SLS-M03 and the measurement 

temperatures. The calculated Debye temperatures were 185 and 266 K for Sn2+ and Sn4+, respectively. 

These results are in good agreement with those of previously researched soda lime silicate glass[16,17]. 

The recoilless fractions for Sn2+ and Sn4+ of SLS-M03 at each temperature calculated from the Debye 

temperature are listed in Table 3-10.  



74 

 

Table 3-9 Sn redox measured by Mössbauer spectroscopy corrected with the recoilless fraction 

at room temperature (300 K). 

 Sn Redox (%) 

SLS-M01 11 

SLS-M02 5.2 

SLS-M03 73 

SLS-M04 77 
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Fig. 3-2 Mössbauer spectra of glass samples with standard soda lime silicate glass mass% 

composition 16.5Na2O･9.4CaO･74.1SiO2, doped with 0.5 mass% SnO2 at room temperature 

(300K). Red line shows the fitting result of the measurement result (black circles). Green line 

shows the fitting result of Sn4+. Blue and light blue lines show the fitting results of Sn2+. Because 

the peaks of the two sets of Sn2+ doublets of SLS-M03 and SLS-M04 are connected continuously, 

it is difficult to deconvolute them uniquely, as discussed in the text. 
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Fig. 3-3 Mössbauer spectra of SLS-M03 at several temperatures, with standard soda lime silicate 

glass mass% composition 16.5Na2O･9.4CaO･74.1SiO2, doped with 0.5 mass% SnO2 and 0.5 

mass% carbon. Red line shows the fitting result of the measurement result (black circles). Green 

line shows the fitting result of Sn4+. Blue and light blue lines show the fitting results of Sn2+. 

Because the peaks of the two sets of Sn2+ doublets are connected continuously, it is difficult to 

deconvolute them uniquely, as discussed in the text. 
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Fig. 3-4 Relationship between the measurement temperature and the integrated absorption 

intensity of Mössbauer spectra of Sn2+ and Sn4+ of SLS-M03 shown on a logarithmic scale. 
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Table 3-10 Recoilless fraction (f) for Sn2+ and Sn4+ of SLS-M03 at each measurement 

temperature as calculated from the Debye temperatures. 

T(K) 

Recoilless fraction (f) 

Sn2+ Sn4+ 

300 0.21 0.47 

200 0.35 0.60 

100 0.59 0.78 

78 0.67 0.82 

 

3.3.7 Comparison of the results of the proposed method with Mössbauer spectroscopy 

Fig. 3-5 shows a comparison of the Sn redox obtained through Mössbauer spectroscopy and the 

proposed method. The error bar of the x-axis is 2 % for Mössbauer spectroscopy, and the error bar of 

the y-axis is 1 σ for the proposed method. The results were in good agreement, including the results 

of the samples containing iron oxide. This confirms that the proposed method determines the Sn redox 

accurately. 
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Fig. 3-5 Comparison of the Sn redox obtained by Mössbauer spectroscopy and the proposed 

method. The values measured by Mössbauer spectroscopy were corrected with the recoilless 

fractions at room temperature (300 K). 
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3.4 Conclusions 

The present study investigates a novel wet chemical analysis method for determining the 

concentrations of trace total Sn and Sn4+ in oxide glass materials containing iron oxide. The method 

entails decomposing a glass sample, separating, and determining Sn4+ and total Sn concentrations. 

Sn2+ was calculated using total Sn and Sn4+. The ratio of Sn2+ 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 reducing 

agent for Fe3+. Additionally, ascorbic acid inhibited the oxidation of Sn2+ by dissolved oxygen. Sn2+ 

was separated from the glass-decomposed solution into the organic phase as a diethyldithiocarbamate 

complex. ICP-AES was used to determine the concentrations of Sn4+ and total Sn. As sample materials, 

soda lime silicate glasses were doped with tin oxide and iron oxide. The Sn redox were compared to 

those obtained using Mössbauer 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. 
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4 Chapter4 

Speciation Analysis of Tin at the Tin Side of Float Glass by 

Solvent Extraction Combined with a Stepwise Etching 

Technique 

 

4.1 Introduction 

The float method is a mass-production technique used to form plate-shaped glass. In this method, 

molten glass is suspended over molten tin in a reducing atmosphere under a N2/H2 gas flow[1]. In 

addition to conventional soda lime silicate glass[1], high-quality glass, such as borosilicate glass[2], 

flat panel display glass[3], light guide plate glass[4], and glass for chemical strengthening,[5] is 

manufactured using this method. It is known that molten tin penetrates the glass surface that is in 

contact with the molten tin at the glass-tin interface (referred to as the tin side)[6], and this surface 

exhibits different properties from those of the glass-air interface (referred to as the atmosphere side)[7–

12]. Achieving a high-quality glass surface requires a detailed understanding of the reaction between 

the glass surface and the molten tin. Previous studies have shown that tin that has penetrated the tin 

side reacts with polyvalent elements in the glass and exhibits a complex concentration and redox 

profile[6,13–16]. These profiles were explained using a diffusion-reaction model, as follows[8,10,13–

15,17]: 

a) When the glass melt enters the float chamber, atmospheric hydrogen passing through the molten tin 

penetrates the tin side [13], and Fe3+ and S6+ in the surface layer of the tin side are reduced to Fe2+ and 

S2-. Accordingly, a reduced layer with no Fe3+ or S6+ ions was formed on the surface of the tin side. 

Sn2+ that can penetrate the tin side can be generated in two ways: by oxidation of molten tin (Sn0) by 

a small amount of residual oxygen in the float chamber[13], or by the redox reaction between molten 

tin (Sn0) and Fe3+on the glass surface[10,15]. These Sn2+ ions penetrate the surface layer of the tin side 
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through an ion-exchange reaction between Sn2+ and two Na+ ions or Fe2+.  

b) The Sn2+ that penetrates the surface of the tin side can diffuse deeper into the glass melt as a result 

of ion-exchange reaction[10,13,14,17]. Accordingly, the tin penetration exhibits a diffusion profile 

associated with the diffusion coefficient of Sn2+. 

c) Sn2+ that diffuses into the glass melt is oxidized to Sn4+ by redox reactions with Fe3+[13–18] or 

S6+[16] in deeper parts of the melt. Sn4+ then diffuses in accordance with its diffusion coefficient, 

which is smaller than that of Sn2+[8]. Consequently, the reduced layer exhibits the diffusion profile of 

Sn2+ because of the absence of Sn4+ ions, whereas the deeper region shows a penetration profile 

corresponding to the diffusion coefficient of Sn4+. 

d) The total Sn concentration profile shows the convolution of the Sn2+ and Sn4+ profiles, which are 

identified as a satellite peak (“tin hump”) at the interface of the reduced layer and the deeper region. 

Therefore, not only the total Sn concentration profile from the tin side but also the Sn redox profile of 

the glass surface is important. 

The total Sn concentration profiles on the tin side have been studied using many conventional 

methods, such as electron probe microanalysis (EPMA)[6,10,16,19,20], X-ray fluorescence (XRF) 

analysis[18], secondary-ion mass spectrometry (SIMS)[13], X-ray photoelectron spectroscopy 

(XPS)[8,19,21], and Rutherford backscattering spectroscopy (RBS)[10,22]. 

Similarly, the Sn redox profile on the tin side has been studied, using transmission Mössbauer 

spectroscopy (TMS)[19,20,23], conversion-electron Mössbauer spectroscopy 

(CEMS)[10,14,15,17,20,24], and X-ray absorption fine structure (XAFS) using synchrotron 

radiation[16].  

However, these methods for determining the Sn redox profile have some problems: they may be 

less quantitative, and involve restrictions on the use of equipment and facilities. In addition, techniques 

such as Mössbauer spectroscopy require a radiation-controlled area and accurate measurement of the 
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Debye temperature of each target ion to quantitatively determine the Sn redox. Multiple measurements 

must be carried out at different temperatures to accurately determine the Debye temperature, which in 

turn will lead to a long analysis time. Williams et al.[20] pointed out that the Debye temperature of 

Sn4+ on the outermost surface of the tin side of float glass differs from that of Sn4+ inside the glass. 

This indicated that the Debye temperature must be measured at each depth, which is virtually 

impossible. Additionally, the depth resolution of Mössbauer spectroscopy is not high. The highest 

depth resolution, 2 µm, is achieved using CEMS [20,25].  

Flank et al.[16] showed an alternative method of depth profiling using XAFS, but this was not 

quantitative, and the outermost part of the sample was not clear because of the glue used in the sample 

preparation. However, the depth resolution was 1 µm, which is the best to date. 

Therefore, a method that quantitatively determines the Sn redox profile of float glass using equipment 

commonly used in laboratories is required. The wet chemical analysis method is suitable for this 

purpose because it can be performed daily in the laboratory with relatively high precision, low 

detection limits, and low costs. It can also achieve fine depth resolution when combined with an 

etching technique. This study proposes and demonstrates a novel wet chemical analysis method for 

determining the Sn redox profile from the tin side of the float glass.  

The challenges of wet chemical analysis include maintaining the balance of the target ions (Sn2+ and 

Sn4+), separately identifying their concentrations, and determining their depth profiles. Regarding the 

first and second challenges, we have already established a method to determine the concentration of 

Sn2+ and Sn4+ in a bulk glass that contains Fe2O3[26]. In this method, a mixture of ascorbic acid, 

hydrochloric acid, and hydrofluoric acid was used to decompose the ground glass sample in a vessel 

with nitrogen flow. The ascorbic acid reduced Fe3+, thus preventing the redox reaction between Fe3+ 

and Sn2+ in the etchant[26]. After etching, the HF in the etchant was masked with boric acid to ensure 

safety[27,28]. The etchant was sampled and Sn2+ in the etchant was extracted as a 



89 

 

diethyldithiocarbamate complex[29]. Inductively coupled plasma atomic emission spectroscopy was 

used to determine the concentrations of Sn4+ and total Sn in the aqueous phase, from which the 

concentration of Sn2+ can be calculated. However, it is a challenge to precisely determine the Sn redox 

depth profile from the tin side of the float glass as this method was used for bulk glass analysis. To 

overcome the challenge, in this paper, we propose a new method that combines the tin speciation 

method[26] and a stepwise etching technique that was previously used to determine the concentrations 

of ferrous and total iron on the atmosphere-side surface of float glass[30]. This etching technique was 

conducted with CYTOP® masking, a thermoplastic perfluoropolymer that had water-repellency and 

resistance to the etchant, to etch a selected surface of glass. In our proposed method, the tin side of a 

float glass was etched stepwise under nitrogen flow with a hydrofluoric acid (HF) etchant containing 

ascorbic acid. The depth profiles of Sn4+ and total Sn in the surface region of the tin side were precisely 

determined utilizing the previous method[26], and the profiles of Sn2+ and Sn redox were calculated. 

Below, we compare and discuss the profiles of each valence of Sn and Sn redox with those in previous 

studies. 

 

4.2 Experimental 

4.2.1 Glass materials 

Commercial soda lime silicate glass of 3.2 mm thickness produced by AGC Inc. using a float process 

was used. Its approximate composition is 71SiO2–13Na2O–9CaO–5MgO–2Al2O3 (mass%). As minor 

components, it contains 0.5 mass% Fe2O3 and 0.2 mass% SO3. Its density is 2.50 g/cm3. 

 

4.2.2 Apparatus and instrumentation 

An ultrasonic cleaner (VS-100III; AS ONE, Osaka, Japan) was used at a frequency of 28 kHz for the 

etching. A 10 mL syringe (Terumo Corporation, Tokyo, Japan) and a syringe filter with a 0.45 μm pore 
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(Toyo Roshi Kaisya, Ltd., Tokyo, Japan) were used to transfer the sample solutions and remove any 

unexpected solids. A 100 mL glass separatory funnel was used to extract Sn2+ into the organic phase. 

A polyimide tape (Kapton® film adhesive tape 650S #50, TERAOKA, Tokyo, Japan) was used to 

mask the glass. An inductively coupled plasma atomic emission spectrometer (SPS5520, Hitachi High-

Tech Corporation, Tokyo, Japan) was used to determine Sn and Si concentrations. 

 

4.2.3 Reagents and chemicals 

Hydrofluoric acid (50 mass%) and hydrochloric acid (36 mass%), both of atomic absorption 

spectrometry grade, boric acid, ascorbic acid, and mixed xylene, all of special grade, and standard 

solutions of Sn and Si (1 g/L) of ion-chromatography grade were obtained from Kanto Chemical Co., 

Inc., Tokyo, Japan. Diethylammonium diethyldithiocarbamate of Wako 1st grade was obtained from 

FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan. CYTOP® solution from CTL-809M, 

AGC Inc., Tokyo, Japan was used to mask the glass. Deionized water was degassed before use. 

 

4.2.4 Procedures 

4.2.4.1 Etching procedure 

The glass was cut into pieces of size 4×4 cm2. Surfaces other than the tin side were coated with 

CYTOP® in accordance with a previous study[30]. Fig. 4-1 shows a schematic representation of the 

experimental setup used for etching the glass sample. The sample was placed in a polyethylene bag 

and 1 mL of 5 mass% ascorbic acid and 10 mL of a mixture of HF (1.4 mol/L) and HCl (0.12 mol/L), 

referred to as the etchant, was added. The polyethylene bag containing the sample and etchant was 

placed in a glass beaker filled with tap water. A glass bell with nitrogen flowing through it was used 

to maintain an inert atmosphere so as to prevent oxidation of Sn2+. The etching procedure was 

performed using ultrasonication at 28 kHz for 2–4 min depending on the required etching depth. 
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Fig. 4-1 Schematic representation of the experimental setup for etching of the glass sample. The 

sample is etched in the polyethylene bag with ultrasonication at 28 kHz under nitrogen flow. 

 

4.2.4.2 Separation of Sn2+ 

After etching, the glass bell was removed and the etchant in the polythene bag was transferred to a 

30 mL polypropylene cup. Boric acid solution (5 mL, 4 mass%) was added to the polyethylene bag to 

wash the sample surface and mask the hydrofluoric acid[27,28], and the washings were transferred to 

the same polypropylene cup. This washing procedure was repeated twice, and performed quickly to 

prevent oxidation of the Sn2+. The sample solution in the cup was mixed thoroughly and diluted to the 

mark of 30 mL with water. This solution was named “solution A.” Two approximately 10 mL samples 

of of solution A were taken, using a syringe, and the 20 mL of solution A was transferred with a syringe 

into a 100 mL glass separatory funnel containing 5 mL of xylene containing 0.1 mass% 
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diethylammonium diethyldithiocarbamate. A syringe filter was used to remove any unexpected solids. 

The funnel was shaken for 1 min to extract Sn2+ from solution A into the organic phase. The extraction 

procedure was repeated twice. The water phase in the funnel was sampled and this solution was named 

“solution B.” 

 

4.2.4.3 Determination of Sn and Si 

The concentrations of Sn present in solutions A and B, which contain total Sn and Sn4+, respectively, 

and the concentration of Si present in solution A were determined by ICP-AES. Table 1 lists the 

measurement conditions. 

 

Table 1 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 

Si(Ⅰ) : 251.612 nm 

 

4.2.4.4 Calculation of the etching depth and Sn concentration 

The etching depth was calculated using the Si concentration determined using Equation 1. In a 

previous study, it was confirmed[30] that the calculated depth agreed well with the depth measured 

using a stylus surface profiler. The concentrations of total Sn, Sn4+, and Sn2+ at each depth were 

calculated using Equations 2, 3, and 4, respectively. The concentrations were calculated as SnO2 
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mass% following the conventions for describing the composition of oxide glass. The factor 2.14 in 

Equation 4-1 represents the conversion factor from Si to SiO2. Similarly, the factor 1.27 in Equations 

4-2 and 4-3 is the conversion factor from Sn to SnO2. In this study, the ratio of Sn2+ to total Sn is 

defined as Sn redox, and indicates the degree of reduction, as shown in Equation 4-5. 

 

Etching depth (μm)  =  
Si in solution A (

μg
mL

)  × 30 (mL)  × 2.14

Area of sample (cm2)  ×  2.50 (
g

cm3) ×  71 (SiO2 mass%)
(4-1) 

Total Sn (as SnO2 mass%)  =
Sn in solution A (

μg
mL

) ×  30 (mL)  × 1.27

Area of sample (cm2)  ×  2.50 (
g

cm3) ×  Etching depth (μm)
(4-2) 

Sn4+ (as SnO2 mass%)  =
Sn in solution B (

μg
mL

) ×  30 (mL)  × 1.27

Area of sample (cm2)  ×  2.50 (
g

cm3)  ×  Etching depth (μm)
(4-3) 

Sn2+ (as SnO2 mass%)  = Total Sn (as SnO2 mass%) − Sn4+ (as SnO2 mass%) (4-4) 

Sn redox (%)  =  
Sn2+ (as SnO2 mass%)

Total Sn (as SnO2 mass%)
× 100 (4-5) 

 

4.2.4.5 Blank test 

A blank test was performed throughout the entire procedure comprising etching, separation, and 

determination. The test was repeated four times to determine the mean blank values and their standard 

deviations (σ). The limit of quantification was defined as the mean blank value plus 10σ. 
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4.3 Results 

Fig. 4-2 shows (a) the concentration of total Sn, Sn2+, and Sn4+, and (b) Sn redox, as a function of the 

depth from the tin side, where the middle point of each etching step is regarded as the depth. The total 

Sn concentration was approximately 1.4 mass% at the outermost surface. It decreased steeply from 

the outermost surface and showed a buried peak at a depth of 7–8 µm below the surface. The peak is 

the so-called tin hump, and its concentration was approximately 0.6 mass%. The total Sn concentration 

decreased gently in the part deeper than the tin hump and was less than 0.05 mass% (as SnO2) at a 

depth of 17 µm. The Sn2+ concentration simply decreased from the surface and showed no buried peak. 

The Sn4+ concentration showed a complicated profile, with the first peak at the outermost 

surface(discussed in the next section) and the second peak at a depth of 7–8 µm, consistent with the 

depth of the tin hump. 

The Sn redox profile calculated from these results had a value of 53 % on the outermost surface, 

which subsequently increased to a maximum of 75 % at a depth of 1.5 µm, gradually decreased to 

51 % at 6 µm, and then decreased sharply to 13 % at a depth of 7–8 µm. This depth is consistent with 

the depth of the tin hump. In the deeper parts of the tin hump, Sn redox gradually decreased to less 

than 10 %. The part shallower than the tin hump was the so-called reduced layer, and the part deeper 

than the tin hump was the so-called oxidized layer.  

Three days were required to complete all the analyses, including sample preparation, etching, Sn2+ 

separation, and ICP-AES measurements. The ICP-AES analysis can be performed in the following 

days owing to the stable nature of the solutions. 

From the blank test, the limits of quantification for total Sn and Sn4+ were both 0.02 mass% (as SnO2) 

when 16 cm2 (4 cm × 4 cm) of glass was etched to a depth of 1 μm. 
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Fig. 4-2 a) Concentration of total Sn, Sn2+, and Sn4+; b) Sn redox, as a function of depth from 

the tin side 
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4.4 Discussion 

The method proposed in this study determines the concentrations of total Sn and Sn4+ on the tin side 

of the float glass in the depth direction. It also allows the calculation of Sn2+ and Sn redox. The etching 

depth can be varied with the etching time. From the limit of quantification, the minimum etching depth 

(= depth resolution) can be 0.1 µm when the total Sn concentration (as SnO2) is greater than 0.2 mass%. 

The depth corresponding to the SnO2 concentration was approximately 12 μm from the tin side surface 

for the sample used in this study. This depth is sufficient for a detailed study because it is deeper than 

the depth of the tin hump. 

It is clear that the proposed method is the most quantitative compared to the existing methods (TMS, 

CEMS, and XAFS) because these methods are virtually unquantifiable, as mentioned in the 

introduction. Furthermore, when the total Sn concentration (as SnO2) is greater than 0.2 mass%, the 

proposed method has the excellent depth resolution of 0.1 µm, considerably smaller than that of 

conventionally used methods such as XAFS, which has obtained the previous best depth resolution of 

1 µm. The analysis time required by the proposed method, three days for one sample, is reasonable 

compared to that of the existing methods: XAFS involves the use of synchrotron radiation facilities, 

which requires time to conduct the experiment, and TMS and CEMS also involve time-consuming 

measurements. Finally, the proposed method can be implemented in the laboratory because it uses 

only commonly used apparatus and equipment. 

The outermost Sn4+ peak is attributed to the low-temperature oxidation of Sn2+ penetrating during 

the float process when the glass encounters an oxidizing atmosphere upon leaving the float 

chamber[11,17,20]. In the region shallower than the tin hump, Sn2+ was the majority; however, in the 

deeper part of the tin hump, Sn4+ was predominant. This is consistent with previous studies[13–

17,19,20,23] and supports the diffusion-redox mechanism. In contrast, this study revealed that a certain 

amount of Sn4+ was present in an area shallower than the tin hump. Johnson et al. [19] confirmed the 
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same results, but there was no clear explanation. This can be explained when the penetration speed of 

Sn2+ is higher than the rate at which glass is reduced from the surface by the reducing float atmosphere, 

as shown in a previous simulation[31]. In other words, Sn4+ can be produced by oxidation of the 

penetrating Sn2+ by the polyvalent elements (Fe3+ and S6+) in the glass that existed before the depth at 

which the tin hump could finally be formed. This study also quantitatively revealed that approximately 

90 % of the total Sn was Sn4+ in the deeper part of the tin hump. 

Although we revealed the detailed Sn profile on the tin side of the float glass with high quantitative 

and depth resolution, the profile is generally complicated and affected by many factors, including the 

atmosphere in the bath (including oxygen concentration), the thickness of the glass (float bath 

residence time, stretching, or compression effect), the concentrations of polyvalent elements in the 

glass, and the diffusion coefficients of Sn2+ and Sn4+ at each temperature. Therefore, although it has 

become possible to have a new quantitative discussion divided into Sn2+ and Sn4+ in this study, it is 

still not sufficient to fully understand the profile of Sn on the tin side of float glass. To better understand 

the Sn profile, it is necessary to develop a new quantitative valence analysis method for Fe and S in 

the depth direction of the glass and reflect the information in the simulation. 
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4.5 Conclusions 

This study investigated a novel wet chemical analysis method for determining the depth profile of 

total Sn and Sn4+ ions from the tin side of float glass. The method entails stepwise etching of a glass 

sample, separation of tin species, and determination of the Sn4+ and total Sn concentrations. The Sn2+ 

concentration was calculated using the total Sn and Sn4+ concentrations, and the ratio of Sn2+ to total 

Sn (the Sn redox) was calculated. The float glass sample was etched with a mixture of ascorbic acid, 

hydrochloric acid, and hydrofluoric acid under a nitrogen purge. Sn2+ was separated from the etchant 

into an organic phase as a diethyldithiocarbamate complex. Inductively coupled plasma atomic 

emission spectroscopy was used to determine the concentrations of total Sn and Sn4+. It was also used 

to determine the Si concentration in the etchant and calculate the etching depth. This method provides 

quantitative concentration profiles of total Sn, Sn4+, Sn2+, and Sn redox in the depth direction. The 

results showed that the region of the sample shallower than the tin hump constituted the reduced layer 

and the part deeper than the tin hump was the oxidized layer. In addition, the outermost surface was 

oxidized even though it was inside the reduced layer. These results are consistent with those of the 

previous studies. Furthermore, our results revealed a complicated Sn4+ concentration profile, 

consisting of a first peak at the outermost surface and a second peak at a depth of 7–8 µm, which is 

consistent with the depth of the tin hump. In contrast, the Sn2+ concentration decreased from the 

surface and exhibited no buried peaks. The proposed method has the finest depth resolution, 0.1 µm, 

when the total Sn concentration (as SnO2) is greater than 0.2 mass%, a resolution superior to that of 

the existing methods. It can be easily implemented in the laboratory because it uses only commonly 

used apparatus and equipment. This study provides detailed information on the penetration of Sn into 

the tin side of float glass, and the proposed method strongly contributes to the float process for 

producing high-quality glass. 
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