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Chapter 1

Zusammenfassung

Glasschmelzen und die daraus resultierenden Glasprodukte werden in vielen ihrer
Eigenschaften vom Redoxzustand polyvalenter Elemente beeinflusst. Der Einbau von
Zinn in Glas und der Redoxzustand von Zinn ist aufgrund des Floatglasprozesses von
besonderem Interesse fiir die Glasindustrie. Ferner werden Zinnverbindungen auch
als Lautermittel verwendet. In dieser Arbeit wurde der Einbau von Zinn in Glas-
schmelzen anhand elektrochemischer Messmethoden in einem Temperaturbereich von
1000-1600°C und ?Sn-Mobauer-Spektroskopie untersucht. Die Bestimmung der
thermodynamischen Daten, Diffusionskoeffizienten, Debye-Temperaturen, sowie der
Mofkbauerparameter in Abhéngigkeit der Zusammensetzung soll zu einem besseren
Verstandnis des Einbaus von Zinn in Silicat- und Alumosilicatschmelzen fiihren. Hier-
fiir wurde in Alkali-Erdalkali-Silicatschmelzen und Alumosilicatschmelzen die Alkaliox-
idkonzentration, die Art des Alkalioxids, die Erdalkalioxidkonzentration, die Art des

Erdalkalioxids und die Aluminiumoxidkonzentration variiert.

Die Hauptuntersuchungsmethode dieser Arbeit war die Square-Wave Voltammetrie.
Hier wird einer stufenférmig abfallenden Potenzial-Zeit-Kurve mit der Stufenhohe JE
eine Rechteckspannung mit der Amplitude AE iiberlagert. Am Ende jeder Halbwelle
wird der Strom gemessen. In den Voltammogrammen wird der Differenzstrom Al

zweier aufeinanderfolgender Halbwellen gegen das mittlere Potenzial aufgetragen. Tem-

1
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peraturabhingige moéfbauerspektroskopische Untersuchungen ermoglichen die Bestim-
mung von Debye-Temperaturen fiir Sn?* und Sn** in Glisern. Die Debye-Temperatur
ist ein Mafs fiir die Bindungsstérke und ist somit eng verkniipft mit dem Einbau der
jeweiligen Tonen in die Glasstruktur. Zuséitzliche Information kénnen aus den Iso-

merieverschiebungen und der Quadrupolaufspaltung gewonnen werden.

Um zunéchst den Mechanismus der Elektrodenreaktion zu kldren, wurden impedanz-
spektroskopische Messungen in der Schmelze 20 NayO - 80 SiOy (mol%) durchgefiihrt.
In den Square-Wave Voltammogrammen wurde bei hohen Temperaturen ein Peak de-
tektiert. Dieser Peak wird durch eine vollstindig reversibel ablaufende Redoxreaktion
verursacht. Bei tiefen Temperaturen und kurzen Stepzeiten tritt ein weiterer Peak bei
weniger negativen Peakpotenzialen auf. Dieser Peak kann nicht auf eine diffusions-
kontrollierte Elektrodenreaktion zuriickgefiihrt werden. Impedanzspektren bei hohen
Temperaturen wurden unter Verwendung eines einfachen Ersatzschaltbilds, in dem
die Warburgimpedanz einen diffusionskontrollierten Elektronentransfer beriicksichtigt,
simuliert. Bei tieferen Temperaturen konnten die Impedanzspektren nicht mehr mit
diesem einfachen Ersatzschaltbild simuliert werden. Das Ersatzschaltbild wurde um
einen zusitzlichen Widerstand und eine Kapazitit, die eine Adsorption beriicksichtigen,
erweitert. Es wurden Minima in der Abhéngigkeit der Warburgimpedanz vom Poten-
zial beobachtet. Diese Minima liegen in guter Ubereinstimmung mit den Peaks, die
in den Square-Wave Voltammogrammen auftreten. Deswegen sind die Minima in der
Warburgimpedanz-Potenzialabhdngigkeit und die Peakpotenziale in der SWV auf die
gleiche Elektrodenreaktion zuriickzufiihren. Anhand eines Elektrolyseexperiments und
mokbauerspektroskopischen Untersuchungen konnte nachgewiesen werden, dass dieser
Peak dem Redoxpaar Sn**/Sn?* entspricht. Es wurden Maxima in der Abhingigkeit
der Adsorptionskapazitidt vom Potenzial beobachtet. Die Lage dieser Maxima stimmt
mit den Potenzialen des Peaks, der in der SWV zusitzlich bei tiefen Temperaturen
und kurzen Stepzeiten auftritt, iiberein. Diese Effekte werden durch eine Adsorption

einer monomolaren SnO,-Schicht auf der Arbeitselektrode verursacht. In dieser Ar-
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beit wurde zum ersten Mal gezeigt, dass die Adsorption an Elektroden auch bei hohen

Temperaturen auftreten kann.

Bei allen untersuchtem Zusammensetzungen verschieben sich die Peakpotenziale des
Redoxiibergangs Sn*t/Sn?* mit sinkender Temperatur linear zu negativeren Poten-
zialen. Dies entspricht einer Verschiebung des Sn**/Sn?*-Redoxgleichgewichts in Rich-
tung Sn**. Die lineare Abhiingigkeit zwischen dem Peakpotenzial und der Temperatur
erméoglicht die Bestimmung der Standardreaktionsenthalpie AH® und der Standard-
entropie AS®. Durch Messungen der Sauerstoffaktivitiit ist eine weitere Moglichkeit
gegeben, die Standardreaktionsenthalpie AH® zu ermitteln. Die Ergebnisse beider
Methoden zeigen eine gute Ubereinstimmung. Desweiteren ermdglicht die Kenntnis
der Sauerstoffaktivitit und der thermodynamischen Standarddaten die Bestimmung
des Redoxzustandes in Schmelzen bei hohen Temperaturen. Es wurde gezeigt, dass
das Gleichgewicht in allen untersuchten peralkalischen Schmelzen durch die verwende-

ten Schmelzbedingungen eingestellt werden konnte.

In Lithiumoxid- und Natron-Silicatschmelzen ist das Peakpotenzial mit steigender Na-
triumoxidkonzentration im Rahmen der Fehler konstant. Das heifit eine Verdnderung
der Alkalikonzentration hat keinen deutlichen Einfluss auf das Redoxgleichgewicht.
In Kalk-Natron-Silicatschmelzen wurde eine lineare Verschiebung in Richtung nega-
tiverer Peakpotenziale mit zunehmender Natriumoxidkonzentration festgestellt. Die
Sn**-Spezies wird also mit zunehmendem Natriumoxidgehalt begiinstig eingebaut.
In Alkali-Silicatschmelzen fiihrt eine Erhéhung des Alkaliionenradius zu negativeren
Potenzialen, was eine Verschiebung in Richtung Sn** bedeutet. Allerdings tritt dieser
Effekt in Alkali-Erdalkali-Silicatschmelzen nur beim Austausch von Natrium zu Kalium
auf. Eine Erhéhung der Calciumoxidkonzentration und der Austausch von Calcium-
oxid zu Magnesiumoxid fiithrt zu einer leichten Erhohung der Peakpotenzials. Dies
entspricht einer leichten Verschiebung des Redoxgleichgewichts in Richtung Sn**. Eine
Erh6hung der Aluminiumoxidkonzentration fiihrt zu einer deutlichen Verschiebung des

Peakpotenzials in Richtung positiverer Werte. Dementsprechend wird bei groferen
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Aluminiumoxidkonzentrationen die Sn?>"-Spezies begiinstigt eingebaut. Die Verin-
derung der Aluminiumoxidkonzentration hat im Vergleich zu den iibrigen untersuchten
Effekten den stiirksten Einfluss auf das Sn**/Sn?"- Redoxgleichgewicht. In allen per-
alkalischen Schmelzen, die untersucht wurden, wurde gezeigt, dass der Anteil an Sn**

dominiert.

Die Zinn-Diffusionskoeffizienten zeigen in Natron- und Kalk-Natron-Silicatschmelzen
eine lineare Abhéangigkeit von der Natriumoxidkonzentration: Bei Zunahme der Natri-
umoxidkonzentration sinken die Zinn-Diffusionskoeffizienten. Im Gegensatz hierzu hat
die Calciumoxidkonzentration nur einen sehr geringen Einfluss auf die Zinn-Diffusion.
Auch Verdnderungen in der Art des Alkalioxids oder Erdalkalioxids fithren nur zu
geringen Verdnderungen der Zinn-Diffusionskoeffizienten. Verdnderungen in der Alu-
miniumoxidkonzentration haben hingegen einen sehr deutlichen Einfluss auf die Zinn-
Diffusionskoeffizienten: Im peralkalischen Bereich (|[NayO| > [Al;O3]) steigen die Zinn-
Diffusionskoeffizienten mit zunehmenden Aluminiumoxidgehalt an. Im peralumischen
Bereich ([NayO] < [Al;O3]) hingegen sinken die Zinn-Diffusionskoeffizienten mit zuneh-

mendem Aluminiumoxidgehalt.

In Kalk-Natron-Silicatglisern zeigen MoRbauerspektren jeweils ein Sn?"-Signal mit
deutlicher Quadrupolaufspaltung und ein Sn**-Signal mit kleiner Quadrupolaufspal-
tung. Fiir das Subspektrum des Sn?*-Ions wurde eine deutliche Asymmetrie beobachtet.
Die Isomerieverschiebung von Sn?" sinkt leicht mit zunehmendem Natriumoxidgehalt.
Gleichzeitig steigt die Quadrupolaufspaltung leicht an. Diese Effekte werden durch
eine leichte Zunahme des kovalenten Anteils der Sn?>"-O Bindung mit steigender Natri-
umoxidkonzentration erklirt. Die Méfbauerparameter von Sn** sind im Rahmen der
Fehler unabhiingig von der Natriumoxidkonzentration, d.h. Sn*t weist keine Anderung
des Bindungscharakters in Abhingigkeit von der Natriumoxidkonzentration auf. In
Alumosilicatschmelzen wird sowohl fiir das Subspektrum des Sn?*-Ions als auch fiir
das Subspektrum des Sn**-Ions eine deutliche Asymmetrie beobachtet. Die Isomerie-

verschiebung von Sn?* ist im Rahmen der Fehler unabhiingig von der Aluminiumox-
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idkonzentration. Die Quadrupolaufspaltung steigt aber linear mit Zunahme der Alu-
miniumoxidkonzentration an, d.h. die Symmetrie der Umgebung der Sn**-Ionen nimmt
mit steigender Aluminiumoxidkonzentration ab. Die Isomerieverschiebung von Sn**
steigt mit zunehmenden Aluminiumoxidgehalt linear an, d.h. die s-Elektronendichte
am Kernort des Sn**-Ions nimmt zu. Gleichzeitig ist ein Anwachsen der Quadrupolauf-
spaltung festzustellen. Sn*" liegt in den untersuchten Glisern dhnlich wie in amorphem
SnO vor. Sn** besitzt in den untersuchten Glisern eine verzerrt oktaedrische Koordi-
nation. Die Sn**-O Bindungen haben einen ausgepriigt ionischen Bindungscharakter.
Die Debye-Temperaturen betragen fiir Sn** ~268K und fiir Sn?* ~184K, d.h. Sn** ist
wesentlich stirker in das Netzwerk eingebunden als Sn®>*. Anderungen der Natrium-
oxidkonzentration haben keinen Einfluss auf die Debye-Temperaturen, d.h. der Einbau

von Zinnionen in die Glasmatrix verandert sich nicht wesentlich.

Die zunehmende Stabilisierung von Sn**-Tonen mit steigender Natriumoxidkonzentra-
tion wurde wie folgt erklirt: Sn**-Ionen werden in den untersuchten Zusammensetzun-
gen als [SnOg]?>~-Komplexe, die von Na™-Tonen ladungsstabilisiert werden, eingebaut.
Im peralkalischen Bereich wird Aluminiumoxid als [AlO4]~-Tetraeder eingebaut und
benétigt Alkaliionen zur Ladungskompensation. Das bedeutet, dass Sn** und AI3*
um Alkaliionen konkurrieren. Aus diesem Grund kann Sn** mit steigender Alumini-
umoxidkonzentration schlechter stabilisiert werden. Im peralumischen Bereich nimmt
der Anteil von Sn** weiter zu. Das hier oktaedrisch eingebaute AI** kann Sn** in

oktaedrischer Koordination im Gegensatz zu Fe®" nicht stabilisieren.

Werden Sn**t-Verbindungen als Liutermittel verwendet, so liegt die maximale Blasen-
bildung bei wesentlich héheren Temperaturen als bei herkommlichen Lautermitteln.

Sn**-Verbindungen sind von daher vielversprechende Hochtemperaturldutermittel.



Chapter 2

Introduction

The incorporation of tin in glass and its valency are of special importance for the glass
technology. According to [1] tin usually occurs in the valence states Sn** and Sn*" in
glasses. Under extremely reducing conditions the metallic state might also be formed.
During the float glass process the tin of the float bath can be oxidised and tin ions
diffuse into the glass surface and interact with other polyvalent elements especially

Fe?™ and Fe* |2, 3|. In addition, tin compounds are applied as fining agents [4].

The redox behaviour of polyvalent elements affects many physical properties such as
the colour and the optical transmission of glass melts and resulting glass products
[5, 6]. As known from the Fe?" /Fe** redox equilibrium, not only the temperature but
also the chemical composition of the glass matrix may have a large effect on the redox
equilibrium [7]-[12]. The structure of the glass matrix exercises also a large influence
on the diffusion of the respective glass components. In consequence, variations in the
diffusion coefficients of polyvalent elements should be correlated with changes of the
structure of the melt. In the past few years numerous studies of the effect of the
glass composition on the iron diffusion have been carried out [13]-[17]. By contrast,
systematic studies of the effect of the glass composition on the thermodynamics of
the redox equilibria and on the diffusion of tin ions have rarely been reported in the

literature up to now.
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Molten glasses with high alkali concentrations are good ionic conductors. Therefore,
electrochemical methods such as square-wave voltammetry are a suitable tool to study
the thermodynamic behaviour [18]-|21] and enable the determination of diffusion coef-
ficients [13]-[15] of polyvalent ions in glass melts. Another method to study the redox
behaviour of polyvalent ions is to equilibrate the melt with an atmosphere of well de-
fined oxygen fugacity. The melt is subsequently quenched and analysed physically or
chemically [22|-[24]. The presence of only one polyvalent element is a requirement to
apply this method because otherwise redox reactions may occur during cooling and the

redox ratios in the melt and in the solid glass are no longer the same [18|.

Moéssbauer spectroscopy at high temperatures provides an alternative method to study
the incorporation of tin in glasses and enables the determination of redox states. Tem-
perature dependent in-situ experiments allow the determination of the Debye tempera-
tures specific for Sn?* and Sn** ions in the glass. The Debye temperature is a measure
for the strength of local bonding and is closely connected with the mode of incorpora-
tion of the respective ions in the glass structure [25]-[27]. Additional information on the
structure of the glass can be obtained from the temperature dependent quadrupolar
interactions and isomer shifts of Sn?* and Sn**. The majority of the earlier Mossbauer
spectroscopic investigations of tin have been carried out at room temperature or lower
temperatures [25]-[39]. Up to now, systematic studies of the effect of the glass compo-
sition on the incorporation of tin using Mossbauer spectroscopy at high temperatures

have not been reported in the literature.

In this thesis, both square-wave voltammetric measurements and Mossbauer spectro-
scopic experiments have been performed at high temperatures in alkali-alkaline earth-
silicates as well as in alumosilicates. The determination of the thermodynamics of
redox equilibria, diffusion coefficients, Mossbauer parameters and Debye temperatures
as a function of the glass composition shall contribute to a better understanding of the

structural incorporation of tin in silicate melts.



Chapter 3

Principles and methods

3.1 Thermodynamics

The behaviour of polyvalent species with regard to their thermodynamics can be stu-
died by electrochemical methods. In the case of tin, the electrode reaction is described
as follows: The reduced state Sn?*, the oxidised state Sn** and the physically dissolved

oxygen of the melt are in equilibrium at high temperatures [40, 41]:

1
Sn*t + 0*” = Sn?t + 50 (3.1)

The equilibrium constant K(T) depends on the glass composition and the temperature

[40]:

K(T) - agn2+ CL10/22 (3 2)
B Agpa+ * 02— .

where a; are the activities of the respective species.

Assuming that the oxygen ion activity of the melt is constant, it can be included in

the equilibrium constant. Thus, K*(T) is dependent on the glass composition. If only
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a small quantity of the polyvalent element is present, the respective ion concentrations

can replace the ion activities:

K1) = B[ 15 = emacryar (3.3)

where R is the gas constant and 7' the temperature. Assuming an equilibrium with the
surrounding atmosphere the oxygen partial pressure po, replaces the oxygen activity

ao,, if ao, = po,/p°, p° = 1 bar. As a result, the Nernst equation can be written as:

T 4+
E=FE"+ R—zn[sn—]m
2F [Sn2+] PO,

(3.4)
where F is the Faraday constant and E° the standard potential expressed relative to a
reference electrode. This electrode is an Y203 doped ZrOs solid electrolyte with air as
reference gas. The standard free enthalpy AG° of the redox reaction can be calculated

from the equilibrium constant and correlated to the standard potential of the redox

reaction:
AGY(T) = —RT - InK*(T) = AH° — T - AS® = —2F - E°(T) (3.5)
By rearranging Eq. (3.5), Eq. (3.6) is obtained:

_ TAS®  AH°
- 9F oF

E° (3.6)

If the dependency of E° or K on temperature has been measured, it is possible to

calculate the standard enthalpy AH and the standard entropy AS:

AS® =2F (aE;T(T)) (3.7)

AH® =2F {T (ag)j(’T)) — EO(T)] (3.8)
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anodic half-wave

Potential

cathodic half-wave %E

_

Time

Figure 3.1: Potential time dependency for square-wave voltammetry.

Furthermore, the equilibrium constant can be calculated from the standard potentials

by Eq. (3.9).

InK*(T) = ==E°(T) (3.9)

3.2 Square-wave voltammetry (SWV)

Square-wave voltammetry (SWV) —a fast potentiostatic method— is one of the four
major voltammetric techniques. Its application has boomed in the last decade due to
a well developed theory and its high sensitivity to surface confined electrode reactions.
The theory and application of SWV were described in several reviews [42]-[44]. The

method originated from Barker‘s square-wave polarography [45].

As shown in Fig. 3.1, the applied potential is a staircase ramp with a step height 0 F

superimposed by a rectangular wave of comparably short pulse time (7 = 1-500 ms)
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and high amplitude (AE = 50-250 mV). Each square-wave period occurs during one
staircase period 7. The current is measured at the end of every half-wave. The currents
of anodic and cathodic half-waves are subsequently subtracted. This eliminates the
charging currents since they decay much more rapidly than Faradaic currents. A more

detailed description of this method is given by Claufen [46].

3.3 Determination of diffusion coeflicients

Diffusion coefficients can be calculated from SWYV on condition that the following

requirements are fulfilled: First, the electrode reactions of polyvalent elements during

voltammetric measurements have to be reversible, second, the reaction ought to be

controlled by diffusion, third, the polyvalent species is predominantly present in its
RT

oxidised form (cy ~ ¢,,) at the start potential and fourth, AE < Z%. The current,

which is measured at the end of a half-wave, is given by the following equations:

I; —QFACO( ) Z 3;"_1? (3.10)

€

ith Q= —— 11

with Q= 12 3.11)
2F(E,, — E°)

= _— 7 A2

and €, exp( BT ) (3.12)

where A is the area of the immersed working electrode, D the diffusion coefficient and

E,, the potential of the corresponding step.

In the voltammograms, the subtracted current AI =1, — I;4; with j7=1,3,5...,is
plotted as a function of the corresponding potential F; = %(E] + E;44) of the staircase
waveform. ATl is maximum when the majority of ions are reduced or oxidised. The

corresponding peak current Alp is given by:
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Alp =0.31

AF?AcoAE [ D\?2
< ( ) (3.13)

RT T
Self-diffusion coefficients of polyvalent elements can be calculated from the peak cur-
rents by Eq. (3.13), if the bulk concentration and the surface area of the working

electrode are known.

The dependency of the self-diffusion coefficients on temperature is described over a

wide temperature range by the Arrhenius equation:

D = Dy - e Ep/BET (3.14)

where Fp is the activation energy of the diffusion process and D, is a constant. A

more detailed description of these basics is given by Claufen [46].

As pointed out in Eq. (3.13), for the determination of diffusion coefficients, it is
obligatory to know the area of the working electrode which can be evaluated from the
conductivity of the glass melt [47]. The conductivity of an electrolyte is proportional
to the concentration and the mobility of its charge carriers as well as to the area of the
working electrode. In this procedure, a high frequency rectangular wave (10 kHz) is
applied to the glass melt. In this way, a charging current is supplied during the entire
pulse time which is limited by the conductivity of the glass melt. The conductivity
can be determined from the potential amplitude and the measured currents. Because
of the linear relation between the reciprocal resistance and the area of the working
electrode, the absolute area of the immersed electrode can be determined by a defined

variation of the immersion depth of the electrode [48|.

3.4 Oxygen activity

Oxygen sensors for the in-situ measurement of the oxygen activity in glass melts have

been developed in order to determine the oxidation states at high temperatures. For
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some years it has been possible to measure the oxygen activity by means of sensors

based on oxygen ion-conducting solid electrolytes [49]-[51].

Oxygen is physically dissolved in the molten glass and is in equilibrium with polyvalent

cations such as tin (see Eq. (3.1)). The equilibrium constant is defined as follows:

ao, = K*(T) (“S"“+)2 (3.15)

A gn2+
While the glass melt is cooling down from temperature T; to 75 the equilibrium,
according to Eq. (3.1), is shifted to the left side and the oxygen activity decreases. If
the cooling of the molten glass is rapid, only the physically dissolved oxygen reacts with
Sn?T ions. Since the diffusion coefficients are too low, the oxygen from the furnace can
not participate. On condition that only one type of polyvalent element is present, the
concentration of physically dissolved oxygen is small and the reaction of the metal ions
does not change the electrode potential, the standard enthalpy of the redox equilibrium

(3.1) can be determined, according to |52, 53]:

1) 0
a 2AH 1 1
In-%2 — 22— (— — —) 3.16
a(022) R T T ( )

The quantity measured by the oxygen sensor is the electromotive force F of the electro-
chemical cell. The oxygen activity aps in the melt can be calculated from the measured

potential difference AE [51]:

ap, = po,(air) - cFAE/RT (3.17)

where po, is the oxygen partial pressure in air and 4 the number of electrons transferred

per molecule Os.

In combination with the Gibbs free enthalpy —which can be determined by square-
wave voltammetric measurements, the redox ratio in the glass melt can be derived:
The ion concentration replaces the respective ion activity in Eq. (3.15) (see section

3.1). Substituting Eq. (3.15) in Eq. (3.5) and rearranging it, results in Eq. (3.18).
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4+
@24 — ally - eACV/RT (3.18)

3.5 Electrochemical impedance spectroscopy (EIS)

In electrochemical impedance spectroscopy (EIS) the frequency band ranges between
10~* and > 10% Hz. In principle, electrochemical impedance spectroscopy can be
applied to any material and system, provided that a change of the electric voltage
between the two poles leads to a characteristic change of the current. Measurements
on electrochemical systems are one of the most important applications. However, up to
now, electrochemical impedance spectroscopic studies in glass melts have rarely been

reported |54]-|56].

Partial steps of a chemical reaction can be attributed to different impedance elements
which contribute to the total impedance. By analysing impedance spectra, individual
impedance elements can be defined: Ohmic resistances R and differential resistances

Ra;rs are widely applied partial impedances:

E
= — 1
R=" (3.19)
dE
Raigs(E) = -7 (3.20)

For instance, an electrolyte-resistance acts approximately like an Ohmic resistor. Ty-
pical values of observed resistances are of the order of several () in the regarded systems.
Capacitive behaviour of partial impedances is just as fundamental as the resistive
behaviour. For example, double layer capacitances are potential dependent due to
changes of the layer structure with the potential and therefore, are represented by a

differential capacitance Cp;fy:
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I
Cauiff(E) = g5 for I = const (3.21)

dt
"Pseudo-capacitances" follow the same laws (Eq. (3.21)) as proper capacitances. They
appear, e.g., due to the covering of electrode surfaces by the adsorption of substances.
Double layer capacitances range from one up to several uF and for covering layer
capacitances from less than one nF to the size of double layer capacitances. As a third
component magnetic inductances L are observed in impedance spectroscopic studies of

electrochemical systems:

dl
—-L=F 3.22

They exist almost only in form of parasitic inductances which emerge from the current
feeding lines. Typical values of inductances are 0.1 to several uH. Resistance, ca-
pacitance and inductance represent the classic impedance elements. Further involved
impedance elements do not possess equivalents in electrical engineering, e.g. the War-
burg impedance. Mostly, several partial impedances are coupled in circuits either as

parallel connections and/or series connections.

With a given potential at an electrode, a stationary or not too fast changing state is
adjusted, to which a current I corresponds. The superposition of a sinus-ac voltage F(t)
of frequency f causes the appearance of an ac-component I(t). I(t) can also be regarded
as sinusoidal. The current amplitude I, is proportional to E. and consequently, the
amplitude ratio E. /1. is non variable at a given frequency and small E.. If the current
depends on the previous values of the potential at any given time-dependency of the
potential, the sine signals F(t) and I(t) show a phase shift ¢. Hence, the amplitude
ratio F... /1. is frequency dependent.

The impedance is defined as:

E. .
2(f) =77 withp = pp - ¢ (3.23)

~
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where E. and I. are the amplitudes of E(t) and I(t), ¢r and ¢; are the phase shifts
of E(t) and I(t), related to the cosine function respectively, j is the imaginary unit.
From the characteristic curves of impedance spectra direct conclusions may be drawn
with regard to the participating partial impedances and their connections within the
circuit. Equations (3.24)—(3.26) give the ac-analogue from the time domain law to

ohmic resistance, capacitance and inductance. By contrast, Z is a complex value.

Zr=R (3.24)
E. 1
T == = 3.25
“T I C-jw ( )
E.
ZL:I—:L~jw (3.26)

In order to understand the results from impedance spectroscopy on electrochemical
systems, it is necessary to develop additional partial impedances, for instance, for
diffusion reactions. For example, the Warburg diffusion impedance can be written as

follows [57]:

. . _lp-R-T-«
ZW_—(j-w)1/2 with W_nQFQ-c-Dl/Q-A

(3.27)

where v is the stoichiometric number, p the reaction order, ¢ the concentration, D the

partial currentr,
exchange currentr,

diffusion coefficient, A the surface of the electrode and o =

3.6 Mossbauer spectroscopy

The emission of gamma rays by a free nucleus in an excited state is accompanied by
nuclear recoil. As a result of this recoil, the energy of the emitted gamma ray is less
than the energy difference between the two nuclear levels. Thus, for free nuclei the

recoil energy prevents resonant absorption of gamma rays under normal circumstances.
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Moéssbauer discovered that a nucleus in a solid can emit and absorb gamma rays without
recoil. In a solid matrix the emitting or absorbing nucleus is fixed within the lattice. In
this situation, the recoil energy may be less than the lowest quantised lattice vibrational
energy and consequently the gamma ray may be emitted without any loss of energy

due to the recoil of the nucleus.

3.6.1 Debye-Waller factor

In the Debye model, the probability of recoil-free absorption or emission (Debye-Waller

factor) is given by:

T
op

3E T\? T
T) = —— T l1+4( =) - d 2
fp(T) = exp T + (GD) /e’f—l x (3.28)
0

where E, is the recoil energy (E,(Sn) = 4.1171-1072? J), ©p the Debye temperature
and k the Boltzmann constant. At higher temperatures Eq. (3.28) is modified as

6FE,.T 0p
By plotting In A (absorption area) versus the temperature T, ©p can be obtained from

the slope of a straight line.

The Debye temperature is a measure for the strength of local bonding and is closely
connected with the mode of incorporation of the respective ions in the glass structure.
Debye temperatures Op higher than 280K have been observed for network formers,
whereas Debye temperatures ©p less than 270K have been taken as evidence for a

network modifier [25]-[27].

The knowledge of the Debye-Waller factors fp of the respective tin species is essential

for the determination of the correct Sn**/Sn?* ratios in tin glasses |58|.
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3.6.2 Mossbauer parameters
Isomer shift (IS)

The isomer shift (IS) of the absorption lines is a result of the electric monopole interac-
tion between the nuclear charge distribution and the electronic charge density over the
finite nuclear volume. The shift arises because of the difference in the nuclear volume
of the ground and excited states, and the difference between the electron densities at

the Mossbauer nuclei in different materials.

Since the major influence of the electron density at the nucleus is due to the s-electrons,
these electrons contribute basically to the isomer shift, while p and d electrons exert
shielding effects. An increase in the valence s-shell population increases the electron
density at the nucleus. Accordingly, the isomer shift responds to any factor which can
change the number or distribution of valence shell electrons. Therefore, it provides
information about the valency states, hybridisation and the character of the chemical

bonding.

In the case of Sn** with its ideal ionic configuration 4d'°, an increase of the isomer
shift corresponds to an increase in the number of 5s-electrons associated with the tin
ions and represents an increase in the partial covalent character of the chemical bonds
[59, 60]. For Sn?", the completely ionic configuration is 4d'°5s?. The transition from
the ionic (5s?) configuration towards a more covalent 5s-p hybridisation is accompanied
by a decrease in the 5s-electron density and increases the electrical field gradient. There
is a rough negative correlation between IS and QS [61]. Thus, for Sn?*, a decreasing
shift accompanied by an increase in the quadrupolar interaction corresponds to an

increase in the covalent character of the chemical bonds.

Since the isomer shift represents the difference between the electronic monopole in-
teractions in the source and the absorber, the IS are expressed throughout this thesis

relative to CaSnOs.



CHAPTER 3. PRINCIPLES AND METHODS 19
Quadrupole splitting (QS)

When the nuclear quadrupole moment experiences an asymmetric electrical field, pro-
duced by an asymmetric electronic charge distribution or ligand arrangement, an elec-
tric quadrupole interaction occurs, which gives rise to a splitting of the nuclear energy
levels. The asymmetric charge distribution or ligand arrangement is characterised by
the electric field gradient (EFQG), which contains different contributions. One contribu-
tion arises from the valence electrons of the Md&ssbauer atom itself and is associated with
the asymmetry in the electronic structure, i.e. partly filled electronic shells occupied
by the valence electrons. Another contribution arises from asymmetric arrangements
of the ligand atoms in non cubic lattices. A third one arises from dissimilar ligands
in the coordination sphere. Therefore, the quadrupole splitting reflects the symmetry
of the bonding environment and the local structure in the vicinity of the Md&ssbauer

atom.

For an isolated Sn?* ion, the outer electron configuration is 5s?, which is spherically
symmetrical and hence, does not contribute to the EFG. Consequently, in Sn?T com-
pounds, the non bonding lone pair of electrons —which possesses strong p-character—
on the tin ion generates the dominant contribution on the EFG. Sn** has a closed-shell

electron configuration, and hence only a small quadrupole splitting.



Chapter 4

Experimental

4.1 Glass compositions and melting procedure

In the following, glass compositions which have been investigated in this thesis are

summarised. All compositions are given in mol%.

e x LiyO - (100-x) SiO9 with x = 26, 33

x Na,O - (100-x) SiO, with x = 15, 20, 26, 33

x NayO - 10 CaO - (90-x) SiO, with x = 10, 16, 20, 26

16 RO - 10 CaO - 74 SiO4 with R = Li, Na, K

16 NaoO - 10 RO - 74 5105 with R = Mg, Ca

20 NayO - x CaO - (80-x) SiO, with x = 0, 10, 20

16 NaQO - 10 CaO - x AlgOg : (74—X) SIOQ with x = 5, 10, 15, 20

10 NayO - 10 CaO - x AlL,O3 - (80-x) SiOy with x = 5, 15, 25

20
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The glasses have been melted in a platinum crucible from the raw materials LioCOs,
Nay,CO3, CaCO3, MgCO3, AI(OH)3 and SiOy at temperatures ranging from 1250° to
1600°C —depending on the glass composition— and have subsequently been fritted in
cold water. The glass fritts have been crushed and mixed with 0.25, 0.5 or 1 mol%
SnO; (added as Sn(II)-oxalate). These mixtures have been melted at 1600°C using the
same platinum crucible which has later been employed for the SWV measurements.
SnO, has been added as Sn(II)-oxalate because a complete dissolution of SnO, is only
possible in this way and by treatment at high melting temperatures. The melts have
been fritted twice in order to homogenise them. After homogenisation the melts have
been left in the crucible to cool down and the crucible has been transferred into the
SWYV equipment. After performing SWV measurements the glasses have been heated
to temperatures ranging from 1500° to 1600°C and poured on a Cu-block subsequently.

In order to perform Mossbauer experiments, glass fritts have been doped with 1.5 to
3 mol% SnO, and have been melted in SiO,- or Al,Os-crucibles —depending on the
glass composition— at temperatures in the range from 1500° to 1600°C. The melts
have subsequently been poured on a Cu-block. (The same samples which have been
prepared for SWV have been used for Mossbauer measurements of glasses doped with

smaller SnO, concentrations).

Additionally the fritts x NayO - 10 CaO - (90-x) SiO9 with x = 10, 16, 20, 26 have been
doped with 2 mol% SnO, and have been melted in a SiO, crucible at temperatures
between 1400° and 1500°C for 2-3 hours. In order to produce reduced melts, 0.2 wt%

carbon has been added. The melts have subsequently been fritted.

4.2 Square-wave voltammetry

In Fig. 4.1(a) the schematic experimental set-up is shown. The SWV experiments have
been carried out in a Superkanthal vertical resistance-heated furnace (MoSis). In the

middle of the alumina tube (furnace tube), a platinum crucible containing the glass
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melt is located and three electrodes are inserted in the crucible: One of them is the
working electrode consisting of a platinum wire 1 mm in diameter. The second electrode
is a reference electrode, a rod of yttria stabilised zirconia being attached to an alumina
tube by a ceramic binder. The third is a platinum plate (surface size: 2 ¢cm?) being
used as the counter electrode. Inside of the alumina tube a platinum wire is inserted
and air is used as reference gas. All potentials throughout this thesis are referenced to
this electrode. The platinum crucible is placed on a second —smaller— alumina tube
which can be adjusted from the bottom in that way that the level of the molten glass
can be exactly varied. A dc-power supply is used. Electronics are self-constructed [46].
The main part consists of a potentiostat (Bank Elektronik Modell 75 L), which controls
the potentials between the electrodes in such a way that the potential between working
and reference electrode is equal to the required value. The potentiostat is connected to
a microcomputer via digital /analogue and analogue/digital converters. The potential
of the working electrode is measured relative to the ZrOs-probe as reference electrode.
No current is applied to the reference electrode and the reference electrode maintains
a constant potential throughout the whole experiment. The potential of the working
electrode is corrected in a way that it should correspond to a potential value controlled
by a PC. The current is measured between the working and the counter electrode. For

a more detailed description, see Ref. [46].

SWYV measurements have been performed in the temperature range from 900° or 1000°C
to 1500° or 1600°C, depending on the glass composition, using step times of 7 = 2,
5, 10, 20, 50, 100, 200 and 400 ms. All glass compositions doped with 0.25 or 0.5
mol% SnO,, respectively, have been investigated by means of SWV. Additionally, SWV
measurements have been carried out in the glass melt 20 NayO - 80 SiOs5 doped with

three different SnO, concentrations (0.25, 0.5 and 1 mol%).

For each composition a glass with and without tin has been measured.
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Figure 4.1: Schematic drawing of the experimental set-up for (a) SWV and (b) electrolysis. 1:

working electrode 2: zirconia based solid electrolyte (reference electrode) 3: counter electrode.
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Figure 4.2: Schematic drawing of the experimental set-up for oxygen activity measurements.

1: zirconia based solid electrolyte (reference electrode) 2: working electrode.
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4.3 Oxygen activity measurement

Figure 4.2 shows a schematic drawing of the electrochemical cell which has been em-
ployed for oxygen activity measurements. The molten glass is located in a AlyOs3-
crucible, which is inserted into a platinum crucible functioning as a protection. The
ZrQs reference and the platinum measuring electrode are immersed into the glass melt.
The reference electrode is described in detail in section 4.2. The measuring electrode
consists of a platinum plate (1 cm - 5 cm) twisted as a curl. The measuring electrode
has to be completely immersed in the molten glass: If a Pt wire is not fully immersed
into the melt, it does not behave like an indicator electrode because its potential is influ-
enced by the three-phase boundary (atmosphere-electrode-melt) and changes with the
oxygen partial pressure of the atmosphere. Only when the electrode surface is isolated
from the three-phase boundary it will act as an indicator electrode [50|. Furthermore,
the surface of the working electrode should be large enough in order to prevent an
uptake of oxygen from the atmosphere |62]. The platinum crucible is placed on an
alumina tube in the same way as in the experimental set-up used for SWV (see section

4.2).

The glasses 20 NayO - 80 SiO,, 16 NayO - 10 CaO - 20 Al,O3 - 54 SiO5 and 10 Nay,O
- 10 CaO - 25 Al;O3 - 55 SiO5 have been heated to 1500° or 1600°C —depending on
the glass composition— using a heating rate of 10K/min. Then, the electrodes have
been immersed into the glass melt. The temperature has been cycled between 1200°
or 1300°C and 1500° or 1600°C —depending on the glass composition, with a heating
rate of 5 K/min and 30 min holding time at minimum and maximum temperatures.
The potential difference has continuously been measured by a digital voltmeter (type
MetraHit 22S). Time, temperature and potential have simultaneously been recorded
by a computer using memory adapters (type MetraHit Si232) and Metrawin 10 soft-
ware (Gossen-Metrawatt Camille Bauer). A different temperature program has been
employed for measurements in the glass melts: x Na,O - 10 CaO - (90-x) SiOy with x =
10, 16, 20, 26 doped with 2 mol% SnO, and 0.2 wt.% added carbon. The temperature
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has been cycled between 1200° and 1400° or 1500°C with a heating rate of 5K/min and

5 min holding time at maximum and minimum temperatures.

4.4 Electrochemical impedance spectroscopy

For electrochemical impedance spectroscopy a Zahner IM5d (Zahner Elektrik, Kronach,
Germany) equipment is used. The same three-electrode arrangement and experimental
set-up as described in section 4.2 is employed. The spectra have been recorded in a
frequency range from 1072 to 10° s~! as a function of the dc-voltage. The applied dc-
voltage has been varied between 0.1 V and - 0.7 V at temperatures ranging from 900°
to 1450°C. The spectra have been simulated using Thales software (Zahner Elektrik,
Kronach, Germany) and appropriate equivalent circuits. Measurements have been

carried out in the melt 20 Nay,O - 80 SiO, doped with 0.25 mol% SnOs.

4.5 Electrolysis

The same three-electrode arrangement and experimental set-up as used for SWV (see
section 4.2) is employed. Figure 4.1(b) shows a schematic experimental set-up employed
for electrolysis. Using a dc-calibrator (Knick) which is connected to a potentiostat the
potential has been adjusted. The potentiostat transforms the current generated by
the dc-calibrator into the demanded potential by a 100 €2 resistance. A multimeter

(MetraHit 22S) is measuring the applied potential.

The glass 20 NayO - 80 SiOy doped with 0.25 mol% SnO, has been heated to 1500°C
by 10K/min. Then, the electrodes have been immersed into the glass melt. After the
glass melt has been cooled down by 10K/min to 1350°C, a potential of -318 mV has
been applied for 20 hours. After removing the potential, the glass melt has been heated
to 1500°C by 10K /min in order to pull out the electrodes. The working electrode has

been embedded in epoxy resin for further investigations.
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4.6 Mossbauer spectroscopy

Moéssbauer measurements have been carried out in standard transmission geometry and
with standard data acquisition electronics. A Ca'”™SnOs radiation source has been
used with a initial mean activity of approximately 15 mCi for measurements of tin in
silicate or in alumosilicate glasses, respectively. The transmitted radiation has been
detected using a 0.5 mm NaJ(Tl) crystal scintillation detector which provides high
efficiency and good energy resolution at the same time. Additionally, in combination
with the detector, a 25 um thick Pd filter is used in order to reduce the K,- radiation
of 19Sn. All spectra have been recorded using the sinusoidal drive mode, which allows
to minimise the error of the driving unit. The 1024 channels per period result in folded
spectra of 512 channels. Temperature dependent measurements have been carried out
a using specially designed high-temperature furnace allowing for measurements up to

1300°C (63, 64].

The optimum weights of the glass absorbers have been calculated by the Recoil Software
Suite [65]. The powdered glasses have been filled into polymethacrylate sample holders
in order to provide absorbers of identical thickness. The spectra have been recorded
for times from 24 hours to 10 days —depending on the mean activity of the radiation
source— at different temperatures from 20° to 500°C. The data were fitted by means
of the Recoil software using Voigt-based line shapes. These line shapes account for the
heterogeneous distribution of nuclear interactions of the different ionic tin species in

the glass and reflect slightly different neighbourhoods around each Mossbauer ion.

The following compositions have been investigated by means of M&ssbauer spectroscopy:
x NayO - (100-x) SiOy with x = 20, 26; x NayO - 10 CaO - (90-x) SiO with x = 10,
16, 20, 26 melted in air and with the addition of carbon; 16 NasO - 10 CaO - x Al,O3
- (74-x) SiO4 with x = 5, 15, 20. The SnO, dopant concentrations are given in Tables
C.1-C.3.
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(Glass properties

Glass properties have been determined for all glass compositions if phase separation
or crystallisation did not prevent their evaluation. The density of the glass has been
determined by measuring the buoyancy of a glass sample in CCl,. Dilatometric mea-
surements (Netzsch) have been carried out in order to obtain values of the two thermal
properties, glass transition temperature 7, and thermal expansion coefficient .. A list

of the determined values is given in Table A.1.

Viscosities

The viscosities of the respective melt compositions have been measured by a rotation
viscometer (Bahr VIS 403). The glasses have been melted in a Pt/Rh crucible and
located in the middle of a resistance heated furnace. A cylindrical Pt/Rh rotor has
been inserted into the glass melt from the top of the furnace. The rotation velocity
and the corresponding force has been controlled by a computer. Viscosity curves have

been corrected using the DGG1 standard glass.

The extrapolation of the viscosity-temperature-course of glasses at higher temperatures

has been calculated by the Vogel-Fulcher-Tammann equation (VFT) (5.1) [66].

27
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Temp. in °C
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Figure 5.1: Viscosities of soda- and soda-lime-silicate melts as a function

of the reciprocal temperature. Solid lines: experimental curves. Dashed

lines: calculated curves. Data for curve 7 by M. Leister [67].

logn = A + (5.1)

T—-1T,
The determined VFT-parameters are listed in Table A.2.

In Figure 5.1 viscosities of soda- and soda-lime-silicate melts are plotted as a function
of the reciprocal temperature. For comparison, the data for 33 NayO - 67 SiOy are
included [67]. In the melt 10 NayO - 10 CaO - 80 SiO; phase separation and in the melt
15 NayO - 85 SiO; crystallisation has occurred at lower temperatures (see section 7.3.1).
This prevents the accurate determination of the viscosity. In general, the viscosity is

found to decrease with increasing Na,O concentration.

Viscosities of alkali-alkaline earth-silicate melts are presented in Fig 5.2. In the melt
16 Li;O - 10 CaO - 74 SiO, phase separation and in the melt 20 Na,O - 20 CaO -
60 SiO, crystallisation has occurred at lower temperatures (see section 7.3.1). The

viscosity decreases with decreasing size of the alkali ion, i.e. the sequence K — Na
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Figure 5.2: Viscosities of alkali-alkaline earth-silicate melts as a function

of the reciprocal temperature. Data for curve 1 and 2 by S. Gerlach [68].
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Figure 5.3: Viscosities of alumosilicate melts as a function of the reciprocal

temperature. Data for curve 2, 5 and 6 by S. Gerlach [68].
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— Li. The addition and of CaO to a soda-silicate melt decreases the viscosity. The
viscosity of the melt 16 Nao,O - 10 MgO - 74 SiO, is larger than the viscosity of the
melt 16 NasO - 10 CaO - 74 SiO,.

Viscosities of alumosilicates with different Na,O and Al,O3 concentration are plotted in
Fig. 5.3. The viscosities are observed to increase with increasing AloO3 concentration.
On the other hand, AlyO3 concentrations larger than 15 mol% lead to a decrease in
the viscosity of alumosilicate melts containing 16 mol% NayO. Melts with 10 mol%
NayO show larger viscosities than those with 16 mol% Na,O having the same Al,O4

concentration.
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The mechanism of the electrode

reaction

6.1 SWYV in the melt 20 NasO - 80 SiO,

In Figs. 6.1 and 6.2 square-wave voltammograms recorded in the melt 20 Nay,O -
80 SiO, at 1100° and 1350°C, respectively, are shown for numerous step times. At
1100°C a distinct peak at -220 mV and a shoulder at -360 mV can be seen in the curve
which has been recorded at 7 = 2 ms. At step times between 5 and 20 ms two well
pronounced peaks are visible. The peak currents at -220 mV decrease more strongly
with increasing step time than those attributed to the peak at -360 mV. Only the peak
at -360 mV is observed at large step times (50-400 ms). By contrast, only one peak
(see Fig. 6.2) is observed at all step times in the voltammograms recorded at 1350°C.

A shoulder can additionally be seen at less negative potential at a step time of 2 ms.

The current-potential curves have been deconvoluted using experimentally recorded
matrix currents and theoretical current-potential curves which are calculated by the
procedure described in Ref. [69]. The deconvolution procedure is illustrated in Fig.

6.3. Curve 1 presents a voltammogram which has been recorded in a glass melt doped

31
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Figure 6.1: Square-wave voltammograms recorded in the melt 20 NayO -

80 SiO, doped with 0.25 mol% SnO, at 1100°C. 1: 7 = 2 ms, 2: 7 — 5 ms,
3:7=10ms, 4: 7 =20 ms, 5: 7 = 50 ms, 6: 7 = 100 ms, 7: 7 = 200 ms,
8: 7 = 400 ms.

with 0.25 mol% SnO, at a temperature of 1100°C and a step time of 5 ms. Curve
2 shows a voltammogram recorded in a glass melt without any additional polyvalent
element, curve 3 shows the difference of curve 1 and curve 2. The difference curve is
approximated by two calculated current potential curves (curve 4a and 4b) by using a
least square fit (assuming diffusion controlled reactions). The sum of the curves 4a and
4b is shown in curve 4, which is in good agreement with curve 3. The peak currents
which have been obtained from curve 4a and 4b (1100°C) and the peak current which
have been obtained from the peak at 1350°C are plotted as a function of 7~/2 in Fig.
6.4. As it should be observed for a fully reversible electrode reaction, the peak currents
from the peaks at -360 mV (1100°C) and at -221 mV (1350°C) are proportional to 7—/2
for step times larger than 20 ms and 2 ms, respectively. By contrast, the currents
attributed to the peak at -220 mV (1100°C) are not proportional to 77*/2. That is,

the peak currents decline more strongly with increasing 7—'/2 than expected for an
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Figure 6.2: Square-wave voltammograms recorded in the melt 20 NasO -

80 SiOs doped with 0.25 mol% SnO- at 1350°C. 1: 7 = 2 ms, 2: 7 = 5 ms,
3:7=10ms, 4: 7 =20 ms, 5: 7 = 50 ms, 6: 7 = 100 ms, 7: 7 = 200 ms,
8: 7 = 400 ms.

electrode reaction controlled by diffusion.

In Fig. 6.5 square-wave-voltammograms of the melt 20 Na,O - 80 SiO, are shown at
different temperatures at a step time of 5 ms. At high temperatures the less negative
peak is only visible as a shoulder. With decreasing temperature this shoulder becomes
more and more pronounced. At 900° and 1000°C, the shoulder appearing at less neg-
ative potentials has changed to a peak and the peak at more negative potential has
diminished. In general, the appearance of two peaks is observed in the temperature
range from 900° to 1250°C and shorter step times (i.e. 2 ms at 1250° and 2-20 ms
at 1100°C). The behaviour described above has already been reported by G. von der
Gonna [70].
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Figure 6.3: Square-wave voltammograms recorded in the melt 20 NayO -

80 SiO2 doped with 0.25 mol% SnO at 1100°C and 7 = 5 ms (curve 1) and
in a melt without polyvalent ions (curve 2). Curve 3 = curve 1 - curve 2,

curves 4a and b: calculated current-potential curves. Curve 4 = curve 4a

+ curve 4b.
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Figure 6.4: Peak currents as a function of 77'/2 recorded in the melt

20 NayO - 80 SiO5 doped with 0.25 mol% SnO».
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Figure 6.5: Square-wave voltammograms recorded in the melt 20 NayO -

80 SiO5 doped with 0.25 mol% SnOs at 7 — 5 ms at different temperatures.
1: 1450°C, 2: 1350°C, 3: 1250°C, 4: 1200°C, 5: 1100°C, 6: 1000°C, 7: 900°C.
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Figure 6.6: Peak currents of melts 20 NasO - 80 SiO2 as a function of the
SnQO, concentration at 1100°C.
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6.2 SWYV as a function of the SnO, concentration in

the melt 20 Na,O - 80 SiO,

SWYV measurements have been carried out in the melt 20 NayO - 80 SiOy doped with
different SnO, concentrations using the same immersion depth of the working electrode
in order to enable the direct comparison of the peak currents. Figure 6.6 shows the
peak currents of the melt 20 NayO - 80 SiO5 as a function of the SnO5 concentration at
1100°C and at step times of 5 and 10 ms. The peak currents attributed to the peak at
-360 mV increase linearly within the investigated concentration range. However, those
attributed to the peak at -220 mV are constant within the limit of error with increasing

SnO, concentration.

6.3 EIS in the melt 20 NasO - 80 SiO,

Figure 6.7 shows impedance spectra recorded at 1350°C by using different dc-potentials.
The spectra show the absolute values of the impedance |Z| and of the phase angle |¢|.
The absolute value of the phase angle, which is recorded at a dc-potential of 100 mV
(curve 1), increases from 38° at a frequency of 107?s™! up to a maximum of 63° at

a frequency of 72 s=L.

At further increasing frequencies the absolute phase angle
decreases down to a minimum at 2-10* s~1. At frequencies higher than 2.3-10% s~! an
increase of the absolute phase angle is again observed. This is result of an inductance
caused by the wiring. At a dc-potential of -241 mV (curve 2), the absolute phase

1 up to a maximum of 44°, at a

angle increases from 40°, at a frequency of 1072 s~
frequency of 1 s~!. The high frequency has approximately the same shape as curve 1.
Curve 3 shows an impedance spectrum which has been recorded using a dc-potential
of -700 mV. Here, the absolute phase angle is quite smaller at a frequency of 1072 s~!
and takes a value of 15°. The maximum (|| — 39°) is observed at a frequency of 7 s71.

The high frequency part differs from the spectra described above. The minimum is
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Figure 6.7: Impedance spectra recorded at 1350°C by using different dc-potentials. a:
absolute values of the impedance, b: absolute values of the phase angle. 1: 100 mV, 2:

-241 mV, 3: -700 mV.
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Figure 6.8: Impedance spectra recorded at 1100°C by using different dc-potentials. a:
absolute values of the impedance, b: absolute values of the phase angle. 1: 100 mV, 2:
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Figure 6.9: Equivalent circuits used for the simulation of the impedance spectra.

shifted to a frequency of 5 - 10* s~

In Fig. 6.8, the impedance spectra are shown for a temperature of 1100°C. At dc-
potentials from -141 mV to -262 mV (see curve 2) and from -561 mV to -700 mV (see
curve 3), the shape differs from those shown in Fig. 6.7. Two shoulders are visible in

the Bode plot.

The impedance spectra at 1350°C (see Fig. 6.7) and 1450°C have been simulated using
an equivalent circuit shown in 6.9(a). Good agreement (within the limits of error) of
the simulated spectra with the experimental ones has been obtained, as shown, by the
solid lines belonging to the simulation. The Warburg impedance W, the resistance Ry
and the double layer capacitance C} —as received by the simulation of the impedance
spectrum— are plotted as a function of the de-potential in Fig. 6.10. (The Warburg W
is corrected by spherical geometry, however only the Warburg parameter is interpreted.)
The value of the resistance Ry is nearly constant (2.9940.082), whereas that of the
resistance Ry is < 0.2 €2 and not significantly different from 0. The Warburg impedance

has a pronounced minimum at -225 mV. The double layer capacitance C; shows a
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Figure 6.10: Warburg impedance, resistance Ry and double layer capaci-

tance (] as a function of the dc-potential at 1350°C.

maximum of 122 yF at -60 mV.

It was not possible to simulate the spectra at temperatures < 1250°C (see Fig. 6.8) by
using the equivalent circuit shown in 6.9(a). Hence, a more complex circuit has been
employed (see 6.9(b)). In this case, the resistance Rz and the capacitance C; have been
added. As shown by the full lines in Fig. 6.8, the simulated curves are in agreement
with the measured data in the frequency range from 1072 to 10° s~!. Figure 6.11 shows
the Warburg impedance W, bulk electrolyte resistance Ry, double layer capacitance C},
adsorption capacitance Cy and resistance R3 as a function of the de-potential at 1100°C.
In analogy to the measurement at 1350°C, the Warburg impedance W has a minimum
at -360 mV at 1100°C. The resistance R; is not significantly different from 0. The
resistance Ry is slightly increasing from 4.32 to 4.5440.17 2. The resistance R3 shows

a maximum of 55 {2 at -560 mV and is decreasing at lower and at higher dc-potentials
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Figure 6.12: SEM image of a section of the

working electrode

to ~20 Q. €} has a maximum value of 58 pF at -260 mV and C of 47 uF at -210 mV.

6.4 Electrolysis in the melt 20 Nay,O - 80 SiO,

The applied potential (-318 mV, 20 hours, 1350°C) is in the range of the left flank of
the peak which is observed at more negative potentials in SWV (see Fig. 6.2). In
this potential range, the amount of the oxidised species has already diminished. In
this way, a large quantity of the reduced species is formed during electrolysis. The
reduced species could be either Sn?* or metallic tin. On the other hand, if metallic
tin is formed, a platinum/tin alloy should be generated [71]. However, if metallic tin

is present, it can be detected by analytical methods.

SEM imaging and WDX-analysis of the working electrode

By scanning electron microscopy (SEM), it has been shown that small cracks and holes
are visible on the electrode surface. In Fig. 6.12 a distinct crack is shown on a section

of the working electrode which has been exposed to the melt. WDX-analyses have been
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carried out on the surface close to the cracks and inside of the cracks. On no account
tin has been detected, neither on the surface which has been exposed to the glass nor
inside or next to the cracks and holes. 1.44+0.01 mol% SiOy and 4.48+0.09 mol%
ZrO5 have been detected near the cracks and holes. ZrO, inclusions are due to the
reference electrode which dissolves at high temperature and long working time due to

the high alkaline concentration present in the glass melt.

6.5 Assignment of voltammetric peaks

As mentioned earlier in the Introduction, tin might occur in the oxidation states Sn**,
Sn?* and Sn°. That is, two characteristic peaks might in principle be observable in the

voltammograms:

Snt*t = Sn?* and  Sn?t = Sn’ (6.1)

Hence, the question arises to which of the two redox pairs (see Eq. (6.1) the two

observed peaks are assigned.

As shown in Fig. 6.4 the currents due to the peak at -221 mV (1350°C) and -360 mV
(1100°C) are proportional to 7~1/2. This is expected for an electron transfer reaction
controlled only by diffusion (see Eq. (3.13) and Ref. [42, 43]). However, the currents
which are attributed to the peak occurring at less negative potentials are not corre-
sponding to Eq. (3.13). Consequently, it is not possible to explain the occurrence of the
peak which appears at less negative potentials by a simple electron transfer reaction

controlled by diffusion.

At temperatures at which only one peak is visible in the SWV voltammograms, the
impedance spectra (1350 and 1450°C) have been simulated by a quite simple equiva-
lent circuit (Fig. 6.9(a)): The Warburg impedance W is the partial impedance element

which accounts for a diffusion controlled reaction. A kinetic hindrance is not observed



CHAPTER 6. THE MECHANISM OF THE ELECTRODE REACTION 44

-1004

-2001
E
a
- -3001
Ay
[Ea)
-4007
@)
O
[
-5001 B EIS
i
T T T T T T T
900 1000 1100 1200 1300 1400 1500

T in °C
Figure 6.13: Potential as a function of the temperature determined by SWV
and EIS.

because the resistance R, describing this phenomenon is 0. For this reason, the elec-
trode reaction is only controlled by diffusion. According to Macdonald and Johnson
[72], the Warburg impedance should have a minimum at the standard potential of the
present redox pair. Indeed, well pronounced minima are observed in the graph War-
burg impedance vs. potential (see Fig. 6.10). The potentials at which these minima
appear are in good agreement with the peaks which are observed in SWV at the re-
spective temperatures (see Fig. 6.13). As a result of this, the minima in the Warburg
impedance-dc-potential dependency and the peak potentials observed by SWV should

be attributed to the same electrode reaction.

At temperatures (< 1300°C) a second peak appears in the voltammograms. Here, the
simple equivalent circuit (Fig. 6.9(a)) does not allow an accurate fit of the experi-
mental data. This is why the impedance spectra at temperatures < 1300°C have to
be simulated with a more complex equivalent circuit (Fig. 6.9(b)). In analogy to the
equivalent circuit which has been used for the simulation at higher temperatures, the

minima in the Warburg impedance-dc-potential dependency have been assigned to the
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peak having currents which are proportional to 77'/2. As it can be seen in Fig. 6.13, the
potentials which are obtained by the minima in the Warburg impedance-dc-potential
dependency and by SWV are in agreement. The peak at less negative potentials is
neither in agreement with Eq. (3.13) (see above) nor can it be attributed to a second
Warburg impedance in the equivalent circuit (Fig. 6.9(b)). Hence, the appearance of
this peak is not resulting from a diffusion controlled reaction. An electron transfer
reaction is proposed in which an adsorbed state is involved. The adsorption of tin
on platinum electrodes has already been observed by other authors who have studied

diluted tin solutions by dc- and ac-voltammetry [73] and cyclic voltammetry [74].

In general, adsorption phenomena correspond to an equivalent circuit consisting of
an "adsorption resistance" —determined by the rate of adsorption, an "adsorption
capacitance" and a Warburg impedance —corresponding to diffusion of the surface re-
actants. According to Retter and Lohse [75], three different cases of adsorption kinetics
occur: First, diffusion controlled kinetics, second, kinetics controlled by the adsorption
exchange rate and third, a mixed control by diffusion and adsorption exchange. Con-
sequently, in the equivalent circuit (Fig. 6.9(b)) the capacitance Cy accounts for the
adsorption capacitance and the resistance Rj3 is the equivalent impedance element for
the hindrance of the electron transfer from the adsorbed state. A Warburg impedance
is not present within this branch. As a result of this, the adsorption exchange rate is
the rate determining step. The adsorption capacitance Cy has a strong dependency
on the dc-potential, as already described in section 6.3 (see Fig. 6.11). According
to Retter and Loser [75], a capacitance which is mainly determined by the poten-
tial dependency of the degree of coverage leads to the occurrence of maxima in the
capacitance-potential dependency. The potentials which are observed at the maxima
in the capacitance-dc-potential dependency are in good agreement with the potentials

of the peak determined by SWV at less negative potentials (see Fig 6.13).

Now the question arises: to which of the two possible redox pairs (see above and Eq.

(6.1)) the electrode reaction solely controlled by diffusion can be assigned. Assuming
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an assignment to the Sn** /Sn°-redox pair, metallic tin should be formed at the applied
electrolysis potential. Since metallic tin and platinum form an alloy [71], it should be
possible to detect metallic tin in case it is really formed. However, tin has not been
detected in the working electrode by means of WDX-analyses (after electrolysis at
-317 mV) (see section 6.4). Thus, it seems reasonable to assume that the observed
electrode reaction is assigned to the redox pair Sn**/Sn?f. This result is further
confirmed by Mossbauer measurements (see section 8.1.1). By means of Mdssbauer
spectroscopy of quenched samples, it has been shown that only Sn?* and Sn** are

present in the composition 20 NayO - 80 SiOs.

However, an adsorbed state is involved in the electrode reaction. Since the potential
attributed to the adsorbed state is less negative than that of the peak assigned to
the diffusion controlled reduction —it is necessary to overcome the Gibbs energy of
adsorption [76] and the adsorption of Sn?* is energetically favoured. Due to the lack

of diffusion controlled currents, Sn** is supposed to be absorbed as well.

The surface concentration of the adsorbed tin species I' = 18 £ 5 - 10712 mol-cm~2 has
been determined by using the amount of substance n and the area A of the immersed
working electrode. The amount of substance n has been calculated by the second

Faraday “s law of electrolysis:

n Q
= — with =
A it " z-F

(6.2)
with ) being the charge, z the charge of the ion and F' the Faraday constant. The
charge has been determined from the area (charge) under the simulated curve (SWV)
which is attributed to the adsorbed state. Mandler and Bard [74| have found by means
of cyclic voltammetry that tin(IT)chloride in aqueous solution was adsorbed on gold,
forming a monolayer (I' = 6.8:107'° mol-cm™2). The surface covering of tin(IV)chloride
was at least 20-25 times smaller than that of tin(IT)chloride. This is in agreement with

the result of this work. The larger surface concentration I' for SnO is due to its

smaller cell parameters (SnO: a = 3.804 A, ¢ = 4.826 A [77]; SnCly: a = 7.793 A, b
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—9.207 A, ¢ = 4.430 A [78]). Thus, the observed peak at less negative potential can
be attributed to a monolayer of adsorbed SnO,. This is confirmed by the fact that
the peak current assigned to the adsorbed species does not increase as a function of
the SnO, concentration. It is remarkable that adsorption of SnO, on a Pt-electrode at

high temperatures has been shown with this investigation for the first time.

Furthermore, it should be noted that a further increase in the Warburg impedance is
not observed at potentials < -600 mV (1100°C) and a decrease is visible at potentials
> -60 mV . These potentials are shifted, as observed by the minima in the Warburg-
potential dependency, with increasing temperature to more positive values. This is not
surprising because in SWV an increase in the current is also observed at potentials <
-550 mV (at 1100°C see Fig. 6.1). This occurs in any silicate glass and can be explained
by the decomposition of the silicate network. Elemental silicon or platinum silicide are
formed at the platinum electrode. An increase in current is also observed at potentials

> -20 mV which is due to the oxidation of the glass matrix to gaseous Oy [7].



Chapter 7

Electrochemical measurements

7.1 Thermodynamic data

7.1.1 Alkali- and alkali alkaline-earth-silicate melts

Figure 6.5 shows square-wave voltammograms which have been recorded in the melt
20 NayO - 80 SiO5 doped with 0.25 mol% SnO,. The peak observed at more negative
potential is assigned to the Sn** /Sn*"-redox pair. The electrode reaction is diffusion
controlled (see section 6.5). The peak observed at more positive potential is not further
discussed in the following chapters. However, the peak attributed to the redox pair
Sn** /Sn** strongly depends on temperature. The peak potential is observed at -167
mV at a temperature of 1450°C. The peak is continuously shifted to more negative
potentials with decreasing temperature. A peak potential of -360 mV is observed at a
temperature of 1100°C. A strong decrease in current is simultaneously observed, which

is caused by the decreasing mobilities at lower temperatures (see section 7.4).

Voltammograms of all studied silicate melt compositions exhibit a shape similar to

that presented in Fig. 6.5.

The peak potentials for the glasses: x NayO - (100 - x) SiO4 with x = 15, 20, 26, 33 as a

function of temperature are shown in Fig. 7.1. The data for x = 15 and 33 were taken

48
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Figure 7.1: Peak potentials as a function of temperature for soda-silicate

melts. Data for [NaxO] = 15, 33 by G. von der Génna [70].
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from Ref. [70]. For the composition 15 NayO - 85 SiO,, peak potentials are plotted
only for temperatures > 1350°C because cristobalite crystallisation has occurred at

lower temperatures [70]. Figure 7.2 shows the temperature dependent peak potentials

for the glasses: x NayO - 10 CaO - (90 - x) SiO, with x = 10, 16, 20, 26.

Notable deviations of the peak potential from linearity are observed for the glass
20 NayO - 80 SiOq at temperatures < 1000°C (Fig. 7.1) and for the glass 10 NayO
- 10 CaO - 80 SiO, at temperatures < 1300°C (Fig. 7.2). On the other hand, the
potentials for the other compositions depend linearly on temperature in the entire
temperature range (1000°-1600°C). The linear correlation between the peak poten-
tial and the temperature observed for all compositions at temperatures higher than
1350°C allow for the determination of the standard enthalpies AH'and standard en-
tropies AS°, according to Eqs. (3.7) and (3.8). Thermodynamic data are summarised
in Table B.1, as well as peak potentials and redox ratios, assuming equilibrium with

air for the different glass compositions.

Furthermore, in Table B.1 the data for the melt 20 Na,O - 80 SiO, doped with dif-
ferent SnOy concentration are included. It is remarkable that the peak potentials and
thermodynamic data are found to be independent of the dopant concentration within

the limits of error.

Figure 7.3 shows voltammetrically determined peak potentials as a function of the
temperature for melts with the compositions 16 Li,O - 10 CaO - 74 SiO,, 16 NayO -
10 Ca0O - 74 SiO4 and 16 K5O - 10 CaO - 74 SiO,. For the Na;O and K5O containing
melts, linear correlations of the peak potentials within the error limits are observed
in the whole temperature range studied (1000°-~1600°C or 1100°~1500°C). By contrast,
a linear correlation is obtained only in the range from 1200 to 1600°C for the Li,O
containing melt. At lower temperatures significant deviations were observed. The
sample was opaque after cooling. Whereas the slopes of the regression lines —shown
in Fig. 7.3— for the Li;O and the NayO containing melts are equal within the error

limits, the slope attributed to the K;O containing glass is notably larger.
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Figure 7.5: Peak potentials as a function of temperature and different al-

kaline earth oxides. Data for [NazO] = 15 mol% by G. von der Génna [70].

Figure 7.4 shows peak potentials of melts containing 20 mol% Na,O with CaO con-
centrations of 0, 10 and 20 mol% as a function of temperature. Linear correlations
within the error limits are observed in the entire temperature range in the melts with
0 and 10 mol% CaO. Deviations from linearity are observed at 1000°C in the melt with
20 mol% CaO. The cooled down glass has shown crystals at the surface and at the

interface electrode/glass.

Figure 7.5 shows peak potentials of the melts 15 NayO - 85 SiO,, 16 NayO - 10 CaO -
74 SiO9 and 16 NaO - 10 MgO - 74 SiO, as a function of the temperature. Data of
the composition 15 NayO - 85 SiO, are taken from Ref. [70]. It should be noted that

crystallisation has been observed after cooling (see above).

7.1.2 Alumosilicate melts

The voltammograms of all measured alumosilicate melt compositions show a shape

similar to those presented in Fig. 6.5.
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Figure 7.6 shows peak potentials as a function of temperature for the melts 16 Nay,O
- 10 CaO - x Al,O3 - (74-x) SiOy with x = 0, 5, 10, 15, 20. Figure 7.7 presents peak
potentials as a function of temperature for the melts 10 NayO - 10 CaO - x Al,O3 -
(80-x) SiOy with x = 0, 5, 15, 25. For the compositions 16 NayO - 10 CaO - 15 Al,O3 -
59 5104, 16 NasO - 10 CaO - 20 Al,O3 - 54 SiO4, 10 NayO - 10 CaO - 15 Al,O3 - 65 SiO4
and 10 NayO - 10 CaO - 25 Al,O3 - 55 SiO5 the voltammograms have shown a more
complex behaviour at lower temperatures; three peaks were present and therefore, a
further evaluation has been useless at lower temperatures. The melts 10 Na,O - 10 CaO
- 80 SiOy and 10 NayO - 10 CaO - 5 Al,O3 - 75 SiO, show notable deviations from
linearity. On the other hand, the potentials for the other compositions depend linearly

on temperature in the entire temperature range (1000°-1600°C).

The linear correlation between the peak potential and the temperature observed for
all compositions at higher temperatures allow for the determination of thermodynamic
data according to Eqgs. (3.7) and (3.8). Thermodynamic data as well as standard
potentials and redox ratios (for an arbitrary temperature of 1300°C, assuming an equi-
librium with air) are summarised for the different glass compositions in Table B.1.
Here, the redox ratio and the peak potential for the melt 10 Na,O - 10 CaO - 25 Al;Og3
- 55 SiOs has been extrapolated.

7.2 Oxygen activity measurements

7.2.1 Compositions melted in air

In Figure 7.8 the oxygen activity of the glass melt 20 Nay,O - 80 SiOy doped with
0.5 mol% SnO, is presented as a function of time during variation of temperature.
The oxygen activity decreases with decreasing temperature by almost two and a half
orders of magnitude. At constant temperature (1200°C) the oxygen activity increases

slightly. In other experiments with different glass compositions, i.e. 16 NayO - 10 CaO
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Figure 7.8: Oxygen activity of the melt 20 NayO - 80 SiO5 doped with 0.5

mol% SnO4 as a function of time.

- 20 Al,O3 - 54 SiO, the oxygen activity decreases in the same temperature interval
almost two orders of magnitude. For the composition 10 Nay,O - 10 CaO - 25 Al,Og4
- 55 SiO9 an even less pronounced decrease in the oxygen activity as a function of

temperature is observed.

According to Eq. (3.16), it is possible to calculate the standard enthalpy of reaction
(3.1) from the slope In ap, vs. 1/T. The values are listed in Table B.2. Furthermore,
the oxygen activities at 1300°C are included in Table B.2. The composition 20 NayO -
80 SiO4 shows an oxygen activity of 0.0018, whereas the composition 16 Na,O - 10 CaO
- 20 Al,O3 - 54 SiO4 shows a higher oxygen activity of 0.0127. For the composition
10 NayO - 10 CaO - 25 Al,O3 - 55 SiOy at temperatures < 1400°C a deviation from
linearity has been observed, which has already been noted in the SWV experiment.
Hence, an oxygen activity of 0.0225 at 1500°C was included in Table B.2. Using the
thermodynamic standard data which are listed in Table B.1 and the oxygen activity,
the redox ratios are calculated according to Eq. (3.18). It has been observed that the

fraction of Sn?* increases from 22% to 85% Sn?* as the Al,O3 concentration increases.
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7.2.2 Compositions melted in reducing conditions

Glass melts consisting of the compositions x NayO - 10 CaO - (90-x) SiO with x
= 10, 16, 20, 26 doped with 2 mol% SnO; have been melted with the addition of
0.2 wt.% C in order to obtain reducing conditions during melting. The standard
reaction enthalpies, oxygen activities and the calculated redox ratios are summarised
in Table B.2. At 1300°C the melts show oxygen activities ranging between 0.0004 and
0.0006. 64% Sn?** are found in the melt with 10 mol% Na,O. While increasing the

Na,O concentration, the percentage of Sn?* decreases to 37%.

7.3 Discussion

7.3.1 Crystallisation and phase separation

While crystallisation or immiscibility is occurring, heterogeneous structures are formed.
That means that during voltammetric experiments the composition of the melt at the
surface of the working electrode is changing as the melt is cooled down below a certain
temperature. Deviations from linearity have only been observed in these cases and are
due to changes in the melt composition. In the following, the phenomena which have

caused changes of the melt composition while performing SWV are described.

In the composition 26 Li;O - 74 SiO5 the crystallisation of tridymite and in the compo-
sition 33 LizO - 67 SiO4 [79] the crystallisation of lithium disilicate has been observed as
proved by X-ray diffraction (XRD). For the composition 20 NayO - 80 SiOs cristobalite
crystallisation has occurred [80]. In the case of the 10 NayO - 10 CaO - 80 SiO4 and
the 16 Li,O - 10 CaO - 74 SiO, glass, a crystalline phase was not detected. However,
transmission electron microscopy gives evidence for phase separation. For the sample
20 NayO - 20 CaO - 60 SiO, the X-ray diffraction pattern shows distinct reflections
attributable to sodium calcium silicate (JCPDS No 22-1455). For the compositions
16 NapO - 10 CaO - 15 Al,O3 - 59 SiO2 and 16 NapO - 10 CaO - 20 Al,O3 - 54 SiOq
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Figure 7.9: Peak potentials as a function of the alkali concentration for
alkali- and alkali-lime-silicate melts (T = 1300°C). Data for [NaxO] = 15,
33 by G. von der Génna [70].

crystallisation of nepheline has occurred. The crystallisation of wollastonite in the
composition 10 Na,O - 10 CaO - 5 Al,O3 - 75 SiOs, the crystallisation of anorthite in
the melt 10 NayO - 10 CaO - 15 Al,O3 - 65 SiO5 and the crystallisation of corundum
in the composition 10 Nay,O - 10 CaO - 25 Al;O3 - 55 SiO5 have been shown by X-ray

diffraction.

7.3.2 Discussion of thermodynamic data

Asseen in Figs. 7.1-7.7, the peak potentials of all glasses shift to smaller potentials with
decreasing temperature. This effect has been described often before and was observed
in all studies of tin and other polyvalent elements [70]. Smaller peak potentials with
decreasing temperature are attributed to a shift to the oxidised state, according to Eq.

(3.1).

Figure 7.9 presents the peak potentials measured at 1300°C as a function of the alkali
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Figure 7.10: Peak potentials as a function of the alkaline earth concentra-
tion for alkali- and alkali-lime-silicate melts (T = 1300°C). Data for [NayO]
= 15 mol% by G. von der Génna [70].

concentration for alkali- and alkali-lime-silicate melts. The peak potentials measured
in lithium oxide- and soda-silicate melts do not depend on the alkali concentration,
i.e. they remain constant within the limits of error. Therefore, the change in the alkali
concentration has no significant influence on the redox equilibrium. By contrast, for
soda-lime-silicate melts, the dependency of the peak potentials on the Na,O concen-
tration is linear within the limits of error. The higher the NayO concentration, the
lower the peak potentials and hence, the equilibrium, according to Eq. (3.1), is shifted
to the left —i.e. to the oxidised state— with increasing alkali concentration. In alkali
silicate melts a variation in the type of alkali ion, i.e. from Li to Na, leads to more
negative standard potentials. Hence an increase in the size of the alkali ion generates
a higher fraction of Sn**. This effect is observed in alkali alkaline earth melts as well.
However, such an influence of the increasing size of the alkali ion has only been notable

—in the case of Na to K— at temperatures < 1400°C.

Peak potentials measured at 1300°C as a function of the alkaline earth concentration
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Figure 7.11: Peak potentials as a function of the Al;O3 concentration for

alumosilicate melts containing 10 mol% NasO and 16 mol% Na,O (T =

1300°C).

for alkali- and alkali-lime-silicate melts are shown in Fig. 7.10. By adding CaO to
soda-silicate melts and increasing the CaO concentration, the peak potentials shift to
less negative values. The effect is small, but significant. The replacement of CaO by
MgO leads to less negative standard potentials. That is the equilibrium according to

Eq. (3.1) shifts to the right side and the more reduced oxidation state is favoured.

Figure 7.11 presents the peak potentials measured at 1300°C for alumosilicate melts
with 10 and 16 mol% Nay,O as a function of the Al,O3; concentration. The peak
potentials move linearly —within the limits of error— to more positive values in both
alumosilicate melt systems. Larger peak potentials with increasing Al,O3 concentration
are attributed to a shift to the right side of the equilibrium according to Eq. (3.1).

This means that the reduced state is favoured with increasing Al,O3 concentration.

The compositional effect on the tin redox equilibrium which has been found in alu-
mosilicates is far larger than in other melt compositions such as alkali-silicate melts

and alkali-alkaline earth-silicate melts.
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All compositions reported in this chapter show that Sn** is the dominating species at
the studied conditions. Only in the peraluminous melt the fractions of Sn?* and Sn**

are approximately equal in number at 1300°C.

7.3.3 Comparison of the results determined by SWV and oxy-

gen activity measurements

The standard reaction enthalpies, which have been determined by both, SWV and
oxygen activity measurements, are in agreement within the limits of error. The error
in the standard reaction enthalpies for melts 20 NayO - 80 SiO5 and 16 NayO - 10 CaO -
20 Al,Os3 - 54 SiOs (as described in section 7.2.1) is 10%, and the values obtained from
oxygen activity measurements are smaller than those determined by SWV. However,
the standard reaction enthalpies determined for the melt 10 NayO - 10 CaO - 25 Al,O3
- 55 Si04 and soda-lime silicate melts (described in 7.2.1 and section 7.2.2) have smaller
errors and the values are in a very good agreement with those determined by SWV
(maximum deviation 0.5%). The smaller values observed for the standard enthalpy
which has been determined by oxygen activity measurements are probably due to the
slight increase in the oxygen activity at constant temperature. The observed increase
reflects an uptake of oxygen from the atmosphere. The very good agreement observed
for the other melt composition has been explained by an improvement of the experi-
mental set-up. That is that the surface of the working electrode which is inserted in
the glass melt has been increased. According to Miiller-Simon [62], a sufficient surface

of the working electrode minimises the uptake of oxygen.

In Table B.2, the redox ratios which have been calculated from SWV data for an
equilibrium with air at 1600°C are compared with the redox ratios which have been
determined by oxygen activity measurements for the compositions 20 NayO - 80 SiOo,
16 NayO - 10 CaO - 20 Al,O3 - 54 SiO, and 10 NayO - 10 CaO - 25 Al,O3 - 55 SiOs.
The quoted glass compositions have been melted for 5h at 1600°C. Both redox ratios
in the glass compositions 20 Na,O - 80 SiOy and 16 Nay,O - 10 CaO - 20 Al,Oj3 -
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54 SiO, are in agreement within the limits of error. The slightly higher fraction of Sn**
detected by oxygen activity measurements is probably due to an uptake of oxygen from
the atmosphere (see above) which slightly falsifies the evaluation of the redox ratios.
Hence, it is assumed that after melting for 5h at 1600°C, the equilibrium was reached.
For the composition 10 NayO - 10 CaO - 25 Al,Os3 - 55 SiO, a higher fraction of Sn?*
has been observed by oxygen activity measurement. Since Sn?>" has been added as
Sn(IT)oxalate it is obvious that for this composition the redox equilibrium has not
been reached at these melting conditions. The different behaviour is explained by the
fact that the composition 10 Na,O - 10 CaO - 25 Al,O3 - 55 SiOy has a far higher
viscosity than the compositions 20 Na,O - 80 SiO5 and 16 NayO - 10 CaO - 20 Al,O3
- 54 SiO (see section 5).

Furthermore, in Table B.2 the redox ratios of the compositions melted with the addition
of carbon are compared with the redox ratios which have been determined by SWV at
the respective melting temperature in air. For the composition 10 Na,O - 10 CaO -
80 SiO4 and 16 NayO - 10 CaO - 74 SiO, the fraction of Sn?* is increased by a factor of
~3, whereas for the compositions 20 Na,O - 10 CaO - 70 SiO5 and 26 NayO - 10 CaO -
64 SiO, the fraction of Sn** is increased by a factor of ~5. Hence, by adding 0.2 wt.%
C it is possible to decrease the redox ratio significantly at the used melt conditions.
Furthermore, it should be noted that the compositions melted by adding carbon have
been doped with 2 mol% SnO, and a larger SnO, concentration needs longer time to

equilibrate due to limited oxygen diffusion.

7.4 Diffusion

7.4.1 Alkali- and alkali alkaline-earth-silicate melts

Diffusion coefficients can be calculated from the peak current of curve 4 in Fig. 6.3, ac-

cording to Eq. (3.13). Figure 6.4 shows the peak currents as a function of 7='/2 for the
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Figure 7.12: Diffusion coefficients of tin as a function of the temperature

in soda-silicate-melts. Data for [NayO] = 15, 33% by G. von der Goénna.
[70].

temperatures 1100° and 1350°C. Due to higher diffusion coefficients, the peak currents
at 1350°C are larger than those at 1100°C. Equation (3.13) demands a proportionality

between Ip and 7 1/2,

Such a linear correlation is observed up to 0.14 ms™'/2 (7 =
50 ms) at 1100°C and up to 0.45 ms™*/2 (7 = 5 ms) at 1350°C. This is evidence for an
electrode reaction controlled by diffusion of the electroactive species and a prerequisite
for the calculation of diffusion coefficients. A deviation from linearity is observed at
smaller pulse times. In the following, diffusion coefficients are calculated from the lin-

ear part of the relation peak current/7~/2 using Eq. (3.13) for temperatures at which

no sign of crystallisation or phase separation has been detected.

Figure 7.12 shows the temperature dependency of the diffusion coefficients of tin in
soda-silicate melts. Here, also the data for 15 NayO - 85 SiO5 and 33 NayO - 67 SiO,
are included [70]. A linear dependency is observed within the limits of error for all

samples in the Arrhenius plot (log D versus the reciprocal temperature). Compo-
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Figure 7.13: Diffusion coefficients of tin as a function of the temperature

in soda-lime-silicate-melts.

sitions with larger Nay;O concentrations have higher diffusion coefficients at 1300°C.
For Na,O concentrations of 15 and 33 mol%, diffusion coefficients of 1.41-10~% and
9.25-10~% em?s~! have been calculated. The diffusion coefficients for a temperature of

1300°C are given in Table B.3.

Figure 7.13 shows the temperature dependency of the diffusion coefficients of tin in
soda-lime-silicate melts. A linear dependency has been observed within the limits of
error in the Arrhenius plots for all compositions. Diffusion coefficients of 3.20-10~% and
8.77-107% cm?s~! have been calculated for NayO concentrations of 10 and 26 mol%,

respectively.

Figure 7.14 shows the temperature dependency of the diffusion coefficients of tin in
alkali-lime-silicate melts with different alkali oxides. For all samples a linear depen-
dency in the Arrhenius plot is observed within the limits of error. At 1300°C the largest
diffusion coefficients (7.41 - 107® cm?s™1) are observed for Nay,O containing melts. For

the Li;O containing melt a small decrease in the diffusion coefficient to a value of
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Figure 7.14: Diffusion coefficients of tin as a function of the temperature

in alkali-lime-silicate melts.
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Figure 7.16: Diffusion coefficients of tin as a function of the temperature

in silicate melts. Data for [NaxO] = 15 mol% by G. von der Génna [70].

4.76 - 1078 cm?s~! is observed. The diffusion coefficient decreases further to a value of

1.91-1078 cm?s ! for KO containing melts.

In Fig. 7.15 the temperature dependency of the diffusion coefficients of tin in silicate
melts is plotted for different CaO concentrations. Also here, for all compositions a
linear dependency in the Arrhenius plots is observed within the limits of error. Com-
positions with higher CaO concentrations have larger diffusion coefficients in the in-
vestigated temperature range. For a temperature of 1300°C, diffusion coefficients of
4.96 - 107® em?s~! for the CaO free melt and of 5.92 - 10~7 cm?s~! for the melt with
20 mol% CaO are calculated.

Figure 7.16 shows the diffusion coefficients of tin as a function of the temperature
and different alkaline earth oxides. The data for [NayO| = 15 mol% are taken from
Ref. [70]. A linear dependency within the limits of error is observed in the Arrhenius
plots for all compositions. At a temperature of 1300°C a far larger diffusion coefficient

of 7.41 - 1078 cm?s~! is observed for the CaO containing melts, whereas the MgO
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containing melt and the melt without alkaline earth show almost the same diffusion

coefficient of 1.31-107% cm?s~! and 1.41-1078 cm?s™!.

From the linear parts in Figs. 7.12-7.16 the diffusion activation energies have been
calculated and are summarised in Table B.3. The activation energies for soda-silicate
melts range from 216 to 291 kJmol~! and for soda-lime-silicate melts from 211 to 259
kJmol™!. The diffusion activation energy increases from 223 kJmol™! for 16 Li,O -
10 CaO - 74 SiOy and 220 kJmol™! for 16 Nay,O - 10 CaO - 74 SiO,, respectively to
318 kJmol~! for 16 K,O - 10 CaO - 74 SiO,. The diffusion activation energy shows
no significant changes as a function of the CaO concentration. It varies between 222
and 229 kJmol~!. The addition of MgO to a melt without alkaline earth leads to an
increase in the diffusion activation energy. The type of alkaline earth has a strong
effect on the activation energy. For the melt 16 Na,O - 10 CaO - 74 SiO5 and for the
melt 16 NayO - 10 MgO - 74 SiO, diffusion activation energies of 220 and 277 kJmol !

have been calculated, respectively.

7.4.2 Alumosilicate melts

Figure 7.17 shows the temperature dependency of the self-diffusion coefficients of tin
in alumosilicate melts with 16 mol% NayO. A linear dependency is observed within the
limits of error for all melt compositions. A complicated behaviour is observed for the
tin diffusion coefficient as a function of the Al;O3 concentration. At 1300°C, the tin dif-
fusion coefficients decrease with increasing Al,O3 concentration from 7.41-1078 cm?s~!
in the melt without Al;O3 to 1.95-107% ecm?s~! for 10 mol% Al,O5. A further increase
in the Al,O3 concentration to 15 mol% leads to an increase in the diffusion coefficient

to 6.62-107% cm?s~!. On the other hand, the diffusion coefficient decreases once more

to a value of 3.63-107% cm?s~! for the composition with 20 mol% Al,Os.

Figure 7.18 represents the temperature dependency of the self-diffusion coefficients of
tin in alumosilicate melts with 10 mol% NayO. A sufficient number of peak currents

fulfilling the linear correlation between Ip and 772 (see Eq. 3.13) could not be
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Figure 7.17: Diffusion coefficients of tin as a function of temperature in

alumosilicate melts with 16 mol% NasO.
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provided for the composition with 25 mol% Al,O3. Hence, the calculation of diffusion
coefficients has not been possible. A linear dependency has been observed within the
limits of error for compositions containing up to 20 mol% Al,O3. The tin diffusion
coefficients slightly decrease from 3.20-107% to 1.99-107% cm?2s~! due to the addition of
5 mol% Al,O3 at a temperature of 1300°C. However, a further increase of the Al,O3

concentration leads to an increase of the diffusion coefficient to 3.79-1078 cm?s!.

The activation energies have been calculated from the linear parts in Figs. 7.17 and
7.18 and are summarised in Table B.3. The diffusion activation energies vary between
220 and 304 kJmol~! for melts with 16 mol% NayO and range from 211 to 285 kJmol !

for melts containing 10 mol% Na,O.

7.5 Discussion of tin diffusion coefficients

In both, soda-silicate and soda-lime-silicate system, the activation energies increase
with increasing NayO concentration. The effect of the NayO concentration on the acti-
vation energies in soda-lime-silicate melts is less pronounced than in soda-silicate melts.
The diffusion coefficients increase with increasing alkali concentrations at temperatures
> 1300°C. As shown in Fig. 5.1, this runs parallel with a decrease in the viscosities.
Therefore, an increasing NayO concentration leads to both, larger tin diffusion coeffi-
cients and smaller viscosities. In order to discuss the diffusion activation energies and
diffusion coefficients as an effect of the composition, it has to be taken into account
that the viscosity of the melt has a large effect on the diffusion of any species. Hence,
it is not possible to draw structural conclusions from the compositional dependency of

the diffusion activation energy and the diffusion coefficients at constant temperature.

Figure 7.19 shows the tin diffusion coefficients of soda-silicate melts as a function of
the viscosity. A linear correlation for all melt compositions is observed. Melts with the
smallest alkali concentration have the largest diffusion coefficients at the same viscosity,

which decrease with increasing alkali concentration.
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Figure 7.21: Diffusion coefficients of tin as a function of the viscosity in

melts with different alkali and alkaline earth oxides. Viscosity data for
16 K20 - 10 CaO - 74 SiO5 and 16 NasO - 10 MgO - 74 SiO; are taken from
Ref. [68].

Figure 7.20 shows the tin diffusion coefficients of soda-lime-silicate melts as a function
of the viscosity. Also here, a linear correlation for all melt compositions is observed.
At viscosities log n (n/dPas) > 2.5, melts with the smallest alkali concentration have
the largest diffusion coefficients, which decrease with increasing alkali concentration.
It has to be noted that the tin diffusion in the composition 26 Na,O - 10 CaO - 64 SiO,
is faster than in melts with smaller NayO concentrations at viscosities log n (n/dPas)

< 2.5.

Figure 7.21 shows the diffusion coefficients of tin as a function of the viscosity in
melts with different alkali and alkaline earth oxides. A linear correlation for all melt
compositions is observed. The melt 16 Li,O - 10 CaO - 74 SiOy has the smallest
diffusion coefficient, which increases for the melt 16 NayO - 10 CaO - 74 SiOs. On the
other hand, a further increase in the size of the alkali ion (Na to K) leads to a decrease

in the diffusion coefficients. It can further be observed that the MgO containing melt
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Figure 7.22: Diffusion coefficients of tin as a function of the viscosity in

melts with varying CaO-concentrations.

shows a smaller tin ion diffusion than CaO containing melts.

Figure 7.22 shows the tin diffusion coefficients in melts with varying CaO concen-
trations as a function of the viscosity. Also here, a linear correlation for all melt
compositions is observed. Melts without alkaline earth possess the largest diffusion

coefficients, which slightly decrease with increasing CaO concentration.

Figure 7.23 shows the tin diffusion coefficients as a function of the viscosity in alu-
mosilicate melts with 16 mol% Na,O. A linear correlation for all melt compositions is
observed. Alumina free melts have the smallest diffusion coefficient, which increases
while increasing the Al,O3 concentration up to an Al,Os concentration of 15 mol %.
At larger AlyO3 concentrations a decrease of the tin diffusion coefficients is observed.

The same trend is observed for alumosilicate melt with 10 mol% Na,O (see Fig. 7.24).

The variation in the tin diffusion with increasing Al,O3 concentration has the same
order of magnitude as the variation which has been observed in soda-lime-silicate melts

by changing the melt composition. However, an increase in the Nay;O concentration
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leads to a decrease of the tin diffusion coefficients. The largest effect due to variation
of the melt composition has been observed in binary silicate melts as a function of
the NasO concentration. The effect of the CaO concentration on the tin diffusion
coefficients is rather insignificant. The effect due to a change of the alkali oxide or the

alkaline earth oxide is small compared to that of the NayO and the Al,O3 concentration.



Chapter 8

Mossbauer spectroscopy

8.1 Measurements at room temperature

8.1.1 Silicates

Figure 8.1 shows the room temperature Mossbauer spectrum of the glass 16 NayO -
10 CaO - 74 SiO5 doped with 2.5 mol% SnO,. On the basis of a fit using Voigt functions,
the spectrum has been deconvoluted into an asymmetrical doublet at 2.78 mms~!, due
to Sn?* with a large quadrupole splitting and into a symmetrical doublet at -0.26
mms ! due to Sn** with a small quadrupole splitting. The excellent fit of the spectrum
and notably that of the asymmetric subspectrum due to Sn?* has been achieved by
using a linear coupling between the isomer shift and the quadrupole splitting [81] for
divalent tin. Such coupling has not been applied in the case of the spectral part due to
Sn?T. As a consequence, the fits yield average isomer shifts and average quadrupolar
interaction parameters for Sn?>* and isomer shifts and quadrupole splittings for Sn**.
Table C.1 summarises the Md&ssbauer parameters of all compositions. For the glass
16 NayO - 10 CaO - 74 SiO, the isomer shifts have been found to be independent of
the tin concentration (0.25, 1.6 and 2.5 mol%). Therefore, it is concluded that the

tin concentration has no influence on the Mdssbauer parameters in the investigated

74
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Figure 8.1: Mgssbauer spectrum of the glass 16 Na,O - 10 CaO - 74 SiOq

doped with 2.5 mol% SnO2 at room temperature.

concentration range.

Figures 8.2(a) and 8.3(a) present the isomer shifts of Sn®** and Sn** as a function of
the NayO concentration for soda- and soda-lime silicates. Values for the compositions
15 NayO - 85 SiO, and 33 NayO - 67 SiO, are taken from Ref. [28]. For Sn* the isomer

shifts are found to vary between 2.75 and 2.72 mms~*

(soda-silicates) and to decrease
from 2.81 to 2.68 mms™! (soda-lime-silicates). In soda- and soda-lime-silicates the
shifts of Sn** vary from -0.33 to -0.25 mms~! and -0.26 to -0.23 mms™!, respectively.
For Sn?* mean quadrupole splittings ranging from 1.90 to 1.93 mms™! (soda-silicates)
and from 1.85 to 1.95 mms™!(soda-lime-silicates) are observed. In soda- and soda-
lime-silicates the splittings of Sn** are found to take values from 0.34 to 0.42 mms~!

and 0.42 to 0.51 mms™ !, respectively. The quadrupole splitting of 0 mms~! observed

by [28] is treated as an outlier.

8.1.2 Alumosilicates

Figure 8.4 shows the room temperature Mossbauer spectrum of the glass 16 NayO -

10 CaO - 15 Al,O3 - 59 SiO4 doped with 0.5 mol% SnO,. The spectrum has been
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Figure 8.4: Mdssbauer spectrum of the glass 16 NayO - 10 CaO - 15 Al,O3
- 59 SiO5 doped with 0.5 mol% SnO, at room temperature.

deconvoluted into an asymmetrical doublet at 2.80 mms~! due to Sn** with a large
quadrupole splitting and into an asymmetrical doublet at -0.13 mms~! due to Sn**t
with a smaller quadrupole splitting. The fitting procedure of the asymmetric subspec-
tra has already been described in section 8.1.1. However, all Mossbauer spectra of the
investigated alumosilicates show —in contrast to those of the investigated silicates—
asymmetric subspectra due to both Sn?* and Sn**. Table C.2 summarises the de-
termined Mossbauer parameters. (It has not been possible to determine the Sn?*
parameters for the composition 16 NayO - 10 CaO - 20 Al;O3 - 54 SiO5 due to small

Sn** concentration (1.6 mol%) and low activity of the ~-ray source).

Figures 8.5(a) and 8.5(b) show the isomer shifts and quadrupole splitting of Sn?* as
a function of the Al,O3 concentration for alumosilicates. For Sn?' the isomer shifts
are observed to be constant within the limits of error. Unlike the isomer shifts the
quadrupole splitting increases from 1.85 to 2.01 mms~'. Figures 8.6(a) and 8.6(b)
present the isomer shifts and quadrupole splitting of Sn** as a function of the Al,Os
concentration for alumosilicates. The isomer shifts and the quadrupole splitting are

found to increase simultaneously from -0.26 to -0.04 mms™' (IS) and from 0.42 to
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Figure 8.7: Mossbauer spectrum of the glass 16 NasO - 10 CaO - 74 SiOq
doped with 2.5 mol% SnO, at different temperatures.

0.82 mms™! (QS).

8.2 Measurements at high temperatures

Mossbauer spectra of the composition 16 Na,O - 10 CaO - 74 SiO, doped with 2.5 mol%
SnO, are shown for different temperatures in Fig. 8.7. The decrease in the signal in-
tensities is clearly visible. Room temperature spectra which have been recorded before
and after the high temperature measurements have proved that the redox ratio has not
changed after the high temperature measurements. This enables the determination of
the Debye temperatures according to Eq. (3.29). The Debye temperatures have been
calculated from the slope of In A (absorption area) vs. temperature by using the values
of In A which are listed in table C.1 and C.2. For instance, Sn?* has a Debye temper-
ature of 186K and Sn** a Debye temperature of 263K in the glass 16 NayO - 10 CaO
- 74 SiO,. It has been found that the Debye temperatures of both, Sn?* and Sn**t do
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Table 8.1: Debye temperatures ©p

Composition [SnOs] || ©p(Sn*T) ©p(Sn'h)
(mol%) (mol%) (K) (K)
20 NayO - 80 SiO, 1.5 179 263
26 NayO - 74 SiO, 3.1 178 266
10 NasO - 10 CaO - 80 SiO, 2.4 187 270
16 NaoO - 10 CaO - 74 SiO, 2.5 186 263
20 NayO - 10 CaO - 70 SiO, 3.0 187 272
26 NaoO - 10 CaO - 64 SiO, 2.4 187 272
16 NayO - 10 CaO - 20 Al;O3 - 54 SiO, 1.6 n.d. 257

not change within the limit of error +10K for the investigated glass compositions (see

Table 8.1).

In order to determine the correct Sn**/Sn?* redox ratios, it is necessary to account for
the respective Debye-Waller factors fp of the tin species. The Debye-Waller factors fp
can be determined from the temperature dependent signal intensities in the framework
of the Debye model of lattice vibrations (see Eq. 3.29). fp(Sn**, 293K = 0.22+0.04)
and fp(Sn*t, 293K = 0.4940.04) have been obtained for Sn?* and Sn**, respectively.
These values are characteristic for all investigated soda-silicate and soda-lime-silicate
glasses. It it assumed that an increasing Al,O3 concentration does not exercise an
influence on the Debye-Waller factors fp of the respective tin species. The corrected

redox ratios are listed in Tables C.1-C.3.
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8.3 Discussion of results from Mossbauer spectroscopy

8.3.1 Incorporation of Sn’" in glass

Table 8.2 gives an overview of isomer shifts (IS) of Sn?", quadrupole splittings (QS) and
Debye temperatures 6p reported in the literature for glasses and relevant crystalline
compounds. In this study average isomer shifts have been found to take values between

1 (see Figs.

2.68 and 2.81 mms~! with quadrupole splittings from 1.85 to 2.01 mms~
8.2(a) and 8.2(b), 8.5(a) and 8.5(b)). These values are within the range of IS and QS

observed for Sn?* in glasses reported in the literature.

In order to interpret the experimental Mossbauer parameters —IS and QS— they have
to be compared to the parameters of well known crystalline compounds. For this
reason a short description of crystalline and amorphous SnO is given in the following:
The crystal structure of gray SnO is tetragonal. Sn?* is placed at the top of a square
pyramid [83]. Here, the main contribution of the electric field gradient arises from
the unbalanced p-electron population of the non-bonding lone pair. Compared to
crystalline SnO, IS and QS are increased in amorphous SnO [82]. The increase of the
electric field gradient can be attributed to an increase in the difference between the p-
electron in the z-direction and the population in the x-y plane (o,—m,) compatible with
an axial elongation of the pyramid. Thus the general interpretation is that the axial
bond length is larger in amorphous SnO. A decrease in the Debye temperature confirms
the assumption that the covalent character has not increased [82]. This interpretation
is in agreement with the observation that the IS is found to decrease when pressure
is applied, i.e. when the density increases, which shows the shielding effect of the

p-electrons [84].

In contrast to tetravalent tin, see below, a clear correlation between the shift and the
electronegativity has not been established for divalent tin compounds [59]. However,
for Sn?* ions the completely ionic configuration is 4d'°5s2. The transition from the

ionic 5s? configuration towards a more covalent 5s-p hybridisation is accompanied by a
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Table 8.2: Mossbauer parameters of Sn?T from literature

amorphous material IS QS IS QS Op Ref.
(mms™) to (mms™!) (K)

float glass 2.84 197 - 289 2.01 191-170 | [3]

float glass (15 wt% SnO) 2.87 1.96 206 [29]

silicates* 2.8 - 31 |30]

tin-silicates ~3 20 181-191 | [31]

alkali-tin silicates 224 207 - 319 194 172-210 | [32]

soda-silicate (5-10 mol% SnO,) || 2.66 1.87 - 2.79 1.90 181 [33]

alkali-alkaline earth-tin silicates | 2.61 1.92 - 2.98 2.06 [34]

borates 291 209 - 356 1.78 [35]

borates 185-192 | [36]

tin borate glasses 276 180 - 3.43 1.78 137

fluorophosphate 3.30 1.70 - 3.36 1.72 146 [38]

SnO 2.87 1.71 181 | [82]

IS of crystalline compounds range from 2.3 to 4.4 mms™* [60]

SnO 2.68 1.36 203 | [82]

IS are quoted relative to CaSnOs3. IS scale assumes that the CaSnOg shift is the same as the

BaSnOj shift. *) The used ~v-source is unknown.
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decrease in the 5s-electron density and an increase in the electrical field gradient. There
is a rough negative correlation between IS and QS [61]. Thus, for Sn**, a decreasing
shift accompanied by an increase in the quadrupolar interaction corresponds to an

increase in covalent character of the chemical bonds.

In this study the quadrupole splittings take values between 1.85 and 2.01 mms™' (see
Fig. 8.2(b) and 8.5(b)). This values are larger than those observed for crystalline and

1 respectively (see Table 8.2). The quadrupole

amorphous SnO —1.36 and 1.71 mms~
splitting increases either as the s-electron density decreases or as the arrangement of the
ligands —the electron charge distribution in the neighbourhood of the tin atom— be-
comes more asymmetric [32]. The decrease in the s-electron density implies a decrease
in IS (see the correlation between IS and QS explained above). Since the observed
average isomer shifts (2.68 to 2.80 mms™!, see 8.2(a) and 8.5(a)) are smaller than that
of amorphous SnO (2.87 mms™! (see Table 8.2)), it seems reasonable to suppose that
Sn?* in glasses is slightly more rigidly bound than in amorphous SnO. The slightly
higher Debye temperature of 184K compared with that of amorphous SnO (181K)

might support this assumption. (The Debye temperature is a measure of the bonding

strength and is discussed in detail in section 8.4).

In soda-lime-silicate glasses the IS of Sn?* are found to decrease slightly with increas-
ing NayO concentration. Such a dependency on the Nay;O concentration was already
observed in ternary silicate glasses [85]. This decrease is simultaneously accompanied
by an increase in the QS of the Sn** ions (see Figs. 8.2(a) and 8.2(b)). For Sn**, a de-
creasing shift accompanied by an increase in the quadrupolar interaction corresponds
to an increase in the covalent character of the chemical bonds. (The correlation be-
tween IS and QS has above been outlined in detail). However the Debye temperature

of Sn?* is constant within the limits of error (see Table 8.1).

Now there is the question which effect gives rise to this slight strengthening of the Sn?*-
O bonds. The strengthening of the Sn?>T-O bonds itself suggests a weakening of the

respective O-cation bonds. The weakening of the O-cation bond is caused by a larger
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and less polarising cation. Such a systematic variation of the Mossbauer parameters
was early established for alkali-metal or related tin(II)halides [86]. In consequence,
it seems reasonable to assume that the [Sn(IT)O4]?~ complex is located in a slightly

different neighbourhood as the NayO concentration increases.

In alumosilicates the quadrupole splittings of Sn?* ions are found to increase with
increasing Al,O3 concentration. In contrast to the correlations outlined above, this
increase is not accompanied by a change of the IS of Sn?*, i.e. the IS remains con-
stant within the limit of error as the Al;O3 concentration increases (see Figs. 8.5(a)
and 8.5(b)). In general, QS increases as the s-electron density decreases or as the ar-
rangement of the ligands becomes more asymmetric [32]. A decrease in the s-electron
density implies a decrease in IS. Hence, the observed increase in QS might be due
to an increasing asymmetry of the ligands —e.g. oxygen which is bound to Si and
oxygen which is bound to Al. This is not surprising since Al acts in the investigated

concentration range as a NWF —in tetrahedral coordination— in analogy to Si.

However, the correlations between isomer shifts, quadrupole splittings and Debye tem-
peratures are very complex and thus, not easy to interpret. This can be recognised by
studying the values of IS, QS and 6p of glasses reported in the literature (see Table
8.2).

8.3.2 Incorporation of Sn** in glass

Table 8.3 gives an overview of the isomer shifts (IS) of Sn**, quadrupole splittings (QS)
and Debye temperatures 6 which are reported in the literature for silicate and borate
glasses and relevant crystalline compounds. In this study average isomer shifts have

been found to take values between -0.33 and -0.04 mms™—!

with quadrupole splittings
from 0.34 to 0.82 mms™ (see Figs. 8.3(a) and 8.3(b), 8.6(a) and 8.6(b)). The isomer
shifts are within the limits of error in the range of IS reported for Sn** in glasses in
the literature. Nevertheless, such a large quadrupole splitting as 0.83 mms™! of Sn**

in glasses was not yet reported in the literature.
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Table 8.3: Mossbauer parameters of Sn** from literature

amorphous material IS QS IS QS Op Ref.

(mms™)  to (mms™!) (K)

float glasses -0.20 0.41 - -0.11 0.58 283-230 | [3]

float glasses -0.27 043 - -0.26 0.39 [39]

float glass (15 wt% SnO) -0.20  0.48 364 [29]

silicates* -0.25 - -0.02 [30]

soda silicates (2-10 mol% SnO,) || -0.27 0.5 - -0.22 0.5 232-308 | [33]

borates -0.21 - -0.04 [35]

borate 259 [36]

tungstate -0.02 360 [25]

fluorophosphate -0.23 155 [38]

Sn0, 0.13  0.70 243 | [82]

Is of crystalline compounds range from -0.4 to 1.9 mms™! [60]

Sn0, 0.00 0.45 313 | [82]

Malayaite CaSn|OSiOy] -0.07 1.45 410 [87]

Pabstite Ba(Sn,Ti)[Si;O9] | -0.28 0.4 330 | [33]

KoSnFg -0.39 88]

IS are quoted relative to CaSnOg3. IS scale assumes that the CaSnOg shift is the same as the

BaSnOj shift. *) The used v-source is unknown.
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In order to interpret the values of the Mossbauer parameters —IS and QS— they
have to be compared to the parameters of well known crystalline compounds. For this
reason a short description of crystalline and amorphous SnOs is given in the following:
The crystal structure of SnQO, is of the Rutile type: Sn** is situated in a distorted
octahedron, all Sn-O distances are equal in the basal plane. The Sn-O axial distances
in direction perpendicular to the basal plane are by 2% longer than those in the base
[89]. Such a structure generates a non-axially-symmetric electric field gradient. Hence,
the large change in the quadrupole splittings (see Table 8.3) between amorphous and
crystalline SnO, can be attributed to a further elongation of the axial Sn-O bond with
respect to the basal bonds. The IS (see Table 8.3) of amorphous SnO, is more positive
than in crystalline SnO, suggesting a larger s-density at the nucleus. This is due to
a decrease in donation of s-electrons to the oxygen ion caused by larger distances in
amorphous SnO, rather than an increase in covalency of the Sn-O bond. Besides, the
Debye temperature of amorphous SnO, (6p = 243K) is smaller than in crystalline SnOs
(0p = 313K). Since a smaller Debye temperature corresponds to a weaker bonding, it
was concluded that the covalency in the Sn-O bond of amorphous SnOs is not increased

182].

For tetravalent tin compounds, there is a clear correlation between the isomer shift
and the ionicity of the bonds: Compounds of tetravalent tin range from 1.9 mms~! for
essentially covalent compounds to about -0.4 mms™' for fully ionic compounds [60].
That signifies that increasing bond ionicity correlates with decreasing isomer shifts.
In this context, the shift of KoSnFg -0.39 mms™! is one of the smallest known shifts
of tetravalent tin [88]. The ionic character of Sn*™ bonds in crystalline SnO, gives
rise to an isomer shift of 0.00 mms™' [82]. Since the isomer shifts measured in this
work are between theses values, the bonding of Sn** in silicates may be predominantly

Limplies that Sn** is incorporated

ionic. The quadrupole splitting of ~0.44 mms™
in analogy to crystalline SnO,. That is in an octahedral coordination situated in a

fairly symmetric neighbourhood. The high ionicity of the Sn**-O bonds implies a high
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polarising cation such as Si in the vicinity of the oxygen ion. The high ionicity of
the Sn**-O bonds is in agreement with the lower Debye temperature observed for Sn**
(~268K) in silicate glass in comparison to that of crystalline SnO, (313K). (The Debye

temperature is a measure of the bonding strength as discussed in detail in section 8.4).

In this study the isomer shifts of Sn** are found to be constant within the limits of
error with increasing NasO concentration. Furthermore, the quadrupole splittings and
Debye temperatures are not affected by NasO concentrations. In consequence, it has
been concluded that the neighbourhood of Sn** does not significantly change in soda-
silicate and soda-lime-silicate glasses. Nevertheless, increasing the Al,O3 concentration
—from 0 to 20 mol%— leads to an increase of the isomer shift by 0.22 mms~!. In the
case of tetravalent tin with its ideal ionic configuration of 4d!°, this observation corre-
sponds to an increase in the number of 5s-electrons associated with the tin atoms. As
outlined above, this probably represents an increase in the covalent character of the
chemical bonds. However, such a clear increase in covalency should be accompanied
by an increase in the Debye temperature —larger Debye temperatures correspond to
stronger bonding. The results of this study do not confirm such an increase in the
Debye temperature. Indeed, there is a slight decrease from 263K to 257K as the
Al,O3 concentration increases from 0 to 20 mol%. However, the increase in the iso-
mer shift is accompanied by an increase in the quadrupole splitting of 0.40 mms™?.
A similar difference in isomer shift and quadrupole splitting is observed between crys-
talline and amorphous SnO; but accompanied by an evident decrease in the Debye
temperature. (The difference in the structure of crystalline and amorphous SnO, is
described above). Nevertheless, the simultaneous increase in the s-electron density and
quadrupole splitting with increasing Al,O3 concentrations may result from elongation

of the axial Sn**-O bonds, rather than from a change in the degree of covalency.
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8.4 Function of tin ions in glass network

The Debye temperature of ~269K (soda-lime-silicate) for Sn** —present in octahedral
coordination— does not change within the limit of error as the Na;O concentration is
varied. Also the addition of Al;O3 to a soda-lime-silicate glass does not greatly affect
the Debye temperature of Sn**. Nevertheless, the Debye temperature of ~187K Sn?*
—present in fourfold coordination— is far smaller indicating that Sn** is more rigidly
bonded to the glass network than Sn?T. The variation in the Nay,O concentration
neither has a pronounced effect on the Debye temperature of Sn?*. As a result, it
seems reasonable to suppose that the incorporation of tin ions is not affected in a large
extent by variations in the NayO concentration. For the AlyO3 concentration, however,

there are not enough data available to propose any trend.

Now, the question arises which function have Sn** and Sn** in soda-lime-silicates
and in the investigated alumosilicate glass: According to Nishida [25]-|27] the Debye
temperature fp for a network former is higher than 280K —owing to its stronger
bonding to the glass network, whereas the Debye temperature 6 assigned to a network
modifier is smaller than 270K. According to this hypothesis, Sn?** acts as network
modifier and Sn'* is a border line case. Nevertheless, other authors [90, 91| have
observed that Sn** being present in octahedral coordination strengthens the glass
network in silicate glasses. On the other hand, larger Debye temperatures 65 for Sn**
were observed in soda-silicate glass having 10 mol% SnO, (308K) [33] and in float
glass with 15 mol% SnO, (364K) [29]. Further, it was found that Sn** has a very
low solubility in pure SiOs and is difficult to accommodate in a tetrahedral network
due to its preference for octahedral coordination [31]|. In consequence, Williams et al.
[92] have suggested an intermediate function for Sn** having a Debye temperature 6
of 260K and being present in octahedral coordination in float glass. Accordingly, the
splitting into exclusively network modifier and network former might be too strict and
an "intermediate" may be added to this graduation for the case of Sn**. However,

the splitting into network modifiers and network formers as a measure of the Debye
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temperature may be easier understandable in correlation with the polarising power of
the network forming cations in which Sn** is incorporated: Large Debye temperatures
Op are observed when Sn*' is incorporated in a glass network formed by network
formers having a smaller polarising power. For example, a Debye temperature 6, of
360K was found for Sn** in a tungstate glass [25]. According to this, a less polarising
network former gives rise to a weakening of the O-NWF bond and in consequence
to a strengthening of the Sn**-O bond. Small Debye temperatures 6 are observed
when Sn** is incorporated in a glass network formed by network former having a large
polarising power. For example a Debye temperature 6p of 155K was determined in a
fluorophosphate glass [38]. In this context it seems reasonable to assume that Sn**

acts as an intermediate in silicate glasses.

For Sn?* caution might be exercised in applying the "Nishida model": The Debye
temperatures, which have been reported in the literature, are not larger than 210K (see
Table 8.2) implying that Sn®* is always present as a network modifier. Nevertheless,
several authors [29, 31, 32, 93] indicated that SnO is not only acting as a network

modifier, but rather as intermediate or even conditional former.



Chapter 9

Discussion

9.1 Redox ratios

By means of both methods, square-wave voltammetry and Mdossbauer spectroscopy,
only Sn** and Sn** have been detected. Thus, there is no occurrence of metallic
tin, even under reducing conditions reached in the SWV experiments at high negative
potentials. The redox ratios of glasses having the same SnO, concentration determined

by means of both methods are listed in Table 9.1.

Comparing the Sn**/Sn?** redox ratios evaluated by using square-wave voltammetry
and Mossbauer spectroscopy, the ratios determined from both methods are in agree-
ment within the limits of error. Even the determination of the redox ratios in alumosil-
icate glasses by using estimated values for the Debye-Waller factors leads to acceptable

results.

Hence, the knowledge of the Debye-Waller factors enables the evaluation of the re-
dox ratios by means of Mossbauer spectroscopy in soda-silicate, soda-lime-silicate and

alumosilicate glasses.

90



Table 9.1: Redox ratios determined by square-wave voltammetry at 1600°C, oxygen
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activity measurements and Mdossbauer spectroscopy (MS)

91

Composition [SnO,] | Sn*T  Sn*™ | Sn**  Sn*t

(mol%) (mol%) | (%) (%) | (%) (%)
by SWV by MS

16 NayO - 10 CaO - 74 SiO, 0.25 |29(1) T1(1) | 34(6) 66(6)

16 Na,O - 10 CaO - 5 ALOs - 69 Si0, 0.5 | 44(1) 56(1) | 54(6) 46(6)

16 NayO - 10 CaO - 15 ALO, - 59 Si0, 0.5 | 56(1) 44(1) | 51(6) 49(6)
by ao, by MS

10 NayO - 10 CaO - 80 SiO, 2.0 | 64(3) 36(3) | 60(6) 40(6)

16 NayO - 10 CaO - 74 SiO, 1.8 | 45(3) 55(3) | 33(6) 67(6)

20 Na,O - 10 CaO - 70 SiO, 1.6 | 43(3) 57(3) | 45(6) 55(6)

26 NasO - 10 CaO - 64 SiO, 1.3 [37(3) 63(3) | 32(6) 68(6)
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Figure 9.1: Redox ratios of tin (a) and iron (b) at 1300°C as a function of the alkali concentration
in silicate melts. Data for the melts 15 NasO - 85 SiO2, 33 NasO - 67 SiO2 and iron redox ratios are
taken from Ref. [70] and Refs. [7, 68] .

9.2 Comparison with other studies mainly of iron

9.2.1 Redox equilibria and structure

As seen in Fig. 9.1(a) in soda-silicate melts most of the tin is present in the Sn** state,
but still a very small fraction of Sn?* is present. However, if CaO is added to a soda
silicate melt, there exists a linear correlation between the redox ratio and the NayO
concentration: There is a slight increase from 95 to 97.3 % at 1300°C; at 1600° this
trend is more pronounced —however still small: it increases from 63.4 to 72.5%. (The
effect of the CaO concentration on the redox equilibrium is discussed below.) It has
been noted also by other authors that the tetravalent state is most stable in silicate
glasses [5, 28, 94]. The present finding, that at higher alkali concentrations the higher
oxidation state is slightly favoured, has already been reported in other studies, e.g.
concerning the polyvalent element tin [30, 95| and iron (see Fig. 9.1(b) [7, 8]. It was

found that Fe3™ being present in tetrahedral coordination is as well the dominating
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species. [FeOy4|™ tetrahedra are charge compensated mainly by alkali ions —charge
compensation by Ca?" is less effective but possible. A smaller alkali ion exercises a
more stabilising effect on the FeO, tetrahedra due to its larger Coulomb forces. As a
consequence, larger alkali concentrations and smaller alkali ions lead to slightly larger

Fe3* /Fe?T redox ratios |7, 8, 14].

As outlined above, both Sn*" and Fe3* are highly favoured in alkali-silicate glasses.
For Fe3*, however, it is described above that its occurrence is mainly linked to the
presence of network modifiers. This implies that this might also be the case for Sn**.

The validity of this statement will be discussed throughout this chapter:

First, it has been concluded from Méssbauer spectroscopy that Sn** is incorporated
in octahedral coordination (see chapter 8). Further, several authors have suggested
that Sn*" enters the glass network in the presence of alkali as [SnOg/2]*~ octahedra
[91, 96, 97| and that the coordination number of tin depends largely on the alkali
species [98]. Takeda [99] has remarked that the formation of non bridging oxygen is
required to provide the local electroneutrality around Sn** being present in octahedral

coordination.

Second, a further indicator might be the existence of crystalline compounds RySnO3
with R = Li, Na. [100].

Third, evidence for charge compensation of [SnOg/s|*~ octahedra by alkali ions might
be the fact that several authors have observed that Sn** does not enter pure SiO,
glass due to its tendency for octahedral coordination. Nevertheless, Sn?* is found to

be incorporated in binary tin-silicate glasses [29, 31, 93].

In summary, the incorporation of Sn** in silicate glasses has only been observed in
alkali containing silicate glasses which seems to be an evidence for alkali stabilisation

of Sn*t octahedra.

In Fig. 9.1(a) it can be seen that the stabilisation of Sn*" is getting slightly less
effective in the sequence K — Na — Li. This effect was also described in Ref. [30, 98].

However, this is contrary to the observation made for the Fe? /Fe?-redox equilibrium
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Figure 9.2: Redox ratios of tin (a) and iron (b) at 1300°C as a function of the alkaline earth concen-

tration in silicate melts. Iron redox ratios are taken from Ref. [7, 68, 70].

(see Fig. 9.1(b)). A possible explanation may be given by the different coordination
numbers of Sn** (6) and Fe*™ (4) and the different function of the alkali ion in the
network: According to Scholze [101], alkali ions possess different coordination numbers
in silicate glasses, i.e. Li™ = 4, Na™ = 6, K™ = 8 and thus they form different cavities.
Because of the tendency of Sn** for octahedral coordination, it is necessary to keep
in mind that it needs larger cavities to enter the network. Owing to its tetrahedral

coordination Fe3* does not have such difficulties to enter a dense network.

The increase in the CaO concentration has at most a minor effect on the Sn**/Sn?*
redox equilibrium. In consequence, it does not seem very reasonable to draw any con-
clusion on the influence of the CaO concentration. However, the presence of MgO
favours slightly the Sn?* state (see Fig. 9.2(a)). MgO is not exclusively a network
modifier [101] and accordingly the network is denser. As already outlined above, Sn'*
has difficulties to enter a denser network owing to its preference for octahedral coor-
dination. Gerlach et al. |8] have observed that the change in the CaO concentration

has a minor effect on the Fe¥™ /Fe?' redox equilibrium (see Fig. 9.2(b)). In Ref.
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Figure 9.3: Redox ratios of tin (a) and iron (b) at 1300°C as a function of the AloO3 concentration

in alumosilicate melts. Iron redox ratios are taken from Ref. [9].

[11, 12, 17] it has been concluded that also Ca*" contributes to the stabilisation of
[FeOy|~ tetrahedra but not MgO.

In alumosilicate melts, a major fraction of tin is present in the Sn** state. However,
the fraction of Sn*t decreases linearly with increasing Al,O3 concentration: e.g. at
1300°C for alumosilicates with 16 mol% NasO from 96.3 to 85.5 % and for alumosilicate
with 10 mol% NasO from 95.0 to 50.0%. The variation in the Al,O5 concentration
exercises a far more pronounced influence on the Sn**/Sn**-redox equilibrium than
the variation in the alkali concentration and alkaline earth concentration. The change
of the Fe3™ /Fe*"-redox ratio is found to be of the same order of magnitude but has a

different trend at large Al,O3 concentrations ([AloO3] > [NagO]) [9].

In order to discuss the dependency of the redox ratio of polyvalent elements on the
Al;O3 concentration it is necessary, at first, to give a simplified explanation of the func-
tion of AI*" in the glass network: If [NagO]/[Al;03] » 1 —peralkaline range, alumina
is incorporated as AlO; tetrahedra and an alkali cation is demanded for charge com-

pensation. If [NayO|/[Al2O3] « 1 —peraluminous range, excess alumina can no longer
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be incorporated in tetrahedral coordination but in octahedral coordination. Due to
the changes in the AI** coordination, the glass structure and the physical behaviour of
glass liquids, e.g. viscosity, change drastically [102, 103]. Such a change in the viscosity
is observed for melts 16 NayO - 10 CaO - x Al,O3 - (74-x) SiO, with x = 5, 10, 15,
20: The viscosity increases up to a maximum of 15 mol% Al,O3; and decreases again

at larger Al;O3 concentrations (see Fig. 5.3).

As already outlined above, Fe3" is present as [FeO4|~ tetrahedra charge compensated
by alkali ions. Accordingly, it has been concluded by several authors [9]-[12] that Fe®*
and AI3" compete for the charge balancing alkali ions in the peralkaline range: With
increasing Al,O3 concentrations, increasing quantities of alkali ions are necessary for
the charge compensation of the [AlO4]~ tetrahedra. As a consequence, the alkali ion
concentration which is available for the stabilisation of [FeO4]™ tetrahedra decreases
and as a result, the Fe3* concentration decreases. In the peraluminous range the con-
centration of Fe3* increases again. This is a consequence of the incorporation of A3+
in octahedral coordination, i.e. as a network modifier [16, 17]|. In the peralkaline range
Sn**t/Sn?* and Fe?* /Fe*"-redox equilibria show the same shift: That is the reduced
state is favoured with increasing Al,O3 concentration. This analogy implies that also
Sn** competes with AI** for Na*t ions as charge balancing ion. This conclusion might
further confirm the assumption that [Sn*"Og]*~ octahedra need Na™ for their stabili-
sation. Nevertheless, AI>T in octahedral coordination does not shift the redox ratio
to the Sn** state as observed for iron. It seems that Sn** is tied to the stabilisation
by alkali ions due to its octahedral coordination. Fe3* due to its tetrahedral coordi-
nation may be easier to charge compensate by higher charged cations. As it is known
from [AlOy4]~ tetrahedra a stabilisation by Ca ions is possible. However, the presence
of Sn** is not tied to alkali ions (see above). Sn?" is even known to be present as
intermediate or conditional network former in alkali free silicate glasses because of its
smaller coordination number [29, 31, 32, 93]. Systematic studies on the incorporation

of Sn?* in peraluminous glasses are necessary to provide a better understanding of the
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Figure 9.4: Diffusion coefficients of tin (a) and iron (b) at constant viscosities 7 of 10® dPas as a
function of the NasO concentration in soda- and soda-lime-silicate melts. Data for 33 NayO - 67 SiO4

and iron diffusion coefficients are taken from Refs. [67, 70] and Ref. [68].

function of Sn?T* ions.

9.2.2 Diffusion and structure

As already reported in the case of iron diffusion coefficients [13]-[15], the large variation
of tin diffusion coefficients can not be described by the Stokes-Einstein equation D ~ %
First of all, the viscosity is attributed to the mobility of the glass network. This gives
rise to the question why the mobility of tin at a constant network mobility changes as a
function of the glass composition. Regarding various types of glass components such as
network modifiers, network formers and polyvalent elements, the diffusion coefficients
predominantly depend on their incorporation into the glass structure and vary over

several orders of magnitude [13, 104, 105|.

For example, in soda-silicate melts the diffusion coefficients decrease at a constant
viscosity of 10? dPas by almost two orders of magnitude with increasing Na,O concen-

tration from 20 to 33 mol%: They decrease from 1.38-107% to 5.62 - 1071 cm?s7!. In



CHAPTER 9. DISCUSSION 98

soda-lime-silicate melts the diffusion is found to decrease by around one order of magni-
tude from 16 to 26 mol% NayO, i.e. they decrease from 2.34-107% to 1.68-107% cm?s™!
(see Fig. 9.4(a)).

The dependency of tin diffusion coefficients on the NayO concentration observed in
this work has already been reported in the case of iron diffusion coefficients in alkali-
magnesia-silicate melts (see Fig. 9.4(b)) [14]. A decrease in the iron diffusion coeffi-
cients with larger alkali concentrations was pointed out at constant viscosity. It was
concluded that this effect is caused by the stronger incorporation of Fe3™ in the glass
network. Here, Fe3* is forming a distorted tetrahedrally coordinated complex charge
balanced by Na' cations. Consequently, a larger Nat ion concentration has a more
stabilising effect. According to the result obtained by Mdssbauer spectroscopy (see
8.3.2), Sn** is forming a distorted octahedrally coordinated complex and the character
of the Sn-O bonds in not significantly affected by the variation of the NayO concentra-
tion. In section 9.2.1 it has been suggested that this complex may be charge balanced
by Na't cations. Also the dependency of the tin and iron diffusion coefficients on the
NaoO concentration is very similar, thus, it seems reasonable to suppose that a larger

Na™ ion concentration has in analogy to iron ions a more stabilising effect on tin ions.

In section 7.5 (see Fig. 7.20) it has been described that in soda-lime-silicate melts the
slope —log D vs. log n— for the 26 NayO - 10 CaO - 64 SiO2 melt is different from
that for the other compositions. That is due to the fact that the tin diffusion in this
melt is faster than in melts containing less NayO at viscosities log  (n/dPas) < 2.5
—this trend is contrary to the trend described above. By Md&ssbauer measurements
(chapter 8) it has been concluded that the incorporation of tin in glass is not affected
significantly by the change in the NayO concentration (within the composition range
studied). Hence, the behaviour of the 26 NayO - 10 CaO - 64 SiO5 melt described above
cannot be explained by a drastic change in the incorporation of tin. However, it should
be noted that this composition is the only one in which Q3 and Q? tetrahedra coexist

[106], whereas in all other melts, predominantly Q* and Q* tetrahedra are present. A
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Figure 9.5: Diffusion coefficients of tin (a) and iron (b) at constant viscosities n of 102 dPas in
alkali-alkaline earth-silicate melts. Iron diffusion coefficients and viscosities for 16 K5O - 10 CaO -

74 SiO2 and 16 NasO - 10 MgO - 74 SiO4 are taken from Ref. [68].

similar investigation on the diffusion of iron does not exist to verify this interpretation.
However, in soda-lime-silicates the change observed in the thermodynamic behaviour

of iron is due to the outlined structural change [7].

In Fig. 9.5(a) variations in the diffusion coefficients in silicate melts with different
alkali and alkaline earth oxides are shown at a constant viscosity of 10*5 dPas. By
changing the alkali ion from Li to Na, the diffusion coefficient increases from 1.51-10~%
to 7.76 - 1078 ¢cm?s™'. However, a further increase of the alkali ion radius (Na to K)

leads to a comparatively small decrease of the diffusion coefficient (4.47-1078 cm?s71).

Variations in the size of the alkali ion have the same effect on the iron diffusion coef-
ficients in silicate melts (see Fig. 9.5(b)) [68]: By changing the alkali ion from Li to
Na, the diffusion coefficient increases from 2.75-107" to 1.2-107% cm?s~!. However, a
further increase of the alkali ion radius (Na to K) leads to a decrease of the diffusion
coefficient (4.46 - 1077 ¢cm?s™!). The indicated correlations are explained by the fact

that Li has a more stabilising effect on the FeO, -tetrahedra due to its larger Coulomb
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forces [14]. Because tin diffusion coefficients show an analogous trend, the compo-
sitional dependency of tin diffusion coefficients may be interpreted in the same way.
Nevertheless, the slight decrease in the diffusion coefficients of tin and iron by further
increasing the alkali ion size, i.e. from Na to K is, is in contradiction. The variation in
the type of alkaline earth (Mg to Ca) leads to an increase in the tin diffusion coefficient,
i.e. from (1.91-107% to 7.76-107% ¢cm?s™'). Here, the effect which has been observed for
iron is less pronounced: That is the iron diffusion coefficient increases from 6.31 - 10~7
to 1.20 - 107% cm?s™! (see Fig. 9.5(a) and 9.5(b)). Accordingly, alkaline earth ions do

probably have a minor effect on the tin and iron diffusion coefficients.

Diffusion coefficients as a function of the CaO concentration are plotted at a constant
viscosity 1 of 102 dPas in Fig 9.6. While increasing the CaO concentration from 0 to
20 mol%, the diffusion coefficients decrease from 5.50-1078 to 3.47-10~8 cm?s~!. Hence,
the variation of the diffusion due to changes of the melt composition is almost negligible.
In consequence, it may be concluded that variations in the CaO concentration have at
most only minor contribution to the diffusion coefficients. However, the Sn?* fraction
is slightly larger as the CaO concentration is increased. Unfortunately there is no

comparable study of the diffusion coefficients of iron.

The variation in the tin diffusion as a function of the AlO3 concentration is shown at a
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constant viscosity n of 10® dPas in Fig. 9.7(a). In melts with 16 mol% NayO, the diffu-
sion coefficients increases from 2.34-107% (0 mol% Al,O3) to 2.24-1077 cm?s™! (15 mol%
Al O3). Alumosilicate melts with 10 mol% NayO show the same dependency of the
1

Al,O3 concentration: The tin diffusion coefficient increases from 8.51-107% cm?s™

(5 mol% AlyO3) to 3.47-1077 em?s™! (15 mol% AlyO3).

This dependency of tin diffusion coefficients on the Al,O3 concentration observed in
the present work was already reported in the case of iron diffusion coefficients (see
Fig. 9.7(b)) [68]. An increase in the iron diffusion coefficients from 2.88-10~7 (0
mol% Al,O3) to 6.61-1077 ecm?s™ (15 mol% Al,O3) is found. This correlation was
interpreted in the following manner: By introducing alumina, which is incorporated
as [AlO4]~ tetrahedra charge compensated by Na't, the [FeO4] -tetrahedra are less
stabilised, because an increasing fraction of Na™ is demanded for the Al stabilisation.
(The incorporation of Al,Oj is outlined in section 9.2.1.) Since [FeOy4|~ is the least
mobile iron species, the mobility of iron increases and consequently the diffusion process
is faster [15]-[17]. Now the question is which effect gives rise to the changes of the tin
diffusion coefficients as the composition is varied. It is assumed that Sn** is forming
a distorted octahedral coordinated complex which is charge balanced by alkali ions.
It has been discussed in section 9.2.1 that an increase in the Al,O3 concentration —
a decrease in the availability of alkali— destabilises Sn**. In other words, the tin

diffusion increases.

A further increase in the Al,O3 concentration leads to a decrease in the tin diffusion
(9.12:1078 em?s™!). This decrease in the diffusion coefficient runs parallel with a change
in the AI** coordination. (see section 9.2.1). However, Al octahedra do not stabilise
Sn** but an increasing fraction of Sn?* is stabilised. Accordingly, the decrease in the
diffusion coefficient may be caused by a better stabilisation of Sn?T. Sn?* is known
to act not exclusively as a network modifier but also as a intermediate or even as a
conditional network former [29, 31, 32, 93]. However, there are further investigations

necessary to verify this hypothesis.
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Figure 9.7: Diffusion coefficients of tin (a) and iron (b) at constant viscosities 1 of 103 as a function of
the AlO3 concentration in alumosilicate melts. Iron diffusion coefficients and viscosities for 16 NayO

- 10 CaO - 5 Al,O3 - 69 Si0O2—16 NagO - 10 CaO - 15 Al,O3 - 59 SiO2 are taken from Ref. [68].

In this context, it is appropriate to make some remarks concerning the interpretation of
the Mossbauer parameters of Sn** as a function of the Al,O3 concentration: In section
8.3.2 it has been concluded that the increase in the s-electron density —as the Al,O3
concentration is increased— is rather caused by an elongation of the Sn**-O bonds
than by a change in the degree of covalency. Therefore, the simultaneous increase in

the tin diffusion coefficients might support this interpretation.

Since the diffusion coefficients of tin are smaller than those of iron, it is concluded that
the incorporation of tin in the glass network is stronger than that of iron. Hence, tin
ions possess a larger network forming ability than iron ions. This goes along with the
fact that octahedrally coordinated Sn** ions have a higher field strength (0.94) than
tetrahedrally coordinated Fe*' ions (0.85) [107].
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9.3 Conclusions on the fining behaviour

Conclusions on the fining behaviour of Sn** compounds can be drawn from the depen-
dency of the peak potential on temperature. Oxygen gas evolution takes place, if the
oxygen activity of a melt exceeds the value attributed to an oxygen fugacity of 1 bar.
The maximum gas evolution is at a Sn** /Sn?" ratio equal to unity. Temperatures for
maximum formation of oxygen bubbles can be obtained from linear extrapolation of
the data shown in Figs. 7.1-7.7. This temperature is ~1700°C for the composition
16 NagyO - 10 CaO - 74 SiOs. For the other alkali-alkaline earth silicate glass composi-
tions the temperature of bubble formation is similar (£45K). However, a lower fining
temperature of 1625°C has been found for the K,O containing glass. This is caused by
the larger standard entropy of the Sn**/Sn*" reaction (see Table B.1). In alumosili-
cates even lower temperatures for maximum bubble formation have been obtained, e.g.
for the composition 16 Nay,O - 10 CaO - 20 Al;O3 - 54 SiOy ~1575°C. In the peralumi-
nous glass composition 10 Na,O - 10 CaO - 25 Al,O3 - 55 SiO, this temperature has
even shifted to ~1300°C.

Tin compounds are fining agents giving raise to bubble formation at temperatures
far larger than more convenient fining agents such as AsyOs, SboOs5 or NasSOy. It
should be noted, however, that in oxidised melts, i.e. those with a Sn"/Sn?* ratio
much larger than unity, smaller quantities of bubbles are already formed at lower
temperatures. Nevertheless, the temperatures necessary for effective fining are not
reached in convenient glass tanks. However, Sn** compounds are promising candidates

for high temperature fining in e.g. peralkaline alumosilicate melts.
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Summary

Both, electrochemical and Mdssbauer spectroscopic measurements have been carried
out at high temperatures in alkali-alkaline earth-silicates and alumosilicates. The al-
kali concentration, the type of alkali, the alkaline earth concentration, the type of
alkaline earth and the Al,O3 concentration have been varied. The determination of
thermodynamics of redox equilibria, diffusion coefficients, Mdssbauer parameters and
Debye temperatures as a function of the glass composition should contribute to a better

understanding of the structural incorporation of tin in silicate melts.

In order to provide at first an understanding of the mechanism of the electrode reaction,
a soda-silicate melt has been investigated by means of square-wave voltammetry
and electrochemical impedance spectroscopy: The square-wave voltammograms
recorded at larger temperatures show one pronounced peak. By contrast, the appear-
ance of a second peak is observed at smaller temperatures and shorter step times.
The peak appearing at all temperatures is due to a fully reversible electrode reaction,
whereas the peak appearing in addition at lower temperatures and shorter step times
is not caused by an electrode reaction controlled by diffusion. The impedance spectra
at larger temperatures have been simulated using a simple equivalent circuit in which
the Warburg impedance accounts for a diffusion controlled electron transfer reaction.

At smaller temperatures the impedance spectra had to be simulated by an equivalent

104
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circuit with an additional resistance and capacitance accounting for absorption. The
minima in the Warburg impedance-dc-potential dependency and the peak potentials
observed by SWV have been attributed to the same electrode reaction. According
to results of electrolysis and Mdssbauer spectroscopy, this reaction has been assigned
to the Sn**/Sn®T redox pair. Potentials which are observed at the maxima in the
adsorption capacitance-dc-potential dependency and the peak potentials of the peak
appearing only at lower temperature are assigned to an adsorbed state. The adsorption

of SnO, on a Pt-electrode at high temperatures has been shown for the first time.

The peak potentials attributed to the redox pair Sn** /Sn** have been found to decrease
linearly with temperature. This is attributed to a shift of the redox equilibrium to the
Sn** state. The linear correlation between peak potential and temperature enables
the determination of the standard enthalpy AHC, standard entropy AS’. Oxygen
activity measurements provide an alternative method to determine the standard
enthalpy AH’. A good agreement between the standard enthalpies AH° determined
by both, SWV and oxygen activity measurements has been obtained. Besides, the
knowledge of the oxygen activity and the thermodynamic standard data enables the
determination of oxidation states at high temperatures. It has been determined that

the equilibrium state has been reached for the investigated peralkaline melts.

The peak potentials determined in lithium oxide- and soda-silicate melts do not de-
pend within the limits of error on the alkali concentration. Therefore, the change of
the alkali concentration has no significant influence on the redox equilibrium. By con-
trast, for soda-lime-silicate melts, the dependency of the peak potentials on the Nay,O
concentration is linear within the limit of error. That is, the oxidised state is favoured
with increasing alkali concentration. An increase in the size of the alkali ion leads to
more negative standard potentials in alkali-silicate melts. Accordingly, a higher frac-
tion of Sn** is formed. However, in alkali-lime-silicate melts a pronounced effect has
been observed only in the case of Na to K. An increase in the CaO concentration or

the replacement of CaO by MgO shifts the peak potentials to slightly larger values.
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Increasing Al,O3 concentrations lead as well to larger peak potentials. That means,
a higher fraction of Sn** is formed. The variation in the Al,Os; concentration has
the most pronounced effect on the redox equilibrium. Sn** has been the dominating

species in almost all glass compositions.

In soda-silicate and soda-lime-silicate melts the diffusion coefficients decrease at a
constant viscosity with increasing NayO concentration. The variation in the diffusion
coefficients as a function of the CaO concentration is almost negligible. Also the effect
due to a change of the alkali oxide or the alkaline earth oxide is small compared to
changes of the Nay,O concentration. However, the variation in the diffusion coefficients
due to an increase in the AlyO3 concentration has the same order of magnitude as the
variation in the diffusion coefficients which has been observed in soda-silicate melts by
varying the NayO concentration. By contrast, an increase in the Al,O3 concentration

leads to an increase in the diffusion coefficients in the peralkaline range.

In soda-lime-silicates, the M éssbauer spectra of tin doped glasses show an asymmet-
ric doublet due to Sn?t with a large quadrupole splitting and a symmetrical doublet
due to Sn** with a small quadrupole splitting. The isomer shifts of Sn?* decrease with
increasing Na,O concentration accompanied by an increase in the quadrupole splitting.
This is interpreted in terms of slightly increasing covalency of the Sn-O bonds. The
isomer shifts of Sn** are constant within the limits of error. In alumosilicates the spec-
tra are composed of asymmetric subspectra due to both Sn?* and Sn**. For Sn?* the
isomer shifts are observed to be constant within the limits of error. Nevertheless, the
quadrupole splitting increases with increasing Al,O3 concentration. This is probably
due to an increasing asymmetry of the ligands. For Sn**, the isomer shifts increase
with increasing Al,O3 concentration which corresponds to an increase in the number of
bs-electrons. This observation is accompanied by an increase in the quadrupole split-
ting. It has been concluded that Sn?* most probably possesses a fourfold coordination
similar to that of tin in amorphous SnO. Sn** has a preference to a distorted octa-

hedral position with strongly ionic bonding. The Debye temperatures of both Sn**
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(~263K) and Sn*" (~187K) do not change within the limits of error with increasing

Na,O concentration.

The effect of the glass composition on the Sn**/Sn?" redox equilibrium and the tin
diffusion has been compared with similar studies on iron. Analogous trends in the
Sn**/Sn?* and Fe®' /Fe** redox equilibrium and in the tin and iron diffusion coef-
ficients with variation of the glass composition have implied a tendency of Sn** for
forming a distorted octahedrally coordinated complex which might be charge balanced

by Na™ ions.

Applying Sn** compounds as fining agents the formation of oxygen bubbles is maxi-

mum at temperatures far higher than those of convenient fining agents.
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Table A.1: Properties of the glass samples

Composition p T, (100,400
(mol%) (grem™3) (°C) (107K

33 LisO - 67 SiOq 2.353 463 118

15 NayO - 85 SiOy* 2.343 485 75

20 NayO - 80 SiOq 2.398 470 105

26 NayO - 74 SiO, 2.476 462 137

33 NayO - 67 SiOy* 2.491 460 160

10 NagO - 10 CaO - 80 SiO, 2.445 567 7

16 NagO - 10 CaO - 74 SiOq 2.503 534 100

20 NayO - 10 CaO - 70 SiOq 2.538 520 116

26 Nay,O - 10 CaO - 64 SiO, 2.607 520 138

16 K50 - 10 CaO - 74 SiO, 2.470 600 107

16 NasO - 10 MgO - 74 SiO, 2.435 491 106

20 NayO - 20 CaO - 60 SiOq 2.677 551 122

16 NayO - 10 CaO - 5 Al,O3 - 69 SiOq 2.508 562 98
16 NayO - 10 CaO - 10 Al,O3 - 64 SiO, 2.547 590 97
16 NayO - 10 CaO - 15 Al,O3 - 59 SiO, 2.546 635 93
16 NayO - 10 CaO - 20 Al,O3 - 54 SiO, 2.563 688 94
10 NayO - 10 CaO - 5 Al,O3 - 75 SiO, 2.466 605 75
10 NayO - 10 CaO - 15 Al,O3 - 65 SiO, 2.507 692 72
10 NayO - 10 CaO - 25 Al,O3 - 55 SiO, 2.512 783 52

*) Data are taken from Ref. [67].
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Table A.2: Vogel-Fulcher-Tamman parameter of the glass melts

Composition(mol%) A B(K) To(°C)
20 NayO - 80 SiO, -0.695 2940 406
26 Na,O - 74 SiO, 22,325 5784 17
33 NayO - 67 SiO,® -1.548 3869 156
16 NayO - 10 CaO - 74 SiO, -0.474 2836 368
20 Na,O - 10 CaO - 70 SiO, -0.347 2498 360
26 NayO - 10 CaO - 64 SiO, -0.595 1406 466
16 Li,O - 10 CaO - 74 SiO, -1.934 5351 1
16 K50 - 10 CaO - 74 SiOy® -1.948 4763 291
16 NayO - 10 MgO - 74 SiOy® 22,302 5925 104
20 NayO - 20 CaO - 60 SiO, -0.279 1360 593
16 NayO - 10 CaO - 5 Al,O3 - 69 SiO," || -2.053 5409 190
16 NayO - 10 CaO - 10 Al,O3 - 64 SiO5° | -3.700 8914 45
16 NayO - 10 CaO - 15 Al,O3 - 59 SiO5° || -5.351 11644 10
16 NayO - 10 CaO - 20 Al,O5 - 54 SiO, || -2.990 6588 285
10 NayO - 10 CaO - 5 Al,O3 - 75 SiOy | -2.454 6936 140
10 NayO - 10 CaO - 15 Al,O3 - 65 SiO, || -23.876 125389  -3172

%) Data are taken from Ref. [67]. ) Data are taken from Ref. [68].
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Table B.1: Peak potentials, thermodynamic data and redox ratios for the reaction wmzf +

e~ = £5n?* (T = 1300°C, po, = 0.21 bar).

Composition [SnO,] | Ep AH° AS° log AWNM v
(mol%) (mol%) | (mV) (kJmol™) (Jmol™'K™!)

26 LiyO - 74 SiOq 0.5 -223 105.5 50.0 1.43

33 LixO - 67 SiO, 0.5 =227 96.0 44.0 1.46

15 NayO - 85 SiOy* @ 0.5 -248 115.5 55.0 1.59

20 NayO - 80 SiOq 0.25 -247 113.0 593.5 1.58

20 NayO - 80 SiOq 0.5 -245 112.0 53.0 1.57

20 NayO - 80 SiOq 1.0 -246 114.0 24.0 1.58

26 NayO - 74 SiO, 0.25 -254 118.5 56.5 1.63

33 NayO - 67 SiO5* 0.5 -243 108.0 50.5 1.56

10 NayO - 10 CaO - 80 SiOq 0.25 -200 97.5 46.5 1.28
16 NayO - 10 CaO - 74 SiOq 0.25 -220 107.0 51.0 1.41
20 NayO - 10 CaO - 70 SiO, 0.25 -227 104.0 49.0 1.46
26 NayO - 10 CaO - 64 SiO, 0.25 -243 105.5 49.0 1.56

*) Data are taken from Ref. [70]. ) Values are extrapolated.
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Composition [SnO,] || Ep AH° AS° log AMNM v
(mol%) (mol%) | (mV) (kJmol™) (Jmol™'K™!)
16 Li,O - 10 CaO - 74 SiO4 0.25 -218 102.0 48.5 1.40
16 K,O - 10 CaO - 74 SiO, 0.25 -235 133.5 67.0 1.51
16 NayO - 10 MgO - 74 SiO, 0.25 -209 103.5 50.0 1.34
20 NayO - 20 CaO - 60 SiO, 0.5 -223 104.0 49.0 1.43
16 NayO - 10 CaO - 5 Al,O3 - 69 SiO, 0.5 -186 101.5 50.0 1.19
16 NayO - 10 CaO - 10 Al,O3 - 64 SiO, 0.25 -175 97.5 48.0 1.12
16 NaoO - 10 CaO - 15 Al,O3 - 59 SiOq 0.5 -133 88.5 45.0 0.85
16 NayO - 10 CaO - 20 Al,O3 - 54 SiOq 0.5 -120 80.0 40.0 0.77
10 NayO - 10 CaO - 5 Al,O3 - 75 SiO, 0.5 -152 95.5 48.0 0.98
10 NayO - 10 CaO - 15 Al,O3 - 65 SiO, 0.5 =75 77.5 41.5 0.48
10 NagO - 10 CaO - 25 Al,O3 - 55 SiO* 0.5 0 34.0 18.5 0.00

) Values are extrapolated.
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Table B.2: Standard enthalpy, oxygen activity at 1300°C and redox ratios determined by oxygen activity measurements in

comparison with redox ratios determined by SWYV for the reaction 1/2Snt = 1/28n?T +e~.

Composition [SnOs] AHY ao, log Ammwwv T Sn?t  Sn*t Sn?*t  Sn*t
by SWV* by ap,
(mol%) (mol%) || (kJmol™) C) o) (o) (%) (%)
20 NayO - 80 SiO, 0.5 107(11) 00018 054 | 1600 29 71 22(8) 78(8)
16 NayO - 10 CaO - 20 ALOs - 54 S0, 0.5 72(7) 00127  0.05 | 1600 53 47  47(5) 53(5)
10 NayO - 10 CaO - 25 Al,O3 - 55 SiO** 0.5 35(2) 0.0225 -0.75 1600 70 30  85(4) 15(4)
10 Na,O - 10 CaO - 80 SiO, 2.0 98(5) 0.0006  -026 |1500 22 78 64(3) 36(3)
16 Na,O - 10 CaO - 74 SiO, 1.8 107(5) 0.0004 008 | 1450 13 87 45(3) 55(3)
20 NaxO - 10 CaO - 70 SiO, 1.6 104(5) 0.0005 0.3 | 1400 8 92 43(3) 57(3)
26 NasO - 10 CaO - 64 SiO, 1.3 106(5) 0.0005 024 | 1400 7 93 37(3) 63(3)

*) For equilibrium with air at 1400°~1600°C, respectively.

) Values are determined at 1500°C because of crystallisation at lower temperatures.
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Table B.3: Diffusion activation energies and diffusion coefficients at 1300°C.

Composition [SnO,] Ep D
(mol%) (mol%) | kJmol™"  c¢m?s™!

26 LixO - 74 SiO, 0.5 222 8.04-1078

33 LiO - 67 SiOq 0.5 200 2.54-1077

15 NagO - 85 S5iO9* 0.5 216 1.41-1078

20 NayO - 80 SiO- 0.25 222 4.96-1078

26 NayO - 74 SiO, 0.25 284 8.10-107%

33 NayO - 67 SiOy* 0.5 291 9.25-107%

10 NayO - 10 CaO - 80 SiO, 0.25 211 3.20-1078

16 NagO - 10 CaO - 74 SiOq 0.25 220 7.41-1078

20 NayO - 10 CaO - 70 SiOq 0.25 228 7.57-1078

26 Nay,O - 10 CaO - 64 SiO, 0.25 259 8.77-1078

16 Li5O - 10 CaO - 74 SiO, 0.25 223 4.76 - 1078

16 K20 - 10 CaO - 74 SiO, 0.25 318 1.91-10°8

16 NasO - 10 MgO - 74 SiO, 0.25 277 1.31-10°8

20 NayO - 20 CaO - 60 SiOq 0.5 229 5.92-1077

16 NasO - 10 CaO - 5 Al,O3 - 69 SiO, 0.5 234 5.02-107%
16 NayO - 10 CaO - 10 Al,O3 - 64 SiO, 0.25 303 1.95-1078
16 NayO - 10 CaO - 15 Al,O3 - 59 SiO, 0.5 257 6.62-1078
16 NayO - 10 CaO - 20 Al,O3 - 54 SiO, 0.5 304 3.63-10°%
10 NayO - 10 CaO - 5 Al,O3 - 75 SiOq 0.5 285 1.99-10°8
10 NazO - 10 CaO - 15 Al,O3 - 65 SiO, 0.5 252 3.79-1078

*) Data are taken from Ref. [70].
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Table C.1: Mossbauer parameters of silicates
T Sn** Sn*t
1S QS T b(gEen)| 1808 T (e |
(K) (mms—1) (mms—1) COIT.
20 NasO - 80 SiO5 doped with 1.5 mol% SnOq
293 || 2.75 1.90 0.42 -2.52 -0.28 0.42 0.31 -2.18 0.6
373 || 2.74 1.87 0.33 -3.00 -0.29 0.36 0.27 -2.41
473 || 2.74 1.81 0.29 -3.54 -0.31 0.33 0.25 -2.65
o273 || 2.69 1.78 0.34 -4.11 -0.35 0.34 0.26 -2.93
673 || 2.66 1.72 0.31 -4.64 -0.36  0.33 0.25 -3.17
26 NasO - 74 SiO5 doped with 3.1 mol% SnOq
293 || 2.72 1.93 0.38 -3.01 -0.25 0.42 0.32 -1.51 2.0
373 || 2.71 1.88 0.38 -3.49 -0.27 0.40 0.30 -1.71
473 || 2.67 1.85 0.43 -4.05 -0.30 0.42 0.32 -1.99
73 || 2.65 1.81 0.40 -4.66 -0.32 0.39 0.30 -2.23
673 || 2.62 1.78 0.23 -5.13 -0.35 0.37 0.28 -2.47
10 NaoO - 10 CaO - 80 SiOy doped with 2.4 mol% SnO»
293 || 2.81 1.90 0.40 -2.18 -0.26  0.45 0.28 -2.15 0.5
373 || 2.80 1.87 0.38 -2.59 -0.28 0.43 0.28 -2.33
473 || 2.77 1.84 0.42 -3.11 -0.31 0.44 0.30 -2.58
073 || 2.75 1.84 041 -3.60 -0.34 0.42 0.30 -2.83
673 || 2.74 1.77 0.39 -4.14 -0.36  0.43 0.29 -3.08
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T Sn2t Snt

IS QS T ln<7> IS QS T zn( ) St

background background

(K) (mms™!) (mms™!) COLT.

16 NagO - 10 CaO - 74 SiO5 doped with 0.25 mol% SnO,

293 |1 2.79 1.92 043 -4.73 -0.26 0.40 0.27 -3.26 1.9

16 NaoO - 10 CaO - 74 SiO5 doped with 1.6 mol% SnO4
293 || 2.78 1.92 0.46 -3.61 -0.26 0.43 0.31 -2.42 1.5

16 NaoO - 10 CaO - 74 SiO5 doped with 2.5 mol% SnO4

298 || 2.78 1.85 0.27 -2.57 -0.26  0.42 0.26 -1.46 14
473 || 2.72 1.86 0.40 -3.45 -0.30 0.41 0.26 -1.95
o073 | 2.71 1.82 0.43 -3.99 -0.33 0.41 0.15 -2.11
673 || 2.63 1.95 0.81 -4.47 -0.36  0.40 0.21 -2.46
773 | 2.61 1.89 0.30 -5.04 -0.38 0.37 0.19 -2.69

20 NayO - 10 CaO - 70 SiO5 doped with 3.0 mol% SnO,

293 || 2.75 1.91 0.32 -2.55 -0.24 0.42 0.22 -1.71 1.0
373 || 2.72 1.89 0.40 -2.93 -0.27 0.44 0.30 -1.88
473 |1 2.70 1.90 0.41 -3.40 -0.29 047 0.35 -2.10
o973 || 2.67 1.85 0.40 -3.97 -0.32 0.39 0.22 -2.36
673 || 2.63 1.81 0.43 -4.48 -0.34 0.42 0.28 -2.62

26 NayO - 10 CaO - 64 SiO5 doped with 2.4 mol% SnO,

293 || 2.68 1.95 0.42 -2.83 -0.23 0.51 0.38 -1.44 1.8
373 || 2.65 1.93 0.44 -3.25 -0.25 049 0.37 -1.63
473 11 2.60 1.91 0.45 -3.75 -0.28 0.47 0.35 -1.87
073 || 2.54 1.90 0.46 -4.21 -0.31 0.48 0.36 -2.11

673 || 2.57 1.89 0.47 -4.80 -0.33  0.43 0.32 -2.36
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Table C.2: Mossbauer parameters of alumosilicates
T Sn?t Sntt
1S0S T m(gEen)| 18008 T (e | e
(K) (mms—1) (mms~1)
16 NasO - 10 CaO - 5 Al,O3 - 69 SiO2 doped with 0.5 mol% SnOq
293 || 2.79 1.92 0.41 -4.69 -0.23 0.44 0.30 -4.03 0.9
16 NasO - 10 CaO - 15 Al;O3 - 59 SiO5 doped with 0.5 mol% SnOq
293 || 2.80 2.01 0.45 -4.86 -0.13 0.67 0.41 -4.09 1.0
16 NasO - 10 CaO - 20 Al;O3 - 54 SiO4 doped with 1.6 mol% SnOq
293 n.d. -0.04 0.82 0.45 -2.06 o0
373 n.d. -0.08 0.81 0.44 -2.25
474 n.d. -0.12  0.77 0.40 -2.53
273 n.d. -0.16 0.73 0.40 -2.77
673 n.d. -0.19 0.74 0.40 -3.11
773 n.d. -0.22 0.72 0.38 -3.34
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Table C.3: Mossbauer parameters of silicates melted in reducing conditions
T Sn2* Snt*
508 T n(mEen)| 18 Qs T (g | o

(K) (mms™!) (mms™!)
10 NasO - 10 CaO - 80 SiOy doped with 2.0 mol% SnOy + 0.2 wt. C

293 | 2.84 1.88 047 4,82 026 048 0.17 ~4.44 0.7
16 NasO - 10 CaO - 74 SiOy doped with 1.8 mol% SuOy + 0.2 wt. C

293 | 2.78 2.01 047 5.40 025 0.44 0.31 -3.90 2.0
20 NayO - 10 CaO - 70 SiO5 doped with 1.6 mol% SnOy + 0.2 wt. C

293 | 278 1.91 0.20 3,82 025 0.38 0.00 22,84 1.2
26 NayO - 10 CaO - 64 SiO5 doped with 1.3 mol% SnO5 + 0.2 wt. C

293 | 2.64 1.96 0.51 5.48 022 044 028 -3.92 2.1
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