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Introduction

Transition elements as well as some main group elements occur in glasses in different

oxidation states. At temperatures far above the glass transition temperature, the

polyvalent ions and the physically dissolved oxygen form an equilibrium [1-3]. The

equilibrium eonstant Κ^ίΤ) can be defined by Eq. (2).

^(N-Z). + I O 2 < = ^ ^ A " ^ + F O  (1)

Kk(T)  ^ ^ ^ (2)
â(n-z)+ '^O^ 

with a,  activity of the respective species. Since the activity of O^' is usually much

larger than the other activities in Eq. (2), it can be included into the equilibrium

eonstant. The respective activity coefficients can be considered as unity, if referenced

to an ideally diluted Solution. Then the activities can be replaced by the respective

concentrations [3, 4].

Κ Λ ( Τ )  Γ Τ 7 ^ · 3 Μ (3)

The equilibrium constants according to Eq. 3 can be determined in glasses which

melts have been equilibrated at high temperatures, using chemical or physical

methods [ 1 , 2, 5]. Another possibility, frequently applied in the past decade is to use

electrochemical methods, such as square-wave-voltammetry [6-10]. Here, current-

potential curves are recorded directly in the melt at high temperatures, e.g. in the

ränge from 1000 to 1600 C. From those measurements Standard potentials, Eo, o f t he
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respective redox pair are obtained and the diffusion coefficients can be caiculated.

This enables the caiculation of equilibrium constants as well as that of attributed

Standard free enthalpies, AG° , Standard enthalpies, ΔΗ° , and Standard entropies,

Δ 8 ° .

Δ0° (Τ ) ΔΗ° - Τ Δ 8 °  - z x F x E o = - R T I n Κ ( Τ ) (4)

Generally, redox equilibria are shifted to the oxidized species during cooling [3, 6-8].

This results in a decrease in the oxygen activity. Since, however, the concentration of

physically dissolved oxygen in the melt is very small, usually much smaller than those

of the polyvalent ion, fast cooling cannot result in a shift in the redox ratios, if only one

polyvalent ion is present [9-12]. This is also due to the small oxygen diffusivities in

Silicate melts. If, however, more than one redox pair occur in the melt, redox reactions

during cooling may play an important part.

2. Voltammetry In glass melts at high temperatures

The experimental set up for voltammetric measurements has frequently been

described in the literature [1-3]. In a melt kept at high temperature, three electrodes

are inserted: (i) the working electrode (a platinum wire), (Ii) a counter electrode (a

platinum plate) and (iii) a reference electrode (a zirconia based sensor, flushed with a 

reference gas, usually air). The electrodes are connected to a potentiostat, controlied

by a Computer, which gives the potential-time dependence and records the currents. In

the past, the most frequently applied method was the square-wave-voltammetry. The

potential-time dependence is a stair case ramp superimposed by a rectangular wave

(pulse potential: 100 mV, step time 1 to 400 ms). The currents are measured at the

end of every half-wave and differentiated. In Fig. (1), square-wave voltammograms

recorded in a melt with the basic composition 10Na2O.10MgO.10Al2O3.70SiO2 (doped

with 0.25 mol % Εθ2θ3) from 1200 to 1600 °C are shown. The curves show distinct

maxima caused by the reduction of Fe^" to Fe "̂". At 1600 °C, the peak potential is -145

mV (vs. the Zr02 / air reference). With decreasing temperature, the potentials get more

negative. Also the peak currents decrease notably; due to decreasing diffusivities.

Figure (2) presents the dependencies of peak potentials on temperature for melts with

the composition 10Na2O.xMgO.10Al2O3.(80-x)SiO2 all doped with 0.25 mol % Εθ2θ3·

In  a Wide temperature ränge, a linear correlation of the peak potential and the

temperature is observed. This enables the caiculation of ΔΗ° and Δ8° using Eq. (4).

= = 



Below a temperature of 1300 and 1350 C, deviations from linearity are observed in

the melts with 15 and 20 mol % MgO, respectively. This is caused by the crystallization

of forsterite (Mg2Si04) as proved by XRD [8].
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Fig. (1) Square-wave-voltammograms recorded in a melt with the basic
composition 10Na2O.10MgO.10Al2O3.70SiO2, doped with 0.25 mol
% Fe203 (Step time τ = 1 0 0 m s ) Curve 1: 1600 C, curve 2:
1500 °C, curve 3: 1400 °C, curve 4: 1300 X and curve 5: 1200 C.
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FLG. (2) SQUARE-WAVE-VOLTAMMOGRAMS RECORDED IN A MELT WITH THE BASIC

COMPOSITIONS 10Na2O.xMgO.10AL2O3.(80-x)SiO2, DOPED WITH

0.25 MOL  % ΡΘ2Θ3. Ο : Χ  5, : Χ  10, • : Χ  15 AND • : Χ  20.
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Figure (2) also illustrates that the effect of the glass composition (here:

MgO-concentration) on the peak potential (and hence the equilibrium constants) is

large. For 5 and 20 mol % MgO, the peak potentials at 1600 C are -120 and -240 mV,

respectively. Within this MgO-concentration ränge studied, the peak potentials

decrease linearly (within the limits of error) with increasing MgO-concentration. In the

literature [3, 4, 6-9], the effect of glass components on the redox equilibrium Fe^"'/Fe^''

has frequently been described in the past few years. It can be summarized as follows:

if the alkali concentration is increased, the peak potential decreases. If alumina is

introduced into  a soda Silicate melt, the peak potentials first get less negative up to a 

concentration of [Na20]  [AI2O3]. Α further increase in the alumina concentration

results in a re-decrease of the peak potentials. If additionally CaO occurs in the melt,

the maximum peak potentials are shifted to larger alumina concentration and occur at

[Na20]  + [CaO]/2  [AI2O3]. The introduction of MgO does not result in a shift of the

maximum peak potentials. This behaviour can be described by empirical equations

using an increment System [6-9] and also be explained by a structural model. In this

model, Fe^"" is assumed to be tetrahedrally coordinated as Fe04" which formally has a 

negative Charge, compensated preferably by alkali ions. Larger alkali concentrations

hence result in a better stabilization of Fe04"-tetrahedra and decreasing peak

Potentials. Small quantities of alumina also occur as tetrahedra (AIO4") which also

need alkali for Charge compensation. Since smaller Na20-concentrations are available

to stabilize the Fe04~-tetrahedra, the peak potentials get less negative. If

[AI2O3] > [Na20] in Na20/Al203/Si02 melts, additional AI2O3 can no longer be

incorporated in tetrahedra coordination, but in octahedral coordination. The

introduction of CaO into the melt contributes to the stabilization of the

Fe04~-tetrahedra, however, one Ca^"" stabilizes only one AIO4" or Fe04~-tetrahedron

(and not two).

Since in MgO-containing melts, the maximum in the peak potentials occurs at [Na20]

[AI2O3], it does not contribute to the stabilization of AIO4" or Fe04"-tetrahedra. Since

the effect of MgO on the Standard potential, however, is well pronounced, the

structural role should be different from that of CaO. The effect of MgO is more likely

caused by the similarities to Fe^"", concerning ionic radii (Mg^^: 0.78 Ä, Fe^^: 0.83 Ä)

and metal oxygen bond lengths (Mg-0: 2.1 Ä, Fe-0 : 2.15 Ä) [19]. Therefore, Mg^^ and

Fe^"" should occupy similar sites in the glass structure. Increasing MgO-concentrations
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hence should lead to the incorporation of Fe^"" in energetically less advantageous

Sites. The decreasing peak potentials hence are caused by a destabilization of Fe^""

and not by a stabilization of Fe^^.

Voltammetric measurements have been performed for a large variety of polyvalent

elements including main group elements (e.g. arsenic, antimony and tin). In t in

containing melts, in the past few years, the effect of glass composition on the

Sn^"'/Sn'^''-redox equilibrium as well as on the tin diffusivity have been reported. Also

here, the thermodynamics could be explained by a structural model [15]. By contrast,

other polyvalent elements have only been studied in few melt compositions [16-18],

and conclusions on their incorporation, up to now, are not possible using voltammetric

data.

Voltammetric measurements are also suitable to investigate melts in technical glass

furnaces. For this purpose, technical sensors have been constructed which can

directly inserted into the feeder [19, 20]. The current-potential curves recorded allow a 

direct conclusion on the total concentration of each occurring element. Here, the

simultaneous quantitative determination of iron, sulphur and chromium is possible. It

should be noted that voltammetric peak potentials, obtained from a carefui

deconvolution of a square-wave voltammograms are not affected by the presence of

another polyvalent ion.

3. High temperature spectroscopy

In phnciple, high temperature spectroscopy of a melt can be performed in two

completely different ways. The first is absorption spectroscopy and the second way is

emission spectroscopy [21]. In phnciple, the experimental set up of absorption

spectroscopy in the UV-vis-NIR ränge does not differ much from that at room

temperature [11, 12, 21]. In the most cases, measurements at high temperatures are

carried out in a Single beam arrangement. From a light source, the light passes a 

chopper and the sample, located in a heating Chamber. The transmitted light is

focused to the entrance slit of a monochromator and given to a lock-in amplifier

adjusted to the chopper frequency. Spectra of samples, recorded at different

temperatures exhibit different shape. This is not surprising because extinction

coefficients generally depend on temperature. However, also another effect may

contribute to the changes in the spectra: alterations in the concentrations of respective
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redox species. The latter might have different reasons. One of them is the diffusion of

oxygen in or out of the melt, another one is a redox reaction between different types of

polyvalent elements. In Fig. 3, absorption spectra of a sample with the basic

composition of 16Na2O.10CaO.74SiO2 doped with 0.25 mol % Fe203 is shown. The

strong absorption observed at around 1050 nm is due to the ^Fs (D) > (D)

transition [22] of Fe "̂". The absorption at a fixed temperature is in agreement with

Lambert Beer's Law, i.e. is proportional to the Fe "̂" concentration. The spectra were

recorded at temperatures in the ränge from 25 to 750 °C. The absorption decreases

steadily with increasing temperature while the peak is slightly shifted to larger

wavelengths. Since the glass possesses a glass transition temperature of around

550 °C, it can be exciuded that oxygen diffusion is responsible for the decreasing

absorption with decreasing temperature. Hence, a decrease in the extinction

temperature should be the reason.

500 1500 2000
 wavelength in nm

Fig.3 Absorprion spectra of a sample with the basic composition
16Na2O.10CaO.74SiO2 doped with 0.25 mol % Fe203 recorded at
1: 25  C, 2: 300  C, 3: 500  C, 4: 600 C and 5: 750 C 

In Fig. 4, the absorption at around 1050 nm of a sample doped with 0.5 mol % Fe203

and 0.5 mol % AS2O5 normalized to a temperature of 300 °C is shown as a function of

temperature. The absorption decreases linearly with increasing temperature, however

above 600 °C, a re-increase in the absorption is observed.
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Fig.  4 Absorption of a 
sample doped with 0.5
mol % Fe203 and 0.5
mol % AS2O5 at the
maximum of the bond
at around 1100 nm as
a function of the
temperature.

Since the absorption coefficient decreases in the entire temperature ränge shown in

Fig. 4, the re-increase in absorption must be caused by an increase in the Fe "̂"

concentration. Α fairly similar behaviour is also observed in melts doped with CuO.

Here, an absorption peak is observed at a wavenumber of 13,000 cm""* which is due to

the e g ( x y ; y z ) ^ a i g transition [23]. In melts solely doped with CuO, the absorption

decreases slightly (< 10 %) in the temperature ränge from 25 to 800 C. The same

behaviour is observed in melts doped with both copper and tin. By contrast, in melts

doped with both copper and antimony,  a different behaviour is seen which is in

analogy to the glasses doped with both iron and arsenic (as shown in Fig. 4). This is

illustrated in Fig. 5 for glasses doped with 0.3 mol % CuO + 0.15 mol  % Sb205, 0.6

mol % CuO + 0.3 mol % Sb205 and 0.6 mol % CuO + 0.15 mol % Sb205. First, from

25 to 600 °C, a slight decrease in the absorptivity is observed, while at further

increasing temperatures, a notable re-decrease is observed.

In the case of glasses doped with both copper and tin the Cu "̂" concentration remains

eonstant within the whole temperature ränge studied while the Cu "̂" concentration

increases above 600 °C in the glass doped with both Cu^  and Sb205. Since as

described above oxygen diffusion can be exciuded at the temperatures supplied, a 

redox reaction between the redox couples present must be responsible (as in the case

of the glass doped with iron and arsenic).
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Fig. 5 Absorption at the maximum of the band at around 13,000 cm'"" as a 
function of the temperature for samples : doped with 0.3 mol % CuO
+ 0.15 mol % S B 2 0 5 , A : 0.6 mol % CuO + 0.3 mol % S B 2 0 5 and

• : 0.6 mol % CuO + 0.15 mol % Sb205.

If two polyvalent elements occur simultaneously in a melt, the following redox reaction

may take place [9, 10]:

zxB^'^-Y^' + yA"";^ :zxB"^'+yA^"-(n-z)+ (5)

The equilibrium of the polyvalent elements Α and Β with the physically dissolved

oxygen (see Eqs. 1 and 4) can be described as follows:

- R T I N K A = A G ° = Δ Η ° - Τ Δ 8 °

- R T I N K B = A G ° = Δ Η ° - Τ Δ 8 °

(6)

(7)

The equilibrium eonstant  K A B ( T ) (Eq. 5) can then be caiculated by the equilibrium

eonstant  K A ( T ) and  K B ( T ) [9, 10]:

K A B ( T )
_ K A ( T F _

Κ Β ( Τ Γ
 exp ( - y A G ° + z A G ° ) / ( R - T Y

οχρ[ ( ζΔΗ°  yAH° ) / ( R · T ) ] • exp[(yAS°, + zAS° ) / R ^

(8)

Thus, the equilibrium eonstant  K A B ( T ) depends on temperature, if z A H ° ? ^ y A H ° .

Then, the respective redox ratios [A^/[A("•")^] and [B^/iB^^'^^T will also change with
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temperature if the temperature changes. For copper containing melts, the following

reactions are to be taken into account:

2 C u ' '  + Sb'' :^=> 2Cu'  + Sb ' " (9)

2 C u ' '  + Sn'^ 2Cu" + S n " ' (10)

Thermodynamic data of the redox equilibria of each redox pair with air are available

from voltammetric measurements ( Δ Η ^ (CuVCu^"") 92 k J m o r \ AS^ (Cu'^/Cu^")

32 J-mor -K-̂  [9], Δ Η (Sn^VSn^^)  192 kJ-mo| - \ AS' (Sn^VSn^^)  118 J - m o ^ -K"̂

[24], Δ Η (Sb^VSb^"') 286 k J m o r \ AS' (Sb^VSb^^)  206 J -morK '^ [9]. The

temperature dependent term in Eq. 9 ( z A H ' - y A H ° ) Δ Η ^ Β is then 102 kJmol"^ for

melts doped with both copper and antimony and only  8 kJmol"^ for melts doped with

both copper and tin. In the following, the melts were assumed to be in equilibrium with

air at 1600 °C, the temperature they were melted. According to the thermodynamic

data above, this results in a [Cu^"']/[Cu'']-ratio of 1.8. In the melts solely doped with

copper, this ratio remains the same during cooling. In the melts additionally doped with

antimony, the Cu^"'-concentration decreases during cooling. At initial CuO and

Sb205-concentration of 0.3 and 0.15 mol %, the Cu^^-concentration is 0.193 mol % at

1600 °C ([Cu^'']/[Cu'']=1.8). During cooling  a Cu^"'-concentration of 0.1 mol % is

reached at 550 C. At a copper concentration of 0.6 and an Sb205-concentration of 0.3

mol %, the Cu^"" concentration decreases from 0.386 mol % to 0.262 mol % during

cooling. In Fig. 6, a plot of the maximum absorptions obtained from room temperature

spectra and the Cu^"'-concentrations caiculated from the thermodynamic data for

550 °C is shown. Α linear correlation between the measured and caiculated data is

seen. The shift in the Cu^'"-concentration during cooling is readily seen in the

absorption spectra. Whereas in the case of antimony doped melts, the redox

equilibrium is significantly shifted with temperature due to the large

AHcu/sb =102 kJmol "^ , the shift is small in the case of melts doped with copper and tin

( A H L ; s n = 8 k J - m o r ) .

The shift in the redox ratios can quantitatively b e explained by the thermodynamic data

of the respective redox pairs, but it can also directly seen in the vis-spectra case of

melts doped with copper and antimony in the temperature ränge from 600 to 800 C.

At temperatures below 600 °C, the redox equilibrium is kinetically frozen [9, 10].
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Fig. 6 Maximum absorptions at room temperature and Cu^^-
concentrations caiculated from thermodynamic data (for 550 °C).

Conclusions

Thermodynamics of redox equilibria can be determined at high temperatures using

square-wave voltammetry. This method also enables the determination of diffusion

coefficients and of total concentrations of the respective polyvalent elements. If melts

contain only one type of polyvalent element are cooled down rapidly, the redox ratio

remains the same due to small diffusivities of oxygen. If the melt contains more than

one type of polyvalent element, the redox ratios at high temperatures are the same as

in the respective melts doped with only one type of polyvalent element if equilibrated

with the same atmosphere. During cooling, the redox ratios may change due to redox

reactions between the polyvalent species. These redox reactions are controlied by the

thermodynamics o f the respective redox pairs down to a temperature somewhat above

Tg. Thermodynamic data determined by voltammetry at temperatures in the ränge

from 1000 to 1600 C enable the quantitative description o f the redox reaction down to

600 °C. Below this temperature, the redox equilibrium is frozen in.
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