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Oxygen balance in sulfur-containing glass melts

Hayo Muller-Simon
Huttentechnische Vereinigung der Deutschen Glasindustrie (HVG), Frankfurt/M. (Germany)

In sulfur-containing glasses the Fe?>*/Fe3* ratio at a given oxygen partial pressure shows a considerable shift compared to glasses
without sulfur. This effect is caused by an electron exchange and governs the redox behavior of industrial glass melts at fining
temperature. The electron exchange is formulated by a thermodynamic approach which can quantitatively describe the redox reac-
tions between melting temperature and room temperature in flint glasses. In amber and green glasses this dependence is super-
imposed by the dissolution of SO,-containing bubbles, which results in an additional shift of the oxygen partial pressure in the
direction of the sulfur solubility minimum during cooling. From this shift the maximum solubility of sulfite in soda—lime—silica
glass melts can be estimated to be about 0.025 wt% SOj;. Resorption curves of sulfite sulfur in the melt describe the refining quality.
They can serve as a tool for improving the secondary refining in sulfur-containing industrial glass melts.

Sauerstoffbilanz in schwefelhaltigen Glasschmelzen

In schwefelhaltigen Glasern weist das Fe?*/Fe3*-Verhiltnis bei gegebenem Sauerstoffpartialdruck eine deutliche Verschiebung ge-
geniiber schwefelfreien Glasern auf. Dieser Effekt wird durch Elektronenaustausch verursacht und bestimmt das Redoxverhalten
industrieller Glasschmelzen bei Lautertemperatur. Die Elektronenaustausch-Reaktionen werden mit einem thermodynamischen An-
satz beschrieben, der eine quantitative Bestimmung der Redoxreaktionen zwischen Schmelztemperatur und Raumtemperatur in
WeiBgldsern erlaubt. In braunen und griinen Glasern wird dieser Zusammenhang durch die Auflésung SO,-haltiger Blasen iiberla-
gert, wodurch eine Verschiebung des Sauerstoffpartialdrucks in Richtung des Loslichkeitsminimums des Schwefels beim Abkiihlen
bewirkt wird. Aus dieser Verschiebung kann die maximale Loslichkeit des Sulfits in Kalk-Natronsilicatgldsern zu 0,025 SO; (Massen-
anteil in %) abgeschitzt werden. Resorptionskurven des vierwertigen Schwefels beschreiben die sekundére Lauterung. Diese Kurven

konnen als Hilfsmittel benutzt werden, um die sekundére Lauterung in schwefelhaltigen Gldsern zu verbessern.

1. Introduction

Polyvalent elements are of particular interest in indus-
trial glass melting. Their oxidation state determines the
refining quality of the glass melt as well as the color of
the final glass product. The increasing use of raw materi-
als with varying oxidation properties such as recycled
cullet and filter dust requires additional efforts today in
order to control the oxidation state of industrial glass
melts. Redox number systems, ferrous/ferric ratio or oxy-
gen partial pressure are useful measures for that pur-
pose. However, the oxidation state of a glass or glass
melt is a complex quantity which cannot be described
by a single value.

The redox ratio of a single polyvalent element re-
mains constant during cooling because only very small
amounts of oxygen are physically dissolved in commer-
cial soda—lime—silica glass melts. If two or more poly-
valent elements are present in a glass melt, the redox
ratios can change due to temperature variations. This
process can be considered as electron exchange reaction.
Recently, the oxidation state of iron in glasses containing
also chromium has been described quantitatively as-
suming such a reaction [1]. In a glass containing both
iron and chromium the redox ratio of each polyvalent
element depends not only on the oxygen partial pressure

Received May 11, 1998.

of the melt but is also affected by the iron/chromium
ratio. There is evidence that also between iron and sulfur
an electron exchange reaction occurs. Indeed, in sulfur-
containing industrial glasses the Fe?>*/Fe** ratio deviates
considerably from the value calculated from the oxygen
partial pressure measured at melting temperature [2] or
found in glasses without sulfur.

If the processing is sufficiently fast, no oxygen is ex-
changed between the glass melt and the surrounding at-
mosphere. Under these conditions the amount of the
totally dissolved oxygen is constant and independent of
temperature. Based on the oxygen balance of the glass
the temperature dependence of the oxygen partial pres-
sure and the redox ratios of the polyvalent elements can
be calculated. Thus, oxygen balance calculations allow
the comparison of the electrochemical oxygen partial
pressure measurement in the melt with the redox ratios
of the polyvalent elements in the final glass product. Ad-
ditionally, they give an interesting insight into the redox
and solubility behavior of sulfur.

2. Fundamentals
2.1 Redox reactions in glass melts

Concerning the oxidation state most polyvalent elements
react in glass melts as if dissolved in infinite dilution.
The redox reaction of iron occurs according to
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Fe?* +%02<——’Fe3+ +%02—. (1)

In industrially melted glasses the concentrations of the
polyvalent elements are much lower than the concen-
trations of the alkalines. Thus, the influence of the ac-
tivity of the free oxygen ions can be neglected [1] and the
equilibrium according to reaction (1) can be described as

_Ang 3 ASge) = [Fe**] 14 )

K(T) = ex ( =

S T [Fet
where K = reaction constant, 7 = temperature and
R = gas constant.

The use of the Fe?*/Fe3™ ratio is the most common
description of the oxidation state. If the standard reac-
tion enthalpy AH® and the standard reaction entropy
AS® are known for the iron oxidation reaction, the
Fe?*/Fe3* ratio can be calculated from the oxygen par-
tial pressure and vice versa. If the concentration of iron
is large enough for an interaction with the physically dis-
solved oxygen to be neglected, which is true for nearly all
industrially melted glasses, the Fe?*/Fe3* ratio remains
constant during cooling and, thus, can serve as a meas-
ure of the oxidation state of the glass melt.

If a second polyvalent element is present in the same
glass melt, for instance chromium, an interaction be-
tween both polyvalent elements takes place during cool-
ing:

Fe?*+Cr®* 2 Fe3t+Cr3™* . 3)

If the melt is equilibrated with a certain oxygen partial
pressure at a given temperature, the redox ratio of both
polyvalent elements in the cooled glass additionally de-
pends on the ratio of their concentrations [1]. Therefore,
the oxygen partial pressure of the melt cannot easily be
predicted from the Fe?*/Fe** ratio.

Most of the industrial glass melts contain more than
one polyvalent element. The most frequent polyvalent
elements in industrially melted glasses are iron, chro-
mium and sulfur. An interaction is reported between
iron and chromium [1 and 3] as well as iron and sulfur
[2]. Therefore, the redox ratios in the glass depend for a
given oxygen partial pressure in the melt also on the ra-
tios of the total concentrations.

2.2 Oxygen balance

The key quantity for describing the oxidation state is the
content of oxygen dissolved in the glass. In industrially
melted glasses the physically dissolved oxygen can be
neglected, because its concentration is much smaller
than the concentration of the polyvalent elements. Thus,
the oxygen content is equal to the oxygen bonded to the
polyvalent elements. Although electrons can be quickly
exchanged between polyvalent elements over small dis-
tances, the total amount of oxygen remains constant as

long as no oxygen is exchanged with the environment.
Oxygen diffusion is extremely slow in soda—lime—silica
glasses, therefore, a long-distance transportation can be
excluded in normal processing times. Thus, the totally
bonded oxygen remains constant at sufficiently fast tem-
perature changes, although the internal redox equilibria
are immediately achieved. Especially in the case of
quenching a glass melt, the chemically dissolved oxygen
is the same in the glass melt and the glass.

In order to calculate the chemically dissolved oxygen,
a list of the involved species is required. In the case of
iron generally two species are assumed in glasses: Fe?"
and Fe**. Under extremely reducing conditions also Fe°
is possible. This state should play no role in industrial
glass melts. Although, Fe?* as well as Fe** can occur in
different coordinations, at the concentrations of iron
usual in industrial soda—lime—silica glasses, mainly one
structural type can be considered for each: Fe?* in a
6-fold coordination and Fe** in a 4-fold coordination.
An additional phenomenon is the generation of iron
clusters in the glass [4]. These clusters are also observed
in the glass melt at low temperatures and high iron con-
centrations [5]. Chromium is reported in four oxidation
states in glasses: Cr>*, Cr3*, Cr>*, Cr®" [6]. All of these
are reported only in one coordination. The most impor-
tant species of chromium is Cr3* which is responsible
for the green color in container glass production. Cr>*
and Cr®* occur under considerably oxidizing conditions.
Cr’™* is present only in very small amounts which is said
to be an instable intermediate state which occurs at
Cr*/Cr3*  transformation. In industrial glass pro-
duction it can be neglected [6]. Under reducing con-
ditions also Cr?>* can exist. In glass melts three oxidation
states of chromium can be observed which are assigned
to the Cr?>*, Cr3* and Cr®* state, respectively [7].

For sulfur two oxidation states are reported in
soda—lime—silica glasses. Under reducing conditions
the S~ ion exists, while under oxidizing conditions the
sulfate ion SO3~ is established [8 and 9]. However, in
glass melts three species are observed. From the electro-
chemical behavior the existence of S2~, S** and S° is
derived [10]. According to this interpretation sulfate
should not exist in glass melts at temperatures around
1000°C. However, if the refining gas is generated due to
the dissociation of SOs, an additional peak must appear
at decreasing temperature according to the S**/S® reac-
tion. Such a peak is not observed down to 700°C. Thus,
the SO, release should start below 700°C even under
highly oxidizing conditions, i.e. at the oxygen partial
pressure of the SO; dissociation which amounts to
0.33 bar. This is in contradiction to the experimental
findings.

In flint and amber glasses a shift of the Fe?*/Fe3*
ratio compared to sulfur-free glasses is observed which
can be interpreted as an interaction with the S**/S¢+
and S?7/S** redox pairs [2]. Thus, the peaks in electro-
chemical experiments are associated with the S**/S6+
and S?>7/S** transition in this work.
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Table 1. Oxidation reactions of the most frequent polyvalent ions in industrial glass melts and their respective equilibrium constants

reaction equilibrium constant
1 1 AHY,  ASY. Fe2*
Fe?* + Zo2 2 Fel* + 702— 1) K(T) = exp(— R; - RF ) = {Feh} o )
1 AHS . | ASS o i
i 702 28 + 0 (5 K(T) = exp<— R; + ; ) = {S“% 01 (6)
3 AHS q  ASS . S2-
P+ 0@ S + 307" %) K(T)=exp(— = “)= {544 P& 8)
3+
cet + %02 2 Cré+ + %02* ©) K(T) = eXP(‘ AI;S;OX + AS%;OX ) e {gﬁ} ro; (10)
0 2+

Cr2* + %02 2Cr3* + %02— eh)) K(T) - exp(_ A};C’;red ASgR;,red > = {g;% p(l)/? (12)

Thfe electron exchange reaction between. iron. aqd [Fe*] = Fe (14)
chromium has been described advantageously in an ionic Koo ?
formulation [1]. Thus, it is reasonable to try the same pila +.1
approach for sulfur. SO, is dissolved in small concen- ©
trations physically in the glass melt. Since most physi- Cr
cally dissolved gases behave according to Henry’s law,  [Cr**]= Keorn 34 ) (15)
it is assumed that dissolved S** ions in the melt are con- r 1//4C’ L T
nected with SO, in gas bubbles according to Po, Keesvicrs+

P
[$**] = Lso, " Pso, - R (e el e == (16)
r3+/Cré+

The oxidation reactions of sulfite sulfur S** run accord- S
ing to equations (5 and 7) in table 1. The ionic formu- [§4F] = i , (17)
lation of the sulfur oxidation reaction differs from the Kgo-jge+ Po, |
conventional formulation only by the SO, solubility Lso, 3 Kga+/go+
in equation (4) [2]. However, only little information is N
available about the sulfite solubility in glass melts. 641 — rod+ 0,

lable ab he sulfi lubili 1 1 [S5+] = [$*] p (18)

In sum, for the determination of the oxygen content
of industrially melted soda—lime—silica glasses the fol-
lowing species have to be considered:

iron: Fe?*, Fe3+;
chromium: @2t Gty Crdte
sulfur: S2= S g0

A complete set of the required oxidation reactions and
equilibrium constants is given in table 1. If oxygen is
reduced in order to oxidize a polyvalent element, then
four electrons are transferred to every O, molecule.
Thus, the chemically dissolved oxygen can be defined
by means of the electrons transferred between the most
reduced state and the actual redox state:

[05] = §[Fe**] + F[C3*] + $[Crs+] + S [S*] + §[8%4].
(13)

This formula does not include the amounts of physically
dissolved O, and SO,, i.e. it is valid only for a glass melt
without bubbles. From the reaction constants in table
1 the following equations for the determination of the
oxidized species can be derived:

K54+/Ss+

If the oxygen partial pressure and the reaction constants
are known at a certain temperature, it is possible to cal-
culate the chemically dissolved oxygen.

2.3 Thermodynamic data

Calculation of equations (14 to 18) requires besides the
oxygen partial pressure the standard reaction enthalpies
AH® and the standard reaction entropies AS? of the re-
actions in table 1, from which the equilibrium constants
can be calculated. The proposed thermodynamic ap-
proach is taken without structural considerations. Es-
pecially the iron concentration is assumed sufficiently
small for cluster formation to be excluded. Also a
change of the energetic conditions due to the inclusion
of sulfide sulfur in the ferric iron coordination shall be
neglected. This means that for every species only one
structural modification is assumed and the redox ratio is
defined by only one equilibrium constant. The reaction
constants can be determined electrochemically or from

equilibration

experiments.

K6+,

Kszf/s4+

and

2+,cp3+ are only available from voltammetric measure-
ments within the glass melt. In the case of Kg.2+/ge3+ and
K3+ )06+ the application of both methods is reported.
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Figure 1. Standard potentials of the Fe?*/Fe3* transition in

soda—lime—silica glasses determined from electrochemical and
equilibration experiments.
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Figure 2. Standard potentials of the S>~/S** and the S**/S¢*
transition in soda—lime—silica glasses determined from electro-
chemical experiments.

In the case of iron several data are available. Figure
1 shows a survey of the published data. In order to make
the comparison of electrochemical and equilibration
experiments easier, in figure 1 the standard potential is
plotted according to

E, = —Eln(K(T)). (19)
zF

The results vary in a broad range. There seems to be a
systematic shift between the results of voltammetric and
equilibrium experiments: electrochemical experiments
predict a more oxidized redox state of iron at the same
oxygen partial pressure than is really found in the glass
after cooling. For sulfur only two investigations are
available whose results are given in figure 2.

The standard entropy AS? and the standard enthalpy
AH? can be calculated according to

Although, in the range of primary and secondary re-
fining above 1000°C the investigations show only par-
tially a linear relation between the standard potential
and the temperature, AH® as well as AS® shall be con-
sidered independent of the temperature in this tempera-
ture range. The range of the AH® and AS® values is col-
lected in table 2.

The variation of the results especially with respect to
iron impairs a satisfactory calculation of AH® and AS°.
However, there are additional conditions to narrow
down the required values from the experimental find-
ings. In [1] a formula is given for calculating an oxida-
tion/reduction series. Experiments have shown [2] that
during cooling in oxidized glasses sulfur reduces iron ac-
cording to

2Fe?t + S0t 2 2Fe3* + S§*+ (22)

and under reducing conditions sulfur oxidizes iron ac-
cording to

6Fe** + S2- 2 6Fe?+ + S+ . 23)

For reactions (22 and 23) the formula in [1] results

AHgirjso+ > 2AHpg v pess (24)
and
BAHY s > AHD wir (25)

Combination of equations (24 and 25) yields
0 1 0
AH54+/56+ > ? AHSZ’/S‘” » (26)

This is equivalent to the condition that in a glass melt
which contains only sulfur S** vanishes during cooling
according to reaction

484 =2 §2 + 3§56+, 27)

Thus, the absence of sulfite sulfur in soda—lime—silica
glasses can be explained as a consequence of the position
of the two redox pairs S>7/S** and S**/S°* in the oxi-
dation/reduction series.

3. Experimental results

With the aid of the oxygen balance the concentrations
of the species investigated can be calculated for every
temperature. Based on the literature values of the stand-
ard reaction enthalpies and standard reaction entropies
in table 2 and the conditions mentioned above, a set of
figures has been worked out in order to fit the exper-
imental findings. Figure 3 shows the Fe?*/Fe** ratios
measured in industrial soda—lime—silica glasses at room
temperature plotted against the values calculated by

ASO = ZF(M> , 20)
T

AH® = ZF[T(—EO;L)) b EO(T)] . @1
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Table 2. Standard enthalpies AH® and standard entropies AS® of the most frequent redox transitions in industrial glass melts

values of standard reaction enthalpy (in kJ/mol) and standard reaction entropy (in kJ/(mol K))

extracted from literature [3, 7, 11 to 13]

adjusted in this work

transition AHO AS° AH® AS°
Fe2*/Fe3* 98 to 120 33 to 45 103 42
S2=/SAE 606 240 520 150
Sh/SoF 170 to 200 75 to 95 235 125
Crh/Crd 192 75 190 75
Cr/Grth 76 54 80 50

means of oxygen balance calculations from the iron and
sulfur concentrations and the oxygen partial pressure
measured at 1200°C. The freezing-in temperature has
been assumed to be 400°C [14]. If the shift of the
Fe?*/Fe’" ratio is described correctly by the oxygen
balance calculations, the points must meet the diagonal.
However, this is only true for flint glasses. Amber glasses
mostly seem to have the same measured Fe?*/Fe3* ratio,
while green glasses represent the transition range be-
tween flint and amber glasses.

In figure 4 the results for flint glass are plotted sepa-
rately. Nearly over the total range of Fe?>*/Fe* ratios
measured and calculated values agree. Especially with
respect to the iron/sulfur ratio which varies between 0.5
and 10, the shift of the Fe?*/Fe*" ratio is excellently
fitted by the calculation. The larger scattering of some
samples is due to the very low iron content of the glasses.
The optimum fit for flint glasses served for the adjust-
ment of the thermodynamic constants given in table 2.
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Figure 3. Comparison of the Fe?>*/Fe3" ratios measured in the
glass and those calculated from the oxygen partial pressure of
the melt considering the electron exchange reaction between
iron and sulfur in flint, half-white, green and amber glasses.
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g 8
4. Discussion F N
The standard potentials which can be calculated by SZ; X ¢
means of the optimized standard reaction enthalpies and = Binn
standard reaction entropies of table 2 are included in :ﬁ: -05 ok
figures 1 and 2. In the case of S**/S®* transition the W&
standard potentials lie close to the electrochemical re- 2
sults. The results for iron coincide with the results of b -7 =2

-0.7 -0.5 -0.3

equilibration experiments which are on the positive edge
of the reported standard potentials. They agree best with
the standard potentials which have been calculated by
means of the oxygen partial pressure of the melt moni-
tored with the aid of an oxygen probe. The industrially
melted glasses have a lower alkaline content of about
12% than the glasses investigated in the laboratory
experiment with 16 %, which possibly explains the posi-
tion at the positive edge of the standard potentials. The
largest deviation is found for the results for the S>~/S**
transition. This may be due to the voltammetric meas-
urements as well as the optimization procedure within
this work. The peak of the S>7/S** transition lies in a
region where the measurement is already strongly af-
fected by the electrochemical decomposition of the melt.
On the other hand, the values in table 2 are adjusted to
flint glasses where S>7/S** transition only plays a minor

Ig([Fe* VIFe* Dcaicuiates ——

Figure 4. Comparison of the Fe?>*/Fe3* ratios measured in the
glass and those calculated from the oxygen partial pressure of
the melt considering the electron exchange reaction between
iron and sulfur in flint glass samples taken from different
glassmelting tanks.

role, which restricts the accuracy of the optimization.
However, the difference between the optimized thermo-
dynamic data and the voltammetric measurements is not
large enough to justify another interpretation of the re-
dox transitions of sulfur.

The basic behavior of a soda—lime—silica glass melt
containing iron and sulfur is shown in figures 5 and 6.
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Figure 6. Calculated temperature dependence of the sulfite sul-
fur in glass melts for different oxygen partial pressures at
1200°C.

An electron exchange generally stops when one species is
totally consumed. The oxygen balance calculations show
that this does not happen in the case of iron/sulfur inter-
action until the transformation temperature, which is
about 550°C in a conventional soda—lime—silica glass,
is reached during cooling. Thus, the electron exchange
between iron and sulfur freezes in below the transition
temperature approximately in the region between 500
and 400°C [14]. Between 1400 and about 400°C under
oxidizing conditions (Ig po, = —2) the Fe**/Fe3* ratio
increases during cooling (figure 5) due to reaction (22).
At the same time the sulfite concentration decreases (fig-
ure 6). At about 400°C sulfite vanishes due to reaction
(27). The exact temperature at which reaction (27) takes
place could not be determined from the available data
base but has to be determined by separate experiments.
However, a temperature below 600 °C is most probable.
Thus, this reaction does not participate in the fining re-
action. In the temperature range where the freezing-in
occurs the plot of Fe?*/Fe3" versus temperature has a
plateau. This makes the estimation of the freezing-in
temperature less critical in the case of flint glass. At

intermediate redox conditions (Ig po, = —5.5) an inter-
action between iron and sulfur does not take place at
higher temperatures and S** disappears only according
to reaction (27).

Under reducing conditions (Igpo, = —7) reaction
(23) governs the behavior of the Fe?*/Fe* ratio, which
decreases during cooling. S** shows, in principle, the
same behavior as under oxidizing conditions. Again, the
iron should be responsible for the change of the S** con-
centration at fining temperature. However, the exper-
imental observations in figure 3 do not reproduce this
mechanism. Although the shift according to reaction
(23) is considered, the Fe?*/Fe*" ratios nearly have a
constant value independent of the measured oxygen par-
tial pressure. Since the thermodynamic description has
been derived for a homogeneous system, the obvious dis-
turbance would be bubbles. If SO,-containing bubbles
are dissolved or released due to temperature variations,
in equation (13) [S**] changes alone and [O,] is not con-
stant, which is a prerequisite for the dependence in figure
3. However, not much is known about the solubility
of sulfite sulfur in glass melts. It is commonly agreed
that the solubility should be very low, but no specific
figures exist. If a melt is bubbled with SO, it is supposed
to dissociate according to reaction (27). Thus, the solu-
bility of sulfite can only be measured indirectly. From
figure 6 a share of about 90 % S** can be estimated at
melting temperature and an oxygen partial pressure
where only reaction (27) takes place. In recent investi-
gations [15] between 0.015 and 0.03 wt% SO; were found
in soda—lime—silica glass melts which had been bubbled
with SO, at temperatures between 1200 and 1450°C.
Thus, the maximum sulfite solubility [S**]ax should be
in the same order of magnitude. This value agrees also
with most reported values for the minimum sulfur solu-
bility as a function of the oxidation state [16 and 17].

All industrially melted sulfur-refined glasses are pro-
duced under at least slightly reducing conditions. Thus,
it may be assumed that existing bubbles contain only
SO, [18]. If $** is consumed during cooling by means
of reaction (22, 23 or 27), additional SO, is introduced
into the melt maintaining [S**]ax. Thus, during cooling
the S** concentration remains constant as long as
bubbles exist, i.e. the SO, partial pressure is 1 bar. In a
strongly reduced glass melt the dissolved SO, would pro-
vide additional oxygen during cooling, thus, the disso-
lution of SO,-containing bubbles would increase the
oxygen partial pressure. Under oxidizing conditions sul-
fur is dissolved as SOs, thus, additional SO, would cause
a lack of oxygen and the melt would become more re-
duced. If the bubble dissolution takes place according to
reaction (27), no redox shift occurs. Thus, the equilib-
rium oxygen partial pressure shifts into the direction of
the S?/S* equilibrium during cooling if SO,-containing
bubbles are dissolved. The final point represents
the minimum of the sulfur solubility as a function of
the oxygen partial pressure. The observed value of
lg[Fe?*]/[Fe**] = 0.5 in figure 3 agrees with the position
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of the minimum of the sulfur solubility in soda-lime-
-silica glasses [16].

The dissolution of S bubbles cannot be calcu-
lated by means of the present version of the oxygen
balance model. Nevertheless, the [S™] dependence on
temperature calculated with the aid of equation (13)
allows some interesting conclusions. Figures 7 to 9
show such curves for flint, amber and green Container
glass. Each figure contains one curve which is assigned
to a point close to the diagonal in figure 3 and one
curve assigned to a distant point, i.e. to a glass which
is supposed to contain bubbles while the oxygen partial
pressure has been measured. Obviously the S"™ con-
centration in the melt is much higher in glass melts
with the calculated FeM'~/Fer"” ratio distant from the
diagonal in figure 3. The limit above which bubbles
occur in the glass melts investigated at 1200°C is about
[8+] = 0.025 wt% SO3 which agrees very well with
the value for [s~~max estimated above.

In the green glass in figure 9 the upper curve also
represents a production State where an increased num-
ber of bubbles has been detected in the final glass
product. Besides minor changes in the total sulfur con-
tent the difference is mainly caused by a different oxy-
gen partial pressure in that instance. Indeed, investi-
gations over a period of 6 months revealed that bubble
Problems occur almost only if the oxygen partial press-
ure dropped below 2-10~'*bar, a value which is also
reported elsewhere [19]. Thus, the deviation in figure
3 into the direction of the equilibrium of reaction (27)
seems to be a measure of the supersaturation of the
melt with sulfite. However, this does not mean that
bubbles must occur but there is a higher susceptibility
for bubble formation, i.e. less capability of sulfite re-
sorption. If an oxygen partial pressure above 10~"bar
is provided in green glass, the susceptibility of bubbles
can be minimized.

Although the quantitative description by means of
the oxygen balance (equation (13)) falls in bubble-
containing glasses, the resorption curves provide
information about the refining State of the glass melt,
anyway. The steeper the S resorption curve at high
temperatures where the diffusivities are high, the better
S02-containing bubbles can be dissolved. Thus, the
S"™ resorption curves are a measure of the secondary
refining. Figure 10 shows the influence of the oxygen
partial pressure on the S*"resorption in a green glass
melt for given iron, chromium and sulfur concen-
trations. The steep slope at high temperatures is caused
by the formation of Cr~~ at sufficiently high oxygen
partial pressures. Therefore, besides the oxygen partial
pressure also a larger chromium content would im-
prove the resorption behavior of a green glass melt.
The effect of the chromium concentration is shown in
figure 11. According to equations (22 and 23) also
iron should have an effect on the resorption behavior.
Figure 12 shows that an increasing iron content moves
the S"™ resorption to higher temperatures, thus, im-
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Figure 7. S concentration as a function of temperature fora
flint glass melt which is supposed to contain bubbles at 1200°C
and a melt without bubbles calculated from measured oxygen
partial pressure and analyzed iron and sulfur concentrations.
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Figure 8. S**concentration as a function of temperature fora
green glass melt which is supposed to contain bubbles at
1200°C and a melt without bubbles calculated from measured
oxygen partial pressure and analyzed iron, chromium and sul-
fur concentrations.
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Figure 9. S"™ concentration as a function of temperature foran
amber glass melt which is supposed to contain bubbles at
1200°C and a melt without bubbles calculated from measured
oxygen partial pressure and analyzed iron, chromium and sul-
fur concentrations.

proving the secondary refining. An improvement of
the refining behavior with increasing iron content is
indeed reported for amber glass [20].
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Figure 10. Influence of the oxygen partial pressure on the
resorption of S"™ in a green glass melt containing (in wt%)
0.15 Fe203, 0.15 CrjOs and 0.05 SO3.
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Figure 11. Influence of the chromium content on the resorption
of S* in a green glass melt containing (in wt%) 0.15 Fe203 and
0.05 SO3 and with an oxygen partial pressure of 5-10" bar
at 1200°C.
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Figure 12. Influence of the iron content on the resorption of
S"™ in an amber glass melt containing (in wt%) 0.1 SO3 and
with an oxygen partial pressure of 6- 10~" bar at 1200°C.

5. Summary

The Oxidation State of a glass or a glass melt is charac-
terized by its total oxygen content. Concerning indus-
trially melted glasses this corresponds to the oxygen

bonded to the polyvalent elements. This chemically
dissolved oxygen is independent of the temperature, i.e.
the same in the glass melt and the fmal product. It
can be calculated by means of the oxygen partial pres-
sure and the concentrations of the polyvalent elements.
The temperature dependence of the redox ratios is not
only determined by the chemically dissolved oxygen
but depends also on the ratios of the total concen-
trations of the polyvalent elements.

Iron, chromium and sulfur are the most frequently
used polyvalent elements in industrial soda-lime-sil-
ica glasses. These three elements exhibit a considerable
interaction during temperature variations, which can
be explained by an electron exchange reaction. The
redox interactions can be described to a great extent
by means of a simple thermodynamic approach. Based
on the assumption that the total oxygen content does
not change at sufficiently fast temperature changes, the
concentration of all species can be calculated at every
temperature. The calculations show that only the iron/
chromium interaction but not the iron/sulfur interac-
tion reaches a steady State above the transition tem-
perature.

Assuming a freezing-in temperature of 400°C,
the shift of the Fe~~/Fe”™ ratio in industrially melted
glasses can be explained and quantified by the inter-
action with sulfur in flint glasses. In green and amber
glasses the calculations are disturbed by bubbles which
are present in the melt when the oxygen partial press-
ure is measured. From the conditions where the dis-
turbance Starts a maximum solubility of tetravalent
sulfur in soda-lime-silica glasses of about 0.025 wt%
SO3 is estimated.

The [S'"J/temperature curves provide a measure for
the SO2 resorption behavior of a glass melt. Especially
in green glass a sufficiently high oxygen partial press-
ure and chromium content improve the secondary re-
fining. In both, green and amber glass the secondary
refining improves with increasing iron content.

These investigations were conducted with the kind support of
the Arbeitsgemeinschaft industrieller Forschungsvereinigungen
(AiF), Koln, (AiF-No. 10397) under the auspices of the
Huttentechnische Vereinigung der Deutschen Glasindustrie
(HVG), Frankfurt/M., utilizing resources provided by the
Bundesminister fur Wirtschaft, Bonn. Thanks are due to al
these institutions.
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