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In sulfur-containing glasses the Fe^^/Fe^^ 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 fming 
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 S02-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 - l ime-s ihca 
glass melts can be estimated to be about 0.025 wt% SO3. Resorption curves of sulfite sulfur in the melt describe the refining quahty. 
They can serve as a tool for improving the secondary refining in sulfur-containing industrial glass melts. 

Sauerstoffbilanz in schwefelhaltigen Glasschmelzen 

In schwefelhaltigen Gläsern weist das Fe^+/Fe^+-Verhältnis bei gegebenem Sauerstoffpartialdruck eine deutliche Verschiebung ge­
genüber schwefelfreien Gläsern auf Dieser Effekt wird durch Elektronenaustausch verursacht und bestimmt das Redoxverhalten 
industrieller Glasschmelzen bei Läutertemperatur. Die Elektronenaustausch-Reaktionen werden mit einem thermodynamischen An­
satz beschrieben, der eine quantitative Bestimmung der Redoxreaktionen zwischen Schmelztemperatur und Raumtemperatur in 
Weißgläsern erlaubt. In braunen und grünen Gläsern wird dieser Zusammenhang durch die Auflösung S02-haltiger Blasen überla­
gert, wodurch eine Verschiebung des Sauerstoffpartialdrucks in Richtung des Löslichkeitsminimums des Schwefels beim Abkühlen 
bewirkt wird. Aus dieser Verschiebung kann die maximale Löslichkeit des Sulfits in Kalk-Natronsilicatgläsern zu 0,025 SO3 (Massen­
anteil in %) abgeschätzt werden. Resorptionskurven des vierwertigen Schwefels beschreiben die sekundäre Läuterung. Diese Kurven 
können als Hilfsmittel benutzt werden, um die sekundäre Läuterung in schwefelhaltigen Gläsern zu verbessern. 

1, Introduction 

Polyvalent elements are of part icular interest in indus­

trial glass melting. Their Oxidation State determines the 
refining quali ty 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 addit ional efforts today in 

order to control the Oxidation State of industrial glass 

melts. Redox number Systems, ferrous/ferric ratio or oxy­

gen part ial pressure are useful measures for that pur­

pose. However, the Oxidation State of a glass or glass 

melt is a complex quant i ty which cannot be described 

by a Single value. 

The redox ratio of a single polyvalent element re­

mains constant dur ing cooling because only very small 

amounts of oxygen are physically dissolved in commer­

cial s o d a - l i m e - s i l i c a 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 conta ining bo th 

iron and chromium the redox ratio of each polyvalent 

element depends no t only on the oxygen part ia l pressure 
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of the melt bu t is also affected by the i r o n / c h r o m i u m 

rat io. There is evidence tha t also between iron a n d sulfur 

an electron exchange react ion occurs. Indeed , in sulfur-

con ta in ing industr ia l glasses the Fe^^/Fe^"^ ra t io deviates 

considerably from the value calculated from the oxygen 

par t i a l pressure measured at mel t ing t empera tu re [2] o r 

found in glasses wi thou t sulfur. 

If the processing is sufficiently fast, no oxygen is ex-

changed between the glass melt a n d the s u r r o u n d i n g at­

mosphere . U n d e r these condi t ions the a m o u n t of the 

total ly dissolved oxygen is cons tan t a n d i n d e p e n d e n t of 

t empera ture . Based on the oxygen ba lance of the glass 

the t empera tu re dependence of the oxygen par t i a l pres­

sure a n d the redox rat ios of the polyvalent e lements can 

be calculated. Thus , oxygen ba lance calcula t ions a l low 

the compar i son of the electrochemical oxygen pa r t i a l 

pressure measu remen t in the melt wi th the redox ra t ios 

of the polyvalent e lements in the final glass p roduc t . A d ­

ditionally, they give an interest ing insight in to the r edox 

a n d solubihty behavior of sulfur. 

2. Fundamentals 

2.1 R e d o x react ions in g lass nnelts 

Concerning the Oxidation State most polyvalent elements 
react in glass mehs as if dissolved in infinite dilution. 
The redox reaction of iron occurs according to 



4 2 
(1) 

In industrial ly mel ted glasses the concent ra t ions of the 

polyvalent e lements are m u c h lower t h a n the concen­

t ra t ions of the alkalines. Thus , the influence of the ac­

tivity of the free oxygen ions can be neglected [1] and the 

equi l ibr ium accord ing to react ion (1) can be described as 

K{T) = exp 
,2+1 

RT R I [Fe^+l 
PO2 (2) 

where Κ = reac t ion cons tan t , Τ = t empera ture and 

7^ = gas cons tan t . 

T h e use of the Fe^^ /Fe^^ rat io is the m o s t co mmo n 

descr ipt ion of the Oxidation State. If the Standard reac­

t ion en tha lpy AH^ a n d the Standard reac t ion entropy 

AS^ are k n o w n for the i ron Oxidation reaction, the 

Fe^+/Fe^+ ra t io can be calculated from the oxygen par­

tial pressure a n d vice versa. If the concent ra t ion of iron 

is large e n o u g h for an in teract ion with the physically dis­

solved oxygen to be neglected, which is t rue for nearly all 

industrial ly mel ted glasses, the Fe^"^/Fe-^^ rat io remains 

cons tan t dur ing cool ing and , thus, can serve as a meas­

ure of the Oxidation State of the glass mel t . 

If a second polyvalent e lement is p resent in the same 

glass melt , for ins tance ch romium, an interact ion be­

tween b o t h polyvalent e lements takes place during cool­

ing: 

Fe2+ + Cr6+ τ± Fe^^ + Cr^^ . (3) 

If the melt is equi l ibrated wi th a cer ta in oxygen part ial 

pressure at a given tempera ture , the redox rat io of bo th 

polyvalent e lements in the cooled glass addit ionally de­

pends on the rat io of their concen t ra t ions [1]. Therefore, 

the oxygen par t ia l pressure of the mel t c a n n o t easily be 

predicted from the Fe^^/Fe^+ ratio. 

M o s t of the industr ia l glass melts con t a in more t han 

one polyvalent e lement . T h e mos t f requent polyvalent 

elements in industr ial ly mel ted glasses are iron, chro­

m i u m a n d sulfur. A n in teract ion is r epor ted between 

iron a n d c h r o m i u m [1 a n d 3] as well as i ron and sulfur 

[2]. Therefore, the redox rat ios in the glass depend for a 

given oxygen par t ia l pressure in the mel t also on the ra­

tios of the to ta l concentra t ions . 

2.2 O x y g e n ba lance 

T h e key quan t i ty for describing the Oxidation State is the 

con ten t of oxygen dissolved in the glass. In industrially 

mel ted glasses the physically dissolved oxygen can be 

neglected, because its concent ra t ion is m u c h smaller 

t h a n the concent ra t ion of the polyvalent elements. Thus , 

the oxygen con ten t is equa l to the oxygen bonded to the 

polyvalent elements. A l t h o u g h electrons can be quickly 

exchanged between polyvalent e lements over small dis-

tances, the to ta l a m o u n t of oxygen remains constant as 

long as no oxygen is exchanged with the environment. 

Oxygen diffusion is extremely slow in s o d a - l i m e - s i l i c a 

glasses, therefore, a long-distance t ranspor ta t ion can be 

excluded in no rma l processing times. Thus, the totally 

bonded oxygen remains cons tant at sufficiently fast tem­

perature changes, a l though the internal redox equihbria 

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^"^. U n d e r extremely reducing condit ions also Fe^ 

is possible. This State should play no role in industrial 

glass melts. Al though, Fe^^ as well as Fe^"^ can occur in 

different coordinat ions, at the concentrat ions of iron 

usual in industrial s o d a - l i m e - s i l i c a glasses, mainly one 

structural type can be considered for each: Fe^+ in a 

6-fold coordinat ion and Fe^"^ in a 4-fold coordinat ion. 

A n addit ional p h e n o m e n o n 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

centrat ions [5]. C h r o m i u m is reported in four Oxidation 

states in glasses: Cr^^, Cr^^, Cr^^, Cr^+ [6]. All of these 

are reported only in one coordinat ion. The most impor­

tan t species of ch romium is Cr^+ which is responsible 

for the green color in Container glass product ion. Cr^^ 

and Cr^+ occur under considerably oxidizing conditions. 

Cr^^ is present only in very small amoun t s which is said 

to be an instable intermediate State which occurs at 

Cr^^/Cr^^ t ransformation. In industrial glass pro­

duct ion it can be neglected [6]. U n d e r reducing con­

ditions also Cr^^ can exist. In glass melts three Oxidation 

states of chromium can be observed which are assigned 

to the Cr^"^, Cr^+ and Cr^+ State, respectively [7]. 

For sulfur two Oxidation states are reported in 

s o d a - l i m e - s i l i c a glasses. U n d e r reducing condit ions 

the ion exists, while under oxidizing condit ions the 

sulfate ion S04~ is established [8 and 9]. However, in 

glass melts three species are observed. F rom the electro­

chemical behavior the existence of S^~, Ŝ ^̂  and is 

derived [10]. According to this Interpretation sulfate 

should not exist in glass melts at temperatures a round 

1000°C. However, if the refining gas is generated due to 

the dissociation of S O 3 , an addit ional peak must appear 

at decreasing temperature according to the S'^'^/S^^ reac­

tion. Such a peak is no t observed down to 700 °C. Thus, 

the SO2 release should start below 700 °C even under 

highly oxidizing condit ions, i.e. at the oxygen part ial 

pressure of the S O 3 dissociation which amoun t s to 

0.33 bar. This is in contradic t ion to the experimental 

findings. 

In flint and amber glasses a shift of the Fe^^/Fe^^ 

ratio compared to sulfur-free glasses is observed which 

can be interpreted as an interaction with the S'^^/S^^ 

and S^~/S^^ redox pairs [2]. Thus , the peaks in electro­

chemical experiments are associated with the S'^^/S^^ 

and S^'/S"^^ transi t ion in this work. 



Table 1. Oxidation reactions of the most frequent polyvalent ions in industrial glass melts and their respective equilibrium constants 

reaction equilibrium constant 

Fe2+ + —02̂ Fe3+ + — 
4 2 

02- (1) 

8^+ + — O2 ̂  8^+ + O^-
2 

(5) 

S2- + —02̂ 8̂ + + 302-
2 

(7) 
Cr3+ + —02̂ Cr6+ + -

4 2 
02- (9) (̂r) = e x p ( - ^ ^ 

Cr2+ + —02̂ Cr3+ + -
4 2 

02- (11) (̂r) = e x p ( - ^ ^ 

Δ4ΟΧ 

>S,red 
R 

^*Scr,ox 

[Ŝ-] 3/2  
/ Ό 2 [8^Ί 

__[Cr!l 
[Cr*^] 

_ [Cr^^] 1̂/4 

[Cr 

« 3 / 4 

(2) 

(6) 

(8) 

(10) 

(12) 

The electron exchange reaction between iron and 

chromium has been described advantageously in an ionic 

formulation [1]. Thus , it is reasonable to try the same 

approach for sulfur. SO2 is dissolved in small concen­

trations physically in the glass melt. Since mos t physi­

cally dissolved gases behave according to Henry 's law, 

it is assumed that dissolved Ŝ ^̂  ions in the melt are con­

nected with SO2 in gas bubbles according to 

(4) 

The Oxidation reactions of sulfite sulfur S"̂ ^ run accord­

ing to equat ions (5 and 7) in table 1. The ionic formu­

lation of the sulfur Oxidation reaction differs from the 

conventional formulation only by the SO2 solubihty LSO2 
in equat ion (4) [2]. However, only little information is 

available about the sulfite solubility in glass melts. 

In sum, for the determinat ion of the oxygen content 

of industrially melted s o d a - l i m e - s i l i c a glasses the fol­

lowing species have to be considered: 

iron: 

chromium: 

sulfur: 

Fe2+, Fe^^; 

Cr2+, Cr3+, Cr^^ 

S2-, 

Α 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 O2 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: 

] 
(13) 

This formula does no t include the amoun t s of physically 

dissolved O2 and SO2, i.e. it is valid only for a glass melt 

wi thout bubbles. F r o m the reaction constants in table 

1 the following equat ions for the determinat ion of the 

oxidized species can be derived: 

[Fe .3+1 = 
Fe 

„1/4 

[Cr^- ] = 

+ 1 

Cr 

„1/4 
PO2 ACR3+/Cr6+ 

[Cr6+] = [Cr3+] 
«3/4 
PO2 

ÄCR3+/Cr6+ 

s 

6/4 
PO2 

[8^+] = [S4+] 

2/4 
+ _ ^ o ^ + 1 

Ä's4+/S6 + 

(14) 

(15) 

(16) 

(17) 

(18) 

If the oxygen par t ia l pressure a n d the reac t ion c o n s t a n t s 

are k n o w n at a cer ta in tempera ture , it is possible t o cal­

culate the chemically dissolved oxygen. 

2.3 T h e r m o d y n a m i c d a t a 

Calcula t ion of equa t ions (14 to 18) requires besides t h e 

oxygen par t ia l pressure the Standard reac t ion en tha lp ies 

AH^ a n d the Standard react ion entropies AS^ of the re­

ac t ions in table 1, from which the equi l ibr ium c o n s t a n t s 

can be calculated. T h e p roposed t h e r m o d y n a m i c a p ­

p r o a c h is taken wi thou t s t ruc tura l cons idera t ions . E s ­

pecially the iron concen t ra t ion is assumed sufficiently 

small for Cluster fo rmat ion to be excluded. A l so a 

change of the energetic cond i t ions due to the inc lus ion 

of sulfide sulfur in the ferric i ron coord ina t ion shall be 

neglected. This m e a n s tha t for every species only o n e 

s t ruc tura l modif icat ion is a s sumed a n d the redox ra t io is 

defined by only one equi l ibr ium cons tan t . T h e reac t ion 

cons tan t s can be de te rmined electrochemically o r f rom 

equi l ibra t ion exper iments . ^s4+/s6+, Ŝ2"/s4+ a n d 

ÄCR2+/cr3+ are only available from vo l t ammet r i c m e a s u r e ­

m e n t s wi thin the glass mel t . In the case of Κρ^2+,^^3+ a n d 

ÄCR3+/cr6+ the appl icat ion of b o t h m e t h o d s is r epo r t ed . 
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Figure 1. Standard potentials of the Fe^+ZFe-^^ transition in 
soda-l ime-si l ica glasses determined from electrochemical and 
equilibration experiments. 
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Figure 2. Standard potentials of the S^-ZS^^ and the S^+ZS^^ 
transition in soda- l ime-si l ica glasses determined from electro­
chemical experiments. 

In the case of i ron several da t a are available. Figure 

1 shows a survey of the publ ished da ta . In order to make 

the compar i son of electrochemical a n d equil ibration 

exper iments easier, in figure 1 the Standard potent ial is 

p lo t ted accord ing to 

^ 0 = - ^ I N W R ) ) . 
ζ Γ 

(19) 

T h e results vary in a b r o a d ränge. The re seems to be a 

systematic shift be tween the results of vol tammetr ic a n d 

equi l ibr ium exper iments : electrochemical experiments 

predict a m o r e oxidized redox State of i ron at the same 

oxygen par t ia l pressure t h a n is really found in the glass 

after cool ing. F o r sulfur only two investigations are 

available whose results are given in figure 2. 

T h e Standard en t ropy A.S^ a n d the Standard enthalpy 

Δ 7 / ^ can be calculated accord ing to 

Δ^ο = zF 

= zF 

Eo{T) \ 

- Eo(T) 

(20) 

(21) 

Al though, in the ränge of pr imary and secondary re­

fining above 1000°C the investigations show only par­

tially a linear relation between the Standard potent ia l 

and the temperature, Δ ^ ^ as well as AS^ shall be con­

sidered independent of the temperature in this tempera­

ture ränge. The ränge 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 addi t ional condit ions to nar row 

down the required values from the experimental fmd­

ings. In [1] a formula is given for caiculating an oxida-

tionZreduction series. Experiments have shown [2] that 

during cooling in oxidized glasses sulfur reduces iron ac­

cording to 

2Fe2+ + 8^+ τ± 2Fq'^ + S^^ (22) 

and under reducing condi t ions sulfur oxidizes iron ac­

cording to 

6Fe3+ + S^- 6Fe2+ + S^^ . (23) 

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

Δ 7 7 g 4 . / s 6 . > 2 Δ i / ? E 2 . / F E 3 - (24) 

and 

6 Δ i / ? E 2 - / F E 3 - > Δ / / G 2 - / s 4 . . (25) 

Combina t ion of equat ions (24 and 25) yields 

Δ7:Γ§4+/36+ > — AH^2-/^4+ . (26) 

This is equivalent to the condi t ion that in a glass melt 

which contains only sulfur S"̂ ^ vanishes during cooling 

according to reaction 

4 3 4 + ^ § 2 - + 3364 (27) 

Thus, the absence of sulfite sulfur in s o d a - l i m e - s i l i c a 

glasses can be explained as a consequence of the posi t ion 

of the two redox pairs S^-ZS^^ and S^+ZS^^ in the oxi-

dationZreduction series. 

3. Experimental results 
With the aid of the oxygen balance the concentrat ions 

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 condi t ions ment ioned above, a set of 

figures has been worked out in order to fit the exper­

imental findings. Figure 3 shows the Fe^^ZFe^^ ratios 

measured in industr ial s o d a - l i m e - s i h c a glasses at r o o m 

temperature plot ted against the values calculated by 



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 Δ^ο 

FE2+/FE3+ 98 to 120 33 to 45 103 42 
606 240 520 150 
170 to 200 75 to 95 235 125 

CR2+/CR3+ 192 75 190 75 
CR3+/CR6+ 76 54 80 50 

means of oxygen balance calculations from the iron and 

sulfur concentrat ions and the oxygen part ial 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 t rue for flint glasses. A m b e r glasses 

mostly seem to have the same measured Fe^'^/Fe^^ ratio, 

while green glasses represent the transi t ion ränge be­

tween flint and amber glasses. 

In figure 4 the results for flint glass are plot ted sepa­

rately. Nearly over the total ränge 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 the rmodynamic constants given in table 2. 

4. Discussion 

The Standard potentials which can be calculated by 

means of the optimized Standard reaction enthalpies and 

Standard reaction entropies of table 2 are included in 

figures 1 and 2. In the case of S'^^/S^^ transi t ion the 

Standard potentials lie close to the electrochemical re­

sults. The results for iron coincide with the results of 

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 part ia l pressure of the melt moni­

tored with the aid of an oxygen probe. The industrially 

melted glasses have a lower alkaline content of about 

1 2 % than the glasses investigated in the laboratory 

experiment with 16%, which possibly explains the posi­

t ion at the positive edge of the Standard potentials. The 

largest deviation is found for the results for the S^'/S'^^ 

transit ion. This may be due to the vol tammetr ic meas­

urements as well as the optimizat ion procedure within 

this work. The peak of the S^~/S^^ transi t ion lies in a 

region where the measurement is already strongly af­

fected by the electrochemical decomposi t ion of the melt. 

On the other hand , the values in table 2 are adjusted to 

flint glasses where S^"/S^"^ transi t ion only plays a minor 
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Figure 3. Comparison of the Fe^+/Fe^+ 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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Figure 4. Comparison of the Fe^+/Fe^^ 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 op t imiza t ion . 

However, the difference between the opt imized t h e r m o ­

dynamic da t a and the vo l t ammet r i c measu remen t s is n o t 

large e n o u g h to justify a n o t h e r In terpre ta t ion of the re­

dox t rans i t ions of sulfur. 

T h e basic behavior of a s o d a - l i m e - s i l i c a glass me l t 

con ta in ing iron and sulfur is shown in figures 5 a n d 6. 
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Figure 5. Calculated temperature dependence of the Fe^"^/Fe^^ 
ratio in glass melts for different oxygen partial pressures at 
1200°C 

500 1000 

—Temperatur in °C 

1500 

Figure 6. Calculated temperature dependence of the sulfite sul­
fur in glass melts for different oxygen partial pressures at 
1200°C 

A n electron exchange generally s tops when one species is 

total ly consumed . T h e oxygen ba lance calculat ions show 

tha t this does n o t h a p p e n in the case of iron/sulfur inter­

ac t ion unti l the t ransformat ion tempera ture , which is 

ab o u t 550°C in a convent ional s o d a - l i m e - s i l i c a glass, 

is reached dur ing cooling. Thus , the electron exchange 

between iron a n d sulfur freezes in below the transit ion 

t empera tu re approximately in the region between 500 

a n d 400 °C [14]. Between 1400 a n d a b o u t 400 °C under 

oxidizing condi t ions (\gp02 ^ ~ 2 ) the Fe^'^/Fe^"^ ratio 

increases dur ing cool ing (figure 5) due t o reaction (22). 

A t the same t ime the sulfite concen t ra t ion decreases (fig­

ure 6). A t abou t 400 °C sulfite vanishes d u e to reaction 

(27). T h e exact t empera tu re at which reac t ion (27) takes 

place could no t be de te rmined from the available da ta 

base bu t has to be de te rmined by separate experiments. 

However, a t empera tu re below 600 °C is m o s t probable. 

Thus , this react ion does no t par t ic ipate in the fining re­

ac t ion . In the t empera tu re ränge where the freezing-in 

occurs the plot of Fe^+/Fe^+ versus tempera ture has a 

p la teau . This makes the es t imat ion of the freezing-in 

t empera tu re less critical in the case of flint glass. At 

intermediate redox condi t ions (Igpoj - 5 . 5 ) an inter­

action between iron and sulfur does no t take place at 

higher temperatures and S"̂ "̂  disappears only according 

to reaction (27). 

Unde r reducing condi t ions (\gp02 = " Ό react ion 

(23) governs the behavior of the Fe^^/Fe^"^ ratio, which 

decreases dur ing cooling. Ŝ ^̂  shows, in principle, the 

same behavior as under oxidizing conditions. Again, the 

iron should be responsible for the change of the S"*̂  con­

centrat ion at fining temperature. However, the exper­

imental observations in figure 3 do not reproduce this 

mechanism. Al though 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 S02-containing bubbles 

are dissolved or released due to temperature variations, 

in equat ion (13) [S"̂ "̂ ] changes alone and [O2] is no t con­

stant, which is a prerequisite for the dependence in figure 

3. However, no t 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 SO2, it is supposed 

to dissociate according to reaction (27). Thus, the solu­

bility of sulfite can only be measured indirectly. F r o m 

figure 6 a share of about 90 % S"̂ ^ can be estimated at 

melting temperature and an oxygen part ial pressure 

where only reaction (27) takes place. In recent investi­

gations [15] between 0.015 and 0.03 wt% SO3 were found 

in s o d a - l i m e - s i l i c a glass meUs which had been bubbled 

with SO2 at temperatures between 1200 and 1450 °C. 

Thus, the m a x i m u m sulfite solubility [S'^^]niax should be 

in the same order of magni tude. This value agrees also 

with most repor ted values for the min imum 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 

SO2 [18]. If S"̂ ^ is consumed during cooling by means 

of reaction (22, 23 or 27), addit ional SO2 is introduced 

into the melt mainta in ing [S'^^]inax- Thus, during coohng 

the S"̂ "̂  concentra t ion remains constant as long as 

bubbles exist, i.e. the SO2 part ial pressure is 1 bar. In a 

strongly reduced glass melt the dissolved SO2 would pro­

vide addit ional oxygen dur ing cooling, thus, the disso­

lution of S02-containing bubbles would increase the 

oxygen part ial pressure. U n d e r oxidizing condit ions sul­

fur is dissolved as SO3, thus, addit ional SO2 would cause 

a lack of oxygen and the melt would become more re­

duced. If the bubble dissolution takes place according to 

reaction (27), n o redox shift occurs. Thus, the equilib­

r ium oxygen part ia l pressure shifts into the direction of 

the S^VS^^ equil ibr ium dur ing cooling if S02-containing 

bubbles are dissolved. The fmal point represents 

the min imum of the sulfur solubility as a function of 

the oxygen par t ia l pressure. The observed value of 

lg[Fe^^]/[Fe^^] = 0.5 in figure 3 agrees with the posi t ion 
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of the min imum of the sulfur solubility in s o d a - l i m e -

- s i l i ca glasses [16]. 

The dissolution of SO2 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 equat ion (13) 

allows some interesting conclusions. Figures 7 to 9 

show such curves for flint, amber and green Container 

glass. Each figure conta ins one curve which is assigned 

to a point close to the diagonal in figure 3 and one 

curve assigned to a dis tant point , i.e. to a glass which 

is supposed to conta in bubbles while the oxygen part ial 

pressure has been measured. Obviously the S"̂ ^ con­

centrat ion in the melt is much higher in glass melts 

with the calculated Fe^"^/Fe^"^ 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 est imated above. 

In the green glass in figure 9 the upper curve also 

represents a product ion 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 part ial pressure in that instance. Indeed, investi­

gations over a period of 6 mon ths revealed that bubble 

Problems occur a lmost only if the oxygen part ial 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 equil ibrium of reaction (27) 

seems to be a measure of the supersaturat ion 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 part ial pressure above 10~^ bar 

is provided in green glass, the susceptibility of bubbles 

can be minimized. 

Al though the quanti tat ive description by means of 

the oxygen balance (equat ion (13)) falls in bubble-

containing glasses, the resorption curves provide 

information about the refining State of the glass melt, 

any way. The steeper the S"̂ ^ resorpt ion 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 

part ial pressure on the S"*"̂  resorpt ion in a green glass 

melt for given iron, ch romium 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 part ial 

pressure also a larger ch romium content would im­

prove the resorpt ion behavior of a green glass melt. 

The effect of the ch romium concentrat ion is shown in 

figure 11. According to equat ions (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 for a 
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 for a 
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 for an 
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. A n improvemen t of 

the refining behavior with increasing iron con t en t is 

indeed repor ted for a m b e r 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. Inf luence of the c h r o m i u m c o n t e n t o n the resorpt ion 
of S'*^ in a green glass mel t con ta in ing (in w t%) 0.15 Fe203 and 
0.05 SO3 a n d wi th an oxygen par t i a l p ressure of 5 · 10""̂  ba r 
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 

T h e Oxidation State of a glass or a glass mel t is charac­

terized by its to ta l oxygen conten t . Concern ing indus­

trially mel ted glasses this co r re sponds t o 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 part ial pres­

sure and the concentrat ions 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

trat ions of the polyvalent elements. 

Iron, ch romium and sulfur are the most frequently 

used polyvalent elements in industrial s o d a - l i m e - s i l ­

ica glasses. These three elements exhibit a considerable 

interaction dur ing 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 assumpt ion that the total oxygen content does 

no t change at sufficiently fast temperature changes, the 

concentrat ion of all species can be calculated at every 

temperature. The calculations show that only the iron/ 

chromium interact ion but not the iron/sulfur interac­

tion reaches a steady State above the transit ion 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 part ial press­

ure is measured. F r o m the condit ions where the dis-

turbance Starts a m a x i m u m solubility of tetravalent 

sulfur in s o d a - l i m e - s i l i c a glasses of about 0.025 wt% 

SO3 is estimated. 

The [S'^^J/temperature curves provide a measure for 

the SO2 resorpt ion behavior of a glass melt. Especially 

in green glass a sufficiently high oxygen part ial press­

ure and chromium content improve the secondary re­

fining. In both , green and amber glass the secondary 

refining improves with increasing iron content . 
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(HVG), Frankfurt/M., utilizing resources provided by the 
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