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Sulfur chemistry in a borosilicate melt 
Part 2. Kinetic properties^) 
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The diffusion of gaseous sulfur Compounds under both oxidizing and reducing conditions has been determined in an alkah borosihcate melt 
representative of compositions under consideration for nuclear waste immobilization. The diffusion coefficients D of these sulfur gases as a 
function of melt temperature Τ (in K) can be expressed as: 

l o g D = -3.08 - (3300/r) 

regardless of whether the sulfur is being incorporated as the sulfate ion in oxidized melts or as the sulfide ion in reduced melts. The 
rate-determining step for the diffusion is probably the diffusion of SO2 gas into the melt. Even though sulfate and sulfide ions are the two 
equilibrium redox states of sulfur in this melt, transient sulfur species of intermediate redox State can be produced in the melts by placing an 
initially oxidized melt in a reduced sulfur atmosphere. Metastable polysulfide ions of the general formula and S~are formed which slowly 
decay to the more stable sulfide ions under these conditions. 

Chemismus des Schwefels in einer Borosilicatschmelze 
Teil 2. Kinetische Eigenschaften 

Die Diffusion von gasförmigen Schwefelverbindungen sowohl unter oxidierenden als auch unter reduzierenden Bedingungen wurde in einer 
Alkah-Borosihcatschmelze mit einer Zusammensetzung bestimmt, wie sie für die Lagerung radioaktiven Abfalls in Betracht kommt. Die 
Diffusionskoeffizienten D dieser Schwefelgase als Funktion der Schmelztemperatur Τ (in K) können ausgedrückt werden durch: 

log D = -3,08 -(3300/7), 

unabhängig davon, ob der Schwefel als Sulfation in oxidierten Schmelzen oder als Sulfidion in reduzierten Schmelzen eingebaut ist. Der 
geschwindigkeitsbestimmende Schritt für die Diffusion ist wahrscheinhch die Diffusion von S02-Gas in die Schmelze. Obwohl Sulfat- und 
Sulfidionen die beiden Redoxgleichgewichtszustände von Schwefel in dieser Schmelze sind, können Übergangsformen des Schwefels in 
Redoxzwischenstadien entstehen, wenn eine ursprünglich oxidierte Schmelze in eine reduzierte Atmosphäre eingebracht wird. Es bilden 
sich metastabile Polysulfidionen der ahgemeinen Form S^~ und S~, die unter diesen Bedingungen langsam in die stabileren Sulfidionen 
zerfaUen. 

1. Introduction 

1.1. Equilibrium properties of sulfur in glass melts 

Under reducing conditions, sulfur dissolves in a 
borosilicate melt as the sulfide ion. This is governed 
by the foUov îng set of solvolysis reactions: 

S2(g) + 2 0 2 ( g ) - 2 S 0 2 ( g ) 

^ 2 ( g ) + 2 O ^ m e l t ) - 0 2 ( 2 ) + 2 S ^ j n e l t h '2(g) ^ ( m e l t ) ? 

2 S 0 2 ( g ) + 2 O ^ m e l t ) - 3 0 2 ( g ) + 2 S f j n e l t ) ^ ^ ' ( m e l t ) 2 (g) ^ ( m e l t ) ^ 

(1) 

(2) 

(3) 

which describe the interaction of the sulfur-con
taining gases with the oxide ions of the melt [1 and 2]. 
The solubility of sulfur as the sulfide ion in the melt is 
constrained to increase as the melt temperature 
increases and as the imposed oxygen fugacity de-
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creases; that is, sulfide solubility increases with 
conditions that become more reducing. 

When a borosilicate melt is melted under oxi
dizing conditions, the sulfur is incorporated into the 
melt structure as the sulfate ion. This Solution of 
sulfur in an oxidized melt can be described by the 
reactions [1 and 2]: 

2 S 0 2 ( g ) + 0 2 ( g ) - 2 S 0 3 ( g ) , 

2 S 0 2 ( g ) + 0 2 ( g ) + 2 O ^ - e i t ^ = 2 S O ^ -( m e l t ) ^ 4 ( m e l t ) ^ 

S 0 3 ( g ) + O ^ j n e l t ) - S 0 4 ( n i e l t ) -

(4) 

(5) 

(6) 

Unlike the solubihty of sulfur as the sulfide ion, the 
solubility of sulfur as the sulfate ion in a borosihcate 
melt will increase with a decrease in melt temperature 
and with an increase in imposed oxygen fugacity. 
Conditions that are more oxidizing will result in an 
enhanced solubihty of the sulfate ion in the melt. 



As a eonsequence of the solubihty relations that 
govern the dissolution of sulfur as sulfide ions and as 
sulfate ions in melts, there exists a point of minimum 
solubility of sulfur at an intermediate oxygen fugacity 
for melts at constant temperature. This region of 
minimum solubility also corresponds to the position 
at which sulfate ions are in equilibrium with the 
sulfide ions in the melt [1 and 2]. At a particular 
temperature, the ränge of oxygen fugacities over 
which sulfate and sulfide ions coexist is quite smaU. 

1.2. Glass processing 

Such information on the solubility and redox State of 
sulfur in sihcate melts is important in understanding 
the fining of flint (oxidized) and amber (reduced) 
sulfur-containing glasses [2 and 3]. In addition, since 
sulfur is one of many elements to be incorporated in 
glass during the immobilization of nuclear waste, 
these equilibrium properties of sulfur set key con
straints on the processing of the melt with respect to 
foaming and sulfide precipitation [1 and 4 to 6]. 
However, in the processing of glass melts, not only 
are equihbrium considerations of importance but also 
kinetic properties such as diffusion. The fining of 
commercial glasses and the incorporation of sulfur in 
nuclear waste glasses may depend on a) the solubihty 
of sulfur as a function of melt temperature, imposed 
oxygen fugacity, glass composition, and sulfur con
tent of the atmosphere [1], b) the diffusion of the 
gaseous sulfur Compounds into or out of the mek as a 
function of the same variables [7], and c) the 
formation of transient sulfur species (other than 
sulfate and sulfide ions) in the glass melt under 
certain redox conditions. 

2. Objectives 

Savannah River Laboratory glass frit no. 131 
(SRL-131) was used as the reference composition for 
this study, since not only has its redox chemistry been 
extensively characterized [8] but also its properties 
with respect to solubility and diffusion of gases [1 and 
9]. SRL-131 is an alkah borosilicate composition that 
is (wt%): 57.9 Si02, 1.0 Ti02, 0.5 Zr02, 14.7 B 2 O 3 , 
0.5 La203, 2.0 MgO, 5.7 Li20, and 17.7 Na20 and is 
representative of those glass compositions under 
consideration for the immobilization of nuclear waste 
[6 and 10]. 

The specific objeetive of this study is two-fold: 
first, to ascertain the diffusion of sulfur in oxidized 
(sulfate-containing) versus reduced (sulfide-contain-
ing) SRL-131 melts as a function of the melt 
temperature and to compare this diffusion to that of 
other gases such as oxygen and water vapor in this 
melt, and second, to ascertain the kinetic stabilization 
of transient sulfur species such as sulfite ions [11], 
elemental sulfur [12], and polysulfide ions [13] in 
SRL-131 melts since all have been previously iden

tified in other glasses. It should be emphasized that 
the base composition, SRL-131, is iron-free; and as 
such, mutual interactions of sulfur with the important 
redox species of iron were not considered in this 
study. This wiU be the subject of part 3 of this series 
on sulfur chemistry in borosilicate melts. 

3. Experimental procedures 

3.1. Diffusion of gaseous sulfur Compounds into 
melts 

The measurement of the diffusion coefficient for 
sulfur gases into the glass-forming SRL-131 melt was 
accomphshed similar to prior studies for the diffusion 
of oxygen [14 and 15] and water vapor [16] into 
SRL-131 melts. Spherical beads of SRL-131 glass 
were prepared on rings of platinum metal [1]; the 
rings were of constant diameter (4.5 mm) and 
contained a constant amount of SRL-131 glass 
(0.25 g). These molten glass spheres of constant 
geometry were kept on the ring by surface tension. 
The melts were initially equihbrated for 4 to 14 h in a 
pure CO2 atmosphere, which provided relatively 
oxidizing conditions, or in a 15 % CO2/85 % C 0 
atmosphere, representative of relatively reducing 
conditions, at one of the two melt temperatures (1150 
or 1050 °C). Previous studies [1] had shown that the 
imposed oxygen fugacity of the CO2 atmosphere 
would incorporate sulfur as the sulfate ion in the melt 
whereas the CO2/CO mixture resulted in sulfur being 
present as the sulfide ion. Several series of glasses 
were thus produced, each consisting of samples of 
constant geometry prepared at the same oxygen 
fugacity and melt temperature, but not yet exposed to 
a sulfur-containing atmosphere. 

Individual samples were then reinserted into the 
furnace at the same meh temperature as their initial 
synthesis but in an atmosphere now containing 15 % 
SO2 in addition to the CO2 or the CO2/CO mixture. 
Thus, for these samples initially equihbrated for 
oxygen content, sulfur was aUowed to diffuse from 
the atmosphere into the spherical mehs. These mehs 
were quenched as a function of time exposed to the 
sulfur-containing atmosphere, so as to freeze in the 
amount of sulfur that had diff used in the melts. 
Diffusion was the mode of transport of the sulfur gas 
into the melt since these melts were essentially static 
Systems in which convection was held to a minimum 
[14 and 15]. 

The total sulfur content was determined in the 
samples synthesized under oxidizing conditions. This 
procedure involved the digestion of the glass powder, 
reduction of aU sulfur in the glass (present as sulfate) 
to sulfide in the digestion Solution, distiUation of the 
sulfide as H2S gas, trapping the H2S in a buffer 
Solution, and determination of the sulfide content by 
a calibrated specific ion electrode [1]. The total sulfur 
content as well as sulfide ion content was determined 



in the samples synthesized under reducing conditions. 
The total sulfur content was measured by the specific 
ion electrode technique. The sulfide ion content was 
determined by an iodometric titration (to measure 
the total reducing power of the glass; in essence, the 
sulfide ion concentration) or by a spectrophotometric 
measurement of the yellow coloration in the glass (as 
sulfide induces this color) [1]. 

Each series of samples synthesized at a particular 
temperature and oxygen fugacity provided the deter
mination of sulfur (or sulfide) content of the glasses 
as a function of the time aUowed for the sulfur to 
diffuse in the melts. This diffusion process could also 
be modeled by the Solution of Fick's Law of Diffusion 
for a diffusing gas through a spherical surface into a 
hquid [1 and 17]. Accordingly, then, the diffusion of 
the gas (sulfur) into the glass melt could be foUowed 
as a function of the time for different assumed 
diffusion coefficients of the gas. The experimental 
results were thus compared to the diffusion model 
calculations to provide an estimate of the diffusion 
coefficient [14 to 16]. 

To Ulustrate that diffusion was indeed the oper
ational process for the incorporation of sulfur into 
the glass mehs, a sample of SRL-131 glass was placed 
within a cylindrical platinum capsule open on one 
end. As before, the melt was equihbrated with 
respect to oxygen fugacity at 1150 °C under reducing 
conditions (15 % CO2/85 % CO). The sulfur-contain
ing atmosphere was then allowed to diffuse for 3 h 
through the flat melt surface into a cylindrical melt 
Charge. The diffusion front could then be visually 
observed by the yellow coloration of the sulfide ion 
resulting from the incorporation of the diffusing 
sulfur into the melt. This color boundary of yeUow, 
S^"-containing, to colorless SRL-131 glass with the 
absence of visible convection currents should prove 
that diffusion is indeed the mode of sulfur transport 
through the glass melt [15 and 18]. 

3.2. Kinetic control of transient sulfur species in 
melts 

Samples were synthesized simUar to those in the 
diffusion study except that instead of being pre-equi-
hbrated with respect to oxygen fugacity, they were 
initially melted in air, a more oxidizing environment 
than that for their final syntheses. These samples 
were then placed in the atmosphere containing 5 or 
15 % SO2 with the reducing 15 % C02/85% CO gas 
mixture and subsequently quenched as a function of 
melt time. Thus, the samples were initially super
saturated in oxygen content. As a function of time, 
the oxygen should diffuse out of the melts and the 
sulfur should diffuse into the melts where it is 
eventually incorporated as the sulfide ion. 

These samples were analyzed for total sulfur 
content by the specific ion electrode procedure, for 
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Figures l a and b. Diffusion of sulfur into SRL-131 melts of 
constant spherical geometry (r = 0.225 cm) under reducing con
ditions at a) 1150 °C and - l o g / 0 2 = 12, ^ ) 1050 °C and 
- l o g / 0 2 ^ Diffusion curves for the sulfur gas responsible for 
diffusion as for Fick's Law of Diffusion of appropriate diffusion 
coefficients D are provided according to the model. 

the sulfide ion or reduced sulfur content by the 
iodometric titration, and for the presumed sulfide ion 
by the spectrophotometric procedure [1]. 

4. Results 

4.1. Diffusion of sulfur under reducing conditions 

Figures la and b show the experimental data for the 
diffusion of the sulfur gases into SRL-131 melt under 
reducing conditions such that the sulfur is being 
incorporated as the sulfide ion. Qualitatively, it was 
quite evident that the samples were becoming darker 
yeUow (more sulfide) with time. These data are 
compared to the theoretical model for diffusion of a 
gas through a spherical surface of a liquid, with the 
sulfur content predicted as a function of the time for 
several gaseous diffusion coefficients. At 1150 °C, 
the model diffusion coefficient is determined to be 
4 ( ± 2) · lO-^cm^/s; while at 1050 °C, the diffusion 
coefficient for the sulfur gas is 3 ( ± 2) · 10~^ cm^/s. 
Unfortunately, the precision of the data results in 
appreciable experimental error for the measured 
diffusion coefficients. 

The diffusion of the gaseous sulfur Compound 
under these reducing conditions is also demonstrated 
by the color boundary results of figure 2. The 
diffusion is herewith traced by the color of the sulfide 
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Figure 2. Color boundary method to ascertain the diffusion 
coefficient of sulfur gas under reducing conditions (cumulative 
absorption index, top through depth at >l = 500nm) . Sulfide 
provides yellow-orange coloration as it is incorporated into the 
glass melt structure. (SRL-131, 1150 °C, 5% S O 2 at 
- l o g / 0 2 1^·^' 0.4 g in cylindrical Container of 0.75 cm depth, 
diffusion through flat surface for 3 h.) 

ion which is produced in the meh as the diffusion 
front advances to depth in the meh. The colored layer 
is quite evident on top of the colorless sulfur-free 
bottom; proof that diffusion is the rate-determining 
Step in these Systems. The position of the color 
boundary or diffusion front can be determined 
visually or spectrophotometrically as shown in fig
ure 2. The depth of the diffusion front for the time 
exposed to the sulfur-containing atmosphere is con
sistent with the diffusion coefficient determined from 
the results of figure la and as apphed to Fick's Law of 
Diffusion through a flat surface into a melt. 

-Time in h-
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Figures 3a and b. Diffusion of sulfur into SRL-131 melts of 
constant spherical geometry (r = 0.225 cm) under oxidizing con
ditions at a) 1150 °C and - l o g / 0 2 = 4.1, t>) 1050 °C and 
- l o g / 0 2 ^ ^-^^ Diffusion curves for the sulfur gases as for Fick's 
Law of Diffusion of appropriate diffusion coefficients D are 
provided according to the model. At 1050 °C, a sulfate-rich layer 
formed on the surface of the sphere and grew into the sphere with 
time. 

4.2. Diffusion of sulfur under oxidizing conditions 

Figures 3a and b illustrate the experimental data for 
the diffusion of sulfur as it is incorporated as the 
sulfate ion in SRL-131 melts as a function of the time 
and temperature. By comparison of these experi
mental results with the predictions of the diffusion 
model, the diffusion coefficient of the gaseous sulfur 
species is ascertained to be about 4 ( ± 2) · 10~^ cm^/s 
at 1150 °C and about 2.5 ( ± 2) · 10"^ cm^/s at 
1050 °C. However, at the lower melt temperature, a 
devitrified sulfate layer was observed on all quenched 
samples - indicative that a molten sulfate layer [19] 
was forming on the spherical samples and that the 
layer was growing as a function of time exposed to the 
sulfur atmosphere. Thus, at this lower temperature, 
the measured diffusion coefficient may not be 
representative of diffusion through the SRL-131 melt 
per se but rather through the forming sulfate lay er. 

All sulfur for the samples in figures la and b was 
incorporated in the glass as the sulfide ion, whereas 
that for samples in figures 3a and b was as the sulfate 
ion. The imposed oxygen fugacities were sufficiently 

separated from the position of the sulfide-sulfate 
coexistence in the melt so that each series contained 
sulfur as just one of the two ions. It was assumed that 
there was no dependence of the gaseous sulfur species 
diffusion coefficient with imposed oxygen fugacity for 
the oxidized set (as long as sulfate was present) or 
for the reduced set (as long as sulfide was present). 

4.3. Kinetic control of transient sulfur species in 
melts 

The results for the kinetic studies whereby the 
samples initially supersaturated in oxygen are remelt
ed as a function of time under reducing conditions 
containing a sulfur atmosphere are shown in figures 
4a and b for 1150 °C and in figures 4c and d for 
1050 °C. Almost immediately these samples became 
colored very dark amber, almost as if a very dark 
iron-sulfur amber color [20] was being formed (but no 
iron was present in these glasses, and the analyzed 
iron content was less than 0.002 wt% - the limit of 
detection). The dark amber color then decreased in 
intensity with time until the yellow coloration of the 
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Figures 4a to d. Incorporation of sulfur into SRL-131 melts of spherical geometry under reducing conditions in CO2/CO/SO2 atmosphere at 
a) 1150 °C, 5 % SO2, - l og / 02 = 12.6; b) 1150 °C, 15 % SO2, - log /02 = 12-6; c) 1050 °C, 5 % SO2, - l o g / 0 2 = 14-1; d) 1050 °C, 15 % SO2, 
- log / 02 ^ 1̂ ·̂ · Pre-reduced samples as in figures l a and b are represented by sohd symbols and sohd lines, while samples which were not 
equihbrated at the CO2/CO atmosphere (possess the oxygen fugacity of air initially) and are consequently supersaturated in oxygen initially 
are given by the open symbols and dashed hnes. Samples were analyzed for total sulfur, as weh as for sulfide spectrophotometrically; circles 
represent total sulfur analyses, while triangles represent spectrophotometric sulfide analyses. 

sulfide ion was present in the equihbrated samples at 
long times. Figures 4a and b show the sulfide content 
as inferred from the spectrophotometric calibration 
of the color and the total sulfur analyses of these 
samples. This spectrophotometric procedure ob
viously over analyzes the sulfide content of the 
glasses. The sulfur content of the melts is indeed 
almost instantaneously equihbrated (as compared to 
the sulfur diffusion previously determined and also 
shown for reference in figures 4a and b); probably 
due to the convection created by the simultaneous 
diffusion of oxygen out of the samples as sulfur gases 
diffuse into the samples. This process creates a 
transient colored sulfur species, which is probably 
more oxidized than the sulfide ion and which decays 
with time to the more stable sulfide ion at equilib
rium. Figures 4c and d confirm the results of figures 
4a and b in that the normal temperature dependen
cies are observed. At the lower temperature of 
figures 4c and d, it took a little longer for the transient 
colored sulfur species to form and also a httle longer 
for it to decay to the equihbrium sulfide form. 

Several of these dark amber glasses which 
resulted from the exposure of these oxygen super
saturated melts to a reduced sulfur atmosphere were 
analyzed for sulfide content by the spectrophotomet
ric procedure as well as the iodometric procedure for 
reduced sulfur content. These results are shown in 
figure 5, which illustrate the transient sulfur species 
are too highly colored to be classified as sulfide ions. 
The color, spectroscopic properties, and the condi
tions of formation for these sulfur species are 
consistent with the existence of polysulfide (S^~ and 
S~) ions in the SRL-131 melts [13 and 21]. The excess 
oxygen in the samples initiahy destabilizes the 

Concentration of sulfide ion in w t % -

Figure 5. Unequilibrated amber samples (from figures 4a to d) 
analyzed for sulfide via spectral methods (at 420 minus 700 nm base 
line) and for total reduced sulfur by iodometric titration. The 
samples (sohd symbols) were initiahy supersaturated in oxygen, 
then exposed to reducing sulfur atmosphere for short times. 

formation of sulfide ions, but the reducing conditions 
preclude the formation of sulfate ions in the melt. 
Accordingly, the transient polysulfide ion of inter
mediate redox State becomes a metastable species in 
the melt under this kinetic control. 

5. Discussion 

5.1. Temperature dependence of the diffusion 
coefficient 
The temperature dependence of the sulfur diffusion 
coefficient in SRL-131 melts is provided in figure 6 
along with those of oxygen and water vapor in the 
same system. Since this thermal dependence can be 
expressed by an Arrhenius relationship: 

D = η -E/RT ( 7 ) 
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Figure 6. Temperature dependence of the sulfur diffusion 
coefficient (oxidized and reduced) as compared to the oxygen and 
water vapor diffusion coefficients in SRL-131 melts. 

where D is the diffusion coefficient, DQ is a constant 
typicahy related to the number of pathways available 
for diffusion, R is the ideal gas constant, Τ is the 
absolute temperature, and Ε is the activation energy 
for the diffusion [14 and 22]; the relationships in 
figure 6 can be used to determine the activation 
energies for the diffusing species. The figure also 
emphasizes the fact that sulfur diffuses into the melt 
via the same rate regardless of whether the system is 
oxidized (the sulfur is being incorporated as the 
sulfate ion) or reduced (the sulfur is being incorpo
rated as the sulfide ion). Both diffusions have the 
same activation energies for diffusion of about 
63 kJ/mol. 

5.2. Comparisorn of gaseous diffusion coefficients 

Oxygen and gaseous sulfur diffuse at about the same 
rate at 1150 °C, but gaseous sulfur is measurably 
faster than oxygen at 1050 °C according to figure 6. In 
addition, the activation energy for the diffusion of 
oxygen is over five times greater than that for gaseous 
sulfur through SRL-131 melt. The diffusion of water 
vapor through SRL-131 melt is about an order of 
magnitude faster than that for either oxidized or 
reduced sulfur vapor, but the activation energies for 
both processes are almost exactly the same. 

These relationships among the diffusion coeffi
cients of gaseous sulfur Compounds, oxygen, and 
water vapor in SRL-131 melts are analogous to those 
previously compiled for soda-lime-silica melts [7]. 

5.3. Mechanisnn for diffusion of sulfur gases 

That the gaseous sulfur species diffuse the same in 
oxidized and in reduced melts of SRL-131 implies 
that the diffusing species must be similar or the same 
in both cases. That is, the diffusion cannot be 

controlled by the diffusion of the sulfide ion in the 
reduced system and by the diffusion of the sulfate ion 
in the oxidized system, because the two ions should 
diffuse at two different rates. Thus, the same or 
similar gaseous sulfur species must be involved in the 
rate-controhing step of the diffusion in both cases. 
From equations (1 to 6) which describe the incor
poration of sulfur into these reduced and oxidized 
melts, it then appears likely that the diffusion is 
controlled by SO2 in both cases. For example, the 
diffusion of S2 in reduced Systems would be expected 
to be quite different than the diffusion of SO3 in 
oxidized Systems and would be expected to be more 
similar to O2 diffusion. This then leads to the 
conclusion that equation (3) in reduced Systems and 
equation (5) in oxidized Systems are the rate-con-
trolhng steps in the diffusion process, so that SO2 is 
the gaseous sulfur species for which this diffusion 
process is measuring. It is interesting that SO2 as weh 
as H2O possess the same activation energy for 
diffusion, whereas O2 has a significantly higher 
activation energy for diffusion. Both SO2 and H2O 
react with the melt by solvolysis reactions to be 
incorporated in the melts, while oxygen incorpora
tion is more of a physical process. Thus, sulfur 
dioxide and water react with the melt and bump along 
in that fashion, while oxygen must force its way 
through available Channels and holes in the melt -
consistent with the lower activation energy for the 
former two gases. On the other hand, water diffuses 
faster because it is smaher than the sulfur gases and 
has more pathways for diffusion available to h. 

'5.4. Diffusion coefficients and glass processing 

The result that SO2 and O2 diffuse at about the same 
rate at 1150 °C means that sulfur poses no real 
processing constraint with respect to diffusion at this 
temperature. The equihbration of oxygen as well as 
sulfur would be similar in glass melts for nuclear 
waste immobilization at this temperature. However, 
for commercial glass manufacture, the processing 
often occurs at a lower temperature where sulfur 
gases diffuse faster than oxygen. Thus, the ability of 
sulfur to sweep bubbles from glass melts may be in 
part due to its ability to diffuse from and into the melt 
faster at these temperatures. On the other hand, 
oxygen (based on its diffusing characteristics) may be 
a better refining agent at the higher temperatures in 
SRL-131 melts. For the total view of the fining 
process, nevertheless, these kinetic results must be 
understood within the context of gaseous solubihty as 
a function of temperature and redox state [1]. 

5.5. Kinetic stabilization of the polysulfide ion 

Even though part 1 of this series [1] on the chemistry 
of sulfur in SRL-131 melts demonstrated that the 
sulfate (oxidized) and sulfide (reduced) ions were the 



Stable entities incorporated in this borosilicate meh 
under equilibrium conditions, other transient sulfur 
species which may be stable for times up to several 
hours can be produced in the melts. For example, 
polysulfide ions were produced metastably by im-
posing a reduced sulfur atmosphere on an oxidized 
sulfur-free melt. This leads to potentially unique 
colorings of glass via this process; and in addition, 
may explain in part some of the problems associated 
with changing a commercial melter from flint (oxi
dized sulfur) glass production to amber (reduced 
sulfur) glass production or by unintentional changes 
in the redox State of the melt [23]. This may be 
significant in the processing of nuclear waste in glass 
melts, since often times an oxidized melt is being 
imposed in more reducing conditions due to proces
sing constraints; however, this transient sulfur species 
may also be negated by mutual interactions with 
other redox species that may be present in the meh, 
most notably iron. 

Support for this research was provided by the National Science 
Foundation (NSF: CPR-8406089) and the National Aeronautics 
and Space Administration (NASA: NAG-9-102). The Center for 
Glass Chemistry is operated in part under the auspices of the 
Virginia Center for Innovative Technology and VMI Research 
Laboratories. The authors thank Anita Füller for typing the final 
copy of this manuscript. 

6. References 

[1] Schreiber, H. D. ; Kozak, S. J . ; Leonhard, P. G. et al.: Sulfur 
chemistry in a borosihcate melt. Pt. l//Redox equilibria and 
solubility. Glastech. Ber. 60 (1987) no. 12, p. 389 -398 . 

[2] Goldman, D . S . : Redox and sulfur solubihty in glass melts. In: 
Gas bubbles in glass. Prepared by Technical Committee 14 of 
the International Commission on Glass. Charleroi: Institut 
National du Verre 1985. p. 7 4 - 9 1 . 

[3] Mills H. N.: Use of fining agents. Cer. Eng. Sei. Proc. 7 
(1986) no. 3/4, p. 4 0 4 - 4 0 9 . 

[4] Bickford, D. F . ; Diemer, R. B . : Redox control of electric 
melters with complex feed compositions. Pt. 1//Analytical 
methods and models. J . Non-Cryst. Solids 84 (1986) no. 1 -3 , 
p. 276 -284 . 

[5] Bickford, D. F . ; Diemer, R. B . ; Iverson, D. C : Redox 
control of electric melters with complex feed compositions. 

Pt. 2//Prehminary limits for radioactive waste melters. J . 
Non-Cryst. Solids 84 (1986) no. 1 - 3 , p. 2 8 5 - 2 9 1 . 

[6] Schreiber, H. D. ; Hockman, A. L. : Redox chemistry in 
candidate glasses for nuclear waste immobilization. J . Am. 
Ceram. Soc. 70 (1987) no. 8, p. 5 9 1 - 5 9 4 . 

[7] Ramos, J . I.: Behavior of multicomponent gas bubbles in 
glass melts. J . Am. Ceram. Soc. 69 (1986) no. 2, 
p. 1 4 9 - 1 5 4 . 

[8] Schreiber, H. D. ; Balazs, G. B . ; Carpenter, B . E . et al.: An 
electromotive force series in a borosilicate glass-forming melt. 
J . Am. Ceram. Soc. 67 (1984) no. 6, p. C-106-C-108 . 

[9] Schreiber, H. D. ; Schreiber, C. W.; Kozak, S. J . : The 
interaction of water vapor with a borosilicate melt. J . 
Non-Cryst. Solids. (In prep.) 

[10] Bernadzikowski, T. Α. ; Allender, J . S.; Stone, J . A . et al.: 
High-level nuclear waste form performanee evaluation. Am. 
Ceram. Soc. Buh. 62 (1983) no. 12, p. 1 3 6 4 - 1 3 6 8 , 1390. 

[11] Pyare, R . ; Nath, P.: Α simple and rapid spectrophotometric 
method for determination of sulphite and sulphate in binary 
sodium Silicate glasses. Glass Technol. 27 (1986) no. 1, 
p. 2 1 - 2 3 . 

[12] Bamford, C. R . : Colour generation and control in glass. 
Amsterdam: Elsevier 1977. 

[13] Ahmed, A. Α. ; El-Shamy, T. M.; Sharaf, N. Α. : States of 
sulfur in alkah borate glasses. J . Am. Ceram. Soc. 63 (1980) 
no. 9/10, p. 5 3 7 - 5 4 2 . 

[14] Schreiber, H. D. ; Kozak, S. J . ; Fritchman, A . L. et al.: 
Redox kinetics and oxygen diffusion in a borosihcate melt. 
Phys. Chem. Glasses 27 (1986) no. 4, p. 1 5 2 - 1 7 7 . 

[15] Schreiber, H. D. ; Kozak, S. J . ; Trandel, B . D . et al.: Oxygen 
diffusion in S R L waste glass mehs. In: Advances in ceramics. 
Vol. 20//Nuclear waste management II . 1986. p. 1 2 5 - 1 3 2 . 

[16] Schreiber, H. D. ; Schreiber, C. W.; Leonhard, P. G. et al.: 
Solubihty and diffusion of gases in a reference borosilicate 
melt. J . Non-Cryst. Solids. (In prep.) 

[17] Goldman, D. S.; Gupta, P. K.: Diffusion-controhed redox 
kinetics in a glassmelt. J . Am. Ceram. Soc. 66 (1983) no. 3, 
p. 1 8 8 - 1 9 0 . 

[18] Schaeffer, H. Α. ; Lachenmayr, H.; Pye, L. D . : Oxidation 
studies of amber glass. Glastech. Ber. 56K (1983) vol. 1, 
p. 6 0 2 - 6 0 7 . 

[19] Volf, M. B . : Chemical approach to glass. Amsterdam: 
Elsevier 1984. 

[20] Douglas, R . W.; Zaman, M. S.: The chromophore in 
iron-sulphur amber glasses. Phys. Chem. Glasses 10 (1969) 
no. 4, p. 1 2 5 - 1 3 2 . 

[21] Merritt, M. V . ; Sawyer, D. T.: Electrochemical reduction of 
elemental sulfur in aprotic solvents. Formation of a stable Sg 
species. Inorg. Chem. 9 (1970) no .2 , p. 2 1 1 - 2 1 5 . 

[22] Wincheh, P.: The compensation law for diffusion in sihcates. 
High Temp. Sei. 1 (1969) no. 2, p. 2 0 0 - 2 1 5 . 

[23] Brungs, M.; Michell, R . : Development of colour during 
changes between glasses of different oxidation states. Glass 
Technol. 18 (1977) no. 6, p. 174-177 . 

88R0001 


