
INTRODUCTION

The effect of sulfur compounds in glasses were
intensively studied both from the point of view of sulfur
chemistry in glass melts and their role in the glass
melting kinetics [1-9]. The last work of authors was
focussed on the study of sulfur reactions in the batch
and some kinetic observations of bubble behavior,
bubble nucleation and foam formation in the soda–lime
–silica glass melt when applying the usual industrial
combination of sodium sulfate with carbon as a reduc-
ing agent [10-12]. This work sets a goal to classify the
role of sulfur compounds in the melting process, to
complete the kinetic data of bubble nucleation and
behavior at different oxidation-reduction ratios between
carbon and sulfate, to elucidate the mechanism of melt
foaming at medium to high temperatures and to provide
experimental data about sulfur influence on sand disso-
lution.

EXPERIMENTAL

The kinetic observations were applied by direct
observations of bubbles and foam at melting tempera-
tures combined with image analysis, by laboratory
melts and completed by the analyses of undissolved
sand and sulfur presence in glass by the X-ray diffrac-
tion and X-ray fluorescence. The soda-lime-silica batch

was used providing glass of the following weight com-
position (wt.%): 74 SiO2, 16 Na2O and 10 CaO. Sulfate
was added to the batch in form of Na2SO4, purity per
analysis. Reducing agent referred as carbon in the paper
was dosed in glass batches in form of fine-grounded
coke containing 85 % of C. The initial content of SO3 as
sulfate in all glasses was 0.5 % and the redox state of
batches involved region between oxidized and medium
reduced glasses (the molar ratio C/SO4

2- ∈ 〈0; 9〉). The
iron content in glasses was restricted to iron impurities
in raw materials, dry batch components were used to
exclude the impact of water vapour. In the typical
experiment, the glass batch with given molar ratio of
carbon to sulfate was heated from 700°C by the rate of
10°C/min to a given temperature and subsequently kept
on the final value 1300, 1400 and 1500°C for necessary
time. The atmosphere was air but the atmosphere con-
taining 80 vol. % of water vapour was applied in sever-
al experiments.

RESULTS AND DISCUSSION

The results of EGA analyses presented in literature
and last work [10-11] confirmed the important role of
several sulfur reactions in the formed glass melt, name-
ly:

3SO4
2- + S2- ↔ 4SO2 + 4O2- (1100-1300°C) (1)
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2SO4
2-- ↔ 2SO2 + O2 + O2- (1300-1550°C) (2)

SO3
2- ↔ SO2 + O2- (3)

The courses of cited reactions are responsible for
most kinetic effects during glass melting but the
detailed mechanism of sulfite presence [7,8] on both
fining and sand dissolution, or its impact on bubble
nucleation, e.g., are not fully clarified yet. 

This work initially tried to use a kinetic measure-
ment based on the assumed reactions between sulfur
compounds and water vapour to assess the role of sul-
fites in the melting process. Water produces OH groups
in silicite and borosilicate glasses with relatively strong
bond to glass structure and substitution of sulfate ions
for OH groups was experimentally proved in previous
works [13, 14]. The chemical reaction of water vapour
may be potentially expected with all three sulfur com-
pounds:

SO4
2- + H2O → SO2 + 1/2O2 + 2OH- (4a)

SO3
2- + H2O → SO2 + 2OH- (4b)

S2- + 2H2O → H2S + 2OH- (4c)

The already in literature described reaction (4a)
between water vapour and sulfates in the melt produced
foam on the melt level. In this work, glasses with
C/SO4

2- ∈ 〈0; 9〉 were contacted with atmospere con-
taining 80 vol. % of water vapour and the melt level was
observed to indicate foam and bubbles on the level in
the temperature region (1300) 1400-1500°C after slow
controlled heating (10°C/min) of glass batch from
700°C. The partial or full foam formation, as well as
bubble nucleation on the glass level were observed in all
experiments with C/SO4

2- ∈ 〈0; 9〉 and at temperatures

higher than about 1400-1450°C. The bubble nucleation
on the melt level was observed in all experiments after
applying water vapour and the nucleation intensity grew
with temperature. The nucleated and rapidly growing
bubbles obviously formed the unstable foam layer at
1500°C. The comparison between the average bubble
growth of bubbles present in the melt and bubbles
present on the level is presented in Figure 1 for tempe-
ratures 1400 and 1500°C. 

The considerable diameter growth rates of bubbles
on the glass level support the assumption about chemi-
cal reaction of sulfur compounds with water vapour on
the level. The other mechanisms of the rapid bubble
growth were excluded by experiments without water
atmosphere or in glasses without any sulfur compounds.
The measurements prove the presence of sulfites in the
melt as a chemical source of SO2 at C/SO4

2- = 1.5-2 and
most probably in the wide interval of the redox state of
glass. The reaction of sulfide ions with water vapour at
high C/SO4

2- ratios cannot be excluded.
The rapid bubble growth on the glass level is most

probably initially controlled by the rate of chemical
reaction 4a-c and later by the flow of glass containing
surface active sulfur species from the melt into the bub-
ble shell jutting over glass level. The surface forces
seem to play the decisive role.

Bubble removal

The values of the diameter growth rate of bubbles
in glass at 1500°C against the ratio C/SO4

2- are plotted
as well in Figure 1a. The maximum value at C/SO4

2- =
= 0.5 indicates the combined effect of reactions (2) and
(3) and effect of previous saturation of the melt by SO2

(reaction 1). At higher values of C/SO4
2-, the amount of

sulfate in the melt decreases [12-13] and the fining
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Figure 1.  The average bubble growth rates inside of glass and on the glass level at 1300 and 1400°C (a), and 1500°C (b) as a func-
tion of the ratio C/SO4

2-.
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effect shifts from SO2 + O2 to only SO2. The analogical
dependences acquired at temperatures 1300 and 1400°C
show that the effect of SO2 increases with growing ratio
C/SO4

2- up to about C/SO44
2- = 3 (Figure 1b). The reason

for this behavior is most probably increasing amount of
sulfite ions in glass and previous saturation of the melt
by SO2. The increase in values of the bubble growth
rates in reduced glasses (C/SO4

2- was 6 and 9) at 1500°C
and their decrease at 1300 and 1400°C may be brought
about by the glass chemical inhomogeneity.

Glass foaming

The evaluation of foam observations during experi-
ments at 1300 and 1400°C is plotted in Figure 2. The
height of the peak of SO2 coming from EGA measure-
ments, the maximal foam height and volume, and the
time of melt foaming coincide with maximal values of
bubble growth rates at both temperatures.

The observations provided a picture of foaming ini-
tiated not only on the glass level, but also in the whole
volume of glass. Among relevant quantities of that phe-
nomenon - the number of nucleation sites N, the size of
already present small bubbles a0, the bubble growth rate
and the number of repeated nucleations n - the bubble
growth rate seems the most significant to fill the volume
of melt by tightly packed bubbles in a relatively short
time. The theoretical dependence between the time nec-
essary for nucleated or grown equal bubbles to fill tight-
ly the given volume of glass (under conditions corres-
ponding to experiments), and the mentioned first three
quantities is presented in Figure 3. The bubble growth
rate appears the most significant quantity. 

If atmosphere reacts with sulfur species in glass,
the intensive bubble nucleation and the very high bub-
ble growth rate on the level set conditions for foam for-
mation (see Figure 1). The theoretical time necessary to
cover the glass level by the continuous bubble layer
should be then only hundreds of seconds according to
Figure 3, which fact was confirmed by foam observa-
tions in experiments. 

Considering the results in literature [9] and
obtained by foaming observations in this and previous
works [11, 12], three mechanisms of melt foaming in
glass melts containing sulfur compounds may be
assumed:

1.The volume of rising bubbles attaining the glass level
is higher than the volume of decayed foam. The bub-
bles accumulate on the glass level in layers. The deci-
sive processes for foam formation are the high initial
bubble number and rapid bubble growth in glass, as
well as bubble rapid rising to the glass level (glass at
refining temperatures).

2.The volume of glass characterized by the intensive
bubble nucleation, relatively rapid bubble growth and
low bubble rising velocities forms the foam in the
glass volume (glass containing sulfate with reducing
agent at medium temperatures). The decisive process-
es are bubble nucleation and growth.

3.Some components of glass react with atmosphere
under gas development, increase the volume of bub-
bles present on the glass level and nucleate there new
bubbles. The decisive processes are the bubble nucle-
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Figure 2.  The dependence of the height of the SO2 peak, hSO2

(EGA measurement), the maximal height and volume of foam -
hf, and time of foaming, τf (high temperature observations) on
the C/SO4

2- ratio at the temperature 1300°C.
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Figure 3.  The theoretical time of full packing of the given
volume of glass by equal bubbles as a function of number of
nucleation sites, the initial bubble radius and the bubble radius
growth rate. Arbitrary temperature.

τ fp
 (s

)

2000

0
0 6×10-72×10-7 1×10-6

6000

4000

4×10-7 8×10-7

1000

5000

3000

10000

8000
9000

7000

0 6×1032×103 1×1044×103 8×103

0 3×10-41×10-4 5×10-42×10-4 4×10-4



ation on the level and transport of reacting compo-
nents from glass into bubble shells jutting over the
glass level. The mentioned mechanism may be signif-
icant for glasses produced by oxyfuel melting.

Bubble nucleation

Two generations of nucleated bubbles were obser-
ved in glass melt when applying the melt observation.
The first bubble generation comes from the melt super-
saturation and sulfite decomposition (Reaction (3)) at
medium temperatures and was observed for C/SO4

2- > 1,
in coincidence with the increasing bubble growth rates
at these temperatures. The second generation occurs
at temperatures higher than about 1450°C and corres-
ponds to the spontaneous decomposition of sulfates.

The nucleation at high temperatures was observed at
C/SO4

2- ≤ 1. Figure 4 presents the temperature depend-
ence of bubble growth rates which shows a steep
increase in the bubble growth rate joined with SO2 + O2

bubble nucleation at 1500°C and for C/SO4
2- ≤ 1, and

also shows relatively high bubble growth rates at tem-
peratures 1300 and 1400°C joined with nucleation of
SO2 bubbles at C/SO4

2- > 1.

Sand dissolution

The potential effect of the observed glass micro and
macroconvection on the sand dissolution due to evolu-
tion of gases and nucleation of bubbles was assumed but
quantitative data should be provided. The effect should
be particularly significant at lower and medium temper-
atures where the number potential nucleation sites on
undissolved sand particles is high. Figure 5 brings the
decrease in the portion of undissolved sand when
increasing the ratio C/SO4

2- in glass samples just reach-
ing temperature 1300°C and after keeping the melt for
20 min at this temperature. Further experiments are
however needed to appreciate the role of sulfur com-
pounds more precisely.

CONCLUSION

The kinetic measurements involving reaction of
sulphur compounds in glass with the atmosphere con-
taining high portion of water vapour proved sulfite pres-
ence in reduced glass and indicated its role for the melt-
ing process. Among reactions of sulphur compounds in
batch and glass during melting, the reactions between
sulfide and sulfate and the decomposition of sulfate and
sulfite are the most significant phenomena for the glass
melting and fining process. The consequence of the
reactions is the both physical and chemical saturation of
the melt by gases and their release in later stages. The
intensive glass melt foaming occurred in the bulk glass
at medium temperatures. New generation of bubbles
SO2 + O2 was observed at high temperatures and C/SO4

2-

less then 1 and nucleation of SO2 bubbles at medium
temperatures and C/SO4

2- higher than 1. The decrease in
the fraction of undissolved sand with increasing C/SO4

2-

ratio was observed.
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Figure 4.  The temperature dependence of the bubble growth
rate, indicating the bubble nucleation at higher bubble growth
rates.
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Figure 5.  The dependence between the portion of undissolved
sand and the ratio C/SO4

2- at the temperature 1300°C.
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ÚLOHA SÍRY V TAVICÍM PROCESU SKEL

MIROSLAVA ARKOSIOVÁ, JAROSLAV KLOUŽEK,
LUBOMÍR NÌMEC

Laboratoø anorganických materiálù, Spoleèné pracovištì
Ústavu anorganické chemie AVÈR

a Vysoké školy chemicko-technologické v Praze,
Technická 5, 166 28 Praha

Cílem práce je  doplnit kinetická data chování a nuklease
bublin v závislosti na redox stavu skla øízeném hodnotou
pomìru mezi uhlíkem a síranem ve vsázce sodno-vápenato-
køemièitého skla, vyjasnit mechanismus tvorby pìny pøi støed-
ních tavicích teplotách a poskytnout experimentální data vlivu
reakcí síry na rychlost rozpouštìní pískových zrn. Mìøení
provedená pøi teplotách 1300-1500°C  indikovala dvì generace
bublin, u kterých byly stanoveny k hodnocení procesù èeøení a
pìnìní hodnoty støedních rychlostí rùstu. Chemické reakce
mezi vodní párou v atmosféøe a slouèeninami síry ve skle mají
za výsledek nukleaci bublin a tvorbu pìny na hladinì skloviny.
Ve sklech s nízkým redox stavem bylo pozorováno urychlení
procesu rozpouštìní pískových zrn.
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