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Silicon in container glasses, its solution kinetics and dissolving
potential in container glass furnaces
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The forming process of silicon stones in differently colored container glasses under the action of different aluminum pieces will be
discussed and some special features during the generation reported. The dissolution of formed silicon stones was analyzed in
dependence on melting time, temperature and color of the glass. With the knowledge of these parameters the rate constant and the
diffusion coefficient of the dissolution were calculated. The main results are: first, it is not possible to generate large silicon stones
anyway, indicated by big aluminum pieces which will be divided when they become liquid. Second, the dissolving of the silicon
stones does not go on homogenously about the whole temperature range analyzed. But it can be divided into three fields: an area
below, an area around and an area above the melting point of the silicon. The reason for these differences is found in the SiO,-rich
layer around the stones which will be formed and dissolved by different rates in colored container glasses.

On the basis of these dissolving rates and of the temperature profiles in glass melting furnaces the dissolving potential in furnaces
could be calculated. Three possible routes of silicon stones through special types of furnaces show the respective dissolving potential
for silicon.

The potential for dissolution of elementary silicon for the calculated types of container glass furnaces is nearly the same. The
dissolution rates could be improved by raising the temperature of the glass bath in the furnace and by raising the dwell time of the

silicon stones in the furnace.

1. Introduction

Since the early 1950s it has been known that silicon stones
are generated in container glass under the action of metallic
aluminum [1]. The aluminum is contained in the glass melt
as an impurity of the cullet. Aluminum reduces the SiO,
from the glass matrix and silicon will be formed:

4 Al + 38i0, — 2 ALLO3 + 3 Si, (1)
ARG = —590.8 kJ mol ™! (4}, and T = 1500 K.

In the glass melt a porous oxide layer on aluminum will
be formed which allows a continuous procedure of the oxi-
dation. This reaction can not be prevented but it is imposs-
ible to generate very large silicon stones, instead many little
stones will be formed very often which can be dissolved
during the glass melting process. This is the reason for the
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little amount of silicon stones found in the finished glass
product, the rate is only around 0.01 %.

Experiments concerning the formation of silicon stones
on several pieces of aluminum = as found in cullet —
showed that aluminum particles will be divided at tempera-
tures above their melting point and if their weight is more
than 1.6 mg. Furthermore, the forming of a few silicon
spheres out of one aluminum piece has often been observed.
An example is given in figure 1, and figure 2 shows the
corresponding bulk statistics. This statistics shows that
more than 95% of the silicon stones have a diameter of
less than 100 um. Additionally, it was observed that foreign
material in formed silicon stones like iron, tin or lead will
often be released and daughter spheres formed (figure 3).

2. Dissolution of silicon stones

The dissolution rates of silicon stones formed in different
container glasses were determined by laboratory experi-
ments concerning melting time, temperature and glass color.
The stones used were taken from containers of the daily
production to exclude the above mentioned “problems” dur-
ing the formation and to exclude a contact with oxygen dur-
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Figure 1. Scanning electron (BSE) micrograph of a frag-
mentized silicon stone; white area: heavier elements (Fe, Pb, Zn,
Cu, S...), light grey: silicon, gray: glass matrix, black: bubble.
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Figure 2. Bulk statistics of the fragmentized silicon stones.

ing the melting process. The run of the dissolution rates in
the analyzed glass colors is given in figure 4 for example at
120 min melting time. The dissolution process could be di-
vided into three areas — an area below, an area around and
an area above the melting point of the silicon stone. Table
1 lists the data of figure 4 for the temperature range and
glass color as well as the values of the respective re-
gression coefficients.

With the knowledge of dissoluble amounts of silicon the
dissolution rate constants could be calculated according to
equations (2 and 3).

dm
(?)r = const 2)

where m is the dissolved mass of silicon in g, ¢ the time of
the experiment in min, and 7 the temperature in K.
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Figure 3. Scanning electron (BSE) micrograph of a part of a
typical silicon stone with formed daughter spheres and former
foreign phases; 1: silicon (light gray area), 2: heavier elements
like Fe, Pb, Cu, Zn (bright area), 3: glass matrix.
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Figure 4. Dissoluble silicon amounts in amber, green and flint
glass at 120 min melting time and different melting tempera-
tures.

k= 3)

B (o)

Mg dr

where n is the quantity of material in mol, M the molar
mass in g mol~!, and k the dissolution rate constant in
mol ! s~

From this data the diffusion coefficients could be deter-
mined according to Nernst (equation 4) [2].

(d_n) =D “)
dr /1 0
where:
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Table 1. Data of temperature range, glass color and regression
coefficient for figure 4

temperature range in °C glass color R?
amber 0.9541
1200 to 1300 green 0.791
flint 0.9052
amber 0.75
1300 to 1400 green 0.9991
flint 0.9967
amber 0.9856
1400 to 1500 green 0.9402
flint 0.9637

o is the thickness of the adjacent SiO,-rich layer
(the median is around 6 = 8.5 X 1073 cm);
¢ is the concentration of the moving component oxygen (O)
in the adjacent layer
(co in SiO, = 66.6 mol% per volume element, ¢o =
0.66 mol cm~?);
O is the surface of the silicon stone in cm?
(Ao = m X d* (as median of the silicon stones in the
analyzed temperature field));

D is the (median) diffusion coefficient in cm? s™!

dnaid Ll : : g
d_ = dissolution rate constant in mol s~ ' .
t

The results of these analyses are shown in table 2 as
median values of the particular area of temperature and
irrespective of time. All the values of the diffusion coef-
ficients are lower than 3.5 X 1077 cm?s~! [2], the diffusion
proceeds through a nearly solid layer, which is formed dur-
ing the dissolution (oxidation) of the silicon stones. This
SiO,-rich layer represents the diffusion barrier.

The temperature range below the melting point of the
silicon stone is characterized by diffusion coefficients of the
same scale, which indicates the same mechanisms. The dis-
solution rate constant of flint glass is larger than that of
green or amber glass.

The dissolution rate constant and the diffusion coef-
ficient are clearly increased in amber glass in the tempera-
ture range around the melting point of the silicon stone.
Concerning lower temperatures both quantities are similar
in green and decreased in flint glass. In amber glass the
diffusion barrier (SiO-rich layer) will be dissolved faster
than it will be formed. Amber glass is made under reducing
conditions that is why there is only a low potential for oxi-

dation reactions. In green glass the forming and dissolving
of the diffusion barrier is close to the equilibrium and in
flint no effective dissolution occurs. Flint glass has a high
potential for oxidation reactions because it is molten under
oxidized conditions and a more efficient diffusion barrier
will be formed.

If the dissolution of silicon stones proceeds at tempera-
tures above their melting point, the dissolution rate constant
and the diffusion coefficient of amber and green glass is
raised again. The lower diffusion barrier in amber glass
makes an effective oxidation possible whereas it is prevented
in flint glass under the same condition. In green glass a
larger diffusion barrier than in amber glass is assumed be-
cause of the less effective dissolution kinetics.

3. Mechanisms for silicon oxidation in various
glass melts

Flint glass is molten under oxidizing conditions but it con-
tains no or only very little concentrations of polyvalent ions.
In figure 5 is shown that thermodynamically possible oxi-
dation reactions are given by “water”, free oxygen and sul-
fur trioxide. The latter is the most effective one for oxidation
and it has the highest solubility in flint glass according to
Budd [3]. For this reason flint glass has a high potential for
oxidization of the silicon stones and the dissolving should
proceed well, which is shown by the effective forming of the
SiO,-rich layer (diffusion barrier).

In contrast to flint glass amber glass is molten under
reducing conditions and there is only a low level of potential
oxidants like free oxygen and sulfur trioxide. In the atmos-
phere of the furnace is only a little oxygen to prevent carbon
monoxide and the solubility of sulfur trioxide is low [3]. The
level of contained “water” should be similar to flint but
amber additionally contains polyvalent iron (oxide) for oxi-
dation. The standard forming enthalpies are given in figure
5 and were calculated according to Knacke et al. [4]. The
Si0,-rich layer will be formed slowly.

Green glass is molten under nearly neutral conditions
and the level of sulfur trioxide contained is between the
levels of amber and flint glass [3]. The dissolution of silicon
stones in green glass — marked by the dissolution rate con-
stant and the diffusion coefficient = proceeds not as fast as
in amber but faster than in flint glass. In contrast to amber
it additionally contains polyvalent chromium which is a

Table 2. Median values of the dissolution rate constants and diffusion coefficients in amber, green and flint glass — irrespective of

the time

amber glass green glass flint glass
range of dissolution rate  diffusion dissolution rate  diffusion dissolution rate  diffusion
temperature constant coefficient constant coefficient constant coefficient
in °C in mol s™! in cm? 57! in mol s™ in cm? s™ in mol s~! in cm? 5!
1200 to 1300 34 x 10713 1.0, % 1071 4.0 x 10718 9.4 X 10712 7.7 X 10713 1.3 x 1071
1300 to 1400 6.1:X 10712 1.8 X 1071 7.7 X 10713 8.9 X 10712 5.5x 10713 5.8 X 10712
1400 to 1500 1.1 7x107%0 7.4 x 1071 1.3 x 10711 3.2 x 10711 25X 10712 9.7 X 10712
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Figure 5. Standard forming enthalpies for oxidation of silicon
in glass melts; all reactions were calculated according to [4],
values for iron oxide above 1600 K are linearly extrapolated.

further possibility of oxidation when it is in the hexavalent
state (figure 5).

4. Preparing the model of furnaces for
calculation

The knowledge of the dissolution rates of elementary silicon
as a function of glass color, temperature and time is needed
to prepare the model (table 3) as well as the horizontal and
vertical temperature profiles of the furnace?. For in spite of
possible variation in the temperatures these profiles allow
representation of achievable dissolving potential. To apply
the scales, the dimensions of the furnaces have to be known
too. Boundary conditions are a forming of the silicon stones
which is not delayed — the calculation starts with already
formed silicon stones — and neglection of the change in
viscosity as a function of temperature.

The calculation was made for a cross fired furnace, an
end fired furnace and for a LoNO, melter (figures 6a to c).
For all the calculable furnaces the same sizes and the same
routes of a silicon stone were used. The fixed sizes are a
length of 20 m, a width of 6 m and a depth of 1.5 m. From
the content of 180 m* or 450 t glass and a tonnage of 225 t/
d the typical dwell time of two days is given, which will be
taken for the route close to the bottom. For the route close
to the surface the dwell time is defined to one day because
of the higher temperatures and for the most probable route
the dwell time is defined to three days because of the back
flow and the lower temperatures close to the bottom.

5. Calculation of the models

For calculation of the chosen furnaces it is necessary to
transfer the scale and to subdivide each route into sections
of the same temperature. The lengths of these sections will

D For temperature profiles the calculated ones from TNO
(Eindhoven) were taken with friendly authorization of Prof.
R. Beerkens and Dr. O. Op den Camp.

1100 °C

1300 °C

Figures 6a to c. Cross section of different glass melting furnaces
and routes for melting calculation with temperature scale in °C;
route 1: silicon stones are close to surface, route 2: silicon stones
are close to bottom, route 3: silicon stones start close to the
surface, flow back and go out along the bottom. Temperature
profile of a cross-fired furnace (figure a), an end-fired furnace
(figure b), and a LoNO, melter (figure c).

be retransformed to the original furnace and the summation
of them gives the total length of the corresponding route.
From the total length and the defined entire dwell time for
each route follows the normalized dwell time in minutes per
meter, which helps to calculate the dwell time at the given
temperature in the given sector. The dissoluble amount of
silicon is calculated by the residence time, the temperature
and the color of the glass (table 3). The whole procedure is
done for the route close to the surface at the cross fired
furnace (table 4).

6. Conclusions

The dissolution rate constants and the diffusion coefficients
are a measure of the dissolution rates in the analyzed
glasses. It can be assumed that the SiO,-rich layer formed
around the silicon stones will be dissolved by similar rates
in the individual glasses because of the same matrix. From
this it follows that the difference between the rate of forming
and dissolving of the SiO,-rich layer is the measure of an
effective oxidation of the silicon stones.

The temperatures at the surface are higher than those at
the lower zones and silicon is dissoluble in less time. Along
the second route (route 2 in figures 6a to c) longer residence
times will be helpful for dissolution. Table 5 shows that the
potential for dissolution of elementary silicon in container
glass melting furnaces is similar for different routes and the
respective times.
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Table 3. Dissolving rates (y) for elementary silicon as a function of glass color, temperature and time (x), R? is the regression coef-
ficient

amber glass green glass flint glass

temperature in °C dissolving rate y R? dissolving rate y R? dissolving rate y R?
1200 y = 49.67 00D 0,99 y = 30,00 009 10 y = 47.01 099 10
1250 y = 36.65 e0-12) 0.99 y = 37.81 e*007 0.98 y = 22.98 e*/0-10 0.98
1300 y = 20.02 e*0-1D 0.98 y = 27.38 013 0.98 y = 16.41 /013 0.98
1325 y = 21.55 e*/012) 0.97

1350 y= 18101 0.98 y = 15.57 e0-13) 0.99 y = 25.29 017 0.98
1375 y= 171010 098

1400 y = 15.20 /029 0.99 y = 15.41 014 1.0 y = 15.56 ¢*/0-19 0.98
1425 y = 21.54 ¢*/030) 0.97

1450 y= 118202 093 y= 1266012 097 p= 529012 099
1500 y = 17.61 e/0:46) 0.92 y = 8.48 /029 0.98 y = 15.64 ¢*/0-22) 0.99
1550 y= 935¢005) 08

Table 4. Calculation procedure of the route close to the surface on the crossfired furnace (route 1)

stretch  temper- transformed sum of the residence  green glass amber glass flint glass
sector  ature f  distance transformed  time*® . i ;
: e : . A dissoluble amount of silicon in
incm  in °C in m distances in min
in m mm g mm g mm g
5.60 1200 6.8 6.8 380 0.09 9.6 x 1077 0.20 1.0 x 1073 0.13 25x10°°
2.40 1250 29 9.8 163 0.11 14X 10°¢ 0.18 7.0 X 107¢ 0.19 83X 10°°
1.20 1300 1.5 11.2 82 0.16 49 x10°° 0.15 45x10°¢ 0.21 1.1 X 1073
0.60 1400 0.7 12.0 41 0.14 34x10°° 023 1.5x107° 0.15 3.8x10°¢
1.40 1500 1.7 13.7 95 0.60 2.6 X 107% 0.77 5.6 X 1074 040 7.6 X 10773
0.40 1450 0.5 14.1 27 036 5.5x 1073 0.24 1.8x 1073 020 9.6 x10°¢
0.90 1400 1.1 15.2 61 0.20 9.7 x107°¢ 0.33 43x107° 021 1.1 X 1073
3.90 1500 4.8 20.0 265 085 7.4 x 1074 1.24 23 x 1073 0.62 29X 107%
0.30 1450 0.4 20.4 20 032 4.1 X103 0.16 49 x10°° 0.16 54 x10°°
1.20 1400 1.5 21.8 82 024 17X 1073 0.40 7.6 X 1073 025 1.9x10°°
1.80 1350 22 24.0 122 026 22X 1073 046 1.2 x 1074 0.27 25X 1073
1.50 1300 1.8 25.9 102 0.19 85x10°¢ 0.18 6.9 x10°°¢ 024 1.6 X 1077
21.20 25.9 1440 098 12x 1073 138 32x 1073 073 48 x10°*
*) Normalized residence time in min m~!'=55.7.

Table 5. Comparison of the calculated routes in special furnaces

green glass amber glass flint glass

dissoluble amount of silicon in

route furnace mm g mm g mm g
cross fired 1.09 1.6 X 1073 1.52 4.3 x 10=3 0.82 6.6 X 1074
1 end fired 1.04 14 x 1073 1.49 4.1 X 1073 0.82 6.8 X 1074
LoNO, 1.09 1.6 X 1073 1.52 43 x 10=3 0.82 6.6 X 1074
cross fired 0.76 54 %X 107% 1,01 1.3 x 1073 0.81 6.5 X 1074
2 end fired 0.74 49 x 107% 0.63 3.0 X 1074 0.77 5.7 X 1074
LoNO, 0.93 9.7 X 107% 1.39 33 x 10=3 0.82 6.7 X 1074
cross fired 0.85 7.6 X 1074 1.27 2.5 %X 1073 0.93 9.7 X 1074
3 end fired 0.94 1.0 X 1073 1.18 201073 0.96 1.1 X 1073
LoNO, 0.93 9.9 X 1074 1.39 33 x 1073 0.87 8.0 X 1074
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At a constant tonnage and at constant areas of tempera-
ture the dissolving rates for silicon in glass melting furnaces
could be increased by
= raising the temperature of the glass bath,
= raising the dwell time of the particles in the glass bath.
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