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The antimony redox equilibrium in an oxide glass-forming melt has been studied quantitatively. Oxygen fugacities at various concentrations
and temperatures have been measured electrochemically, and Sb**/Sb>* concentration ratios were determined by Mdssbauer spectroscopy.
Equilibrium constants K(7') and thermodynamic standard values are given for the redox reaction in the melt at temperatures between 1000
and 1500 °C. If K(T) is known, the progress of redox fining can be followed by measuring only the oxygen fugacity.

Elektrochemische und MéBbauer-Untersuchungen des Sb*'/Sb%*-Gleichgewichts in einer Silicatglasschmelze

Das Redoxgleichgewicht der Antimonoxide in einer Oxidglasschmelze wurde quantitativ untersucht. Dabei wurden die Sauerstoff-
Fugazititen in der Schmelze bei verschiedenen Konzentrationen und Temperaturen elektrochemisch gemessen und Konzentrationsver-
héltnisse Sb3*/Sb>* mit der MoBbauer-Spektroskopie bestimmt. Die Gleichgewichtskonstanten K(7T) und die thermodynamischen
StandardgroBen werden fiir die Redoxreaktion in der Schmelze bei Temperaturen zwischen 1000 und 1500 °C angegeben. Wenn K(T')

bekannt ist, kann das Fortschreiten des Redoxlduterprozesses allein durch Messung der Sauerstoff-Fugazitit verfolgt werden.

1. Introduction

Polyvalent ions, such as As**/As>* or Sb3*/Sb3*, are
used during glass fining to remove dissolved gases and
gas bubbles from oxide glass-forming melts. For
example, at high temperatures the redox equilibri-
um

$b,05 < Sb,0; + O, (1)

is shifted to the right hand side, and oxygen bubbles
are formed. Undesired gases may diffuse into these
bubbles and increase their volume and buoyancy.
After removal of most of the bubbles the temperature
is decreased, and the remaining oxygen is redissolved
when the equilibrium (equation (1)) is shifted back to
the left.

A detailed knowledge of the temperature depen-
dence of the redox equilibrium of antimony oxide is
necessary to study chemical fining quantitatively and
to predict favourable conditions for the glassmaking
procedure. The measurement of the equilibrium
constant requires the determination of the Sb** and
Sb3* activities as well as that of the oxygen in the
melt. Rather than the activity, the concentration of
both Sb** and Sb>* can be measured by Mossbauer
spectroscopy. The oxygen fugacity was obtained by
means of electrochemical cells, which have been ap-
plied successfully to glass melts for some years [1 to 3].
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1) Short version of part of the dissertation by Brigitte Stahlberg,
conducted at Schott Glaswerke, Mainz, and approved 1987 by the
Wilhelms-Universitat Minster (FRG).

In order to extend the experiments to a techno-
logical scale, an apparatus for more than 1 kg glass
was designed. It contained the heating unit and two
electrochemical cells, one of which was employed to
measure the oxygen fugacity and the other to vary the
content of oxygen in the melt (an “oxygen pump”).
At various temperatures samples were taken from the
melt and quenched to measure Mdssbauer spectra at
low temperatures.

2. Principle of the experiments

For the discussion of redox equilibria in oxide
glass-forming melts, the polyvalent ions are usually
considered to be randomly distributed in a large
reservoir of “oxide ions”, O, symbolizing the total
effective negative charge of all two-fold negative
oxygen species, as bridging, terminal and, if present,
ionic oxygen, with which they are coordinated in a
complicated way. Equation (1) may then be writ-
ten:

2Sb* +202 s2Sb3* + 0, @)

and the temperature-dependent equilibrium constant
may be expressed by equation (3)

K(T) = (s~ ) * (agpss ~ aga-) " (3

) For the correct formulation of this equilibrium, complex
formation including the basicity of the glass should be taken into
account; for the purpose of determining thermodynamic data at
constant basicity, however, the simple equilibrium (equations (2
and 3)) can be applied.
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The melt is almost never in equilibrium with the sur-
rounding atmosphere, so that the activity, a, of oxy-
gen, which can be expressed by the fugacity [’502,

*
5 oy
A2

0,

must be measured within the melt. Since the amount
of Sb,05 added to the glass melt is only in the order of
1 %, the activity ratio g 3+/ag s+ can be approxi-
mated by the concentration ratio cg,3./cgs+. Fur-
thermore, a ~ 1 is assumed. Thus,

02-
*
c 2 P
K(T) ~ [ Sb“] ) 4)
ch5+ pO

if the total pressure p is identified with the standard
pressure p°.

121Sh Mossbauer spectra may well be used as an
analytical tool to distinguish between antimony in its
different oxidation states. Compounds containing
Sb** have an isomer shift between —17 and
—11 mm s~ ! relative to a Ba'?!™SnOj5 source, those
with Sb>" between —4 and +4mms~! [4]. Two
spectral components are observed, one quadru-
pole-broadened line belonging to Sb3* and the other
which is narrower to Sb>*. In glasses the lines are
additionally broadened as compared to crystals [5],
but it is easily possible to separate the components by
computer simulation and to calculate the surface area
under each line. The area is proportional to the
concentration of each component provided the
Lamb-Méssbauer factor is the same for Sb** and
Sb>* in their respective surroundings. All Mdssbauer
measurements were therefore carried out at temper-
atures of 4.2 K.

Application of the Mdssbauer method to glass
melts profits from the extremely small temperature
dependence of the antimony concentration ratio in
equation (4). Since the experiments are performed
under conditions where the melt remains practically
isolated from the surrounding atmosphere, its total
content of oxygen is nearly constant. Since, in
addition, the oxygen concentration is much smaller
than that of Sb,O;, only a negligible part of the
antimony is reduced or oxidized upon variation of the
temperature. Samples may thus be drawn from the
melt at a given oxygen concentration and quenched to
perform Mossbauer measurements at low tempera-
tures. The justification of this procedure was verified
experimentally.

The principle of the electrochemical cell for
measuring ;50 was explained elsewhere [1 to 3]. The
cell consists of a measuring Pt electrode in the melt
and a reference Pt,O, electrode separated from the
melt by yttria-doped zirconia,

Pt,OZ(r)/ZrOZ/Oz(m)/Pt 5

where r and m refer to reference electrode and melt,
respectively. The standard electrode potentials of
oxygen are assumed to be the same in the melt and in
the gas [2]. The electromotive force (emf), E, is thus
given by the Nernst equation,

pobly G (5)
3 Poyr)

where T is the absolute temperature, and R and F are
the gas and the Faraday constants, respectively.

To determine the equilibrium constant (equation
(4)) accurately, correlated pairs of values for 1’502 and
Cgp3+/Cgps+ Were measured at different, given, ‘total
O, concentrations. A second Pt electrode was used to
produce or consume oxygen electrolytically in the
melt,

20720, +4e, (6)

the counter electrode being a “pumping ZrO,
electrode”. If an electric current [ is applied during
time ¢, the molar change of the total oxygen content
of the melt is given by Faraday’s law,

It
Ano2 =iF (7)
Having obtained K(T') by the procedure outlined, the
standard Gibbs free enthalpy AxG'(T), the standard
enthalpy AgxH’(T), and the standard entropy AgS%(T)
of the equilibrium (equation (2)) in the glass melt can
be derived from the thermodynamic relations

In K(T) = — AgGUR T) (8)
and
AgH = R T?3In K(T)/3T )
with
ApG = ApH® — T AGSP . (10)

3. Experimental details
3.1. Furnace and cell construction

For measuring the Sb**/Sb>* equilibrium in glass
melts, a cell was constructed which served as the
heating unit keeping the melt at any desired temper-
ature, as an electrochemical gas concentration cell
for determining 1’50 , and as an electrolytic cell for
varying the oxygenzconcentration. Moreover, sam-
ples of the melt for Méssbauer experiments could be
drawn by a trap system. The principle of the set-up is
shown schematically in figure 1.

The Pt-Rh crucible is the secondary circuit of an
induction furnace. The primary coil (not shown)
consists of 14 turns of a flow-through copper tube
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connected to a cooling system. Alternating current
with 10kHz and up to 4kW was applied. An
appropriately formed container of oxide ion-con-
ducting ceramic (Y,03-doped ZrO,) was placed
inside the platinum crucible and in contact with O,,
thus completing the electrolytic cell between the Pt
crucible and the Pt stirrer. This cell was driven by a
constant current source thus allowing the total oxygen
content of the melt to be changed in a controlled way.
Total O, concentrations between 1073 and 10~* mol/l,
which were much smaller than the Sb,0; concentra-
tions of 7 - 1072 mol/l, were used during the experi-
ments. The construction of the cylindrical Pt-Rh
stirrer, which served as one electrode of the “pump-
ing cell”, was first tested in viscous model liquids to
provide proper mixing of the melt. 30 r.p.m. were
chosen to guarantee an equal and homogeneous
distribution of the pumped oxygen within the melt.

The electrochemical cell for the on-line mea-
surement of the oxygen fugacity consists of a
platinum measuring electrode and a ZrO, reference
electrode with oxygen or air as the reference gases,
respectively. The construction is similar to that
recently described [3]. The temperature was mea-
sured by Pt-10 Rh/Pt thermocouples within the refer-
ence electrode.

The container was filled with about 1 kg of glass.
The relatively large volume was chosen to realize
conditions not too far from technological applica-
tions. The gas volume above the liquid melt was
limited to about 250 cm? to restrict an exchange of
oxygen as far as possible. The entire arrangement was
closed by a metallic cover plate with a flow-through
system for cooling water. All connections were led
through this cover, which also contained the trap for
drawing Mossbauer samples.

3.2. Samples

A silicate glass containing more than 70 mol% SiO,,
23 mol% alkali and alkaline earth oxides, and
0.2 mol% Sb,0; was employed. Especially pure and
low-iron raw materials were used to prepare the melt
in the furnace. To estimate the concentration of
oxygen in the melt, the oxygen solubility in glass
melts without antimony oxide was determined by
measuring the fugacity change for a given change of
the oxygen content produced electrochemically.

Samples for the Mdssbauer measurements were
drawn at several oxygen fugacities. It was demon-
strated experimentally that there was no influence of
the cooling rate upon the Sb3*/Sb>* concentration
ratio.

3.3. Mdssbauer measurements

Mossbauer absorbers were prepared by filling about
2 g of the cooled and powdered glass into small

temperature
13‘) measurement
emf
measurement

constant
current
source

Figure 1. Scheme of the cell for measuring thermodynamic data of
the Sb3*/Sb>* equilibrium. 1 = AL,O; powder, 2 = ZrO, grit,
3 = Pt measuring electrode, 4 = reference gas, 5 = ZrO, reference
electrode, 6 = melt, 7 =Pt stirrer and electrode, 8 = ZrO,
crucible and electrolyte, 9 = Pt crucible and electrode, 10 = O, gas
to Pt crucible and electrode (9).
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Figure 2. Mossbauer spectrum of antimony tetroxide, Sb,O,. The
solid line corresponds to the computer simulation discussed in the
text.

containers of plexiglass. The samples contained
between 6 and 7 mg Sb/cm?.

Application of Mdssbauer spectroscopy to glasses
was reviewed elsewhere [6]. The Mossbauer appa-
ratus is the same as that used for '?!Sb Méssbauer
studies of glasses in the system Ge—Sb—Se [5]. The
isomer shifts are related to the Doppler velocity, v, of
a Ba'?'™SnO; source, which was kept at room
temperature while the absorbers were cooled to
4.2 K. The '?!Sb Méssbauer spectrum of antimony
tetroxide, Sb,0y, with its known concentration ratio,
Cgpa+/Cqps+ = 1 (figure 2), was observed to test the
principle of the concentration measurement and the
calibration. At 4.2 K the evaluation of the surface
areas of both peaks yielded indeed unit concentration
ratio, whereas at higher temperatures the signal of
Sb>* appeared to be larger.
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Figure 3. Examples for the temperature dependence of the emf, E,
obtained from measurements. Curve no. 1 = larger oxygen con-
centration than that of curve no. 5, and curve no. 10 = without
antimony oxide. The numbers refer to those in table 1.

Table 1. Experimental oxygen fugacities and antimony oxide
concentration ratios in the silicate glass melt. The measurements at
different temperatures are ordered according to increasing
Cqpa+/Cgps TALIO. M§asuremen4t no. 10 is.for a glass melt of the same
composition but without antimony oxide

mea- experimental oxygen fugacity ratio

sure- ﬁoz/p(’ at various temperatures in °C €3+

ment p

no. 1000 1100 1200 1300 1400 1500 ~Sv**
1 0.00074 0.014 0.16 1.07 5.04%) 17.4%) 3.7
2 0.00041 0.0076 0.075 0.44 1.66 4.45%) 4.3
3 0.00036 0.0055 0.043 0.20 0.57 0.89 10.1
4 0:00026-0:0029 :-0:022 0212 0.50 1.65 7101
5 0.00011 0.0017 0.015 0.086 0.36 1.14 10.1
6 0.00014 0.0019 0.014 0.068 0.23 0.56 10.1
7 0.00015 0.0014 0.0098 0.049 0.19 0.60 11.5
8 0.00022 0.0026 0.019 0.091 0.31 0.79 133
9 0.00033  0.00030 0.0020 0.0093 0.035 0.11 32.3

—_
(=]

0.34 0.46 058 0.66 072 073 -

3) Extrapolated values.

In the course of the quantitative measurement of
the concentration ratio, the Mdssbauer spectra were
computer-simulated by Lorentzian functions using
standard procedures. The peak of Sb>* was repre-
sented by one Lorentzian line, that of Sb3* by
eight lines corresponding to the number of quadru-
pole transitions. Isomer shifts of —12.00 (Sb**) and
+1.34 mms~!' (Sb°") were observed. Preliminary
experiments showed within the accuracy of the
measurements that the concentration ratio does not
depend on the cooling rate of the samples, as
expected. For a melt with given O, contents there is
no dependence upon the temperature at all, so that it
was sufficient to take one sample only for each
oxygen fugacity. This holds as long as the exchange of
oxygen with the atmosphere is suppressed or ex-
tremely slow and if the O, concentration is not
changed electrolytically.
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Figure 4. Examples of Mossbauer spectra. The measurement
numbers refer to those in table 1. The solid lines correspond to the
computer simulation discussed in the text.

4. Results

Three series of measurements were carried out, each
at three different adjusted oxygen concentrations.
The melts consisted of 1.4 to 1.6 kg glass and were
prepared in the open container (figure 1) by standard
glassmaking procedures, which took about 30 h. The
cell was closed, and the oxygen concentration in the
melt was adjusted by a proper electrolytical current
during a correspondingly required time. The emf was
then measured as a function of temperature, which
was varied from about 1000 to 1500 °C, and vice
versa, at a rate of 300 to 500 K/h. Two examples of
such E(T) curves at different O, concentrations are
shown in figure 3. In addition, the figure gives a plot
of the emf for a melt with the same composition,
which, however, contained no antimony oxide. The
results of the nine E(T) measurements are listed in
table 1. Measurements no. 1 to 9 are arranged in the
order of increasing cg;3+/Cgy s+ ratio; no. 4, 7, and 9
belong to the first, no. 3, 6, and 8 to the second, and
no. 1, 2, and 5 to the third series of experiments.
Measurement no. 10 corresponds to the melt without
antimony oxide. The numerical values in table 1 refer
to po as obtained from the emf, E, by equation

©)-
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Table 2. Experimental data of equilibrium constant K(7'), standard
Gibbs free enthalpy, AgG’, standard enthalpy, AgzH’, and
standard entropy, AgS°, of the Sb3*/Sb>* redox equilibrium

TinK K(T) InK(T) AgG'in ARH’ in AgSin
in K inK kJ/mol kJ/mol J/(mol K)
1273 0.022 —3.82 +40.4 377 264
1373 028 -1.27 +14.5 360 252
1473 221 +0.79 — 9.7 335 234
1573 11.5  +2.44 -31.9 305 214
1673 428 +3.76 —53.3 274 195
1773 121 +4.80 =70.7 245 178

During each measurement, samples were drawn
from the melt and quenched to determine the
ch3+/ch5+ ratio by Mossbauer spectroscopy. Three
examples of the Mossbauer spectra are shown in
figure 4.

The equilibrium constant K(7') was calculated by
applying equation (4) to the nine combinations of the
concentration ratios and fugacities. Since the values
scatter unsystematically, a mean value was calculated
for each temperature (table 2). The standard devi-
ationis 12 to 15 % for the temperature range between
1100 and 1450°C and nearly 20 % at 1000 and
1500 °C. Figure 5 presents the dependence of In K(T')
on the reciprocal temperature.

5. Discussion and conclusions

The combination of electrochemical and Mdssbauer
measurements allows determination of the approxi-
mate equilibrium constant (equation (4)) of the redox
reaction (equations (1 or 2)) in oxide glass-forming
melts. Due to the application of Mdssbauer spec-
troscopy, analytical procedures which cause errone-
ous results by shifting the equilibrium during a
chemical analysis can be avoided. With K(T) thus
determined, the progress of redox fining can be
studied by measuring only the oxygen fugacity. An
extension to a larger quantity of the uniform melt
seems possible since the experiment was already
performed in melts of more than 1 kg. For practical
purposes the lg (ﬁo /p") versus lg (cgp3+/Cqps+) Plots
of figure 6 may be useful. They were calculated from
equation (4) and the K(T) values of table 2. Linear
extrapolation was made to larger and smaller
amounts of Sb>" than those employed in the
experiments.

The thermodynamic relations (equations (8 and
9)) may be used to obtain the standard values of
Gibbs free enthalpy, enthalpy, and entropy of the
redox equilibrium in the melt. It is clear from the
non-linearity of the plot in figure 5 that the thermo-
dynamic functions are temperature-dependent within
the temperature range examined. The results of the
detailed evaluation are listed in table 2 and plotted in
figure 7. ARG, AgxH’, and AgS° decrease with
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Figure 5. Semilogarithmic plot of the equilibrium constant K(7T')
versus the reciprocal absolute temperature.
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Figure 6. Diagram of state (with extrapolations) obtained from
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Figure 7. Temperature dependence of standard thermodynamic
quantities for the antimony oxide redox equilibrium in the silicate
glass melt.
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increasing temperature. The standard values of the
thermodynamic functions may be compared with the
hypothetical values for the redox reaction in the pure
liquid state as obtained from an extrapolation of
tabulated thermodynamic data for Sb,0O5 and Sb,0s.
This calculation leads to the same type of tempera-
ture dependence, the absolute values of AzG" being
30 to 40 kJ/mol, of AxgH being 100 to 130 kJ/mol, and
of AgS° being 45 to 60 J/(mol K) larger in the glass
melt than in the pure liquid. This is not surprising
since the quantities in the pure liquid and in the
“solution” (where the oxide melt acts as a “solvent”)
are not referred to the same standard state.

A further piece of information given by the
experiments concerns the slope of the experimental £
versus T curves as shown for example in figure 3 and
evaluated in table 1. The basic equation

3E
AS=2F [ﬁ]

with z = 4 yields the entropy, A.S, of the cell reaction
corresponding to equation (5), which is essentially the
entropy difference between O,(r) and O,(m) [2]. A.S
is between + 110 and + 290 J/(mol K) and decreases

with increasing temperature and with decreasing
oxygen concentration of the melt, O,(m). At high
temperatures its dependence on the oxygen concen-
tration is smaller. These matters will be treated in a
further paper.
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