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Iron in glass melts — A voltammetric investigation
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By the aid of square-wave voltammetry, a fast potentiostatic pulse method, iron oxide-doped soda—lime—silica glass melts were
investigated. The iron concentration (0.1 to 2 mol% Fe,0;) and the temperature (400 to 1300 °C) were varied in a wide range. At low iron
concentrations as well as at high temperatures the reduction of the Fe3* to the Fe?* ion is a one-step process, while at high iron
concentrations and at relatively low temperatures a two-step process is observed. By comparison with thermodynamic data of solid state iron
oxides, especially of Fe;0,, it is assumed that this is due to the formation of aggregated species containing Fe’* as well as Fe**
ions.

Eisen in Glasschmelzen - Eine voltammetrische Untersuchung

Mit Hilfe der Square-Wave-Voltammetrie, einer schnellen potentiostatischen Pulsmethode, wurden eisenhaltige Kalk—Natronsilicat-
glasschmelzen untersucht. Hierbei wurden in einem weiten Bereich sowohl die Eisenkonzentration (0,1 bis 2 % Stoffmengenanteil Fe,03)
als auch die Temperatur (400 bis 1300 °C) variiert. Bei niedrigen Eisenkonzentrationen sowie bei hohen Temperaturen verlduft die
Reduktion vom Fe**- zum Fe?*-Ion als einstufiger ProzeB, wihrend bei hohen Eisenkonzentrationen sowie bei relativ niedrigen
Temperaturen ein zweistufiger ProzeB zu beobachten ist. Ein Vergleich mit thermodynamischen Daten reiner Eisenoxide insbesondere von
Fe;0, 148t vermuten, daB dies auf die Bildung von Aggregaten, die sowohl Fe**- als auch Fe?*-Ionen enthalten, zuriickzufiihren

1st.

1. Introduction

Thermodynamics and coordination of iron in glass are
an intensively investigated subject. The most studies
were made by equilibrating a glass melt with a gas
atmosphere of well-defined oxygen partial pressure,
quenching the sample and then analyzing the solid
glass physically or chemically [1 and 2]. By using
physical methods, like MoBbauer [3 and 4], ESR [5
and 6] or UV-VIS-NIR [7] spectroscopy, the coor-
dination of Fe?* and Fe** ions can be studied, too.
But all these methods investigate solid glass and are
not suitable for temperatures necessary to melt glass.
Therefore, all coordination studies are strongly
related to room temperature and need not be
transferable to molten glass. The assumption that
coordination numbers in molten glass are lower than
in solid glass [8] is not proved experimentally,
although it is plausible.

Since glass melts are good ionic conductors,
electrochemical methods convenient to investigate
aqueous or organic solutions can be used for
measurements in glass melts, too. They possess the
great advantage that they can be used at high
temperatures. For example in a soda—lime—silica
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glass melt with a transformation temperature, T, of
about 550 °C electrochemical measurements are pos-
sible in a range from about 350 to more than 1500 °C.
The first voltammetric method applied to glass melts
was the Cyclic Voltammetry (CV) [9 and 10]. In this
paper, another method, the Square-Wave Voltam-
metry (SWV) was used, because it already proved to
possess higher sensitivity and resolution than CV [11
to 13]. In the most electrochemical investigations, the
thermodynamics of polyvalent ions was measured
while the concentrations were not varied. This paper
provides a voltammetric study of iron oxide in a
soda—lime—silica glass melt in a wide temperature
and concentration range.

2. Theory

When polyvalent ions in glass melts are in equilibrium
with physically dissolved oxygen, the redox reaction
can be described by:

K(T)
MeC*M* + n/2 0>~ 2 n/4 O, + Me** 1)

with Me®*"* Me** = polyvalent ion in its oxidized
and in its reduced state, n = number of electrons
transferred, and O, = physically dissolved oxygen.

The redox ratio [Me®**”)*]/[Me**] can be meas-
ured directly by physical or chemical methods. If the
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Figure 1. Theoretical Square-Wave Voltammogram (SWV) for a
one-electron step (¢ = 1100 °C).

glass melt was equilibrated before with a gas
atmosphere of well-defined oxygen partial pressure at
a certain temperature, the equilibrium constant K(7)
can be determined. By the aid of voltammetric
methods, Ey(7) can be measured and related to
AG(T) and K(T):

AGYT)=—-nFEyT)=— R TInK(T) (2)

with AG® = standard free enthalpy, F = Faraday
constant, £, = normal potential and R = gas
constant. If the temperature dependence of E is
known, too, AH? and AS? can be determined:

AGYT) = AH’ — T AS° (3)

with AH? = standard enthalpy and AS® = standard
entropy. In this paper, the SWV was used. It is a fast
potentiostatic pulse method (for a more detailed
description see [12 to 15]). The applied potential is a
staircase ramp, superimposed by a rectangular wave
of comparably high frequency (f = 5 to 500 s™!) and
amplitude (AE =50 to 250 mV at 1000 °C). The
current is measured at the end of every half-wave and
then differentiated.

Figure 1 shows a theoretical current-potential
curve. A characteristic peak is visible, the peak
potential is equal to the normal potential of the
electron transfer reaction:

Mett+ + pe” 2 Me* . 4)

From the peak current, the diffusion coefficient of the
polyvalent ion can be calculated:

I, = Cy- D2 n? - v712 const %)

with: T = pulse time; C, = bulk concentration of the
polyvalent ion; D = f(T): diffusion coefficient of the
polyvalent ion; for a small pulse amplitude AE:
const = 0.17 A - F> AE/R T (A = surface area of the
electrode).

3. Experimental

The experiments were carried out in a model glass
melt with the basic composition (in mol%): 74 SiO,,
16 Na,O, 10 CaO which was modified by adding 0.1
to 2mol% Fe,0;.

An alumina crucible with the glass melt was
placed in an alumina muffle tube inside a resist-
ance-heated (SiC) furnace. The electrodes were
inserted from the top and dipped into the glass melt.
The working electrode was a platinum wire (diame-
ter: 0.5 mm), the counter electrode a platinum plate
with a size of around 2 cm?. The reference electrode
was a zirconia probe, in principle described in [16].
All mentioned potentials in this paper are referenced
to the zirconia/air electrode (po, = 0.21 bar).

The electronic equipment was already described
in detail in [12 and 17]. The main part is the
potentiostat, in principle it is an operational ampli-
fier, controlling the potentials between the elec-
trodes. It is connected to a microcomputer via a
digital/analog and analog/digital converter. In all
measurements, starting from 0 V, the applied poten-
tial was scanned cathodically.
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Figures 2a and b. SWVs of a soda—lime—silica glass melt doped with 0.5 mol% Fe,O; (r = 10 ms, AE = 100 mV); a) at 1100 °C,
b) at 400 °C.
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4. Results and discussion

Figure 2a shows a Square-Wave Voltammogram
(SWV) of a glass melt, doped with 0.5 mol% Fe,O3 at
1100 °C. The curve is quite similar to the theoretical
curve shown in figure 1. At potentials lower than
—750 mV, the currents are slightly higher than in
figure 1. This effect is due to the decomposition of the
glass melt at far cathodic potentials, forming ele-
mentary silicon or platinum silicide at the surface of
the electrode. This effect is observed at any voltam-
mogram independent from the kind and amount of
doping. The well-pronounced peak shown in fig-
ure 2a is related to the reduction of the Fe*' ion:

Fe’™ + e~ = Fe?'. (6)

Figure 2b shows a SWV of the same glass melt,
recorded at 400 °C. The shape of the curve is quite
equal to that shown in figure 2a, but the currents are
much lower (ordinate in figure 2b is in pA), due to the
smaller diffusion coefficients (see equation (5)). It
should be remarked that it is obviously possible to
record voltammograms at temperatures far below 7,
(T, of the glass investigated: 540 °C).

Figure 3 shows a SWV of a glass melt, doped with
2 mol% Fe,03 at 1100 °C. This curve is considerably
different from that shown in figure 2a for a glass melt
with 0.5 mol% Fe,03. Two peaks can be seen, the
first at —450 and the second at —750 mV. The
occurrence of two peaks does not solely depend on
the concentration but it is also strongly influenced-by
temperature. Figure 4 summarizes the peak poten-
tials measured at different temperatures and Fe,O3
concentrations. At low Fe,O; concentrations (0.1 and
0.5 mol%) only one peak can be observed in the
SWYV in the temperature range from 1000 to 1300 °C.
At an Fe,O; concentration of 1 mol% also only one
peak is visible at 1300 and 1200 °C, but already at
1100 °C a slight splitting and at temperatures of
1000 °C and lower two well-separated peaks can be
observed. At an Fe,O; concentration of 2 mol% two
peaks are visible at any temperature investigated, but
at 1300 °C the splitting is only slight and increases
with decreasing temperatures down to 1000 °C. It
should be remarked that at 1300 °C and at temper-
atures below 800 °C the peak potentials are nearly
independent from the Fe,O; concentration.

The occurrence of two peaks indicates that two
different electroactive species are present in the glass
melt which are reduced at different normal poten-
tials. According to equation (5) the peak currents
should increase with increasing iron concentration
linearly. A comparison of the ordinate scales on the
right (I/Cy) of figures 2a and 3 demonstrates that the
peak currents in figure 3 are not as high as predicted
by equation (5), but the total areas below the 1/C,
potential curves are nearly the same. Therefore, the
number of species reduced at the electrode in the
whole potential region is proportional to their
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Figure 3. SWV of a soda—lime—silica glass melt doped with
2 mol% Fe,O3 at 1100 °C (r = 10 ms, AE = 100 mV).
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Figure 4. Peak potentials as a function of temperature at different
Fe,0; concentrations. ....: experimental values, : theore-
tical curves; 0: 0.1 and 0.5 mol% Fe,O3;, ®: 1 mol% Fe,0;, O:
2 mol% Fe,0;. Curve 1: FeO/Fe;0y, curve 2: FeO/Fe, 03, curve 3:
Fe;04/Fe,0s.

concentration and the second peak cannot be related
to an additional reduction step such as the reduction
of the Fe?* ion to metallic iron.

In solid glasses the occurrence of the Fe3* ion in
two different states is already known from spectro-
scopic studies [3 to 5] (mainly ESR or MoBbauer
spectroscopy). It is mostly explained by two different
environments of the Fe3* ion, the tetrahedral (Fe}")
and the octahedral (Fel*) coordination. Here the
ratio [Fef"]/[Fe3*] changes with the iron concentra-
tion drastically.

Assuming that the same different coordinations
occur in glass melts, too, the two peaks in figure 3
might be related to the reduction of Fej" and FeJ™ at
two different normal potentials. Then the diffusion
coefficients and their temperature dependences
should be different due to different mobilities of the
Fe?* and Fe2* ions. Therefore, according to equation
(5), the peak currents I; and I, of the two peaks
should be different and their ratio should change with
temperature. Also with increasing iron concentra-
tions the ratio of the peak currents I;/I, should
change, due to different [Fe{*]/[Fel*] ratios, but the
peak potential should be independent of the iron
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Figure 5. Diffusion coefficients of iron in a soda—lime—silica glass
melt as a function of the temperature.

concentrations at any temperature. It should be
stated that, according to the above-mentioned hypo-
thesis, the ratio of the peak currents should change
with temperature and iron concentration. But this
statement is in contrast to the experimental fact that
the ratios of the peak currents /;/1, remain nearly
constant and are approximately equal to unity for
each temperature and each concentration (if peak
splitting was observed). Also the occurrence of only
one peak at higher temperatures or lower concen-
trations cannot be explained by this hypothesis.

By the aid of equation (3), AG%(T) values of the
redox reactions according to equations (7 to 10) were
calculated from thermodynamic data of literature
[18]:

Fe + 120, 2 FeO )
2FeO + 12 0, 2 Fe,0;, (8)
3FeO + 1120, 2 Fe;0,, (9)

2 Fe;0, + 1/2 0, 2 3 Fe,0;. (10)

Although the direct oxidation of FeO to Fe,O;
according to equation (8) should not occur in solid
state, these values were calculated, too. It should be
remarked that in principle these calculations are only
valid for the pure solid phases.

From the AGY(T) values, E, values (versus a
zirconia/air electrode) of the corresponding electron
transfer reactions were calculated and are also shown
in figure 4. Experimental E, values, measured at
temperatures of at least 1000 °C in glass melts doped
with 0.1 or 0.5 mol% Fe,O;, are in rather good
coincidence with the theoretical E, values, calculated
for the oxidation of the Fe?* to the Fe** ion (FeO to
Fe,03, see equation (8)).

At low temperatures one branch of the experi-
mental E, values is in rather good agreement to the
theoretical E, values, related to the oxidation of

Fe;0, to Fe,03. At the other branch, the experi-
mental E values are in quite good coincidence with
the theoretical E, values, related to the oxidation of
FeO to Fe;O4. At a higher iron concentration
(2 mol% Fe,03) the experimental E values approach
the theoretical E, values of the FeO — Fe;O4
reaction already at a temperature of 1200 °C and to
those of the Fe;O, — Fe,O; reaction at a tempera-
ture of 900 °C. The lower the iron concentration, the
larger the temperature region in which the experi-
mental E, values are in coincidence with the calcu-
lated E values related to the FeO — Fe,O; reaction.
But if the iron concentration is higher, the experi-
mental E, values coincide with the calculated E
values related to the FeO — Fe;O, and to the
Fe;O,— Fe,O; reaction in a larger temperature
range.

Although the occurrence of crystalline species
like FeO, Fe,O5 or Fe;0, in glass melts should be
excluded, lower aggregated species might occur in the
glass melt and possess quite similar thermodynamic
properties. Therefore, the appearance of two peaks
in the SWV and the correlation of their E, values to
thermodynamic data of redox reactions according to
equations (9 and 10) might be explained by the
occurrence of iron in the glass melt as aggregated
species. These species contain at least two iron atoms,
because the reduction of the Fe>* to the Fe?* ion is a
two-step process, but it is possible, too, that the
formation of larger clusters occurs. The formation of
aggregated species should be promoted by increasing
iron concentrations, which is in coincidence with the
observation of two peaks in the SWV of a glass melt
doped with 2 mol% Fe,O; even at temperatures of
1200 °C. At this temperature a concentration of
0.5 mol% Fe,O5 is not high enough to enable the
formation of aggregated species. But at lower
temperatures this formation is promoted by entropic
effects. Since in the SWV (see figures 2a and 3) the
peak currents of both peaks are nearly the same, the
intermediate oxidation state should possibly be
related to species formed by Fe?* and Fe** ions in a
narrow range order (e.g. Fe?*—O—Fe’*).

It should be remarked that the occurrence of Fe3*
clusters and even the interaction of Fe?* and Fe’*
ions in solid glass has already been reported by
Montenero et al. [6]. These authors investigated
iron—soda—silica glasses by spectroscopic methods at
room temperature. Froberg and Karlsson [19] inves-
tigated the oxidation behavior of an iron—soda—sil-
ica glass melt at 1400 °C, determined the amount of
nonbridging oxygen and drew the conclusion that the
Fe3* ion occurs in this melt as [SiyFeOs;]'~
polyanion and did not report any evidence for the
formation of clusters containing more than one iron
atom. From these two papers the conclusion should
be drawn that in solid glasses, highly doped with iron,
the formation of clusters containing more than one
iron atom occurs at room temperature but does not
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occur at 1400 °C. This is in good agreement with the
interpretation of figure 4 that no cluster formation
occurs at 1300 °C but the clusters are formed at lower
temperatures. It should be mentioned that the
occurrence of that clusters is not in contrast to the
statement that iron in solid glass may possess
tetrahedral as well as octahedral coordination.

Figure 5 shows diffusion coefficients of iron ions
calculated by the aid of equation (5) from the peak
currents of SWV recorded in glass melts with
0.5 mol% Fe,O5. A good linear correlation of 1g D
against 1/7 can be observed at least at temperatures
above 400 °C. The diffusion coefficient at 1300 °C is
about 107 and at 350 °C about 5 - 107" cm?s. At T,
(540 °C) the electrochemically determined diffusion
coefficient is in the same order as diffusion coeffi-
cients measured by tracer methods [20] in
soda—lime—silica glass melts of different chemical
composition.
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