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In glasses of the system Na,O—CaO—SiO,—Fe,0;, Fe?* and Fe** ions were found by Méssbauer spectroscopy. In samples melted
in oxidizing atmosphere, both ions occurred in tetrahedral coordination, whereas they occurred in coordination number 6 in samples
with high iron content and melted under reducing conditions. It is shown that a total iron concentration has a stronger influence

on the glass properties than the redox state.

Differences in the properties of glasses melted in oxidizing and reducing atmosphere, respectively, were observed at lower tempera-
tures, while at higher temperatures they are very small (however, the tendency is still maintained). Density, microhardness, transition
temperature and thermal expansion coefficient of the glasses studied are affected by the changes in redox equilibrium. One can
conclude that after reducing treatment iron ions present in the glass structure play a similar role as a network modifier. At higher
temperatures, this kind of activity is very weak, according to viscosity and liquidus temperature measurements.

1. Introduction

The glassy state is particularly suitable for immobilization
of hazardous substances and creating of new products from
residues. The classical glass products contain up to 1 wt%
Fe,05. Especially by the vitrification of wastes high iron
concentrations (more than 10 %) occur. The redox state in
such glasses has already been studied [1]. The influence of
iron on the structural, chemical and physical properties is
not well known and opinions about this subject are contro-
versial [2 to 8]. This is because iron can appear in two val-
ences (2+ and 3+) and in two coordination numbers (4
and 6) which are assumed for each ion form. This problem,
actually, depends on the basicity and kind of glass, iron
concentration and temperature.

There are many methods of structural iron determi-
nation in glass, which yield more or less realistic results.
Selection of the measuring technique depends on the total
iron content. In the case of small iron amounts following
methods were used: electron paramagnetic resonance (EPR)
[9 and 10], nuclear magnetic resonance (NMR) [11 and 12]
and optical spectroscopy [13 and 8]. The Mdssbauer spec-
troscopy seems to be the best method for determination of
high iron concentration [14]. Glass samples in this work
were analysed with the latter technique. It allows a precise
determination of iron content and its position in the glass
structure.
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Table 1. Chemical composition of studied glasses in wt%

sample Si0, CaO Na,O [Fex03] (otal
0/S 72.87 10.00 16.99 0.15
2 71.52 9.80 16.65 2.03
2R 71.56 9.80 16.65 1.99
S 69.46 9.50 16.14 4.90
SR 69.45 9.50 16.14 491
9 66.73 9.10 15.46 8.71
9R 66.76 9.10 15.46 8.68

2. Experimental

As typical glass systems representing slags or residues the
soda-lime-silica system (Na,O—CaO—SiO,) and the alumi-
nosilicate system (Al,O;—CaO—Si0O,) with a relative small
alkali content were chosen. The glass samples studied in this
work consist of 17 Na,O, 10 CaO, and 73 SiO, with ad-
dition of Fe,O; up to 9 wt% respectively. Moreover, the
amount of Fe’* was changed through appropriate reducing
or oxidizing treatment. Fe,O3 was added at the expense of
all other glass components (see table 1). The melts with
higher iron content were thin fluid during casting. Reducing
atmosphere intensified this effect. Furthermore, the colour
of the glasses changed from light green to dark blue green.
For analyses of glass structure the Mossbauer effect was
applied. It takes advantage of the interaction between y-rays
with particular atomic cores. This interaction depends on
the environment so that as a result the information about
valence and coordination number is obtained. Samples for
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Table 2. Comparison of results from wet chemical analysis and
Moéssbauer spectroscopy for Fe?*/Fe’* determination in wt%
(alkali-alkaline earth silicate glasses)

sample Fe?* Fe3* Fe’/Fe. Fe**/Fe’™ Fe**/Fed*
(analysis)  (spectroscopy)

0/S 0.04 0.11 0.27 0.32 —

2 0.25 0.78 0.12 0.14 —

2R 1.37 0.62 0.69 2.23 2.69

5 0.58 3.51 0.14 0.14 0.15

5R 3.00 191 0.61 1.56 1.7

9 1.18 7.53 0.14 0.16 0.18

9R 5.68 3.00 0.65 1.86 1.86
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Figure 1. Logarithmic absorbance spectra showing the ferrous
and free hydroxyl absorption bands [15].

the Méssbauer spectroscopy were finely ground (grain size
<25 um). Following measurement conditions were per-
formed: duration 88 h, air atmosphere, room temperature,
source Co’’-Pt.

As a reference method a wet chemical analysis was
chosen. In this procedure a fine glass powder was used
(grain size <63 um) and the measurement of Fe?* pro-
ceeded by the photometric analysis. The results of both
analyses are given in table 2.

To investigate the changes in coordination number of
Fe?" optical absorption in a range of 200 to 2500 nm and
its logarithm (Ig A method) was employed.

A=c:l"¢ (1)

where ¢ is the molar extinction coefficient (1 mol~! - cm™!),
A the absorbance, ¢ the concentration of absorbing species
(mol 17", and / the path length in cm.

lg(4) = Ig(c) + Ig(l) + Ig(e). 2

The logarithmic absorbance of the same substances but with
different concentrations gives an identical spectral shape.
The resulting curves are only shifted along the y-axis (figure
1 [15]). The smallest differences in the shape of the spectra
become obvious with this method [16].

In order to establish an influence of iron on glass
properties the following properties were measured: viscosity
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Figures 2a and b. Mossbauer spectra of alkali-alkaline earth
silicate glasses; a) oxidized glass, b) reduced glass.

(transition temperature and working point), density and co-
efficient of thermal expansion, microhardness and crystalli-
zation (liquidus temperature).

3. Results and discussion

3.1 Redox equilibrium and incorporation of iron
in glass structure

Typical Mossbauer spectra for “oxidized” and “reduced”
glasses are shown in figures 2a and b. The content of Fe?*
and Fe** was calculated in wt% from the area of a doublet.
By Mossbauer spectroscopy it was found that in soda-lime-
silica glasses with a high iron concentration and melted in
oxidizing atmosphere Fe’' is tetrahedrally coordinated.
Only in samples with a small iron concentration Fe?" is
6-fold coordinated. Reducing conditions favour octahedral
oxygen arrangement around this species, which points out
that the position of ions in the structure of the glasses stud-
ied has been changed. However, Fe*" is incorporated in oxi-
dized melts as four-fold coordinated (in reduced glasses only
at an Fe,O3 content of 2 wt% (see table 3)). Figure 3 shows
the absorption spectra of samples with different Fe?" con-
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Table 3. Isomer shifts and quadrupole splitting (I.S. and Q.S.
in £ 0.02 mm/s), and coordination number (C.N.) (alkali-alka-
line earth silicate glasses) [14]

Fez+ Fe3+
sample
QS. CN. IS QS. C.

2R 1.000 2.030 6 0.228 0.145 4
S 0.846  2.128 4 0.269 0.844 4
SR 0.985  2.051 6 0.391 0.745 6
9 0.886 2290 4 0.293 0.855 4
9R 0.969 2.036 6 0.384 0.672 6
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Figure 3. Absorption spectra of glasses with a different Fe?*
content.
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Figure 4. Logarithm of the absorption spectra.

centrations. The absorption maxima of reduced samples, in
comparison with the oxidized glasses, are shifted towards
longer wavelengths. The explanation of Fe?" incorporation
in a structure was made through the Ig 4 method. After
finding the logarithm of absorption, spectra have been nor-
malized to 1 at maximum absorption of the ferrous iron at
1100 nm. Figure 4 shows differences of spectral positions
for corresponding glass samples. The spectra of glasses with
the same redox ratio overlap independently of the Fe?* con-
centration. These determinations confirm another posi-
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Figure 5. Transition temperature, T, as a function of Fe,O,
content and redox state.
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Figure 6. Working point temperature, 7,,,, as a function of
Fe,O; content and redox state.

tioning of Fe?" in the structure, i.e. change of a coordi-
nation number.

3.2 Properties of glasses with high iron content

It is well known that Fe,O; considerably reduces the vis-
cosity of glasses [1 and 17]. Changes in the redox equilib-
rium influence the viscosity in a lower temperature range
(figure 5). The transition temperature ranges from 540 “C
for oxidized to 512 °C for strongly reduced glasses. In this
temperature interval Fe>" causes a decrease in viscosity. As
mentioned above, after the reducing treatment, the coordi-
nation number of Fe?" changes from 4 to 6. Moreover, in
this condition, the amount of ions which act as network
modifiers increases. At high temperatures (working point)
the viscosity decreases much stronger than in the low tem-
perature range. The temperature differences amount to
50 K, whereby the differences between oxidized and reduced
samples are very small; with an increase in total iron content
these differences become even smaller (figure 6).

At lower temperatures in reduced glasses an oxygen de-
ficiency is present. With Fe?* ions only physically dissolved
oxygen can react. The oxygen from the surrounding atmos-
phere can not participate because of a small diffusion coef-
ficient. The higher the temperature the greater is the dif-
fusion coefficient and oxygen can penetrate into glass [18].
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Figure 7. Thermal expansion coefficient, «, as a function of
Fe,0; content and redox state.
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Figure 8. Density, p, as a function of Fe,Os; content and re--
dox state.

Above 1000 *C according to thermodynamic equilibrium
the oxygen which was first absorbed is being released. With
increasing temperature the redox reaction rate rises [19].
That is why at this temperature range the differences in vis-
cosity of both types of glasses are so small. Nevertheless,
Fe3* ions are incorporated into the oxidized silicate struc-
ture as four-fold coordinated, while in the reduced glasses
they change their coordination number, as well as Fe?",
from 4 to 6. In the glass specimens with 2 wt% Fe,O; there
is a sufficient oxygen amount causing a tetrahedral coordi-
nation of Fe3" (see table 2). With an increase in total iron
content the concentration of Fe** ions in reduced glasses
rises proportionally.

The changes in the redox equilibrium have an impact on
thermal expansion, microhardness and density. The thermal
expansion coefficient ranges from 9.54 - 10~¢ K for oxidized
to 9.88 - 107 ¢ K for reduced glass (figure 7). Fe>* causes,
analogously to alkalis, an increase in the thermal expansion
and density (figure 8). On the other hand, microhardness
decreases (see figure 9) as the redox equilibrium shifts in the
reduction direction. Only the total iron concentration has
an influence on the crystallization — the greater the Fe,O4
concentration the higher the liquidus temperature. As is ap-
parent from figure 10 reduction shifts the beginning of crys-
tallization towards higher temperatures, whereas discrep-
ancy between reduced and oxidized glasses lies in an error
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Figure 9. Microhardness, H,, as a function of Fe,Os3 content
and redox state.
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Figure 10. Liquidus temperature, 77, as a function of Fe,O3
content and redox state.

range. However, a certain tendency in liquidus temperature
for reduced glasses can be seen.

4. Conclusion

With the aid of Méssbauer spectroscopy it was established
that in oxidized classical soda-lime-silica glasses and also in
glasses with high iron concentrations both Fe?* and Fe**
occurred as four-fold coordinated. Under the reducing melt-
ing conditions both species appear in octahedral coordi-
nation, whereby Fe3* seems to change its coordination
number at a higher total iron concentration.

This phenomenon can be explained as follows: iron with
its relatively weak bonding energy to oxygen fits the re-
sources of oxygen in the matrix. This pursuit of creating a
bond at an oxygen deficiency can be compensated only in a
competition with other ions. However, because of the weak
bonding energy only a faint connection in octahedral coor-
dination can occur. Furthermore, the Fe** is favoured in
the matrix and depending on the availability of oxygen it
can earlier come into tetrahedral coordination. The struc-
tural incorporation is determined not only by the avail-
ability of oxygen but also by the oxygen demand, therefore
the dependence on the iron concentration is expected.
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The structural incorporation of iron affected by the oxy-
gen resources changes the whole glass structure. In fact, the
optical spectroscopy proved the distinct variations in extinc-
tion coefficient for oxidized and reduced glasses which can
be related to the structural modifications (see figure 4). The
current approach to the COD-COS (Chemical Oxygen De-
mand/Source) concept, in which the available oxygen in the
glass melt is defined only by the amount of polyvalent mate-
rial, should be enhanced because the oxygen-dependent
structural changes of the melts are apparent, and this inter-
connection seems to extend the previous concepts.

The oxygen deficiency is a reason for a lower polymeriz-
ation of the structure. The resulting changes of the macro-
scopic properties support this hypothesis: viscosity decrease,
higher thermal extension coefficient, decreasing microhard-
ness. Basically, increasing total iron content seems to act
as glass modifier. It is apparent in increase of density with
increasing iron content under reduction conditions (or lack
of oxygen). The liquidus temperature also rises significantly
with the degree of reduction and the total iron content (see
figure 10).

This overview of the studied properties, which depend
on the available amount of oxygen in the melt, can interpret
the obtained experimental results with respect to the struc-
tural consideration.
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