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On-line determination of the iron concentration in industrial amber
glass melts^^
Hayo Müller-Simon and Kurt Wilhelm Mergler
Hüttentechnische Vereinigung der Deutschen Glasindustrie (HVG), Frankfurt/M. (Germany)

A sensor has been developed in order to measure the concentration of polyvalent elements on-hne in industrial glass melts. The
sensor has been tested on iron in an amber glass melt. A method has been developed in order to determine the area of the measuring
electrode, which can change due to glass level variation. The accuracy of the iron determination by means of the voltammetric
sensor has been found half the accuracy of x-ray fluorescence analysis.

On-line-Messung des Gesamteisengehaltes in industriellen Braunglasschmelzen

Für die On-line-Bestimmung der Konzentrationen polyvalenter Elemente in industriellen Glasschmelzen wurde ein Sensor entwickelt
und in einer Braunglasschmelze geprüft. Es wurde ein Verfahren entwickelt, um die Fläche der Meßelektrode zu bestimmen, die in
Abhängigkeit vom Glasstand Schwankungen unterworfen ist. Die Eisenbestimmung mit der Square-Wave-Voltammetrie ist halb so
genau wie die Bestimmung mit der Röntgen-Fluoreszenzanalyse.

1. Introduction
Polyvalent elements influence the behavior and proper-
ties of glass melts and glasses. The most important poly-
valent elements in industrial glass melting are iron and
sulfur. Both play a decisive role in coloration and re
fining of glasses. Thus, it is very important to achieve
early information about their concentration and oxi-
dation state.

I n recent years electrochemical measuring techniques
were increasingly applied to glass melts. First Poten-
tiometrie methods became available which enable the
measurement of oxygen in the glass at melting tem
perature [1 to 4]. These techniques have been success-
fully transferred to the industrial glass melting process
[5 and 6]. The electrochemical techniques have now been
extended to the field of amperometric measurements
[7 and 8]. Besides the investigation of thermodynamic
and diffusion data these techniques enable the in-situ
determination of concentrations of polyvalent elements
in glass melts [9]. Especially, the square-wave voltam-
metry (SWV) seems to be a powerful tool.

2. Theory
Polyvalent elements occur in glass melts in ionic form
wi th varying charge. The change of the charge state is
based on the oxidation reaction
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Figure 1. Set-up for voltammetric measurements, c: coun-
ter electrode, r: reference electrode, m : measuring electrode,
t/a! actual voltage, U^^'. nominal voltage, /: current.
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Under equil ibrium conditions a temperature-depending
reaction constant can be defined

K{T)
[ M e ^ ] ( a o , >z/4

[Me-+^-+] {ao2-) rJ2 (2)

This reaction constant is connected w i t h the standard
free reaction enthalpy AG^ according to

AGQ  -RT\nK(T)  -RTln . (3)

AG^ can be measured by means o f voltammetric experi-
ments wi th  a set-up illustrated in f igure 1. The simplest
type o f voltammetric experiment is to apply a linearly
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Figure 2. Procedure for square-wave voltammetric experiments.
T : step time, AE\ step height.

-0.8 -0.6 -0.4 0.2 0 
Potential in V 

0.4

Figure 3. Square wave vohammograms of an amber glass melt
at 1200°C and different step times. Curve 1: 1 ms, curve 2: 2 ms,
curve 3:  5 ms, curve 4: 10 ms, curve 5: 50 ms, curve 6: 100 ms.
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Figure 4. 3-electrode sensor for voltammetric measurements in
industrial glass melts.
1: alumina tube, 2: platinum measuring electrode, 3: platinum
reference electrode, 4: platinum counter electrode.

increasing and decreasing potential, a method known as
cyclic voltammetry. A n improvement of this method
with respect to accuracy and resolution can be achieved
by applying a square-wave potential as shown in figure
2. Before each potential change the current is measured.
Thus, two current/potential curves are obtained, a ca
thodic and an anodic current. I f the difference between
the anodic and the subsequent cathodic current in a melt
containing a polyvalent element is plotted as a function
of the potential, curves like curve 6 in figure 3 result.
The shape of the curves depends on the properties of the
polyvalent element such as the number of transferred
electrons and the diffusivity. The potential of the peak
maximum measured wi th respect to a zirconia/air refer-
ence electrode is a property of the oxidation reaction
(equation (1)) and depends on the thermodynamic data
according to

AGO(r)  AH^ TAS^  -zFE\T)  -RT\nK(T) 

(4)

where is called the standard potential of the reaction.
The height of the peak, i.e. the peak current is

RT T I T
(5)

wi th z  number of transferred electrons, F  Fara-
day constant, A  area of the measuring electrode,
Co  concentration of the polyvalent element, R  gas
constant, T  temperature, DQ  diffusion constant of
the polyvalent element, AE  pulse height and r  pulse
length (figure 2). Thus, i f the electrode area and dif-
fusion constants are known, it is possible to measure the
concentration of the respective polyvalent element.

3. Experimental set-up
3 . 1 .  3-electrode sensor
The application of amperometric measurement tech-
niques requires a special type of sensor in order to real-
ize a 3-electrode arrangement. For that purpose a sensor
has been developed for measurements in the feeder
channel [10]. Figure 4 shows such a 3-electrode sensor.
The sensor is built by an alumina tube which contains
the working and the reference electrode. I n order to
avoid any corrosive material, the reference electrode is
realized by means of a simple platinum socket touching
the glass melt surface. This was found to be an adequate
method [11]. Inside the alumina tube the sensor is
purged wi th air. The glass near the surface becomes
equilibrated wi th air especially around the platinum
socket, thus, providing an orderly reference potential.
The reference electrode contains a thermocouple. The
working electrode is formed by a  1 mm platinum wire
loop. A t the bottom end the alumina tube is enveloped
by  a platinum shell which acts as counter electrode. This
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sensor has been tested in several glass tanks. For that
purpose the sensor has been heated up five times, which
proves that the sensor is highly shock-resistant.

3.2. Potentiostat
In order to achieve an optimum industrial acceptance,
the electronic part of the set-up is based on commer-
cially available equipment. Two products of E G & G
Princeton Applied Research were tested in a glass fac-
tory. The commonest model 271 did not work satisfac-
torily under industrial conditions, because of the pertur-
bations of the electric boosting. Under these conditions
the VersaStat/F wi th floating ground option is suitable,
in which the IEEE interface is equipped with an opto-
coupler. The VersaStat/F was controlled by means of a 
K O N T R O N industry computer IP286.
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Figure 5. Maximum current of the iron peak at -400 mV as a 
function of the step time T .

4. Results
The described measuring equipment has been tested
over a period of one year in the feeder channel of an
amber glass melting tank. The temperature of the glass
melt varied in the range o f 1200 C ± 10 K . I n order to
achieve optimum peak resolution, the step height has
been varied. 120 m V has been found to be the best value.

4 . 1 . Identification of tine peaks
Results of SWV measurements in an amber glass melt
are shown in figure 3. The voltammograms depend ob-
viously on the step time r. The peak which appears at 
long step times at 400 mV can be related to oxidation
reaction of iron

Fe-̂ + + e  ^ F e 2 + , (6)

although this peak should appear at 550 m V according
to literature [12]. The 3-electrode sensor uses a glass melt
which is equilibrated wi th air as reference. Due to glass
level variations this equilibrium at the reference elec
trode may be disturbed, and a mixed potential w i l l occur
between equilibrium with air and the glass melt oxygen
activity, which in amber glass melt normally amounts to
10^ to 10^ bar. This results in a shift of the peak poten-
tial in the direction of more positive potentials. Short-
circuiting the platinum reference electrode wi th a zir-
conia/air reference electrode installed near the voltam-
metric sensor results in a peak wi th a maximum at 
- 5 3 0 mV, which can be clearly related to iron. The sig-
nal of the platinum melt electrode therefore is shifted
by about 120 m V wi th respect to a zirconia/air reference
electrode. However, despite this considerable shift the
iron peak can always be identified, because no other
peak exists in this region at the chosen step time. The
position of the iron peak is well-known from literature
as a function o f the temperature and the glass compo-
sition and thus, can be used as reference itself

The shape o f the voltammogram in figure  3 changes
w i t h decreasing step time. A t lower step times an ad
dit ional peak appears at about - 2 5 0 mV. Considering
the potential shift due to the platinum reference elec-
trode, this peak can be associated wi th a sulfur peak,
which should appear at - 3 8 0 m V [13]. A t 1200 C sulfur
exhibits two peaks at 6 0 0 and - 3 8 0 m V , respectively.
The sulfur peak at 6 0 0 m V is superimposed by the i ron
peak (figure 4). I n order to detect the iron concentration,
the voltammograms at shorter step times are more
suitable.

According to equation (4) the maximum peak cur-
rent should be proport ional to the square root o f the
pulse time i . Thus, i n figure 5 the peak current o f the
iron peak is plotted as a function o f r"^^^. Obviously
only at long step times the dependency agrees w i t h the
expected behavior. The deviation is due to at least two
reasons. The peak maximum increases more slowly than
expected from linear extrapolation. But additionally at
about 0 mV, where no faradic current appears, the cur-
rent increases. This increase is most probably caused by
the capacity o f the very long connecting wires o f about
35 m, which are needed in order to install the set-up in
a glass factory. This behavior is not observed i n the
laboratory. The decreasing action may be due to the i n
fluence o f sulfur, which covers the electrode in the Ŝ  or
the S ^̂  state, as mentioned in [13].

4 .2 . Influence of the electrode area
According to equation (5) the current depends on the
area of the measuring electrode. Thus, i f the concen-
trat ion o f a polyvalent element is to be determined, the
electrode area must be exactly known. I f the sensor is
introduced in the feeder channel, thermal expansion oc
curs, i.e. the actual dimensions o f the installed sensor
are not known. The area o f the measuring electrode,
which is in contact w i t h the glass melt varies also due to
glass level variations. The best way to achieve a constant
measuring electrode area is to place the sensor near the
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Figure 6. Dependence of the iron peak current on the immers-
ing depth of the sensor, step time 100 ms.
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Figure 7. Dependence of the iron peak current on the elec-
trode area.
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Figure 8. Relation between the iron peak current and the iron
concentradon in the glass melt.

glass level controller. However, this is rarely possible,
and thus, the area must be determined in-situ. On the
laboratory scale conductivity measurements were used.

which requires another device. I n order to reduce the
experimental requirements, it has been attempted to
realize an equal determination procedure within the
existing equipment. W i t h increasing frequency the far-
adic current decreases, and the measured current is pr i -
marily determined by charging the electrochemical
double layer and the conductivity of the electrochemical
cell. Thus, at sufficiently short step times the plotting
of the anodic and cathodic current as a function of the
electrode potential is a measure of the area of the
measuring electrode in contact wi th the glass melt.

I n figure 6 the conductivity is plotted as a function
of the immersing depth of the sensor. The sensor begins
to work when the reference electrode touches the glass 
melt. Thus, the offset is the length difference of the
measuring and the reference electrode. The value cal
culated by means of figure 6 is in very good agreement
wi th the expected value. I n order to obtain a current
per electrode area, every voltammetric measurement is
combined wi th  a subsequent measurement at short step
times. By varying the immersing depth it is possible to
vary the electrode area. The electrode area is calculated
by means of the diameter of the electrode wire and the
immersing depth, which can be measured according to
figure 6. Figure 7 shows the dependence of the iron peak
current on the electrode area for several subsequent
measurements, i.e. the iron concentration can be as
sumed constant. There is a linear dependence as ex
pected from equation (5), but also an offset current. I n
order to calculate the area of the measuring electrode,
two cylindrical wires are assumed, thus, the offset cur
rent is probably due to the bottom bow of the electrode.

4.3. Detection of the iron concentration
Over a period of nearly one year voltammetric measure-
ments have been carried out in an amber glass melting
tank. The used step time was 100 ms, thus only the iron
peak appears in the voltammogram. The peak current
was calculated as the mean value of at least four
measurements. A t the same time, glass specimens were
taken, and the composition was analyzed by means of
X-Ray Fluorescence ( X R F ) analysis. I n figure 8 the
measured peak current densities have been correlated
wi th the measured iron concentrations. As expected a 
linear correlation is found, although the iron concen-
tration varies in a very small range. Thus, i f figure 8 is
used as a calibration curve, then for every peak current
density the corresponding iron concentration can be cal
culated easily. The reproducibility of the method is bet
ter illustrated i f the concentrations as detected by means
of X R F and SWV are plotted parallel. This is done in
figure 9.

The scattering of the correlation may be related to
different influences on both X R F and SWV, respectively.
The reproducibility of the X R F analysis, by means of
which the concentrations have been measured, is about
0.003 %. Additionally, there is a time difference between
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Figure 9. Development of the iron content of an amber glass
melt with time detected by means of X-ray fluorescence analysis
and square-wave voltammetry, respectively.

the taking of the glass specimen and carrying out the
voltammetric measurement, which, however, should be
pretty small because of the great constancy of the
composition of the investigated glass. The maximum
deviation in figure 9 is 0.01 %, so that considering the
accuracy of the X R F the accuracy of the voltammetric
iron determination is 0.007%. I n order to increase the
accuracy, several measurements are needed. First, the
area of the measuring electrode must be determined
more accurately. But also the influence of the electric
connectors must be considered in more detail.

5. Summary
A voltammetric measuring set-up consisting of a special
sensor and a commercially available potentiostat was in
stalled in an industrial amber glass melting tank. I n or
der to avoid perturbations of the electrical heating, the
potentiostat must be disconnected from ground.

The iron concentration is proportional to the
voltammetric peak current density. Thus, in order to ob
tain the iron concentration, the area of the measuring
electrode must be known. This is possible by means of
conductivity measurements as performed by voltam-
metric measurements at short step times in good
approximation. The resulting peak current density
shows the expected linear dependence on the iron con-
centration. The accuracy of a voltammetric iron detec-
tion by means of the tested set-up is about ± 0.0035 %,
which is only half the accuracy o f XRF. However, there
are still several improving measures possible.

These investigations were conducted with the kind support of
the Arbeitsgemeinschaft industrieller Forschungsvereinigungen
(AiF), Köln, (AiF no. 8520) under the auspices of the Hütten-
technische Vereinigung der Deutschen Glasindustrie (HVG),
Frankfurt/M. (Germany), utilizing resources provided by the
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