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Many properties of glasses, especially the color are strongly influenced by the concentration of multivalent elements. Up to now the 
concentration of multivalent elements can only be determined from the solid glass by chemical or physical methods. This paper introduces a 
method which makes possible to determine the total concentration of the multivalent ion in-situ in the glass melt by an electrochemical 
method. In this paper the square-wave voltammetry is used for the quantitative determination of iron in a soda-hme-shica glass melt. The 
area of the test electrode can be adjusted by conductivity measurements. The Fe203 concentration can be detected down to a lower limit of 
0.015 mol%. 

Anwendung der Square-Wave-Voltammetrie zur quantitativen In-situ-Bestimmung polyvalenter Elemente in der Glasschmelze 

Viele Glaseigenschaften, insbesondere die Farbe, werden stark von der Konzentration polyvalenter Elemente beeinflußt. Bis jetzt kann 
diese Konzentration nur mit physikalischen und chemischen Methoden am abgekühlten Glas ermittelt werden. Die vorhegende Arbeit steht 
ein elektrochemisches Verfahren vor, das es ermöghcht, die Gesamtkonzentration eines polyvalenten Ions direkt in der Glasschmelze zu 
bestimmen. Hierzu werden quantitative Eisenbestimmungen in einer Kalk-Natronglasschmelze mit Hilfe der Square-Wave-Voltammetrie 
durchgeführt. Die Oberfläche der Arbeitselektrode wird dabei durch Leitfähigkeitsmessungen eingesteht. Die untere Erfassungsgrenze 
liegt derzeh bei einem Stoffmengengehah von 0,015 % Fe203. 

1. Introduction 

The oxidation State of a glass melt is important for 
many properties of the molten glass and the final glass 
product. Not only the color, but also many other 
properties hke mechanical strength, crystallization, 
volatilization and solubility of gases are influenced by 
the oxidation state. In technical Sys t ems desired 
oxidation states are obtained by adjusting the batch 
composition. The oxidation State is determined by the 
kind and amount of multivalent ions and the oxygen 
activity. For many years it is possible to measure the 
oxygen activity of a glass melt [1 to 5] by oxygen 
sensors which are based on oxygen ion-conducting 
solid electrolytes (CaO- or Y203-stabüized zirconia) 
[3 to 5]. In Order to describe the oxidation State 
completely, it is necessary to know the kind and 
amount of multivalent ions in the glass melt. Tih now, 
a check was only possible by quenching the glass melt 
and analyzing the solid glass physically or chemically. 

Melts of oxide glasses are good ionic conductors. 
Therefore, electrochemical techniques developed for 
aqueous Solutions can also be used for investigations 
in glass melts. Recently some methods hke Cychc 
Voltammetry (CV) [6 to 10], chronoamperometry 
[11] and Square-Wave Vohammetry (SWV) [12] 
were successfully apphed to glass melts. By means of 
voltammetric methods current-potential curves are 
obtained, which show characteristic peaks for the 

Received 17 December 1987. 

most multivalent ions. From the peak currents the 
concentrations of the multivalent ions could be 
calculated, if the area of the working electrode is 
known. If the working electrode consists of a 
platinum wire, inserted in the glass melt, the 
electrode area is unknown. Since the level of the 
molten glass changes, in technical glass melts the 
electrode cannot be adjusted properly enough. It is 
the aim of this work to further develop the SWV in 
order to determine multivalent ions in the molten 
glass quantitatively. 

2. Theory 

Voltammetry means, that current-potential curves 
are recorded under potential control, a time-depen­
dent potential is apphed to the working electrode of 
an electrochemical ceh. With this technique, the 
following reaction can be observed: 

Me^+ + n e - ^ M e ( ^ - ' ^ ) + . (1) 

In relevant literature [12 to 15], SWV is described as a 
technique which has a much higher sensitivity and 
resolution than CV, which was used for the most 
voltammetric investigations in molten glass. SWV 
was already successfully applied to glass melts and an 
experimental comparison with CV also proved the 
better sensitivity and higher resolution of SWV in 
molten glass [12]. The apphed potential is a staircase 



Christian Montel; Christian Rüssel; Eberiiard Freude: 

I 

1 - 1 0 0 ms 

I I Γ-Φ 
Γ-Φ 

Μ) 

Μ) 
Μ) 

Μ) 

Κ = D^'^ · Δ £ · a 

• Time f 

Figure 1. Potential-time dependence for Square-Wave Voltam­
metry (SWV) . 

Figure 2. Schematic presenta­
tion of the electrochemical 
ceh. 
1: working electrode, 
2: counter electrode, 
3: reference electrode (Zr02 

probe), 
4: Pt/PtRh thermocouple. 

ramp, superimposed by a rectangular wave (see 
figure 1) of high frequency (5 to 500 Hz) and 
comparably high amplitude (50 to 250 mV). The 
current is measured at the end of every half wave (see 
circles in figure 1) and then differentiated [13 to 15]. 
The recorded current-potential curve of a melt 
containing one multivalent cation like Fe^"^, which 
can be reduced in a one-electron step, will exhibit a 
current maximum. The peak potential equals the 
normal potential of the redox reaction (see equation 
(1)) . The peak current is proportional to the total 
concentration of the multivalent ion and the area of 
the working electrode: 

/ p = · Co · Α , (2) 

/ρ: peak current; Cq\ total concentration of the 
multivalent ion; A: area of the working electrode; K: 
constant. 

When the scan rate is low and Δ £ (see figure 1) is 
R Τ 

smaller than the constant Κ in equation (2) can 

be calculated by equation (3): 

R'T'V 
(3) 

with D = diffusion coefficient; a = 0.31; η = number 
of the electrons transferred, Τ = temperature, 
R = gas constant, AE = differential potential, 
F = Faraday constant, τ = pulse time. 

3. Experimental 

Figure 2 shows the electrochemical ceh. Three 
electrodes are inserted into the glass melt. The 
working electrode is a platinum wire (diameter: 
1 mm), the counter electrode is a platinum plate with 
a size of about 2 cm^. The third electrode is the 
reference electrode, it is a rod of yttria-stabilized 
zirconia, which is stuck to an alumina tube with a 
ceramic binder. Inside there is a platinum wire as 
electrode and air as reference gas [16]. Ah mentioned 
potentials in this paper refer to this reference. The 
platinum crucible with the glass melt is inside a 
resistance-heated furnace (SiC) with a vertical alu­
mina tube. Α water-cooled flange at the top carries 
the electrodes. The platinum crucible is placed on 
another, smaher alumina tube, which can be adjusted 
from the bottom flange in that way, that the level of 
the molten glass can be varied exactly. 

Electronics for voltammetry are seif-constructed. 
The electrodes are connected with the potentiostat, 
which is in principle an operational amplifier and 
adjusts the potential between working and counter 
electrode in such a manner that the potential between 
working and reference electrode has the required 
value. Α microcomputer is connected with a poten­
tiostat via an analog/digital and a digital/analog 
Conve r t e r and with a printer, plotter and floppy disc. 
This C o m p u t e r gives the potential-time dependence 
(see figure 1) to the potentiostat and records the 
current-potential curves. Conductivity measure­
ments were made with an impedance analyzer 
(HP 4192) between working and counter elec­
trode. 

The experiments were carried out in the fohowing 
manner: The electrodes were placed in the furnace at 
a Position, in which the working electrode does not 
dip in the glass melt and therefore, the impedance 
analyzer indicates a conductivity of zero. The crucible 
is slowly lifted up, tih the working electrode dips in 
the molten glass and the impedance analyzer indi­
cates a certain conductivity. This position of the 
crucible was defined as zero-immersion depth. Then 
the melting pot could continuously be lifted with a 
screw tih the electrodes immersed 10 mm deep. In 
that way peak currents from voltammetric measure­
ments and the measured conductivity between work­
ing and counter electrode can be correlated with each 
other and the immersion depth. In the most volt­
ammetric experiments Δ^^ (see figure 1) of the 
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Figure 3. Impedance Ζ and phase angle φ as a function of 
frequency/. Curve 1: impedance, curve 2: phase angle. 

square-wave was 100 mV, the frequency was 25 Hz 
und the scan rate 125 mV/s. 

Ah experiments were carried out with glasses of 
the basic composition (in mol%) 74 Si02, 16 N a 2 0 , 
10 CaO, which were modified by adding up to 
2 Fe203. 

4. Results and discussion 

For conductivity measurements an optimized fre­
quency must be found to ehminate capacitive and 
inductive effects. For this purpose, the measuring 
frequency of the impedance analyzer was varied in a 
wide ränge from 30 Hz to 1.8 MHz, the total 
impedance Ζ and the phase angle φ were registered 
(see figure 3). The total impedance exhibits a broad 
minimum from 3 to 100 kHz, in which the value is 
almost constant. At decreasing frequency/< 3 kHz, 
the impedance is influenced more and more by 
capacitive effects, the phase angle in this region is 
negative. At high frequency/> 100 kHz, the imped­
ance increases again, it is influenced by inductive 
effects; the phase angle is positive. As in the 
frequency region from 3 to 100 kHz nearly no 
influence of inductive and capacitive effects can be 
observed and the impedance is nearly constant, ah 
frequencies in this ränge can be used. In this work a 
frequency of 10 kHz was used generally for ah the 
fohowing experiments. 

Figure 4 shows a typical SWV curve 
( Δ £ = 100 mV, / = 25 Hz, scan rate = 0.125 V/s) at 
1300 °C and a Fe203 concentration of 0.38 mol%. 
The record exhibits a definite current maximum at 
- 4 8 0 mV. The further increase of the current at 
potentials more negative than - 7 8 0 mV belongs to 
the background of the matrix and may be due to the 
reduction of the sihcate glass to elementary shicon or 
platinum sihcid. 

-m - 6 0 0 

Potent ia l Ε in mV 

- 8 0 0 

Figure 4. SWV curve of a soda-l ime-si l ica glass melt, containing 
0.38 mol% FesOg; ϋ = 1300 °C ( Δ £ = 100 mV, / = 25 Hz, scan 
rate = 0.125 V/s). 
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Figures 5a and b. Increase of a) peak currents / p , b) conductivity λ 
between working electrode and counter electrode for different 
immersion depths of the working electrode of a glass melt 
containing 0.88 mol% FejOa, = 1250 °C. x = first increase of 
immersion depths; · = the immersion depth is decreased; • = the 
immersion depth is increased again. 

Figure 5a shows the dependence of the peak 
current upon the immersion depth at an iron 
concentration of 0.88 mol% and a temperature of 
1250 °C. When the immersion depth is increased, the 
area of the platinum electrode, in contact with molten 
glass, is enlarged. Then, according to equation (2) the 
peak current increases, too. The experiments shown 
in figure 5a, were made in the fohowing manner: 
Starting from the immersion depth "zero", the 
crucible was lifted up to 8 mm and then screwed down 
again to "zero" and lifted up again. All these motions 
were made step by step. Figure 5a shows, that the 
dependence predicted by equation (2) can be observ­
ed, but the exact value of the peak current shghtly 
depends on the direction of the movement. 
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Figure 6. Peak currents / p as a function of the conductivity λ for 
different immersion depths of the working electrode. Expla­
nation o f S y m b o l s see figures 5a and b . 
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Figure 7. SWV curves of glass melts with different Fe203 
concentrations. 1 = 1.72, 2 = 1.28, 3 = 0.78, 4 = 0.67, 5 = 0.37, 
6 = 0.19, 7 = 0.086, 8 = 0.049, 9 = 0.015 mol% Fe203. 

For the same experiment, the dependence of the 
conductivity betw^een working and counter electrode 
is shown in figure 5b. When the crucible is lifted up, 
the area of the working electrode is enlarged and 
therefore, the conductivity increases. When the 
crucible is screwed down again, the conductivity, 
measured at the same immersion depth is not exactly 
the same. In the first lift up of the crucible (figure 5b, 
dots x ) , there were some shght deviations from the 
other values (figure 5b, dots · and • ) . It is assumed 
that the deviation of the first lift is based on the effect, 
that the coverage of the platinum electrode with the 
molten glass is not yet in equhibrium. The reason why 
this correlation is not linear, is that the geometry of 
the ceh does not meet the requirements of an ideal 
conductivity measurement cell. 

• Concentration of Fe203 in mol% -

Figures 8a and b. Increase of a) peak currents / p from figure 7 and 
- 7 0 0 mV 

b) the area below the peaks ( jl · AE\ as a function of the 
^ - 1 0 0 mV ^ 

different Fe203 concentrations. 

Figure 6 shows the peak current as a function of 
the conductivity for the experiments of figures 5a and 
b. In the first lift up there are some shght deviations, 
too, according to figure 5b. When the experiments 
were repeated ah dots were placed on the same graph 
as the dots · and • , the reproducibility was within 
2 % . 

Further experiments were made to investigate the 
dependence of the conductivity on the size of the 
counter electrode and the distance from the counter 
electrode to the working electrode. For this purpose, 
the counter electrode with a surface area of 2 cm^ was 
replaced by another one with 3 cm^, the conductivity 
was adjusted at 300 mS and a SWV was recorded. 
The peak current increased from 20.0 to 21.5 mA. 
Then the distance between working and counter 
electrode (surface area: 2 cm^) was changed from 3 to 
1 cm, the conductivity was adjusted at 300 mS and 
SWV was recorded again, the peak current decreased 
to 19.8 mA. From these two experiments one can 
draw the conclusion, that different geometric con-
stehations do not have much influence on the 
measured conductivity. If the counter electrode is 
much larger than the working electrode, the conduc­
tivity depends mainly on the area of the working 
electrode. This is in agreement with theory, because 
the equipotential hnes have the highest density near 
the working electrode. Therefore, accidential varia­
tions of the electrode constehations cannot affect 
seriously the conductivity between the two elec­
trodes. 

Figure 7 shows some SWV curves of molten 
glasses with different iron concentrations. Before 
recording the SWV, the level of glass melt was 
adjusted in such a manner, that the conductivity 
between working and counter electrode was 400 mS. 
In the concentration ränge from 0.1 to 0.8mol% 
F e 2 0 3 , the peak is pronounced very weh and 



the SWV curve has nearly the same shape. When 
the Fe203 concentration is higher, the peak is broad­
ened significantly. At an Fe203 concentration of 
0.015 mol% the peak is not pronounced weh, the 
background effects are too high. The peak currents 
increase with increasing Fe203 concentrations (see 
figure 8a), but a linear relationship, according to 
equation (2) could not be observed. At Fe203 
concentrations of more than 1 mol% the slope in 
figure 8a is significantly lower. Α possible explana­
tion for this deviation from hnearity and the broad­
ening of the peaks could be, that at higher Fe203 
concentrations the iron ions are in different positions 
in the glass network and are energetically not equal. 
These positions are related to different normal 
potentials. The recorded current-potential curve 
would be a superposition of different curves of the 
shape from figure 4 and therefore, the peaks are 
virtuahy broadened and the peak currents from 
figure 8a deviate from linearity. In this case, the area 
below the peaks in figure? should be a better 
measure for high Fe203 concentrations than the peak 
currents. For this purpose, the graphs in figure 7 are 
integrated from - 1 0 0 to - 7 0 0 mV. It can be seen in 
figure 8b, that a good hnear correlation with the iron 
concentration is obtained. The lower hmit for the 
determination of the Fe203 concentration is about 
0.015 mol%. But if the background current of the 
matrix is substracted by the microcomputer, further 
improvement should be possible. 

5. Conclusions 

Square-wave voltammetry in molten glass has been 
developed to a quantitative technique. For adjusting 
the area of the working electrode a simple conduc­
tivity measurement is necessary. This technique could 
be apphed for industrial glass melts, too. 
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(AIF) , Köln, by agency of the Hüttentechnische Vereinigung der 
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resources of the Bundesministerium für Wirtschaft and by the 
Hahn-Meitner-Institut Berlin GmbH. 
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