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Voltammetry in a sulfur and iron-containing soda-lime-silica
glass melt
Olaf Claußen and Christian Rüssel
Otto-Schott-Institut für Glaschemie, Friedhch-Schiller-Universität Jena (Gernnany)

With the aid of square-wave vo l tammetry s o d a - l i m e - s i l i c a melts with sulfate fming were investigated in o rde r to enable a q u a n t i t a -
tive in-situ determinat ion of sulfur and iron. In this study, glass melts wi th low iron a n d high sulfate conten ts , typical for technical
white glasses, were examined. The current-potent ia l curves are p redominan t ly influenced by sulfur a n d n o t solely cont ro l led by
diffusion. This behavior is supposedly caused by deposi t ion of a sulfur layer on the surface of the work ing electrode. However , a 
s imultaneous quant i ta t ive in-situ de te rmina t ion of iron and sulfur in mel ts of whi te glasses is possible.

Voltammetrie in einer Schwefel- und eisenhaltigen Kalk-Natronsilicatglasschmelze

Mit Hilfe der Square-Wave-Voltammetrie wurden sulfatgeläuterte Kalk-Natrons i l ica tg lasschmelzen un te r such t , u m eine quan t i t a t ive
In-s i tu-Best immung von Schwefel u n d Eisen zu ermöglichen. F ü r diese Veröffentlichung wurden Glasschmelzen mi t niedr igen Eisen-
u n d hohen Sulfatgehalten, wie sie für technische Weißgläser typisch sind, un te r such t . Die S t r o m - S p a n n u n g s k u r v e n werden von
Schwefel dominier t und sind nicht ausschließlich diffusionskontrolliert. Dieses Verhal ten wird vermut l ich d u r c h eine Belegung der
Oberfläche der Arbei tselektrode mit einer Schicht von Schwefel verursacht . D e n n o c h ist eine quant i ta t ive In - s i tu -Bes t immung von
Eisen und Schwefel in Weißglasschmelzen möglich.

1. Introduction
Various voltammetric me thods such as cyclic vol tam-
metry [1 to 3], al ternating current vol tammetry [1], dif-
ferential pulse vol tammetry [1 ,3 and 4] and square-wave
vol tammetry (SWV) [1 and 5 to 14] were applied in the
past few years to examine glass melts at high tempera-
tures. On the one hand , the determinat ion of the rmo-
dynamic properties and diffusion coefficients of poly-
valent elements in glass melts were impor tan t purposes
[5 to 10]. On the other hand , square-wave vol tammetry
was used for the quanti tat ive determinat ion of the total
concentrat ion of polyvalent ions in the glass melts [10 to
14]. This was firstly demonst ra ted in laboratory experi-
ments [10] using s o d a - l i m e - s i l i c a glass melts and com-
parably high iron concentrat ions. Later, this method was
apphed to industrially melted green and amber glass
melts [11], also in industrial glass tanks [12 and 13]. It
proved to enable the quanti tat ive in-situ determinat ion
of iron also under industrial conditions. By improvement
of the measur ing and analyzing procedures, in the mean-
time, the determinat ion of fairly low iron concentrat ions
(0.004 m o l % Fe203) is possible [14]. U p to now, all stud-
ies on the determinat ion of the exact iron content were
carried out in glass melts which contained iron as the
only polyvalent d e m e n t or in a fair excess by compar i -
son to other polyvalent elements, such as sulfate. Since
vol tammetry also can be used in industrial glass tanks,
an in-situ determinat ion of bo th iron and sulfur in the
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glass t a n k should be an i m p o r t a n t tool to con t ro l the
melt ing condi t ions and to enable ba tch correct ions in an
early stage. In this paper, glass melts were applied which,
by compar i son to the sulfur conten t , conta ined i ron in
much lower concentrat ions , to show that a s imul taneous
quant i ta t ive in-situ de te rmina t ion of iron and sulfur in
melts of technical white glasses is possible.

2. Theory
In glass melts polyvalent ions are in equi l ibr ium with
physically dissolved oxygen at high temperatures .

Me^- '̂+-') + z / 2 0 2 -  ^ z/402 + Me-^' (1)

with ζ = number of electrons transferred, O2  physi-
cally dissolved oxygen in the mol t en glass.

The equi l ibr ium cons tan ts could be measu red by
equil ibrating the glass melt wi th a gas a tmosphere of a 
well-defmed oxygen part ia l pressure, quench ing the
sample and analyzing the solid glass physically or chemi-
cally [15 to 17]. A n o t h e r possibili ty is to calculate the
equil ibr ium constants from vol tammetr ical ly de t e rmined
Standard potentials , E^: 

zFEo RT\nK(T) (2)

with F  Faraday cons tan t , K(T)  equi l ibr ium con-
stant, the other symbols have their usual mean ing .
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Figure 1. Schemat ic potent ia l - t ime dependence for the square-
wave vol tammetry .
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Figure 2. Theoret ical ly calculated square-wave v o l t a m m o g r a m
for  a two-electron step (curve 1) and the cor responding ca thodic
(curve 2a) a n d anod ic (curve 2b) half-waves at 1200°C.
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Figure 3. Theoret ical ly calculated square-wave v o l t a m m o g r a m
for a one (curve 1), a two (curve 2) a n d a three (curve 3) electron
Step at 1200°C.

In the course of vol tammetr ic measurements , cur-
rent-potent ia l curves are recorded. Dependen t on the
m e t h o d used, i.e. the potent ia l - t ime dependence apphed,

the curves exhibit distinct maxima a n d / o r minima, from
which the Standard potential can be calculated.

In the case of SWV, the applied potent ial is a stair-
case ramp, superimposed by a rectangular wave of com-
parably Short pulse time (τ = 1 to 500 ms) and am
plitude ( Δ ^  50 to 250 mV). The current is measured
at the end of every half-wave (anodic and cathodic half-
waves; figure 1) and then differentiated [18 and 19].

Currents due to the reactions of polyvalent elements
during vol tammetr ic measurements can theoretically be
calculated using equat ions quoted in the literature [18
and 19]. Here, it is assumed that the t ranspor t of the
electroactive species to and from the electrode is the rate-
determining Step and hence the currents are solely con
trolled by diffusion.

j

Σ
Qm-x  Qm 

1 {j-m+xy^

with

exp[zF(E^-Eo)/{RT)]

\+Qxp[zF(E,,-Eo)/(RT)]

(3)

(4)

with Ij  current at the end of every half-wave,
ζ = number of electrons transferred, F  Faraday
constant , D  diffusion coefficient, CQ  total con-
centrat ion of the polyvalent demen t , τ = pulse time,
Α  area of the working electrode, E , ^  potential ap-
plied, EQ  Standard potential of the polyvalent d e m e n t .

The diff'erential current is obtained by substracting
the currents flowing during the anodic and cathodic
half-waves.

A / = / y - / y _ i for j= 1 ,3 , 5 , 7 . . . (5)

Figure  2 shows the theoretical cathodic (curve 2a) and
anodic (curve 2b) half-waves and the substracted cur
rent-potential curve (curve 1) for a two-electron step.
While the peak potential of curve 1 is equal to the Stand-
ard potent ial , the max imum in curve 2a and the mini-
m u m in curve 2b are shifted in cathodic and anodic di-
rection, respectively.

Figure  3 shows  a theoretical current-potential curve
for  a one, a two and a three-electron step. The half-width
of the peak decreases with an increasing number of elec-
trons transferred

Epn  Tbiz (6)

wi th / )  0.30 m V / K .

If the reactions of polyvalent elements dur ing
vol tammetr ic measurements are controlled by diffusion,
the peak current (Δ/ρ) is propor t iona l to the surface of
the electrode, the total concentrat ion of the polyvalent
d e m e n t and the number of the electrons transferred.

Δ/ρ  Ac^D^'^z^comilT^'^ (7)

for small AE: const  0.31 F^AEI{n^'^RT). 
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3. Experimental
The experiments were carried out in an electrically
heated furnace, using  a vertical a lumina tube with water-
cooled flanges at the top and the bo t tom. Approximately
in the middle of this tube  a plat inum crucible with the
molten glass was located. Three electrodes were inserted
from the t o p flange and dipped into the glass melt . The
working electrode is a plat inum wire (diameter 1.0 mm) ,
the counter electrode is a plat inum plate (size: about
2cm^) and the reference electrode is a zirconia probe
flushed with air. All ment ioned potentials in this paper
are with reference to the zirconia/air electrode. The ex
perimental equipment has been described in detail in
[10].

The electronics were self-constructed, the main par t
being  a potentiostat . It is connected to a microcomputer
via digi tal /analogue and analogue/digital Converter, so
that any potential-t ime dependence could be supplied.
The microcomputer also recorded the measured current .
All experiments were carried out in a glass melt with
the basic composi t ion (in mol%): 74 Si02, 16 Na20 and
10 CaO, which was modified by adding Fe203 and
N a 2 S 0 4 . The dip-in length of the working electrode into
the glass melt was adjusted while measur ing the electric
(alternating current) conductivity between working and
counter electrode using  a procedure described in detail
in [10]. The vol tammograms are illustrated by a drawing
of the differentiated current against the mean potent ial
supplied. With the exception of figure 6, they are not
corrected with respect to the background.
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F i g u r e s 4 a a n d b . S q u a r e - w a v e v o l t a m m o g r a m s r e c o r d e d i n a 

s o d a - l i m e - s i l i c a g l a s s m e h d o p e d w i t h 0.163 m o l % N a 2 S 0 4

f o r d i f f e r e n t p u l s e t i m e s a t 1 2 0 0 ° C , a ) τ  1, 2, 5, 1 0 m s ,

 100 mV; b ) τ  20, 50, 100, 200 m s , AE  100 mV.

4. Results and discussion
Figures 4a and b show square-wave vo l tammograms
recorded at 1200°C in a glass melt doped with
0.163 m o l % N a 2 S 0 4 , using different pulse times τ in the
ränge of  1 to 200 ms. Two peaks could be observed: one
peak is in the ränge of - 3 0 0 to - 3 7 5 m V (first peak)
and another one at about - 5 4 0 m V (second peak) . The
intensities of these peaks strongly depend on the pulse
time: in principle, the currents decrease with increasing
pulse times. The shape of the curves, however, also
changes. For short pulse times ( < 1 0 m s ) , the first peak
is well-pronounced, while the second one can only be
observed as a shoulder-shaped curve. For long pulse
times ( > 2 0 ms), the first peak decreases strongly whereas
the second peak becomes even more well-pronounced
and more intensive than the first peak. In figure 5,
square-wave vo l tammograms of glass melts doped with
0.070 (curve 3), 0.163 (curve 2) and 0.240 (curve 1)
mol% N a 2 S 0 4 are shown, recorded with  a pulse time of
10 ms. In curve 3, solely the first peak can be seen. At
curve 2, the first peak is well-pronounced and the second
one could be observed as Shoulder, while curve  3 shows
two relatively well-separated peaks. Thus , the shape of
the vo l t ammograms recorded in glass melts doped with
sulfate srongly depends on bo th the pulse t ime and
the sulfur content . Figure  6 (curve 1) shows  a vol tam-
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Figure 5. Square-wave v o l t a m m o g r a m s recorded in s o d a -
 l i m e - s i l i c a glass mel ts d o p e d wi th different c o n t e n t s of

N a 2 S 0 4 : 0.070 m o l % (curve 3), 0.163 m o l % (curve 2),
0 . 2 4 0 m o l % (curve 1). ϋ = 1200°C, τ = 10ms , Δ^  1 0 0 m V

m o g r a m of a glass melt doped with 0.240 m o l % N a 2 S 0 4 .
Curve 3 was ob ta ined by subtract ing the mat r ix cur ren t
(curve 2) recorded in a melt w i thou t polyvalent e lements
from curve 1. Curve  4 shows  a super imposi t ion of the
theoretically calculated curves 4a and 4b. Curves 4a a n d
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Figure 6. Square-wave voltammograms recorded in a s o d a -
 lime-silica glass melt d o p e d with 0.240 mol% Na2S04

(curve 1); curve 2: matrix current; curve 3: curve 1  curve 2;
curves 4a a n d b : theoretical voltammograms, curve 4: curve 4a
+ curve 4b. ^  1200°C, τ  10ms ,  100mV.

4b were optimized in such a manne r that curves 3 and 4 
are in max imum agreement using least Square approxi-
mat ion. The half-width of curve 4a corresponds to a 
four-electron step, while that of curve 4b is at t r ibuted to
a two-electron step. At potentials higher than - 6 0 0 mV,
excellent agreement between curves 3 and 4 is observed.
Therefore, the first peak is related to equat ion (8) and
the second one to equation (9). The at t r ibut ion of these
two peaks has previously been repor ted in [11]. The
increase of the current of curves 1 and 2 at potentials
lower than - 6 0 0 m V is due to the decomposi t ion of the
glass melt, forming elemental silicon or plat inum silicide
at the surface of the electrode. The addi t ional presence
of Sulfide (curve 1) possibly promotes the forming of
Silicon or silicide. Therefore, at potentials lower than

6 0 0 m V the theoretical curve 4 and the measured curve
3 show a discrepancy.

S O ,  + 4 e -  ^ SO + 2 0 2 - (8)

S0 + 2 e - ^ S 2 - . (9)
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Figure 7. Peak currents of the first peak as a function of the
pulse time for different contents of Na2S04: 0.070 mol% (curve
3), 0.163 mol% (curve 2), 0.240 moP/o (curve 1). ΰ = 1200°C,
AE = 100 mV
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Figure 8. Peak currents of the first peak as a function of the
pulse time for different contents of Na2S04: 0.163 mol%, extra-
polated from step times 1 and 2 ms (curve 3); 0.163 mol%, re
corded (curve 2); 0.240 mol%, recorded (curve \). ϋ  1200°C,
AE  100 mV

Figure 7 shows the pulse time dependence of the peak
current of the first peak after correction for the matrix
curve for different quantit ies of N a 2 S 0 4 . According to
equat ion (7), the peak current should linearly depend
on τ \ ^ tj^is obviously is not the case, another, non-
diffusional effect must take par t in the electrode reac-
tion. To elucidate this effect, figure 8 shows the peak
currents of the first peak as a function of the pulse time.
For pulse times higher 10 ms, the peak currents of the
glass melt containing 0.240 m o l % N a 2 S 0 4 are lower
than those for a concentrat ion of 0.163 m o l % N a 2 S 0 4 .
F rom the peak currents at pulse times of 1 and 2 ms,
peak currents for higher pulse times were calculated as
suming a decrease according to τ~^^^ (see equat ion (7)).
In figure 8, it can be observed that the peak currents
measured in glass melts containing 0.163 and
0.240 m o l % N a 2 S 0 4 are destinctly lower than the theo-
retical peak currents of a glass melt doped with
0.163 m o l % N a 2 S 0 4 . On summarizing, it can be stated
that longer pulse times and higher quantit ies of sulfate
are leading to an overproport ional decrease of the at tr ib-
uted peak currents. Higher concentrat ions of N a 2 S 0 4
and longer pulse times lead to an increasing formation
of elemental sulfur on the surface of the working elec-
trode, which results in a, at least part ial desactivation of
the working electrode, supposedly caused by a sulfur
layer deposited on the surface.

Figure 9 (curve 1) shows a vo l tammogram recorded
in a glass melt doped with 0.163 m o l % N a 2 S 0 4 . Curves
2a and b represent the cathodic and the anodic half-
waves, respectively. Curve 2 is the sum of curves 2a and
2b. In the ränge between - 2 0 0 and - 3 50 mV, curve 2 
shows a well-pronounced peak. This means that dur ing
the cathodic half-wave, more SO2 is reduced to than
dur ing the anodic half-wave is oxidized back to SO2.
The surface of the working electrode dipped into the
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Figure 9. Square-wave voltammogram recorded in a 
soda-lime-silica glass melt doped with 0.163 mol% Na2S04
(curve 1); curve 2a: cathodic half-wave, curve 2b: anodic half-
wave, curve 2: curve 2a + curve 2b. #  1200°C, τ  10 ms,
AE = 100 mV.
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Figure 11. Cathodic half-waves recorded in soda-l ime-si l ica
glass melts doped with different contents of Na2S04:
0.070 mol% (curve 3), 0.163 mol% (curve 2), 0.240 mol%
(curve 1). ϋ = 1200°C, τ  100ms, Δ^"  100mV.
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Figure 10. Peak currents of the first peak (τ = 2 ms) as a func-
tion of the Na2S04 content. #  1200°C, AE  1 0 0mV
* : glass melts doped with Na2S04 and Fe203, · : glass melts
doped with Na2S04.

Figure 12. Cathodic half-waves recorded in soda-l ime-si l ica
glass melts doped with different contents of Na2S04 and Fe203.
^  1200°C, τ = 100ms , AE  1 0 0 m V

glass melt was about 14  IQ-^m^. The van-der-Waals
radius of a sulfur a tom is 180  1 0 " ^ ^ ^ ! To cover an
area of 14  10~^m2 with a monomolecu la r sulfur layer
2.3  10 ^0 moles are necessary. Proceeding from the
vol tammograms recorded with pulse times of 1, 2, 5 and
10 ms, the amoun t of sulfur formed on the surface of
the working electrode was evaluated to be a round
1.7-10"^ mol for a concentrat ion of 0.163 m o l %
N a 2 S 0 4 sulfate and a pulse time of 10 ms. For longer
pulse times and higher concentrat ions, this a m o u n t
would be much higher. Hence, it could be assumed that
the surface of the working electrode is covered with a 
film of sulfur if longer pulse times were applied. To
determine the sulfur content in the glass melt, it is ob
viously more promising to use short pulse times. Figure
10 shows the peak currents of the first peak (after peak
correction) as a function of the N a 2 S 0 4 content (pulse
time 2 ms). Α good linear correlat ion is given. Only in

the glass melts containing >0.06 m o l % Fe203 deviations
f rom the regression line could be observed. I n technical
white glasses the iron concentration is usually
<0.05 m o l % Fe203. Therefore, it is possible to determine
the sulfur content in white glasses using  a pulse t ime
of  2 ms w i th fairly good accuracy. F igure 11 shows the
cathodic half-waves for different concentrations o f sul-
fate. A t a potential o f - 4 2 5 mV , the currents measured
for different concentrations are almost equal at this t em
perature o f 1200°C and at τ > 100 ms. This behavior is
supposedly caused by the desactivation o f the w o r k i n g
electrode by sulfur. I n principle, the same behavior is
also observed applying other temperatures or using
other glass melt compositions. F igure 12 shows v o l t a m -
mograms for glass melts doped w i th different concen-
trations o f sulfur and iron. By contrast to figure 11 , the
currents obtained at a potential o f - 4 2 5 m V are notably
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Figure 13. Cur r en t differences at - 4 2 5 m V of figure 12 as
a f u n c d o n of the FcsOs conten t . ^ = 1200 C, τ = 100 ms,
AE = 100 mV. O: glass m e h s doped wi th Na2S04 and Fe203,

: glass mel t doped wi th only Fe203.

6. Symbols

Α area in m^
b variable
Co concent ra t ion in mol/m^
D diffusion coefficient in m^/s
Eo Standard potent ia l in V 
Em appl ied potent ia l in V 
Ep/2 half-width in V 
AE ampl i tude in V 
ÖE pulse increment
F Faraday cons tan t

Jj current in Α
AI differential current in Α
Δ/ρ peak current in Α

j index number
K(T) equi l ibr ium cons tant
m index number
Qm variable
R universal gas cons tant
Τ t empera ture in Κ
ζ n u m b e r of electrons

τ pulse t ime in s 

different and depend on the i ron content . Figure 13

shows the difference of the currents measured in iron-

d o p e d glass melts and those conta in ing only trace quan-

tities of iron (0.003 m o l % Fe203) at this potent ial

( 4 2 5 mV) as a function of the Fe203 content (O in

figure 13). Α linear correlat ion is observed. In order to

illustrate, whether these differences are solely caused by

iron, the difference between the currents measured in a 

glass melt doped with 0.05 m o l % Fe203 and a glass melt

wi thou t any polyvalent elements is also shown in figure

13 ( ) for a potent ia l of 4 2 5 mV. T h e values are in the

same ränge. Therefore, it is possible to determine in-situ

the concent ra t ion of iron in melts of white glasses also

if sulfur is in excess in the melts.

5. Conclusions
Sulfur in s o d a - l i m e - s i l i c a glasses can easily be detected

by SWV. Two characterist ic peaks are visible at pulse

times >10 ms and concent ra t ions of >0.2 mol% Na2S04 .

T h e peak currents and the shape of the peaks are

strongly influenced by the pulse t ime and the concen-

t ra t ion of sulfate. T h e content of sulfur can be deter-

mined with the aid of short pulse t imes (e.g. 2 ms). For

longer pulse times and higher concentrat ions, it is

assumed tha t the surface of the work ing electrode is des-

activated by a film of elemental sulfur. For longer pulse

t imes the cathodic half-waves measured in sulfur-con-

taining melts exhibit at a cer tain potent ial a constant

value for the current . If these melts are additionally

d o p e d with iron, the currents at this potent ial are rising

a lmost p ropor t iona l to the iron concentrat ion. This

effect can be used to determine the i ron content in glass

melts even if sulfate is in excess.

These investigations were conducted with the kind suppor t
of the Arbeitsgemeinschaft industrieller Forschungsvereinigun-
gen (AiF) , Köln (AiF-No . 9386), by agency of the Hüt ten tech-
nische Vereinigung der Deutschen Glas industr ie (HVG) , F rank-
fur t /M. , t h rough the resources of the Bundesminis ter für Wirt-
schaft.
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