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ABSTRACT

The redox reaction of multivalent ions in glass melts influences the melting process and final

properties of the glass including the fining (removal of bubbles), infrared absorption and homogenization of melts, reaction

between metal electrodes and melts or refractory and melts, and transmission and color of glass. In this review paper, the redox

behaviors that occur frequently in the glass production process are introduced and the square wave voltammetry (SWV) is

described in detail as an in situ method of examining the redox behavior of multivalent ions in the melt state. Finally, some vol-

tammetry results for LCD glass melts are reviewed from the practical viewpoint of SWV.
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1. Introduction

or production of glasses, O2 or SO2 generated by reduc-

tion of multivalent ions (M) called as a “fining agent” in

fining process contributes to removal of bubbles. Such mul-

tivalent ions that exist in a minor amount (<1 wt%) greatly

influence the production processes such as bubble removal,

homogenization of glass melts, reactions between metal

refractory and glass melts, colors of final glasses, and visible

light absorption, etc., including the properties of solid

glasses through oxidation/reduction (to be referred to as

“redox” hereafter) reactions in the glass melts. Namely, they

affect not only characteristics of melt and process but also

properties of final glass product. Such multivalent elements

are originated from impurities in the raw material (for

example, iron oxides are generally present as an impurity in

a minor amount in natural raw materials such as silica

sand, etc.), materials in contact with glass melts (for exam-

ple, refractory, molybdenum electrode, etc.) and fining

agents, or deliberately added to glasses to provide the glass

with particular properties (for example, control of colors or

light transmittance). 

Therefore, several types of multivalent elements are con-

tained in the commercial glasses, and it is very interesting

to directly observe their redox behavior in a molten state.

Described in the present review paper are 1) theoretical con-

siderations on redox reactions and influencing factors, 2)

redox reaction behavior occurring in production of actual

commercial glasses, 3) understanding of square wave vol-

tammetry (commonly abbreviated as SWV), in particular,

among the voltammetry allowing qualitative/quantitative

observation of redox behavior for multivalent ions in a mol-

ten state, 4) results of SWV performed for commercial

glasses from the aspect of practicality, which have been dis-

closed in the literature.

2. Theoretical Considerations on Redox 
Reactions and Effects on Properties of Glasses

2.1. Theoretical considerations1,2)

In multivalent elements (M) doped glass melts, the charge

number of a multivalent ion is changed by the following

reaction. 

 (1)

where n is the number of electrons accompanying a change

in charge states of the multivalent ion, and O2 the physically

dissolved oxygen. If the reaction proceeds toward right and

the charge number of M ion decreases, it will be a reduction

reaction, whereas it will be an oxidation reaction if the reac-

tion proceeds toward left resulting in increase of the charge

number. In a redox reaction of multivalent elements, the

equilibrium pressure of oxygen in the glass melt which pro-

vides or receives electrons is very important. Ions do not

actually exist in one charge number state in melts or

glasses, but in the states of Mx+ and M(x+n)+, where redox

ratio between them (i.e., ratio of concentrations for each ion,

[Mx+] / [M(x+n)+], when the above redox reaction has reached

an equilibrium state under a given condition) depends on

temperature, oxygen equilibrium pressure and glass compo-

sition. Therefore, even for glasses of the same composition,

redox ratios for a multivalent ion at a high temperature and

a low temperature have to be different. When the above

redox reaction has reached an equilibrium at temperature
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T, the equilibrium constant K(T) can be expressed by using

the concentrations of ions constituting reactants and prod-

ucts, and oxygen partial pressure or equilibrium pressure as

follows.

K(T)=  (2)

Equilibrium constant at temperature T, K(T) or redox

ratio ([Mx+] / [M(x+n)+]) and oxygen equilibrium pressure (PO2)

can be determined by several methods mentioned in Chap-

ter 3.

2.2. Factors influencing redox reactions3)

As briefly mentioned earlier, the factors influencing redox

ratio of a multivalent ion, [Mx+] / [M(x+n)+]', can be largely

divided into three items. 

1) Temperature

With increase of temperatures, it moves to a lower

valence, i.e., reduction reaction is dominant, and the value

of [Mx+] / [M(x+n)+] is increased accordingly.

2) Effects of oxygen equilibrium pressure

According to the equation (2), the relationship between

redox ratio and oxygen equilibrium pressure within a glass

melt is, [Mx+] / [M(x+n)+] = , where K is the equilibrium

constant, and a linear relationship with a slope of −4/n will

be shown when log [Mx+] / [M(x+n)+] is plotted against logPO2.

Here, the slope is -4 if the difference in valence state, i.e.,

n=1, while the slope becomes −2 if n = 2.

3) Glass composition

According to various experimental results, the effects of

composition on redox ratio (for example, concentration and

types of alkali and alkali earth, types of glass-forming

oxides, etc.) are known to clearly exist although their expla-

nation is not theoretically sufficient. Since the non-bridging

oxygen produced as a result of introduction of alkali, in par-

ticular, acts as free oxygen, the activity of oxygen ions is

increased and hence is known to have a considerable effect

on redox ratio. 

2.3. Examples for the effect of redox reactions on

properties of glass and melt

2.3.1. Colors of glass and absorption of infrared rays by

melt 

Final color of a glass depends mainly on redox ratio of the

multivalent elements (mainly transition elements) present

in the glass. Table 1 contains valence state of the multiva-

lent elements and color of the glass corresponding to this in

the visible range for soda lime silicate glass.4) In the case of

Fe, for instance, green blue color is exhibited if Fe2+ prevails,

while the glass shows yellow color if Fe3+ prevails.

In particular, redox ratios of multivalent ions such as Fe

and Cr are very important in melts due to their characteris-

tics of infrared ray absorption. Since Fe2+ has a greater

absorption of infrared rays with the long wavelength than

Fe3+ , and Cr3+ than Cr6+, the [Fe2+] / [Fe3+] or [Cr3+] / [Cr6+]

existing in the melt is very important in a glass melting fur-

nace heated by burner flames. As shown in Fig. 1, since the

melting runs generally by radiation heat of the combustion

space in a continuous melting furnace, temperatures of the

lower part of the melt depend strongly on redox state of Fe

or Cr, and since such temperature distributions between the

upper and the lower parts induce flow, i.e., convection of the

liquid, it also greatly influences homogenization of the melt.

2.3.2. Bubble removal from glass melt5-7)

Removal of bubbles produced during melting of the raw

material by a chemical method, i.e., chemical fining, is

achieved basically by redox reaction of multivalent ele-

ments. For example, in the case of Sb the primary fining

(growth and collapse of bubbles) proceeds by oxygen

released at high temperature according to the following

redox reaction, while the secondary fining (or refining) with

shrinkage and extinction of residual bubbles at low tem-

perature is induced by absorption of oxygen according to the

reverse reaction. 

Sb5+(melt) + O 2− (melt) → Sb3+(melt) + O2(gas) (3)

M
 x+

[ ] Po
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M
 x n+( )+
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--------------------------------

KPO
2
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Table 1. Charge Number of Various Multivalent Elements
and Coloration of Soda Lime Silicate Glass Doped
with One of Them4)

Element Charge number Glass color

Ti
Ti3+ Blue

Ti4+ None

V

V3+ Green

V4+ Green

V5+ Deep Yellow Green

Cr
Cr3+ Emerald Green

Cr6+ Deep Yellow

Mn
Mn2+ Deep Red

Mn3+ Purple

Fe
Fe2+ Green Blue

Fe3+ Yellow

Mo
Mo3+ Light Brown

Mo4+ Green

Fig. 1. Combustion space in melting furnace and redox cou-
ples affecting temperature difference between bot-
tom and top of glass melt.
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Therefore, redox ratio, [Sb3+] /[Sb5+] of Sb ions is affected

by temperature, oxygen partial pressure and amount of

antimony oxide. Sulfate such as Na2SO4 used as a fining

agent in soda lime silicate glass industry acts to remove

bubbles by releasing SO2 and O2 at high temperature accord-

ing to the following redox reaction and subsequently induc-

ing growth of bubbles. 

SO4

2−(melt) → SO2(gas) + O2(gas) + O2− (melt) (4)

3. Determination of Oxygen Equilibrium 
Pressure, Redox Ratio or Equilibrium Constant

of Melts

Methods for determining redox ratio and equilibrium con-

stant can be divided into an indirect method and a direct (In

situ) method.

3.1. Measurement of redox reaction in glass state:

Indirect method4)

After maintaining an equilibrium for the melt at a given

temperature and atmosphere, it is rapidly cooled to room

temperature for determination of valence states of a multi-

valent element by a spectroscopic analysis or a wet chemical

analysis. This method involves an indirect measurement of

valence states for a multivalent element by using a rapid

cooling, and has several disadvantages although it has an

advantage of allowing easy determination of valence states

at room temperature by using relatively simple experimen-

tal equipment. In particular, it has a decisive disadvantage

of failing to accurately reflect the actual valence states at a

high temperature because the redox ratio of a multivalent

element present in the glass is affected by cooling rates, and

accurate measurement of each valence state by a wet chem-

ical analysis is impossible when two different multivalent

elements coexist.8)

3.2. Examination of redox reaction in the melt state:

In situ method

To exclude the effect of cooling rates mentioned above,

direct determination of the equilibrium constant or redox

ratio in the molten state at a high temperature is the best

method, of which an electrochemical method is representa-

tive. The electrochemical method can be applied to many

multivalent elements, and is ranked as the most preferred

method particularly along with development of excellent

oxygen sensors.9,10) Glass melt plays a role as an electrolyte

as aqueous solutions, and electrical conduction in a glass

occurs by movement of alkali ions such as Li+, Na+, K+ which

can move lightly. Therefore, the electrochemical method

which is already being applied to aqueous solutions (to

determine ionic concentrations or redox reaction equilib-

rium) can also be applied to the glass melts. The electro-

chemical methods are divided again into potentiometric

technique and voltammetric technique.

3.2.1. Potentiometric technique11-14)

Electrochemical potential differences between two elec-

trodes are simply measured in the condition of electric cur-

rent being 0, and such potential differences can be

converted to the concentration differences for the particular

ions under particular conditions. In glass melts, potentio-

metric technique is applied to measure the oxygen equilib-

rium pressure (P
O2). As shown in Fig. 2, two platinum

electrodes are employed, of which one electrode is immersed

in the glass melt while the other electrode exists in a refer-

ence gas (pure air) for which the oxygen partial pressure

( : 0.21bar) is known. Such reference electrode is con-

nected to an oxygen ion-conducting material (Y2O3- stabi-

lized ZrO2 oxygen sensor: YSZ) in contact with the melt. If

the oxygen equilibrium pressure (P
O2) of the melt at a tem-

perature T is different from the oxygen partial pressure

( ) of the reference gas, potential difference (Em) occurs

between two electrodes, which is expressed by Nernst equa-

tion as follows.

Em=  (5)

where Rg: gas constant, F: Faraday constant. Therefore, the

oxygen equilibrium pressure of the melt at a temperature T

is given by the following equation.

PO2=  · exp  (6)

Redox reaction equilibrium constant K, Enthalpy (ΔH0)

and Entropy (ΔS0) are calculated by using the following

equation (7) which is derived from the use of the equation

(2) and the relationship of ΔG0=ΔH0
−TΔS0=−RgTlnK.

1
2
---

PrO
2

PrO
2

Rg T•

4F
-------------- ln 

PO2

PrO2

-----------

PrO2

4 F Em⋅ ⋅

Rg T⋅
--------------------

Fig. 2. Experimental cell for determination of oxygen equi-
librium pressure by potentiometric technique.
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K(T)= = exp{ } (7)

After concentrations, [Mx+] and [M(x+n)+] at a temperature T

are determined for the rapidly cooled glass by a spectro-

scopic or a wet chemical analysis, the equilibrium constant

K(T) is determined by substituting the oxygen equilibrium

pressure (P
O2) of the melt corresponding to the temperature

T in the above equation. However, there is a problem that

the concentrations of Mx+ and M(x+n)+ obtained from the

quenched glass fails to reflect actual concentrations at a

high temperature, since redox ratio of a multivalent ion

depends not only on cooling rates but also on temperatures

as mentioned in 3.1. 

Although the experimental cells with a configuration of

Fig. 2 have been commercially developed into large-scale

cells in 1990's, and applied as a means for process control

that directly and continuously tracks oxidation states of the

melt by installation in a forehearth of the glass production

process, their efficacy has not been verified yet.15-20)

3.2.2. Voltammetry technique21-41)

The voltammetry technique enables to identify not only

oxygen equilibrium pressure (PO2) of the melt but also con-

crete redox behavior such as redox ratio of multivalent ions,

while the experimental cell is comprised of 3 electrodes of

working electrode (Pt), reference electrode (ZrO2+Pt) and

counter electrode (Pt) as shown in Fig. 3. 

Unlike potentiometric technique where potential differ-

ences between electrodes of the working and the reference

are passively measured by a voltmeter, currents in voltam-

metric technique can flow between the working electrode

and the counter electrode through potentiostat, namely by

actively applying a given potential difference to the glass

melt as an electrolyte as shown in the schematic circuit dia-

gram of Fig. 4. If the applied potential difference is suffi-

cient to allow donation and acceptance of electrons, the

flowing current can be considered to be caused by redox

reaction, which is called the Faradaic current in such case.

Currents flowing in the circuit are measured as a function

of potential differences applied between the working elec-

trode and the reference electrode, while current-potential

curve obtained from such results is called the voltammo-

gram, where oxidation-reduction reaction occurring at the

electrodes is eventually reflected. In such current-potential

curve, i.e., votammogram, characteristic peaks due to reduc-

tion of multivalent ions (usually indicated by M(x+n)+/Mx+ )

appear, and a form of the curve is dependent on concentra-

tion, tempetature, diffusion coefficient of the multivalent

ions participating in redox reaction, surface area of the

working electrode immersed in the glass melt, scan rate (V/

sec) of the potential differences applied between the work-

ing electrode and the reference electrode, and frequency,

etc. According to the literature, voltammetric technique is

divided into cyclic voltammetry (CV)21,22) where triangular

waves are employed depending on potential-time depen-

dence applied and wave form, and square wave voltamme-

try (SWV) where rectangular waves are employed23-41), while

the SWV method is known to be exceedingly superior in the

resultant sensitivity and resolution of voltammogram.23,24)

Consequently, SWV is the most excellent electrochemical

method at present, by which redox reactions can be quanti-

tatively studied in the glass area. However, applicable

potential domains are limited approximately to a range

between 0 and –800 mV because of oxygen gas formation at

the working electrode and dissolution of platinum electrode

M
x+

[ ] PO2
 n/4

•

M
x n+( )+

-----------------------------
H

0
Δ–

RgT
--------------

S
0

Δ

Rg

---------+

Fig. 3. Experimental voltammetry cell, 1: working electrode,
2: reference electrode, 3: counter electrode. Fig. 4. Circuit diagram of voltammetry cell.
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in domain of positive potential application, and reduction of

glass-forming oxides such as SiO2 occurring in the low nega-

tive potential domain. 

Figure 5 is a typical votammogram obtained by SWV

method, representing the result (di = if− ir) where the

reverse current (ir: current produced as a result of a poten-

tial applied in the direction from −800 mV to 0V) is sub-

tracted from the forward current (if: current produced as a

result of a potential applied in the direction from 0V to

–800 mV). In the voltammogram, peak potential (Ep) show-

ing the maximum value of current, i.e., peak current (Ip)

refers to a stage where M(x+n)+ accepts n electrons from the

working electrode for reduction to Mx+ (M(x+n)+/Mx+),

M(x+n)+ + ne− 

→ Mx+

At counter electrode, O2− existing in the glass melt releases

electrons and is oxidized to O2

O2 + 4e− ← 2O2−

As a result, whole reaction becomes as shown in the fol-

lowing equation. 

M(x+n)+ + O−2  Mx+ + O2

By substituting the activity of each ion with the concen-

tration, redox reaction equilibrium constant K can be

expressed as follows. 

K(T)= = exp  = exp{ } (8)

 at the working electrode is calculated by measuring

potential difference Em mentioned in 3.2.1, and substituting

it in the equation (6). Thus, redox ratio, [Mx+] / [M(x+n)+], at

the working electrode can be calculated by using the equa-

tion (8), while ΔH0 and ΔS0 can also be calculated by using

the peak potential (EP) and the linear relationship with T. 

Since peak current, Ip, is proportional to the overall con-

centration (Co) of multivalent ions and the area (A) of the

working electrode, it can be represented as in the following

equation.

Ip= KI CoA

And KI is a constant, KI= , where D:

diffusion coefficient of a multivalent ion, ΔE: step potential,

a: 0.31, T: absolute temperature, τ: reciprocal of frequency

(pulse time)

Ip= CoA  (9)

Therefore, the diffusion coefficient D of a multivalent ion

at a temperature T can be calculated by using the linear

relationship between Ip and  τ−1/2 as shown in Fig. 6.

4. SWV Performed for Some 
Commercial Glasses

There have been some publications on redox behavior of a

few multivalent ions with melts by using voltammetry

method in 1980's,21-25) and numerous papers by SWV have

been continuously published in Europe for the past 25 years

coming into 1990's, which considered redox behavior of vari-

ous multivalent ions, i.e., reaction equilibrium constant,

thermodynamics data such as enthalpy and entropy, diffu-

sion coefficient of multivalent ions and effects of tempera-

ture, frequency for a variety of glasses such as soda-lime-

silica and alkali- alumino-borosilicate based glasses etc.26-41)

Meanwhile, SWV studies have been conducted in my labo-

ratory since 2006, with only commercial glasses such as

n
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Fig. 5. Typical voltammogram (current-potential curve) by
SWV.

Fig. 6. Peak current (I
p
) as a function of τ-1/2 at 1300oC for

the melts with K
2
O/(Na

2
O+K

2
O)= 0.25(■), 0.5(●) and

0.75(▲) 52).
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alkali-alkaline earth-silica-based CRT glasses,42-47) Flint

white glasses,48,49) PDP glasses,50-52) LCD glass53). In those

studies, SWV for melts has been attempted by thermody-

namic approach to redox equilibrium reactions of multiva-

lent elements and kinetic considerations such as diffusion of

multivalent ions. Subsequently some studies54,55) for LCD

glass melts have been carried out from the practical view-

point of SWV in the glass industry and their results are

introduced as follows.

4.1. Fining agent, SnO
2
 and As

2
O

5

54)

Although As2O5 had been used as a fining agent in LCD

glass industry, it has been replaced by eco-friendly materi-

als such as SnO2 since about 2010 as a result of concerns on

environmental contamination due to the occurrence of LCD

waste glasses containing toxic As2O5 along with disposal of

end-of-life LCD panels. However, in bubble removal behav-

ior, there have been no systematic studies as to what spe-

cific differences exist between two components, and what

component is truly advantageous to bubble removal. Conse-

quently, redox behavior of As2O5 and SnO2 was directly iden-

tified at a high temperature for LCD glass melts by

applying the SWV technique, and the voltammetry results

were compared with the fining ability of the LCD glass

batches to elucidate differences between the two compo-

nents.

Figure 7 shows a temperature-dependence for % contents

of Sn2+, As3+ obtained by substituting in the equation (9) of

the EP caused by Sn4+/Sn2+ and As5+/As3+ shown in the vol-

tammogram of LCD glass melts containing 0.4SnO2,

0.2As2O5 under the assumption that the melt is equilibrated

with air. As3+(■) is shown to be 60% at 1600oC, and is

reduced to 22% at 1300oC. Sn2+(●) is shown to be 67% at

1600oC, and is reduced to 30% at 1300oC. Redox ratios, i.e.,

the values converted to [As3+]/[As5+] and [Sn2+]/[Sn4+], in the

range of 1600 ~ 1300oC are shown to be 1.467 ~ 0.276 and

2.025 ~ 0.417, respectively. Since EP of As is smaller than EP

of Sn at a given temperature, redox ratio of As is always

smaller than that of Sn. Here, according to the dotted line

showing the temperature reaching an equilibrium of [Mx+]/

[Mx+n]=1 or %Mx+=50, As-doped melt indicates 1550oC, while

Sn-doped melt indicates 1420oC. Namely, below this tem-

perature, it means that the volume of O2 absorbed in the

glass melt by oxidation of As3+ or Sn2+ shows a positive

value. Such temperatures mean that a considerably large

amount of oxygen is already absorbed into As-doped melt at

an early stage of the secondary fining, whereas oxygen

absorption is begun at an intermediate stage of the second-

ary fining in the case of Sn-doped melt. According to the

results of fining experiments conducted by using actual

LCD glass batches, fining ability of the As-doped melt is

more excellent than that of the Sn-doped melt, and such

results are caused by early oxidation of As3+ in the second-

ary fining region mentioned above. In addition, large bub-

bles which always appear in the Sn-doped melt after fining

experiment demonstrate late oxidation of Sn2+ in the sec-

ondary fining region. 

4.2. Oxidizing agent55)

Since industrial glass batches are generally contaminated

by various types of carbonaceous materials such as plastic,

paper, wood, etc., the fining agent, Mx+n is considerably

reduced already in a combustion process of such contami-

nants during the heating process of batches and thus fining

efficiency could be decreased in the primary fining. There-

fore, a small amount of nitrate (oxidizing agent) is added to

oxidize such carbonaceous materials. In the case of LCD

glass industry, an oxidizing agent of Sr(NO3)2 is introduced

in addition to the fining agent SnO2, playing a role of oxygen

provider to oxidize carbonaceous materials by the following

reaction.

Sr(NO3)2 → SrO + N2 + 5/2O2: Reduction

Carbonaceous materials + O2 → 

CO2 : Oxidation/combustion

Despite the actual industrial batches contain almost no

carbonaceous materials, if Sr(NO3)2 is added to the batch,

what effects do the oxygen produced by decomposition of

Sr(NO3)2 have on redox reaction of Sn4+ + O−2  Sn2+ + 1/

2O2? Since NOx produced by decomposition of Sr(NO3)2

induces pollution of atmosphere and is a greenhouse gas,

what extent of the amount is suitable? To confirm its contri-

bution to fining and its appropriate amount as oxidizing

agent, redox behavior resulting from addition of Sr(NO3)2

has been investigated by the SWV.

Figure 8 shows voltammograms at different temperatures

of LCD glass melts doped with SnO2 and SnO2+Sr(NO3)2,

while Fig. 9 exhibits EP due to Sn4+/Sn2+ shown in the vol-

tammogram of Fig. 8 as a function of amounts of Sr(NO3)2.
Fig. 7. Temperature dependence of %As3+ (■) in As-melt

and %Sn2+ (●) in Sn-melt54).
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Based on the same temperature, addition of Sr(NO3)2

induces a decrease in EP, and hence the oxidizing agent

makes redox reaction of Sn to move to the oxidizing state so

that concentrations of Sn4+ in the glass melt are increased.

Therefore, a large amount of oxygen production is expected

to occur in the reduction process from Sn4+ to Sn2+, and

hence an excellent fining ability is predicted. However, EP

moves in the positive direction, i.e., reduction direction,

when the amount of Sr(NO3)2 exceeds 3 wt%. When such

result for EP is compared with the fining ability evaluated by

using actual glass batches, the most excellent fining ability

is shown at the amount of Sr(NO3)2 of 3 wt%, and inverse

effects occur as a result of bubble formation due to excess

oxygen exceeding the oxygen solubility of the glass melt

when more than that is added. Therefore, the positive

effects of Sr(NO3)2 on fining are possible only within 3 wt%,

the reason for which may be explained by the change in EP

due to Sn4+/Sn2+ of Fig. 9. In addition, such results mean the

existence of an optimal amount in addition of the oxidizing

agent to glass batch. 

5. Conclusion

Redox states of multivalent ions are influenced greatly in

molten states of a glass. In the past three decades, depen-

dence on temperature, frequency and composition of redox

behavior for various multivalent ions has been examined by

SWV for a variety of silicate and borosilicate melts as well

as commercial model melts. Based on those results, thermo-

dynamics data and diffusion coefficients, etc. have been pre-

sented for redox reactions of multivalent ions at a high

temperature, while fining behavior for a few commercial

model melts has been investigated. However, all studies so

far have dealt with glasses doped with only one multivalent

element. Since actual glasses contain more than two multi-

valent elements from an industrial viewpoint and mutual

redox reactions occur between them, systematic investiga-

tions on their mutual reactions for several multivalent ele-

ment pairs by the SWV will be needed in the future. In

addition, if the SWV is applied to researches related with

the glass production conducted in the industry, it will be

very desirable in practical aspects.
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