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Redox in te racdons b e t w e e n t h e Fe^^-Fe^^^ and M n ^ + - M n ^ + redox couples a n d the Fe^^-Fe- '^^ a n d C r ^ + - C r ^ + redox coup le s 
were spectrophotometr ical ly de termined in soda lime S i l i c a t e c o m p o s i t i o n s q u e n c h e d f r o m different mel t ing t e m p e r a t u r e s (1100 t o 
1400°C) at air. Both Mn-^+ and Cr^+ stoichiometrically oxidized Fe^"^. T h u s , for example in the i r o n - m a n g a n e s e S y s t e m , t he c o l o r 
of the glass was determined by Fe"*^ and M n - ^ a long with either F e - ^ o r Μη"*^, whichever one being in excess at t ha t t e m p e r a t u r e . 
T h e electron exchange between the redox couples occurred dur ing equ i l ib ra t ion at mel t t empe ra tu r e a n d no t as an ar t i fact of t h e 
quench. N o evidence was obta ined for a rapid internal re-equil ibrium of redox states with decreas ing t empe ra tu r e d u r i n g the n o r m a l 
cool ing of a melt to a glass. The degree of redox interaction of m a n g a n e s e o r c h r o m i u m with i ron is i ndependen t of the m a n g a n e s e 
or ch romium C o m p o u n d added, as long as the oxygen fugacity over t he glass- forming mel t is held c o n s t a n t externally. 

Redoxchemie der Wechselwirkungen E isen-Mangan und E i s e n - C h r o m in Kalk-Natronsil icatglasschmelzen 

Die Redoxwechselwirkungen zwischen den Redoxpaa ren Fe^^-Fe"*^ u n d M n ^ ^ - M n ^ ^ ^ einerseits u n d F e ^ ^ - F e " ^ ^ u n d C r ^ ^ - C r ^ ^ ^ 
anderersei ts wurden spektrofotometr isch in K a l k - N a t r o n s i l i c a t z u s a m m e n s e t z u n g e n un te r such t , die in Luft von un te r sch ied l i chen 
Schmelztemperaturen (1100 bis 1400°C) abgeschreckt worden waren . Sowohl Mn"^^ als auch Cr^^ oxidier ten F e - ^ s t ö c h i o m e t r i s c h 
au f So stellte sich z .B. im E i s e n - M a n g a n s y s t e m die Farbe d e s Glases d u r c h Fe-^^ u n d Mn^+ in Verb indung mi t Fe^^ o d e r M n ^ ^ 
ein, je nachdem, welches Ion bei der entsprechenden Tempera tur im Ü b e r s c h u ß vorlag. D e r E l ek t ronenaus t ausch zwischen d e n 
Redoxpaaren erfolgte während der Gleichgewichtseinstellung bei S c h m e l z t e m p e r a t u r u n d w u r d e nicht d u r c h das A b s c h r e c k e n her ­
vorgerufen. Anzeichen für eine rasche erneute Einstel lung des inneren Gle ichgewichts de r R e d o x z u s t ä n d e mit s inkender T e m p e r a t u r 
während der normalen A b k ü h l u n g der Schmelze zu einem Glas w u r d e n nicht gefunden. D a s A u s m a ß der Redox Wechse lwirkung 
von M a n g a n oder C h r o m mit Eisen ist unabhäng ig von der zugesetzten M a n g a n - ode r C h r o m v e r b i n d u n g , solange die Sauers tof fuga-
zität über der glasbildenden Schmelze von außen kons tan t gehalten wi rd . 

1. Introduction 

1.1 Oxidation-reduction chennistry of nnultivalent 
elennents 

Most commercial glass composi t ions include multivalent 
elements, those that can exist in two or more redox 
states. These multivalent elements can be introduced into 
the composi t ion either in the raw materials as impurities 
or in the batch to provide a glass with characteristic 
properties. Within a glass-forming melt, the redox states 
of a multivalent element exist in propor t ions defined by 
an equilibrium dependent primarily on the composit ion, 
temperature, and oxygen fugacity [1]. For example, when 
iron is dissolved in a soda lime Silicate melt, the redox 
equilibrium between the ferric and ferrous ions can be 
expressed in simplified form as [2], 

4 F e ' + + 2 0 ^ - ο 4Fe2+ + O , (1) 

Oxygens from bo th the Sil icate melt network (as oxide 
ions) as well as from the melt a tmosphere (as oxygen 
molecules) are direct par t ic ipants in the establishment of 

the O x i d a t i o n - r e d u c t i o n equ ihb r ium of i ron, in this 
case, in the glass-forming melt . Thus , the redox equi l ib­
r i u m of an individual mult ivalent e lement is always fixed 
wi th respect to the oxygen potent ia l of the mel t System 
- ana logous to the role of hydrogen in a q u e o u s So lu ­
t ion . T h e cont ro l of the redox chemistry and in pa r t i cu ­
lar of the i ron redox rat io (the relative concen t ra t ions of 
Fe^^ and Fe^^^ ions) is of p a r a m o u n t i m p o r t a n c e for 
p rope r processing a n d color generat ion in commerc i a l 
glass p roduc t ion [3]. For example, because Fe"^^ a n d 
Fe^^ ions i m p a r t yellow a n d blue colors, respectively, to 
the glass, the hue of green in the final glass p r o d u c t de­
p e n d s on the rat io of the two redox ions of i ron in the 
mel t or glass. 

Likewise, o ther mult ivalent e lements establish thei r 
own redox equi l ibr ium in glass-forming melts. Two such 
e lements of commerc ia l impor t ance are m a n g a n e s e a n d 
c h r o m i u m for which respective individual redox equi l ib­
ria unde r relatively oxidizing condi t ions can be wr i t ten 
as [ 1 , 3 and 4]; 

4Mn^'+ + 2 0 - - ^ 4 M n 2 + + O . 
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where the Chromate ion ( C r O ^ " ) represents the form of 
the Cr^^ species in the mel t o r glass. A s a n illustration 
of a p roper ty of the glass control led by the presence of 
individual redox ions, M n ^ ^ impar t s a purp le color 
while M n ^ ^ is colorless, a n d Cr^^ as Chromate provides 
a yellow color while Cr^+ in t roduces a green color. 
Equa t i ons (2 a n d 3) stress once again t ha t the positions 
of these redox equil ibria are dependen t o n the compo­
sition (as reflected by the oxide ion activity, which is also 
a measure of the polymer iza t ion or basici ty of the melt), 
t empera ture , a n d oxygen fugacity of the glass melt. 

1.2 Mutual interaction between nnultivalent 
elennents 

W h e n b o t h i ron a n d m a n g a n e s e are in t roduced together 
in to a glass-forming melt , m u t u a l in te rac t ion of their re­
dox ions may occur by an electron exchange reaction. 
M n ^ + , being a g o o d oxidizing agent , reacts wi th the fer­
rous ion accord ing to [5 a n d 6]; 

Fe2+ + Mn^-^ M n ^ ^ + Fe^^ (4) 

This in ternal redox react ion has been used to chemically 
decolorize glass by adjust ing the d is t r ibut ion of the iron 
redox ions [7]. Α similar Oxidat ion-reduct ion reaction 
occurs when iron a n d c h r o m i u m are simultaneously 
present in the melt [8]; 

3Fe2+ + CvOi- - > 3Fe3+ + Cr^^ + 4 0 ^ - (5) 

A n a l o g o u s redox react ions are well-established in aque­
ous chemistry, wi th the spon tane i ty of each reaction 
readily predicted from the s u m of the Standard Oxidation 
a n d reduction potent ia ls (E^) of the two interacting re­
dox couples. T h e t h e r m o d y n a m i c dr iving force for such 
redox react ions follows the net react ion po tenda l {E, 
where according to the N e r n s t equa t ion , Ε = E^ + 
+ {R TIF} \n{Q} wi th Q be ing the react ion quotient of 
p roduc t concent ra t ions divided by reac tan t concen­
tra t ions) going to zero at equi l ibr ium. Thus , depending 
on the sign of E^ for the react ion, the thermodynamics 
drives the react ion towards the p roduc t s {E^ > 0) or the 
reac tan ts {E^ < 0) in its a p p r o a c h to equi l ibr ium. If the 
magn i tude of E^ is sufficiently positive, the equilibrium 
cons tan t for the react ion becomes so large tha t the equi­
l ibr ium lies heavily on the side of the products . In this 
case, the equa t ion for the reac t ion is wr i t ten as though 
it is s toichiometr ic; tha t is, it proceeds to completion. 
T h a t such spon taneous electron exchange reactions oc­
cur in a soda lime Silicate solvent System is hkewise 
k n o w n , bu t the mechan i sm for the in terac t ion is not . 
There are current ly two oppos ing theor ies explaining 
" h o w a n d why" redox ions of one mul t ivalent element 
interact with those of a n o t h e r redox couple [9 and 10] 
- one mechan i sm stresses kinet ic processes [11] while 
the o ther emphasizes equi l ibr ium considerat ions [12]. 
Exactly when the m u t u a l in terac t ion , or electron ex­
change, between the two redox pai rs h a p p e n s is the prin­

cipal feature distinguishing the two schools of thought . 
The first theory believes the interaction occurs during 
cooling and the second believes it occurs in the melt [9]. 

This first mechanism, identified in this paper as the 
kinetic model , Starts with each redox couple in equilib­
r ium with the oxygen potent ial of the System ("open" 
with respect to oxygen) and with each other at the melt 
temperature. One version of this theory states that 
no interaction of the redox couples (for example, 
M n ^ ^ - M n ^ ^ and F e ^ ^ - F e ^ ^ ) occurs in the meh at the 
equil ibrat ion temperature. According to equations (1 
and 2), the posit ions of the iron and manganese redox 
equilibria are fixed by the bulk composi t ion, tempera­
ture, and oxygen fugacity; the presence of the second 
redox couple does not affect the posi t ion of the first and 
vice-versa [13]. Thus, the meh contains all four redox 
ions (Fe^^, Fe^^, Mn^"^, Mn^^) co-existing under the 
processing conditions. However, as the glass-forming 
System cools during the quench, the System becomes 
"closed" with respect to oxygen because the diffusion of 
oxygen into or out of the melt and/or the glass cannot 
respond to the rapid decrease in temperature. Redox re­
actions in these solvent Systems are still very fast at such 
temperatures, re-equilibrating rapidly with the decreas­
ing temperature. Electron exchange then occurs because 
each individual redox couple possesses different thermal 
dependencies of its respective redox equil ibrium [13 and 
14]. The resulting redox ion distr ibution measured in the 
glass is therefore not equivalent to that present at melt 
temperature; it is controlled principally by the redox ions 
present at a much lower temperature where the ion con­
centrat ions are "frozen-in" as well as by the cooling rate 
from the equilibration temperature [5, 11 and 15]. 

The second mechanism, called the equilibrium model 
in this paper, interprets the mutua l interaction of the two 
redox couples as occurring in the mol ten solvent, much 
like reactions take place in aqueous Systems. Thus, one 
could employ the concept of redox potentials in the 
melt, analogous to those in water, to predict the direc­
t ion and magni tude of the redox reaction [12]. One 
underlying ramification of this model is that short-range 
structural changes, for example the formation of 
F e ' ' ^ - Ο - Μ η " ' ^ complexes, must accompany such elec­
t ron exchanges in the melt [12]. The quench, when the 
System is then closed with respect to oxygen, is suffi­
ciently rapid to freeze-in the distr ibution of redox ions 
present at the melt temperature [8, 12, 16 and 17]. 

Araujo [9] has examined the two opposing theories 
on the chemical mechanism in detail and have concluded 
that indeed bo th have plausible thermodynamic bases. 
The electron exchange interaction between two redox 
couples in a glass-forming melt could be ascribed to a 
true interaction at melt temperature (equilibrium model) 
or to the System being t ransformed in response to a de­
crease in temperature into a closed System capable of 
rapid internal re-equilibrium of redox states (kinetic 
model) . Al though either mechanism is possible, energy 
considerat ions dictate that only one is likely correct for 



the soda hme sihcate and comparable glass-forming Sys­
tems. Both mechanist ic models have their proponents , 
with experimental and theoretical evidence to support 
the contras t ing views. It is especially difficult to design 
experiments to discern between the two possible mech­
anisms because the the rmodynamic potentials for the 
ease of reduct ion of redox couples in the melt can be 
experimentally correlated with the thermal dependencies 
of the redox couples [18]. 

Mos t commercial glass composi t ions contain more 
than one multivalent element. In order to effectively 
control the redox State of a glass, one must unders tand 
the mechanism of the interacting redox couples, that is, 
whether one is Controlling the thermodynamics of a pro­
cess happening at melt temperature or whether one is 
Controlling the kinetics of re-equilibration dur ing the 
quench. This is no t simply an academic exercise in the 
subtleties of chemical reactions but is information 
needed to design better redox control to achieve desired 
properties or processing. Oxidizing and reducing agents, 
for example, are often introduced to control the color of 
the glass or the refining of the melt. 

2. Experimental design 
The objectives of this study are two-fold. One goal is to 
determine the direction and degree of interaction be­
tween iron and manganese as well as the iron and chro­
mium redox couples in a soda lime Silicate glass compo­
sition. The second goal is to ascertain unambiguously 
the mechanism for the electron exchange interaction of 
these redox couples in this solvent System. 

Soda lime Silicate composi t ions containing varying 
relative concentrat ions of iron and manganese (as well 
as of iron and chromium) were equihbrated at different 
melt temperatures. The content of manganese in the 
glass composi t ions was held cons tant while that of iron 
was varied, analogous to the concept of redox titrations 
in aqueous analytical chemistry. At a given temperature, 
the relative contents of the two redox componen ts would 
define a system whereby excess Fe^^ was present in the 
high-iron composi t ion while excess Mn^^ was present in 
the low-iron composi t ion. At a lower melt temperature, 
the relative a m o u n t of Fe^^ decreased while that of 
Mn^^ increased so that the i ron/manganese concen­
trat ion ratio at which excess Mn^^ occurred was ex­
pected to change systematically with temperature. Ac­
cording to the equil ibrium model for i r o n - m a n g a n e s e 
in teracdon, the redox ion distr ibutions in the glass can 
be calculated when based on the initial ion concen­
trat ions representative of each individual element's equi­
l ibrium at the melt temperature (equations (1 and 2)) 
and assuming stoichiometric electron exchange by equa­
tion (4). Thus, the redox composi t ion of the glass is de­
fmed only by reactions that occur at the melt tempera­
ture. If the interaction occurred dur ing the quench as per 
the kinetic model , one would no t expect a consistency of 
the experimental measurements of the redox ion distri-

Table 1. N o m i n a l weight percentages of a d d e d e l e m e n t s Μ 
( Μ = Fe, Μ η , C r ) in s o d a l ime Silicate base c o m p o s i t i o n s 

s a m p l e c o d e concen t r a t i on of a d d e d e l emen t in % 

Fe M n C r 

Fe 0.98 _ _ 
M n - 1.10 -

C r - - 0.052 

F e M n l 0.98 0.98 _ 
F e M n 2 0.49 0.98 -

F e M n 3 0.20 0.98 -

F e C r l 0.98 - 0.055 
F e C r 2 0.48 - 0.054 
F e C r S 0.19 - 0.053 
F e C r 4 0.98 - 0.17 
F e C r S 0.98 - 0.31 

bu t ions wi th such s toichiometr ic calculat ions . I n fact, 
one in te rpre ta t ion of the kinet ic m o d e l w o u l d ind ica te 
tha t the redox ion d is t r ibut ion would be fixed at s o m e 
lower "freezing-in" t empera tu re so tha t the m e a s u r e d re­
dox ion d is t r ibut ion would be roughly i n d e p e n d e n t of 
the mel t t empera tu re a n d m o r e reflective of this lower 
t empera tu re . 

T h e equi l ib r ium mode l assumes tha t the e lec t ron ex­
change in te rac t ion between the redox couples occu r s at 
the mel t t empera tu re a n d remains unaffected by t h e 
quench . S o d a lime Si l ica te compos i t ions c o n t a i n i n g b o t h 
i ron a n d m a n g a n e s e were equ ihbra ted at a h igh t e m p e r a ­
ture, then were d r o p p e d to a lower t e m p e r a t u r e still 
above the mel t ing po in t . T h e samples r e m a i n e d a t th is 
new t empera tu re for a per iod of t ime. T h e equ i l i b r i um 
m o d e l wou ld require sufficient t ime at this new lower 
t empera tu re for re-equil ibrat ion of the redox s ta tes t o 
occur if the S y s t e m is open wi th respect t o oxygen. T h e 
exact t ime required for a measurab le change in t h e o b ­
served redox ion d is t r ibut ion would be d e p e n d e n t o n t he 
sample size a n d conf igurat ion. Flowever, because t he 
kinet ic m o d e l assumes rapid re-equi l ibrat ion of t h e re­
dox ion d is t r ibut ions dur ing the quench , the t e m p e r a t u r e 
d r o p would , in a sense, simply reset the initial c o n d i t i o n s 
of the melt . T h e measured redox ion d i s t r ibu t ion in t he 
glass would be m o r e reflective of the lower mel t t e m ­
pera ture , even if only held at tha t t empera tu re for a rela­
tively S h o r t per iod of t ime, t h a n the h igher mel t t e m p e r a ­
ture. This conclus ion results from the a s s u m p t i o n t h a t 
the redox equi l ibr ium is changing rapidly, keeping p a c e 
wi th the decreasing t empera tu re du r ing cool ing . 

3. Experimental procedures 
3.1 Base compositions 
T h e reference soda lime Si l ica te compos i t i on c o n t a i n e d 
(in mo l%) 17 N a 2 0 , 11 C a O , a n d 72 S i 0 2 . T h e e s t ima ted 

melt ing t empera tu re for this compos i t i on is 1000°C wi th 
a glass t rans i t ion po in t of 670 °C as an u p p e r limit [19]. 
A d d i t i o n s of i ron, manganese , a n d / o r c h r o m i u m were 
inc luded in concen t ra t ions as indicated in table 1. T h e 



glass frits were p repared by mixing weighed quantit ies 
of u l t r apure N a 2 C 0 3 , C a O , a n d S i 0 2 ( a s well as F e 2 0 3 , 
M n O , a n d / o r C r 2 0 3 ) , mel t ing in a p la t inum crucible 
for at least 18 h at 1 4 0 0 ° C in air, quench ing rapidly, 
a n d then powder ing with a l u m i n a m o r t a r and pestle. 
S e v e r a l reference compos i t ions wi th (in wt%) about 1 Fe 
a n d 1 M n were also p repa red in which manganese was 
initally added as Μ η θ 2 or Κ Μ η θ 4 ins tead of as MnO. 

3.2 Sample syntheses 
Ind iv idua l samples consis t ing of abou t 0.5 g of a base 
compos i t i on in a p la t inum capsule were synthesized by 
Suspension in the ho t zone of a h igh- tempera ture , con-
t ro l led-a tmosphere furnace. T h e samples were melted for 
at least 24 h, m o r e t h a n sufficient t ime for equilibrium 
to be a t ta ined for the sample conf igura t ion , at imposed 
t empera tu res of 1100, 1200, 1300 a n d 1400 °C. The 
a t m o s p h e r e was air wi th an oxygen fugacity of 
— 1 0 " ^ ' ' bar. Samples were quenched by removal from 
the furnace, which co r re sponded to a quench rate 
es t imated at several h u n d r e d degrees per minute . 

A n o t h e r set of iron a n d manganese-conta in ing 
samples was p repa red with 24 h equi l ibra t ion of the 
compos i t i on at 1400°C a n d air. T h e furnace tempera­
tu re was then d ropped to 1200°C at a rate of about 
25 K/min . Synthesis cond i t ions were then held constant 
at 1 2 0 0 ° C a n d air as a funct ion of t ime (about 0.5 to 
12 h) before quench ing the sample by removal from the 
furnace. 

3.3 Sample analyses 
F o r glass compos i t ions con ta in ing only i ron as a multi­
valent e lement , the samples were ana lyzed for Fe^^ and 
to ta l i ron con ten t via a color imetr ic p rocedure [20]. Α 
p o r t i o n of the powdered glass was digested in acid under 
an inert a tmosphere , complexed wi th o-phenanthrol ine 
at a buffered p H value, a n d analyzed colorimetrically to 
de t e rmine its Fe^^ concen t ra t ion , then after addit ion of 
hydroqu inone , re-analyzed color imetr ical ly to obtain its 
to ta l i ron concent ra t ion . Spec t ropho tome t r i c analyses of 
a pol ished slab of the co r r e spond ing glass provided a 
semiquant i ta t ive cal ibrat ion of the Fe^^ absorp t ion peak 
in the near- infrared (at abou t 1100 n m ) to the Fe^^ con­
cen t ra t ion in the glass [2]. 

F o r glass compos i t ions con ta in ing only manganese 
as a mult ivalent e lement , the powdered samples were di­
gested unde r an inert a tmosphe re in a Solution of acids 
con ta in ing excess Fe^^ , then Fe^^ analyzed by redox ti-
t r a t ion with Standard ceric sulfate. T h e m o l a r quanti ty 
of Fe^^ that reacted dur ing digest ion of the glass sample 
was related to the a m o u n t of M n ^ ^ in the glass [21]. 
Pol ished sections of the glasses were analyzed spectro­
pho tomet r i ca l ly from 2000 to 300 n m . T h e absorpt ion 
p e a k at abou t 460 n m (with the basel ine d e f i n e d at 
850 n m ) is character is t ic of Mn-^^ in glass a n d was cali­
b ra ted to the Mn^+ concen t ra t ion (in wt%) [10]. For 
g l a s s e s normal ized to 1 m m thickness, the calibration 
s ta ted. 

1000 1100 1200 1300 1400 1500  
Temperature in °C ^ 

Figure 1. Tempera ture dependence of individual iron 
(Fe^^-Fe"^^) , manganese ( M n ^ ^ - M n ^ ^ ) , and ch romium 
(Cr- '^^-Cr^^) redox equilibria in the soda lime Silicate glass 
compos i t ion . Equil ibr ia are expressed as [M^+]/[M] in % with 
Μ = Fe, M n , Cr. 

Mn^^+ concentrat ion = 0.088 · Ä (6) 

where Α represents the peak minus baseline absorbance. 

For glass composi t ions containing only chromium as 
a multivalent element, analogous redox ti trations pro­
vided measures of the Cr^^ concentrat ions [21]. The 
spectral absorpt ion at 360 n m characteristic of Cr^^ in 
the glass was similarly calibrated to the concentrat ion 
(in wt%) of Cr^+ by equadon (7) [10]; 

Cr^+ concentrat ion = 0.0066 · Α . (7) 

Spectral calibrations for bo th Mn^^ and Cr^+ are con­
sistent with absorptivities measured in other glass Sys­
tems, for example the sodium borosilicates [10]. 

Fe^^, Mn^^ , and Cr^+ concentrat ions were deter­
mined in the respective glasses by difference of the ana­
lyzed Fe^^, Mn^^ , and Cr^^ concentrat ions from the to­
tal content of each element. The analytical scheme pro­
vided a measurement of the total content of iron for 
i ron-containing glasses; and the nominal concentrat ions 
were employed in the case of total manganese and to­
tal chromium. 

For glasses simultaneously containing two multi­
valent elements (iron and manganese or iron and chro­
mium) , pohshed sections of the glasses were analyzed 
spectrophotometrical ly from 2000 to 300 nm. The con­
centrat ions of Mn^^^ or Cr^+ were then obta ined from 
the spectral calibrations of their characteristic absorp­
t ion peaks, and the presence/absence of Fe^^ in the glass 
was determined by the presence/absence of the distinct 
absorpt ion in the near-infrared region at 1100 nm. 

4. Results 
4.1 Compositions containing a Single multivalent 
element 
Figure 1 summarizes the experimental results for the 
temperature dependencies of the individual redox equi-



Table 2. Relative r educdon po t enda l s (Ε') of the manganese (Mn^"^ 
redox couples in var ious glass-forming S y s t e m s 

Mn2+), c h r o m i u m (Cr^^ C r ^ ^ ) , a n d i ron (Fe^^ F e ^ ^ ) 

sample code E' for 

N a - C a 
S i l i c a t e 

at 1400 °C, 
results of 
t h i s work 

N a - C a 
Silicate 
at 1400 °C, 
[3] 

N a - b o r o ­
silicate 
at 1150°C, 
[10] 

N a - C a 
S i l i c a t e 

a t 1100°C, 
[22] 

NasS isOs 
at 1085 °C, 
[23] 

E F E L 
NasS i sOs 
at 1085 °C, 
[24] 

El/2 
N a - C a 
Silicate 
at 1 2 5 0 ° C , 
[17] 

M n 
Cr 
Fe 

+ 1.2 
+ 0 . 4 
- 1 . 0 

+ 1.2 
+ 0 . 2 
- 1 . 0 

+ 0 . 8 
- 0 . 3 
- 1 . 7 

- 0 . 9 
- 1 . 9 

+ 0 . 7 

- 2 . 1 

- 0 . 1 
+ 0 . 0 5 
+ 0 . 4 

- 0 . 1 8 
- 0 . 1 0 
- 0 . 4 7 

Explanat ions : ^ ' w a s calculated from the da ta of [22 and 23]. E F E L = electron-free level concep t , defmed wi th the o p p o s i t e s ign 
as Ε'. Ei/2 = half-wave poten t ia l in vol tammetry, related to reduc t ion po ten t i a l . 

libria of iron (Fe^"^-Fe^"^), manganese (Mn^^-Mn^"^ ) , 
and chromium (Cr^ '^-Cr^ '^) in the soda lime Silicate 
composi t ion at air. At all temperatures, the manganese-
containing composi t ion always had the largest percent­
age of its redox couple in the reduced State, while the 
iron-containing composi t ion always had the largest per­
centage of its redox couple in the oxidized State. In other 
words, the progression is Mn^"^ > Cr^"^ > Fe^"^ in order 
of ease of reduction in the soda lime Silicate compo­
sition. 

To quantify the ease of reduct ion of the three redox 
couples in the reference soda lime Silicate composit ion, 
the redox ratio of each at 1400 °C is used to determine 
its relative reduction potent ia l at that temperature [12]. 
Such values are analogous to Standard reduction poten­
tials for redox couples in aqueous Systems. Table 2 com-
piles the relative reduct ion potentials (Ε') of manganese, 
chromium, and iron in this solvent System as well as 
compares them to those in other analogous glass-
forming melts. The order ing of the couples from 
M n 3 + - M n 2 + to C r ^ ^ - C r ^ ^ to F e ^ ^ - F e ^ ^ from easiest 
to hardest to reduce is independent of the processing 
condit ions; the absolute values of the relative reduction 
potentials reflect the composi t ion, temperature, and oxy­
gen fugacity, but the relative order of the values remains 
essentially invariant [25]. 

When the logari thm of the redox ratio of a certain 
multivalent element is plot ted as a function of the re­
ciprocal absolute temperature, the slope of the resulting 
linear relationship is employed to determine the en­
thalpy of reduction of that redox couple [13 and 18]. 
Table 3 compiles the enthalpies of reduction for these 
three multivalent elements in the soda lime sihcate com­
posit ion. As also shown on table 3, the experimental val­
ues compare favorably with those determined independ­
ently by others [10, 13, 22 and 23]. The ease of reducüon 
of a given redox couple can be reflected by either the 
enthalpy of reduction or the relative reduction potential , 
as a s trong correlation exists between the two values [18]. 

When the i ron-containing composi t ion was first 
equihbrated at 1400 °C, then d ropped in temperature to 
1200°C before quenching, several hours were required 

t o reestablish the iron redox equi l ibr ium (equa t ion (1)) 
at th is lower tempera ture . In fact, ab o u t 8 h were n e e d e d 
to readjust the redox process to the half-way po in t . Be­
fore redox equi l ibr ium is achieved, the oxygen p o t e n t i a l 
of the melt needs to be reset to this new t e m p e r a t u r e , 
1200°C. T h e rate-l imiting step for this process is t he dif­
fusion of molecu la r oxygen t h r o u g h the melt , a s luggish 
process at this lower tempera ture . This is cons is ten t w i t h 
the role of oxygen diffusion in redox kinet ics as p r e ­
viously repor ted in o ther glass-forming Systems wi th t h e 
s a m e sample conf igurat ion [2, 26 a n d 27]. 

4.2 Compositions containing two multivalent 
elements 
Table 4 summar izes the results for the i r o n - m a n g a n e s e 
m u t u a l in terac t ion study for soda lime Silicate c o m p o ­
si t ions equ ihbra ted at a cer ta in mel t t empe ra tu r e before 
quench ing . This table, which focuses o n the c o n c e n ­
t ra t ions of Fe^"^ a n d Mn^"^, also c o m p a r e s these exper ­
imenta l measu remen t s ob ta ined from spectral ana lyses 
of the glasses wi th the redox ion d is t r ibut ions expec ted 
a s suming n o in teract ion between i ron a n d m a n g a n e s e 
a n d wi th those predic ted on the basis of s to ich iomet r i c 
m u t u a l in terac t ion according to equa t ion (4). T h e for­
m e r c o m p a r i s o n is simply i ron a n d m a n g a n e s e r edox ion 
concen t ra t ions governed independent ly by e q u a t i o n s (1 
a n d 2), respectively, while the lat ter is a represen ta t ion of 
the equi l ibr ium mode l for the m e c h a n i s m of the e lec t ron 
exchange react ion at melt t empera ture . T h e redox dis t r i ­
b u t i o n s in these soda lime Silicate compos i t i ons p o s ­
sessed either Fe^"^ or M n ^ ^ bu t n o t b o t h , indicat ive of 
the occurrence of a s toichiometr ic redox reac t ion . F u r ­
t he rmore , the exper imenta l results were cons is ten t w i th 
the predic t ions of the equi l ibr ium mode l in which t h e 
r edox react ion goes to comple t ion in the g lass- forming 
solvent System. T h e consistency of the exper iments wi th 
the predic t ions of the equi l ibr ium mode l was s t r ik ing, 
because even quahtat ively the color of the glass was d e ­
p e n d e n t on the equi l ibr ium mel t t empera tu re as well as 
t he nomina l i ron a n d m a n g a n e s e concent ra t ions . B o t h 
variables played key roles in adjust ing the Fe^"^ a n d 



Table 3. En tha lp i e s of r educ t ion (AZ/red in k J / ( m o l M ) w i t h Μ = Fe, M n , Cr) of t h e manganese (Mn^ 
(Cr^+ Cr^+) , a n d i ron (Fe^"^ Fe^^ ) r e d o x coup les i n var ious glass-forming S y s t e m s 

Mn^"^), c h r o m i u m 

sample c o d e A/ i , ed in k J / ( m o l M ) for 

N a - C a Silicate 
result of this w o r k 

N a - C a Silicate 
[22] 

N a - C a Silicate 
[13] 

N a - b o r o s i l i c a t e 
[10] 

NasSisOs 
[23] 

M n 
C r 
Fe 

36 ± 7 
79 ± 2 8 

107 ± 18 
76 

102 

43 to 53 

85 to 105 

54 ± 13 
42 ± 13 

240 ± 100 

59 

117 

Table 4. I r o n - m a n g a n e s e - c o n t a i n i n g c o m p o s i t i o n s equihbra ted at melt t empera ture before quenching 

sample 
c o d e 

concen t r a t i on of 
a d d e d e lement 
in w t % 

Fe M n 

mel t ion concent ra t ion in w t % 
t e m p e r a t u r e as separate couples predicted by experimentally 
in °C (without interact ion) s toichiometr ic reaction de te rmined in glass 

Fe2+ Mn3+ Fe2+ Mn3+ Fe^^ Mn3+ 

R 1400 0.13 0.04 0.09 0 present 0 
1300 0.06 0.05 O.Ol 0 present 0 
1200 0.04 0.06 0 0.03 absent 0.03 

L 1100 0.025 0.07 0 0.045 absent 0.04 

R 1400 0.065 0.04 0.02 0 present 0 
1300 0.03 0.05 0 0.025 absent 0.03 
1200 0.015 0.06 0 0.05 absent 0.05 

L 1100 O.Ol 0.07 0 0.06 absent 0.05 

R 1400 0.025 0.04 0 0.015 absent 0.02 
1 1300 O.Ol 0.05 0 0.045 absent 0.04 

1200 0.008 0.06 0 0.05 absent 0.04 
L 1100 0.005 0.07 0 0.065 absent 0.06 

F e M n l 0.98 

F e M n 2 0.49 

F e M n 3 0.20 

0.98 

0.98 

0.98 

Mn^"^ concen t ra t ions to cont ro l which ion was in excess 
at tha t t empera ture . T h e relative p r o p o r t i o n of Mn^"^ 
available for react ion, for example, cou ld be enhanced 
by simply increasing the manganese c o n t e n t at constant 
t empera ture , or by decreasing the equ i l ib r ium melt tem­
pera ture at cons tan t iron a n d m a n g a n e s e conten t . 

For the soda lime Silicate compos i t i on containing 
0.98 w t % iron a n d 0.98 w t % manganese , the glass con­
ta ins excess Fe^"^ when equ ihbra ted at 1400 °C but con­
ta ins excess M n ^ ^ when equ ihbra ted at 1100°C. Conse­
quently, the glass is colored yellow-green in the former 
case bu t purp le in the latter, once again a dramat ic ex­
ample of the redox t i t ra t ion concept be ing illustrated by 
the equi l ibr ium mode l . T h e final glass was colored ac­
cordingly (and wi th redox ion d is t r ibu t ions as reported 
in table 4) independen t of the C o m p o u n d in which the 
m a n g a n e s e was in t roduced in the compos i t i on , whether 
M n O , Μ η θ 2 , or ΚΜηθ4. E q u a t i o n (2) dictated the 
m a n g a n e s e redox ion d is t r ibut ion at t ha t temperature 
(either 1400 or 1100°C) which provided the same per­
centage of M n ^ ^ , n o ma t t e r the source of manganese , to 
react wi th Fe^^ in the melt . 

Table 5 compiles the exper imenta l a n d predicted re­
sults for the equ ihbra ted compos i t ions simultaneously 
con ta in ing iron and c h r o m i u m . T h e glasses contained 
ei ther Fe^^ or Cr^^ bu t no t bo th , indicat ive of a stoi­

chiometric redox reaction between the two redox couples 
at melt temperature as shown by equat ion (5). The stoi­
chiometry of this electron exchange could also be writ­
ten in simple form as, 

3Fe2+ + Cr6+ ^ Cr^^ + 3FQ' (8) 

to emphasize the 3 :1 mola r ratio of Fe^^ reacting with 
Cr^^ as the Chromate ion. The experimental results re­
por ted in table 5 for the i ron-chromium System are con­
sistent with the equil ibrium model as the mechanism for 
the electron exchange reaction at melt temperature. 

Several i r o n - m a n g a n e s e as well as i r o n - c h r o m i u m 
composi t ions were first equihbrated at 1400 °C in air, 
then dropped in temperature to 1200°C before quench­
ing. The composi t ions were chosen to provide samples 
in which Fe^"^ was in excess at the higher temperature, 
but Mn^+ (or Cr^"^) was in excess at the lower tempera­
ture, so that a dramat ic change in glass color should 
result depending on what temperature controlled the re­
dox ion distr ibution of the final product . Establishment 
of the redox ion distr ibution defined by a stoichiometric 
reaction at the lower temperature was sluggish, taking 
many hours to reset from the stoichiometric reaction de­
fined by the initial mu tua l interaction at the higher tem­
perature. Thus , even after exposing the melt to 1200°C 



Table 5. I ron-chromium-conta in ing composi t ions equilibrated at mel t t e m p e r a t u r e before q u e n c h i n g 

sample 
code 

concent ra t ion of 
added element 
in w t % 

Fe Cr 

melt ion concen t r a t i on in w t % 
tempera ture as separate coup les pred ic ted by exper imen ta l ly 
m C (without in te rac t ion) s to ich iomet r ic r eac t ion d e t e r m i n e d in g lass 

Fe2+ Cr6+ Fe2^ Cr^^ Fe2+ Cr6+ 

1400 0.13 0.006 0.04 0 p resen t 0 
1300 0.06 0.011 O.Ol 0 p resen t 0 
1200 0.04 0.016 0 0.003 absen t 0 .004 
1100 0.025 0.016 0 0.008 absen t 0 .009 

1400 0.06 0.006 0.015 0 p resen t 0 
1300 0.03 0.011 0 0 p resen t 0 
1200 0.02 0.016 0 0.009 absent 0 .009 
1100 O.Ol 0.016 0 0.012 absent 0 .017 

1400 0.025 0.006 0.002 0 p resen t 0 
1300 O.Ol 0.011 0 0.007 absent 0 .007 
1200 0.008 0.016 0 0.019 absen t 0 .015 
1100 0.005 0.016 0 0.014 absent 0 .02 

1400 0.13 0.017 0.03 0 p resen t 0 
1300 0.06 0.035 0 0.015 absent 0 .013 
1200 0.04 0.05 0 0.037 absent 0 .04 
1100 0.025 0.05 0 0.04 absen t > 0 . 0 3 

1400 0.13 0.031 O.Ol 0 p resen t 0 
1300 0.06 0.061 0 0.04 absent > 0 . 0 3 
1200 0.04 0.09 0 0.08 absent > 0 . 0 3 
1100 0.025 0.09 0 0.08 absent > 0 . 0 3 

F e C r l 

FeCr2 

FeCr3 

FeCr4 

FeCr5 

0.98 

0.48 

0.195 

0.98 

0.98 

0.055 

0.054 

0.053 

0.17 

0.31 

for many hours, the optical and redox properties of the 
final glass were controlled by the higher equihbrat ion 
temperature of 1400 °C. These results are similar to the 
redox kinetics of the melt containing just the single 
multivalent element. In order to reset the mutua l interac­
tion at the lower temperature, the system had to become 
"open" with respect to oxygen. However, the melt is 
quite viscous at 1200°C, so that the rate-determining 
step of this process is the sluggish diffusion of oxygen 
through the melt. Tha t the purple color of Mn^^ was 
encroaching u p o n the bulk of the sample from the edges 
as a function of the t ime exposed to the lower tempera­
ture of 1200°C is also qualitative evidence that oxygen 
diffusion in equilibrating with the a tmosphere limits the 
rate at which the mutua l in teracdon is reset. Neverthe­
less, in response to a decrease in temperature, the glass-
forming melt was no t t ransformed into a closed system 
capable of rapid internal re-equilibrium of the redox 
states as expounded by the kinetic model . 

0.2 

0.15 

0.1 
Γ 

0.05 

0 

θ of redox fixation 

Mn .3+ - - ^ . 

500 1000 
-Temperature in °C 

1500 

F i g u r e 2. Tempera tu r e d e p e n d e n c e of ind iv idua l i ron a n d 
m a n g a n e s e redox ion d i s t r ibu t ion in the s o d a lime Silicate g lass 
c o m p o s i t i o n con ta in ing 0.98 w t % Fe a n d 0.98 w t % M n ( s a m p l e 
F e M n l ) . " t ^ o f redox fixation" refers to the pos tu l a t ed t e m p e r a ­
tu r e of the kinet ic mode l a t wh ich the redox ion d i s t r i b u t i o n s 
b e c o m e "frozen- in" . 

5. Discussion 
By compar ison of the experimental results with the pre­
dictions of the equil ibrium model in tables 4 and 5, this 
study provides compell ing evidence of internal electron 
exchange reactions occurr ing at melt temperature and 
not during the quench. Whether Fe^"^ or Mn^+ (or 
Cr^"^) in i r o n - m a n g a n e s e (or i r o n - c h r o m i u m ) compo­
sidons is present in the quenched glass is determined 
solely by which ion is in excess at the equilibration or 

mel t tempera ture . Similar calcula t ions based o n this 
equ i l ib r ium mode l for the m u t u a l in terac t ions of r edox 
couples in glass-forming mel ts [12 a n d 28] have hkewise 
shown consistency be tween the exper iments a n d p red ic ­
t ions. It is unnecessary t o impose rapid re-equi l ibra t ions 
of the electron exchange react ions du r ing the q u e n c h o r 
cool ing t o explain the results. 

F igure 2 compares schematically the two p r o p o s e d 
theor ies for the mechan i sm of electron exchange be tween 
the i ron a n d manganese redox couples in the s o d a l ime 



Silicate compos i t ion . A t 1400 °C for this system, the con­
cent ra t ion of Fe^^ is in excess of tha t of Mn^"*" required 
for s to ichiometr ic react ion by equa t ion (4), while at 
1200°C, M n ^ ^ is in excess of Fe^^ for the m u t u a l inter­
ac t ion . Accord ing t o the equi l ibr ium m o d e l for the reac­
t ion mechan i sm, the result ing glass shou ld have excess 
Fe^^ if quenched from 1400 °C a n d excess Mn^+ if 
quenched from 1200°C, two qui te different glasses with 
dinst inct opt ical propert ies . This predic t ion is dramat i ­
cally conf i rmed by the exper imenta l results. Also in fig­
ure 2, the concen t ra t ions of Fe^^ a n d M n ^ ^ are extrapo-
lated d o w n to a t empera tu re of abou t 450 °C, the tem­
pera tu re c la imed to be where the redox ion dis t r ibudons 
are frozen in to the glass [5 a n d 11] accord ing t o the ki­
netic mode l . A t this tempera ture , the concent ra t ion of 
Mn^"^ is in great excess of tha t of Fe^^ in the i ron and/or 
manganese -con ta in ing compos i t ion . Because the kinetic 
mode l for electron exchange assumes a rap id re-equilib­
r ium of the redox states dur ing the cool ing of the melt 
to the glass [9], the final p roduc t shou ld have excess 
M n ^ ^ n o ma t t e r whe ther it was quenched from 1400 or 
1200°C. Clearly this predic t ion is incompat ib le with the 
exper imenta l results. This i l lustrat ion relies u p o n the in­
terpre ta t ion of the kinetic mode l in which there is no 
initial in terac t ion a m o n g the redox states at the equili­
b ra t ion t empera tu re [13 a n d 15]. There is n o need to 
impose proper t ies of the redox system tha t are depend­
ent o n the t empera tu re a n d cool ing [13 t o 15] in order 
to explain the exper imenta l results of this study. The 
driving force for the internal electron exchange between 
two redox couples in a soda lime Silicate composi t ion is 
provided by the ne t react ion poten t ia l [9 a n d 12], anal­
ogous to tha t in o the r solvents like water. 

Any m a n g a n e s e o r c h r o m i u m Compound, when ad­
ded t o an i ron-conta in ing soda lime Silicate composi t ion 
in air, will act as an oxidizing agent towards the 
Pg2+_pg3+ cQupie por example, it does n o t matter 
whe ther c h r o m i u m is added to the ba t ch as metallic 
c h r o m i u m , C r O , C r 2 0 3 , o r K C r 0 4 ; all will behave as 
oxidizing agents as long as the oxygen fugacity over the 
melt is relatively oxidizing and externally control led (an 
" o p e n " System wi th respect to oxygen [9]). T h e chro-
mium-con ta in ing mel t will equil ibrate to Cr^^ and Cr^"^ 
con ten t s as prescr ibed by equa t ion (3) for tha t compo­
sition, t empera ture , a n d oxygen fugacity; wi th available 
Cr^^ oxidizing a s toichiometr ic a m o u n t of Fe^"^ in the 
melt . This behavior is once again consis tent wi th the re­
dox react ions occur r ing in the mel t as pe r the equihb­
r ium mode l . It is surpr is ing in one sense tha t C r 2 0 3 is 
an oxidizing agent in the melt even in the absence of the 
oxidized c h r o m i u m (Cr^"^) in this Compound; but once 
in the melt even C r 2 0 3 provides Cr^"^ o n the basis of 
the oxygen po ten t i a l of the melt . Similarly, regardless of 
whether m a n g a n e s e is in t roduced in to the system as oxi­
dized or reduced m a n g a n e s e ions, processing condit ions 
will define the m a n g a n e s e redox ion dis t r ibut ion and 
thus its in terac t ion with i ron in the mel t . In order to 
cont ro l the redox states of the mul t ivalent elements in 

the final glass, the crucial step is to be aware of the elec­
tron exchange reactions occurring in the melt, no t dur­
ing the cooling. 

The temperature d rop experiments display addi t ional 
consistency with the electron exchange mechanism at 
melt temperature. This can be seen schematically in fig­
ure 2. The Fe^"^ and Mn^"^ concentrat ions in an iron and 
manganese-containing compos idon are a function of the 
temperature, bu t experiments show that once equili­
brated at a certain melt temperature the concentrat ions 
do not change rapidly with falling temperature above the 
melting point of the system. In light of this Observation, 
it is even more unlikely that these concentrat ions will 
further keep readjusting below the glass t ransi t ion tem­
perature to some final fixation temperature. Previous ob­
servations [13] have also indicated that the interaction 
between the manganese and iron redox couples becomes 
more sluggish with decreasing temperature due to vis­
cosity changes of the soda lime Silicate melt. One funda­
menta l assumpt ion in the kinetic model , that of rapid 
re-equilibration of the redox states dur ing the quench 
[9], does not occur. However, some prior results [5, 29 
and 30] are difficult to explain in the context of the equi­
librium model for the mutua l interaction of the redox 
couples. 

6. Conclusions 
Both manganese (as Mn^"^) and chromium (as Cr^+) op­
erate as oxidizing agents with respect to the iron redox 
couple in soda lime Silicate composit ions. The internal 
electron exchange reactions between Mn^+ and Fe^"^ 
ions as well as between Cr^^ and Fe^^ ions are stoichio­
metric, in that bo th chemical equations occur to com­
pletion. These redox reactions occur in the melt at the 
equilibration or processing temperature, with the driving 
force for the interaction being the redox potentials of the 
reacting couples. 
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