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Thermodynamic activity of cuprous-cupric redox ox-
ides was studied systematically by equilibrating Cu+-
Cu2+ redox in alkali copper silicate glasses with vary-
ing CuO concentration from 1.0–3.0 mol% at 1200◦C,
1300◦C and 1400◦C in air as furnace atmosphere. The
relation between log [γCuO]2/[γCu2O] and mol% CuO
concentrations, log [γCuO]2/[γCu2O] versus temperature
as well as log [γCuO]2/[γCu2O] versus glass composi-
tion were established. The ratio of the logarithm of
[γCuO]2/[γCu2O] was found to decrease with decreas-
ing alkali oxides concentrations and increasing mol%
CuO in glasses at a constant temperature in air. Fur-
ther, the logarithmic ratio of [γCuO]2/[γCu2O] was ob-
served to decrease with increasing temperature in the
glass of a constant composition. Negative deviations in
the logarithm of the activities ratio of oxides of copper
from Raoultian behaviour was observed in the molten
glass solutions containing up to 1.0–3.0 mol% CuO
at constant temperature. The results obtained were ex-
plained thermodynamically. Structural considerations
in glasses containing Cu+ and Cu2+ ions were also
found to play an important role in determining the
oxidation-reduction equilibrium along with Cu+-Cu2+
redox reaction. The process of partial molar mixing of
oxides of copper in alkali copper silicate glasses at high
temperatures was found to be endothermic, apart from
main band at 787 nm due to Cu2+ ion centred at around
1390 nm in near infra red region in sodium aluminob-
orate glasses.

Earlier, it was believed that Cu2+ ion was a weak
colorant [1] but later on it was observed that intense blue
colour could be obtained by melting glasses with cop-
per under oxidising conditions [2]. Singh and Kumar
[3] studied systematically the optical absorption char-
acteristics of cupric ion in binary alkali silicate glasses
containing lithia, soda and potash as well as ternary
soda lime silica glasses. The absorption band in the
visible region was found to shift more towards longer
wavelength on molar replacement of one alkali oxide
by another with increasing ionic radii of alkali ions
in the order of K+ > Na+ > Li+ in the same series of
30 R2O. 70SiO2 (R+ = Li+, Na+ and K+ ions) glass.
The authors [3] calculated the molar extinction coeffi-
cients of cupric ion in their silicate glasses and reported
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the intensities of the visible bands quantitatively in
the order of 102 gm · mol · lit−1 · cm−1. Since, the elec-
tronic transition was d-d spin allowed from 2Eg → 2Tg
energy level as mentioned earlier by Bamford [4], Ku-
mar [5] and Bates [6] due to single unpaired electron in
Cu2+ ion with distorted octahedral symmetry as such
Singh and Kumar [3] believed that cupric copper was a
strong colorant in the silicate glass. However, the UV-
optical absorption characteristics of Cu+ ion and the
mechanism of charge transfer in a sodium silicate glass
has been detailed already. Dwivedi and Nath [7] had
suggested the mechanism of red colour formation due
to colloidal copper particles in copper ruby glasses.

The ESR studies [8, 9] on Cu2+ ion in borate glasses
and silicate gels have revealed that cupric ion is present
in distorted octahedral symmetry in the glass as well as
it is a part of silicate network in the silica gel. Darab
and MacCrone [8] have investigated the room tempera-
ture EPR spectra of silicate gels containing cupric com-
plexes calcined at various temperatures and reported
that the major chemical and structural changes occur
with increasing calcining temperature in the silica net-
work. Further, the authors mentioned that the cupric
complexes incorporated in the gels were extremely sta-
ble retaining their inner sphere legation surrounding
even after calcining in the temperature range of 50–
446◦C.

Several earlier investigators have studied the Cu+-
Cu2+ and Cu0-Cu+ redox reactions in glasses at dif-
ferent temperatures and partial pressures of oxygen.
Singh et al. [10] studied the kinetics of Cu+-Cu2+ re-
dox reaction in a sodium aluminoborate glass at dif-
ferent temperatures in air as furnace atmosphere. They
suggested the mechanism of peroxide ion formation
in the glass and reported that the Cu+-Cu2+ redox re-
action has obeyed the first order kinetics in the glass.
Further, the authors found that the rate constant for the
reaction had decreased with increasing temperature in
the glass and it did not favour the Arrhenius law. The
decrease in the rate constant for Cu+-Cu2+ redox reac-
tion with increasing temperature was attributed due to
the change in stable state of Cu+ (3d10) ion to a meta-
stable state of Cu2+ (3d9) ion in the glass. Since, the
change in enthalpy for the reaction was calculated as
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−12.5 kcal/mole by the authors [10] as such they re-
ported the Cu+-Cu2+ redox equilibrium as exothermic
reaction in the glass. Banerjee and Paul [11] studied the
thermodynamics of Cu+-Cu2+ redox reaction in a bo-
rate glass at different temperatures in air and they also
mentioned that the equilibrium reaction was exothermic
as the enthalpy change for the reaction was negative.
Further, the authors also studied the Cuo-Cu+ redox re-
action in a low melting borate glass with varying partial
pressure of oxygen from 10−12 to 10−17 atmosphere.
The melt was equilibrated for Cuo-Cu+ redox in con-
tact with metallic copper crucible under strongly reduc-
ing atmosphere to produce a ruby colour in the molten
glass. During their investigations they found that the
best ruby was formed in the glass at 10−14 atmosphere
reduced partial pressure of oxygen. Cable and Xiang
[12] also studied the Cu+-Cu2+ redox equilibrium in
a soda-lime-silica glass at different temperatures in air
and calculated the enthalpy change for the equilibrium
reaction as 36.84 cal/mol from the slope of the curve
obtained on plotting log (Cu+/Cu2+) versus reciprocal
of temperature. The authors mentioned that the rate of
approach of equilibrium was faster in stirred melts than
static. Cable and Xiang [13, 12] developed an useful
model for calculating the molar extinction coefficient
of cupric ion in a 17.6 Na2O-12.0 CaO-70.4 SiO2 glass
which had involved three slopes of the straight lines ob-
tained for absorbance maxima due to Cu2+ ion versus
total copper concentration relation during Cu+-Cu2+
redox equilibrium investigated at three different tem-
peratures in the glass. The derivation of their model
was based on the fact that Cu+:Cu2+ ratio was indepen-
dent of the total copper concentration over the range of
0.10–1.20 mol% CuO.

Johnston and Chelko [14] studied the Cu+-Cu2+ re-
dox equilibrium in a sodium disilicate glass on varying
partial pressure of oxygen at a constant temperature
and reported that the redox equilibrium shifted more
towards the cupric state with increasing partial pressure
of oxygen. Further, they also investigated the effect of
pO2 on Cuo-Cu+ redox equilibrium in the silicate glass
and mentioned that the solubility or precipitation of
copper in the molten glass at a particular temperature
was dependent only upon the partial pressure of oxygen
in the furnace atmosphere above the melt.

Singh and Kumar [15] had investigated the effect
of glass composition on Cu+-Cu2+ redox equilibrium
in binary alkali silicate glasses at a constant temper-
ature at 1400◦C in air. The Cu+-Cu2+ redox equi-
librium shifted more towards oxidised state with in-
creasing alkali concentration or increasing ionic radii
of alkali ions in binary silicate glasses. They ob-
tained three concurrent straight lines on plotting log
K′[K′ = (Cu2+)/(Cu+)(pO2)1/4] versus mol% alkali ox-
ides for binary alkali silicate glasses. The slopes of their
curves were inversely proportional to the coulombic
force between alkali ions and non-bridging oxygens
in the glass. Since, the oxygen ion activity increases
with increasing basicity of the glass, the Cu+-Cu2+
redox equilibrium was found by the authors [15] to
shift more towards cupric state. Similar results were
also observed by earlier workers [16–20] in binary sil-

icate glasses where the redox equilibria such as Cr3+-
Cr6+, Fe2+-Fe3+, Ce3+-Ce4+, As3+-As5+ and Sn2+-
Sn4+ were found to shift more towards oxidised states
with increasing basicities of the glass at a constant tem-
perature in air atmosphere.

After an extensive literature survey it was found that
the kinetics and thermodynamics of Cu+-Cu2+ redox
equilibrium reaction had been studied at high temper-
atures in glasses containing minor quantities of copper
oxide which did not influence the melt composition.
When the glass is melted with the major quantities
of copper oxide then it is expected to influence the
molten glass composition significantly as such the ac-
tivity coefficients of oxides of copper may play their
vital role during the cuprous—cupric redox processes.
Keeping in view the lack of thermodynamic activity
of cuprous—cupric redox oxides at high temperatures
in glasses, the present investigation was undertaken in
alkali copper silicate glasses.

1. Experimental
Homogeneous mixture of glass batches having compo-
sition (30R2O · 70SiO2)1−x (CuO)x [Where, R+ = Li+,
Na+ and K+ ions and x is an integer] were prepared with
properly weighed acid washed quartz, AnalaR grade al-
kali carbonates and cupric oxide. Alkali silicate glasses
containing 1.0–3.0 mol% CuO were melted in a 100 ml
capacity alumina crucible kept in an electric globar rod
furnace for four hours at 1400◦C in air atmosphere.
The temperature of the furnace was controlled by an
automatic temperature indicator-cum-controller within
±5◦C connected with R-type Pt-13% Rh/Pt thermo-
couple. After melting the glasses were cast and poured
onto an iron sheet. The glasses were cooled, crushed
and remelted for a period of an another two hours in
the furnace at the same temperature to ensure homo-
geneity. Further, the molten glasses were taken out of
the furnace and poured onto an iron sheet. After cooling
and crushing the glass samples were stored in a desicca-
tor. 15 gms portions of each glass samples in duplicate
were heat-treated in 30 ml alumina crucibles kept in the
globar rod furnace at 1200◦C, 1300◦C and 1400◦C tem-
perature in air atmosphere for equilibrating Cu+-Cu2+
redox in the glass. After heat treating the glass samples
for different lengths of time they were taken out the fur-
nace and poured onto an iron sheet. The glasses were
cooled, crushed and stored in a desiccator for spectro-
colorimetric chemical analysis of Cu+, Cu2+ ions and
total copper. The concentrations of cuprous, cupric and
total copper as cupric ion separately in the glass were
determined without disturbing Cu+:Cu2+ ratio using
iodine monochloride and sodium diethyl dithiocarba-
mate methods.

When the concentrations of cuprous copper and to-
tal copper as cupric did not change with the duration
of heat treatment at a particular temperature within an
experimental error of ±5% then it was concluded that
the equilibrium between both the valence states of cop-
per had been established in a particular alkali copper
silicate glass.
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2. Results and discussion
Results presented in Table I show the equilibrium sol-
ubility of copper oxide in alkali copper silicate glasses.
The relation between log [γCuO]2/[γCu2O] and mol% to-
tal copper concentration as CuO at different tempera-
tures in alkali copper silicate glasses containing lithia,
soda and potash has been shown in Table I and Figs 1–3.
Since, the present alkali copper silicate glasses dissolve
appreciable amount of CuO during their preparation
as such the glass composition and its structure are ex-
pected to be greatly influenced. During the glass prepa-
ration process in normal melting conditions in air as
both the valency states of copper such as Cu+ and Cu2+
ions are present in large quantities, the following oxide
Equation 1 has been used in preceding discussion to
represent the cuprous—cupric redox equilibrium reac-
tion in glasses.

Cu2O + 1

2
O2

�Go

⇀↽ 2CuO (1)

The following Ellingham’s Equation 2 and van’t Hoff
reaction isotherm (3) were used in order to calculate
the ratio of the activities of Cu2O and CuO in glasses
at high temperatures.

�Go = A + BT log T + CT (2)

and

�G = �Go + RT ln K (3)

where, K is the equilibrium constant and �G is the
free energy change for the reaction (1) at a particular
temperature and constant partial pressure of oxygen.
A, B and C are constants for the reaction. The value of
K can be given in terms of activities of Cu2O and CuO
as follows:

K = (aCuO)2

(aCu2O)(pO2)1/2
(4)

According to thermodynamic condition of equilibrium
for the reaction (1)

(�G)T,P = 0 (5)

So, the Equation 3 becomes 6 as given below:

�Go = −RT ln K (6)

The logarithmic ratio of the activity coefficients of
cuprous oxide and cupric oxide at constant tempera-
ture can be calculated using the following Equations 7
and 8:

aCu2O = γCu2O · CCu2O (7)

and

aCuO = γCuO · CCuO (8)

where, γCu2O and γCuO are the activity coefficients of
cuprous and cupric oxides in glasses, respectively. The

Figure 1 Variation of the log [γCuO]2/[γCu2O] for Cu+-Cu2+ redox
equilibrium with mol% total copper as CuO in a (30Li2O · 70SiO2)1−x

(CuO)x glass at different temperatures.

CCu2O and CCuO are the concentrations of Cu2O and
CuO in glasses.

The relation of log [γCuO]2/[γCu2O] with mol% CuO
concentration as given in Fig. 1 at a particular temper-
ature shows a constancy with decreasing concentration
of CuO from 3.0–2.0 mol% CuO which is indicative
of its Henry’s law behaviour within this range. Further,
a decreasing in CuO concentration causes a deviation
from its Henarian behaviour and the solution of copper
oxide in the lithium silicate glass approaches Raoul-
tian behaviour at a particular temperature as the log-
arithmic ratio of [γCuO]2/[γCu2O] tends towards unity.
The value of log [γCuO]2/[γCuO] was found to increase
with decreasing mol% CuO concentration or increas-
ing mol% alkali oxide concentration at a constant tem-
perature in the present series of alkali silicate glasses
containing Li2O, Na2O and K2O as shown in Figs 1–
3 which dictates that the Cu+-Cu2+ redox equilibrium
shifts more towards the oxidised state with increasing
basicity of the glass. Since, the oxygen ion activity in-
creases with increasing basicity of the glass as pointed
out by earlier workers [21–24] as such the role played
by oxygen ion activity of glass on Cu+-Cu2+ redox

Figure 2 Variation of the log [γCuO]2/[γCu2O] for Cu+-Cu2+ redox
equilibrium with mol% total copper as CuO in a (30Na2O · 70SiO2)1−x

(CuO)x glass at different temperatures.

1554



Figure 3 Variation of the log [γCuO]2/[γCu2O] for Cu+-Cu2+ redox
equilibrium with mol% total copper as CuO in a (30K2O · 70SiO2)1−x

(CuO)x glass at different temperatures.

equilibrium in glasses is more vital. The results ob-
served with Cu+/Cu2+ redox pairs are analogous to the
general behaviour of other redox systems in glasses.

Since, log [γCuO]2/[γCu2O]<1, the logarithmic ratios
of the activity coefficients of CuO to Cu2O in al-
kali silicate melts at high temperatures were found to
exhibit negative deviations from Raoultian ideal be-
haviour which may be attributed due to different struc-
tural arrangements of Cu2+ and Cu+ ions in glasses
where Henry’s law is not obeyed including lithium sil-
icate glass too.

When a glass containing smaller quantities of multi-
valent elements is melted without its significant com-
positional change then it is a fact that the proportions of
the equilibrium concentrations of oxidised to reduced
species of the element would be independent of its ini-
tial total redox introduced in the glass. In the present
alkali copper silicate glasses the additions of copper
oxide in the range of 1.0–3.0 mol% CuO may affect the
glass compositions considerably resulting in a change
of R2O/SiO2 ratios (R+ = Li+, Na+ and K+ ions) in
the same proportions. It has been discussed previously
as mentioned here that a decrease in the concentra-
tion of SiO2 on adding CuO would not cause any ef-
fect on Cu2+/Cu+ ratio at equilibrium but a change
in concentrations of alkali oxides in the same order
would significantly affect the same which is evident
from earlier studies [21–24] on O2− ion activity and
its influence on redox equilibrium in silicate glasses.
In binary alkali silicate glasses it has been also shown
by Pyare and Nath [21] that the relative oxygen ion ac-
tivity increases with increasing concentrations of alkali
oxides. The solubilities of gases in glasses as pointed
out by earlier workers [25–27] depend not only on par-
tial pressure of the gas above the molten glass but also
on the oxygen ion activity inside the melt. Keeping
this in view, Singh et al. [10] assumed that the solu-
bility of O2 in the glass melt must also depend upon
its O2− ion activity. The additions of mol% CuO in the
present alkali silicate glasses considerably influence the
glass compositions affecting its Li2O, Na2O and K2O
contents.

The O2− ion formed due to dissociation of two non-
bridging oxygen’s according to following reaction

2(−O−) ⇀↽ (−O−) + (O2−) (9)

increases its oxygen ion activity with increasing ba-
sicity of the glass as well as increasing ionic radii of
alkali ions in the glass which must have continuously
increased the logarithmic ratio of activity coefficients
of CuO and Cu2O in the glass (Figs 1–3). In other
words, activity coefficient of CuO, γCuO, increases si-
multaneously with a decrease in the value of γCu2O with
decreasing total CuO concentration and vice-versa in-
creasing O2− ion activity of the glass. This also shows
that the Cu+-Cu2+ redox equilibrium shifts more to-
wards cupric state with increasing O2− ion activity of
the glass as evident from Figs 1–3. The tendency of the
logarithmic ratio of [γCuO]2/[γCu2O] for an approach
towards unity on reducing molar concentration of to-
tal CuO is an indication towards formation of an ideal
Raoultian solution of copper in the glass.

In borate, phosphate and silicate glasses, it has been
reported by earlier workers [28, 3, 4, 29, 30, 5, 6, 24]
that Cu+ ion can be present in octahedral symmetry
due to its complete 3d10 closed shell structure whereas
the Cu2+ ion with 3d9 configuration would be present
as distorted octahedral symmetry in glasses because of
its one unpaired electron in d-shell. Since, Cu2+ ion
has a shorter ionic radius and greater field strength than
Cu+ ion in the glass, therefore it is expected to make
the glass structure more stable. Bae and Weinberg [29]
have also reported that the attainment of Cu+-Cu2+ re-
dox equilibrium would be determined by oxygen ion
activity in copper phosphate glasses containing 40–60
mol% CuO in air atmosphere as a function of temper-
ature in quartz or alumina crucibles. They also men-
tioned that the structural arrangements of the ions of
copper had played a vital role in establishing the Cu+-
Cu2+ redox equilibrium in their phosphate glasses in
air atmosphere. Singh and Kumar [3] had studied the
absorption characteristics of cupric ion in binary alkali
silicate glasses and reported the shift of the absorption
band towards higher wavelength with increasing ionic
radii of alkali ions. Based on their observations it is
found that the ligand field stabilisation energy in dis-
torted octahedral co-ordination of Cu2+ ion is higher in
lithium silicate than sodium silicate than corresponding
potassium silicate glass. The previous workers [31–33]
have also mentioned that the oxygen present in the al-
kali silicate glass matrix are more closely packed in
Li2O-SiO2 than Na2O-SiO2 than K2O-SiO2 system. In
view of this it seems to be obvious that the value of
log [γCuO]2/[γCu2O] must also increase with increasing
O2− ion activity on molar replacement of Li2O by Na2O
and Na2O by K2O in, silicate glasses at a particular tem-
perature (Table I and Figs 1–3).

On plotting log [γCuO]2/[γCu2O] against reciprocal of
temperature three almost parallel straight lines were ob-
tained within an experimental error of ±5% for each
series of alkali copper silicate glasses as shown in
Figs 4–6. Applying the following Equation 10 for
the variation of logarithm of [γCuO]2/[γCu2O] with
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Figure 4 Variation of logarithm of activity coefficients ratio for oxides
of copper with reciprocal temperature in (30Li2O · 70 SiO2)1−x (CuO)x

glass.

Figure 5 Variation of logarithm of activity coefficients ratio for oxides
of copper with reciprocal temperature in (30Na2O · 70SiO2)1−x (CuO)x

glass.

Figure 6 Variation of logarithm of activity coefficients ratio for oxides
of copper with reciprocal temperature in (30K2O · 70SiO2)1−x (CuO)x

glass.

Figure 7 Ellingham diagram for the variation of change in free en-
ergy with temperature for Cu2O + 1/2O2 � 2CuO equilibrium reaction
at pO2 = 0.21 atmosphere.

reciprocal temperature the change in enthalpies, �H M,
for the partial molar mixing of Cu2O and CuO in glasses
were calculated.

log
[γCuO]2

[γCu2O]
= �H M

4.576
· 1

T
+ C (10)

The average values of �H M for the cuprous—cupric
redox equilibrium reactions were presently found to be
4.165, 9.145 and 21.705 k · cal · mol−1 in Li2O-CuO-
SiO2, Na2O-CuO-SiO2 and K2O-CuO-SiO2 glasses,
respectively. The positive values of �H M for the equi-
librium reaction shows that the process of partial molar
mixing of Cu2O and CuO is endothermic in glasses.
Similar results were also observed previously for Nio-
Ni2+ and V4+-V5+ equilibrium reactions in silicate and
borate glasses, respectively during which heat was be-
ing absorbed. However, Banerjee and Paul [11], Singh
et al. [10] as well as Cable and Xiang [12] found
the cuprous-cupric redox equilibrium reactions to be
exothermic in borate and silicate glasses on applying
the integrated form of van’t Hoff equation in order to
calculate the enthalpy change, �H M per mole of the
product. The Ellingham’s diagram as shown in Fig. 7
was made on plotting standard free energy change,�Go

with temperature for oxidation-reduction equilibrium
reaction (1) between oxides of copper in air. The value
of �Go for the reaction (1) was obtained by extrapolat-
ing the Ellingham line upto 1400◦C for calculating the
activity coefficients of Cu2O and CuO in glasses. The
straight line as shown in Fig. 7 with a constant slope
indicates that the present reaction occurs involving ho-
mogeneous oxide phase.
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