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Redox equilibrium of Fe**/Fe** and diffusivity of iron in alkali-alkaline earth-sili-
cate glass melts
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The redox behavior and diffusivity of iron were studied in alkali-alkaline earth silicates glass melts by means of square wave
voltammetry (SWV). According to voltammograms, the potential of the peak due to Fe’'/Fe?* moved towards the negative
direction with a temperature decrease and the peak current showed a strong dependence on frequency at constant
temperature. The standard enthalpy and entropy determined were 75 kJ/mol and 23 J/molK, respectively. The activation
energy for the diffusion of iron was 148 kJ/mol. The redox ratio, [Fe*"]/[Fe’'] calculated under the assumption that the melt
is in equilibrium with air lay in the range 0.02~0.11. By comparison of the thermodynamic properties and the diffusion
coefficient of the present melt with those of other silicate melts cited in the literature, the dependence of the peak potential on
alkali concentration and, the relation between the self-diffusion coefficient and viscosity are discussed.
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Introduction compositions consisting of multi-components there have
been only two voltammetric studies on iron [10, 11]. Alkali-
Iron in technical glasses is an inevitable component alkaline earth silicate systems are of great importance for
because it exists as a common impurity in natural raw the substrate glass of plasma display panel devices [21-23].
materials such as sand, feldspar, dolomite, calcite etc. Iron This paper provides a study on the Fe**/Fe*" redox equi-
in glass melts undergoes the following redox reaction (1) librium and the diffusivity of iron in alkali-alkaline earth
through which electron transfer between Fe’" and Fe®* silicate glass melts doped with 0.1 mol% Fe,0;.
occurs and electrons are provided or occupied by oxygen
during the reaction. Therefore, Fe*, Fe*" and physically Experimental Procedure
dissolved oxygen are in equilibrium:
3 5 o Preparation of melts
Fe™ + 1207 =Fe™ + 1/40, M Tlll)e blank melts with the composition in mol% 69.1SiO,
The equilibrium constant K(T) described by the activities 0.4A1,0;5° 4.5N2a,0-4.4K,0-6.5Mg0-6.5Ca0-5.3Sr0-1.1BaO-
or the concentrations of the respective species depends 2.1ZrO, and the same melts doped with 0.1 mol% Fe,O;
on the temperature, the atmosphere and the chemical com- were prepared from high purity chemicals. The glass batches
position of the melt. The redox equilibrium state of iron of about 300 g were melted at 1550 °C in an electric furnace.
ions is hence very much concerned with some properties The bubble free melts homogenized by stirring with a
of the melt and the final glass, especially heat transfer in Pt/Rh rod were transferred to another electric furnace.
the infrared region or color of glass products [1]. While the prepared melts were maintained at 1400 °C in
In the last two decades, voltammetric methods proved the furnace, the electrodes of an electrochemical cell were
to enable the determination of thermodynamic properties dipped into the melts to perform SWV measurements. An
and diffusion coefficients of multivalent elements in glass electrochemical cell for SWV measurements consists of
melts. Many studies concerned with redox behaviors of three electrodes immersed into the melt in a Pt/Rh crucible
iron ions in various silicate melts have been performed in and a potentiostat (Model 273A, EG&G, USA) connected
situ in the molten state by square-wave voltammetry (SWV) to a computer. A platinum plate 10 x 20 mm and a platinum
and they have offered much thermodynamic [2-11] or wire with a diameter of 1 mm were used as a counter
diffusion data [13-20] related with the reaction (1) at high electrode and a working electrode, respectively. The other
temperatures. Nevertheless, for the melts with industrial platinum wire called the reference electrode was connected
with O*~ conducting Y,Os-stabilized ZrO, (YSZ) material
which was in contact with the melts and flushed by reference
*%ffeﬁgg%‘gflf 6?91-]217032 air with a known oxygen partial pressure (P,p: 0.21bar)
Fax: +82-63-469-4737 during the SWV experiments. A detailed description of the
E-mail: kdkim@kunsan.ac.kr cell construction is given in the literature [11, 12].
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SWYV Measurements

SWYV is for the measurements of current-potential curves
under a controlled potential consisting of base and step
potential, i.e. a definite potential varied with time is applied
to a working electrode relative to a reference electrode and
the resulting current is registered at the counter electrode.
The measured current-potential curve, called a voltam-
mogram, gives valuable information on the behavior of the
redox species. For example, if the applied potential is
enough to allow electron donation or acceptance between
redox species as described in reaction (1), the resulting
voltammogram reveals a characteristic peak current (/,).
The corresponding potential to /, in a voltammogram is
called the peak potential (£),) that is equal to the standard
potential of the redox pair. Therefore, the equilibrium
constant K(T) at temperature T described by using the
concentration ([M*"] and [M*™*]) of the redox pair and
the oxygen equilibrium pressure (Py;) can be expressed
in terms of peak potential, £, as following Eq. (2):

:[M+]° og: nkF-E,
K="y e [ Rg-T]

Here, n is the number of electrons transferred, F is the
Faraday constant and R, is the gas constant. K(T) is also
correlated with the standard free enthalpy (A4G°), the
standard enthalpy (AA°) and the standard entropy (AS°)
by the following relationship:

—R,TInK(T) = AGY(T) = AH® — TAS" = —nFE, 3)

The peak current, /,, depends on the total concentration
(C) of the multivalent ion, the diffusion coefficient (D),
the step potential (AF) and the pulse time (1) [24]:

@)

2
1,=03n F;AT-CAE D @
" T-T
where, 4 is the surface area of the working electrode, F
and R, have their usual meanings.

During SWV measurements at a given temperature the
furnace was switched off to avoid disturbance of the
measured signal by the current of the heating elements.
SWYV measurements in the present study were performed
under the following conditions: the range of applied potential
and frequency, 0~—800 mV and 5~1000 Hz. The final
voltammogram of each melt at temperatures ranging
from 1400 °C to 1000 °C was obtained by subtracting that
of the blank melt from the original recorded voltammogram
and analyzed with aid of software.

Results

Fig. 1 shows square wave voltammograms at 100 Hz
in the temperature range of 1000 ~1400 °C recorded in melts
doped with 0.1 mol% Fe,O;. One peak due to the reduction
of Fe’* to Fe*" (expressed as Fe’*/Fe?") is shown clearly
at high temperature. The corresponding peak potential (£,),
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Fig. 1. Voltammograms recorded in alkali-alkaline earth silicate
glass melts doped with 0.1 mol% Fe,0; at 100 Hz.

for example —366 mV at 1400 °C moves toward the negative
direction with a decrease of temperature as marked by
an arrow, indicating that the equilibrium state of reaction
(1) shifts towards the left, namely to the oxidation state.
In Fig. 2(a) and (b), £, and /n K are plotted as a function
of temperature, respectively. The temperature dependence
in both cases shows a good linearity which means that the
reaction enthalpy and entropy are temperature independent
in the relevant temperature range.

The redox ratio of iron, [Fe**]/[Fe’*] in glass melts can
be calculated using Eq. (2). Under the assumption that
the melt is equilibrated with air (Py, = 0.21 bar), Eq. (2)
can be modified to Eq. (5) [25]:

[Fe' ]

e ] —10x—KD__ s
[Fe J+[Fe ]

%Fe’" =100x —
K(T)+0.21

Fig. 3 shows the percentage distribution of Fe** for the
present melt in temperature range of 1000-1400 °C The
percentage of iron in the Fe*" state varies from 2.1% at
1000 °C to 10.4% at 1400 °C. Even though with a tem-
perature increase the equilibrium state of reaction (1) shifts
towards to the Fe** state, its percentage is low absolutely.
The converted value of the redox ratio, [Fe*']/[Fe*] lies
in the range of 0.02-0.11 and is similar to those of other
silicate melts [8, 9, 26]. Whereas, the real [Fe*']/[Fe**] of
commercial glass products in the solid state is within a range
of 0.3 to 0.4 [27]. Such a great difference between laboratory
melts and industrial glasses must be due to the dependence
of the redox ratio on atmosphere and temperature.

In Fig. 4, voltammograms of the present iron-containing
melts are shown in the frequency range of 5-1000 Hz at
1300 °C. E, values at one temperature were independent
of frequency, namely the corresponding peak due to
Fe**/Fe** at 1300 °C is located at —396 mV irrespective



462

-360 4
-380 - e
-400 - e

-420 4 -

" (a)

E, (mV)
\

-440 ~
460 ~

'/
-480

-500 . - . T T T g T T
1200 1300 1400 1500 1600 1700
Temperature (K)

244

2.7
-3.04

a2 (b)

InK

=36+

-394

4.2+

45 T T T T T T T T T
6.0 6.5 7.0 75 80

1T x 10 (/K)

Fig. 2. Experimental plots of (a) peak potential (E,) and (b)
equilibrium constant (In K) as a function of temperature.
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Fig. 3. Percentage of Fe?* as a function of temperature based on
equation (5).

of frequency. But the peak currents (/,) strongly depend
on the frequency. For a low frequency such as 5 and 10 Hz,
no peak could be observed. However, with an increase in
frequency, a peak was observed. According to the rela-
tionship between 7, and T2 as described in Eq. (4), a
linear correlation is expected under a diffusion controlled
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Fig. 4. Voltammograms at 1300 1 : 1000 Hz, 2 : 500 Hz, 3 : 200 Hz,
4:100Hz 5:50Hz,6:20Hz, 7:10Hz, 8 : 5 Hz.

60

1

40+
30

20+

4 —
10 /Té!—-f 5

I (mA)

P

v v T T : v v
0.0 0.2 04 06 0.8 1.0 1.2
ek ( m—|n)

Fig. 5. Peak current (/,) as a function of T2 1:1400°C,
2:1300°C, 3:1200°C, 4 : 1100 °C, 5 : 1000 °C.

reaction. In Fig. 5 I, is plotted as a function of v at

different temperatures and a good linear relation is observed.

Discussion

The thermodynamic data of the Fe**/Fe** redox reaction
were determined from the slope and the interception derived
from E, versus T or /n K versus I/T based on Eq. (3). The
results for £, at 1300 °C, AH’ and AS° are summarized
in Table 1 inclusive of the data for other silicate melts
doped with different iron concentrations. According to some
studies [4, 28], the £, value at one temperature is constant
within the limited concentration range of a multivalent
element, for example up to 0.5 mol% Fe,O; in alkali lime
silicate melts [4]. Therefore, the difference in £, values of
Table 1 is not due to the difference of iron concentration
but the different glass compositions. Comparing the data
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Table 1. Standard enthalpy (4H’) and standard entropy (4S”)
for the reduction of Fe**/Fe*" in various silicate melts inclusive
of the present melt

Ep(mV AH’ AS?
Melt code at 1{3(00 ")C (KJmole™)  (Jmole”"K™)

*Present melt -396 75 23
AY —460 102 33
B*® —417 83 27

c? **_520 126 45

E'® -392 104 39

F 1D -387 108 45

G 278 79 30

*69.1810,0.4A1,05-4.5Na,0-4.4K,0-6.5Mg0-6.5Ca0-5.3SrO-1.
lBaO‘Z.IZrOQ-O.lFe203

** Approximate value read from the figure of reference 7

A : 74810, 16Na,0-10Ca0-0.1Fe,0;

B : 69Si0,-5A1,05:16Na,0-10Ca0-0.2Fe,0;

C : 66.7Si0,:33.3Na,0-0.5Fe,0;

E : 71.28i0,:0.9B,05-2.4A1,05°12.5Na,0-2K,0-3.8Mg0-6.4CaO-
0.8Ba0-0.04Fe,05

F : 73.7810,:1.4A1L,059Na,0-5K,0-6Sr0-4Ba0-0.9Zr0,:0.07F e,05
G : 758i0,°5A1,05-10Na,0-10MgO-0.25Fe,0;

with the corresponding glass compositions, it seems that
E,, AH" and AS® are related to the total alkali concen-
tration in melts. In particular, with an increase of alkali
concentration £, moves roughly to a more negative value,
for example, £, of C melt with 33.3Na,O is expected
to be about —520 mV at 1300 °C, E,, for A and B melts
with 16Na,O is -460 mV and —417 mV, E, of E melt
with 14.5(Na,O + K,0) and F melt with 14(Na,O + K,0)
is =392 mV and —-387 mV respectively, G melt with
10Na,O indicates —278 mV and the present melt with
8.9(Na,O +K,0) shows —396 mV. This decrease of E,
with an increase of alkali concentration means that the
equilibrium state of reaction (1) should be shifted to the
left side and thus the Fe’* state is more preferred in the
melt. In relation to the dependence of thermodynamic
properties on the alkali concentration, it has been suggested
based on EPR spectra that with an increase of the alkali
concentration the Fe** state with six fold coordination is
changed to the Fe** state with four fold coordination and
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Fig. 6. Temperature dependence of the self-diffusion coefficient
(D) for iron ions.

alkali cations participate in charge compensation of [FeO,]
tetrahedra [4, 20].

Table 2 contains self-diffusion coefficients (D) of iron
calculated from the slope between /, and T in Fig. 5,
and some measured viscosity values (1) of various silicates
melts inclusive of the present melt [23]. logD of the present
melt is plotted as a function of 1/T in Fig. 6. Within the
limits of error, the values can be fitted to an Arrhenius
equation, D = Dyexp[-En/R,T] where Ep, is the activation
energy of the self-diffusion process and D, the pre-
exponential factor. The plot for logn versus 1/T also showed
Arrhenius behavior in the same temperature range. The
calculated activation energy, Ep for diffusion of iron and
E, for viscous flow of the present melt were 148 and
289 kJ/mol, respectively. There have been many studies
[14-17,19] in which the correlation between iron diffusivity
and melt viscosity was treated by the Stokes-Einstein
equation, D = kT/6mrm, where k is constant and r is the
radius of the diffusing species such as iron ion. The results
in the literature cited above could be divided into three

Table 2. Self-diffusion coefficient (D : cm*s) of iron and viscosity (1] : dPas) in various silicate melts inclusive of the present melt

Temperature (K)

Melt code
1673 1573 1473 1373 1273
Present melt *(n) 22 4.619 x 107 (10>%) 2315 x 1077 (10>™)  9.869 x 107#(10*%*)  3.220 x 1078 (10**) 1.885 x 1078(10>%)

AlS1 1.02 x 1076 (10%*) 3.5x 1077

B> 2.57x 1077 (10*%?)

c? *%].52 x 107 1.12x 1077

H" 6x 1077

20 1.19 x 1077 (10*%)

* Value in parentheses is melt viscosity

** Approximate value read from the figure of reference’
H : 74Si0,-26Na,0-0.2~0.3Fe,05

I: 758i0,-5A1,05-5Na,0-10MgO-5Ca0-0.25Fe,0;

7
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Fig. 7. Plot for the iron self-diffusion coefficient (logD) versus
melt viscosity (logn) at a constant temperature of 1573 K for four
different silicates melts.

categories: 1) the relation between D and 1/ at constant
composition followed the Stokes-Einstein equation, 2) D
for different compositions at constant temperature was
larger with a smaller 1, but showed a deviation from the
Stokes-Einstein equation, 3) D for different compositions
at constant viscosity was strongly dependent on the glass
compositions, for example the concentration and type of
alkali oxide. Fig. 7 shows a plot of logD versus logh at
1573 K for four different silicates melts (A, B, I and the
present melt) using the data of Table 2. The smaller 1 is the
larger D is. Thereby, it is expected that the viscosity of melt
influences the diffusivity of iron. However, their relation
shows a remarkable deviation from the Stokes-Einstein
equation as mentioned already in the second category.

Conclusions

Alkali-alkaline earth silicates glass melts, with a compo-
sition 69.1Si0," 0.4A1,054.5Na,0-4.4K,0-6.5Mg0-6.5Ca0O-
5.3Sr0-1.1Ba0-2.17Zr0O, doped with 0.1 mol% Fe,O; were
studied by the aid of square wave voltammetry. In voltammo-
grams produced in the temperature range of 1000 to 1400 °C
and frequency range of 5 to 1000 Hz, there was one reduction
peak due to Fe’*/Fe** of which the potential and current
depended on the temperature and frequency. The thermo-
dynamic properties for Fe*/Fe*" and the diffusion data
of iron in the present melt lay in a similar range to other
silicate melts in the literature. However, comparison of the
present results with those of other silicate melts indicated
that the peak potential decreased with an increase of alkali
concentration and the self-diffusion coefficient increased
with a decrease of viscosity. In conclusion, glass melts with
industrial compositions consisting of multi-components

Ki-Dong Kim and Sung-Ku Kwon

showed the same behavior in the redox reaction and
diffusivity as the simple model glass melts.
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