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ABSTRACT

Nuclear waste contains many different elements that have more than one oxidation state. When
the nuclear waste is treated by vitrification, the behavior of the element in the melter and
resulting glass product depends on the stable oxidation state. The stable oxidation state in any
medium can be calculated from the standard potential in that medium. Consequently, the
standard potential of multi-valent elements has been measured in many silicate-melts, including
ones relevant to nuclear waste treatment. In this study, the relationship between the standard
potential in molten nuclear waste glass and the standard potential in water will be quantified so
that the standard potential of elements that have not been measured in glass can be estimated.
The regression equation was found to have an R? statistic of 0.96 or 0.83 depending on the
number of electrons transferred in the reaction. The Nernst equation was then used to calculate
the oxidation state of other relevant multi-valent elements in nuclear waste glass from these
standard potentials and the measured ferrous to ferric iron ratio. The calculated oxidation states
were consistent with all oxidation state measurements available. The calculated oxidation states
were used to rationalize the behavior of many of the multi-valent elements. For instance,
chromium increases glass crystallization because it is in the trivalent-state, iodine volatizes from
the melter because it is in the volatile zero-valent state, and the leaching behavior of arsenic is
driven by its oxidation state. Thus, these thermodynamic calculations explain the behavior of
many trace elements during the vitrification process.

INTRODUCTION

The behavior of multi-valent elements in High-Level waste glass melters depends on the stable
oxidation state. There is a lot of measured data on the oxidation states of the multivalent ions in
nuclear waste glass under melter conditions. Also, Jain and Barnes [1] reported a ferrous to
ferric iron ratio of 0.036 in a high-level waste glass quenched from the melter. However, the
iron oxidation state varies somewhat, and it is desirable to be able to determine the oxidation
state of other multi-valent elements from the more commonly measured iron reduction/oxidation
(Redox) ratio for iron. In theory, one can use the Nernst equation to calculate the oxidation state
of all of the other species in the glass from their standard potentials when the Redox ratio of iron
is known [2]. In the Nernst equation (Equation 1), the ratio of the oxidized to reduced oxidation
state for an element is calculated from the Redox potential of the melt (E) and the Standard
Potential of the Redox couple (E°).

|n(reduce%xidized)= ~(E - E°)nF /(RT) (Eq 1)
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This ratio is a function of temperature (T) in Kelvin, and the number of electrons transferred
during the reaction (n), and includes the Universal Gas Constant (R), which equals 8.314
J/mol*Kelvin ) and Faradays Constant (F), which equals 96,485 coulombs). Most of these
parameters are known for a given Redox couple, and the Redox potential can be calculated from
the measured Redox ratio of any species in the melt. Unfortunately, however, the standard
potential is unknown for most Redox couples in nuclear waste glass. Fortunately, Schreiber and
Coolbaugh [3] have noted that there is a strong correlation between the standard potentials of
multivalent metals in nuclear waste glass with their standard potentials in aqueous solution. A
number of other authors have noted a correlation between standard potentials in aqueous solution
and standard potentials in commercial glasses [4, 5, 6]. It has been suggested that this strong
correlation is a result of the similarities between the solvation of the ions in the melt and in water.
In both systems solvation of the ion is to oxygen in the solvent network. Nobody has quantified
this relationship, so that it can be easily used to predict oxidation states of other elements in the
melt if their solvated structure is similar to iron. In this paper, the oxidation state of other multi-
valent species in glass will be calculated using a regression equation assuming that they are in
equilibrium with iron at a Fe(ll) to Fe(l11) Redox ratio of 0.036.

STANDARD POTENTIALS FOR MULTIVALENT ELEMENTS IN GLASS AND
AQUEOUS SOLUTION

Schrieber and Coolbaugh [3] calculated from experimental data the Standard Potential for
multivalent elements in Savannah River Laboratory (SRL)-131 Frit. They also compiled the
standard potentials of those same multivalent elements in aqueous solution. Tables | and 11
contain these standard potentials measured and compiled by Schreiber and Coolbaugh [3]. They
noted that there is a strong correlation between the standard potential in SRL-Frit 131 and the
standard potentials in aqueous solution. They did not quantify this correlation, however by
developing an equation to predict the correlation. Here, this correlation will be quantified by
regressing the data in Table I. The results of this regression are shown in Figure 1 and 2 as well
as Equation 2 and 3. Table Il contains other standard potentials measured by Schreiber and
Coolbaugh [3] but excluded from the regression. Schreiber and Coolbaugh [3] noted that all of
these Redox couples except the Se(0)-Se(ll) couple reduce more easily in the melt than in water
and thus don’t fit the correlation. The Se(0)-Se(1l) Redox couple was excluded because Se(0) is
a solid at ambient temperatures but is a gas at melt temperatures [7, 8]. Thus, the standard
potential of Se(0) in aqueous solution cannot be proportional to the standard potential at melt
temperature because the Se(0) oxidation state does not form equivalent phases at these two
temperatures.

Table I. Standard Potentials in SRL-131 Frit and Water, Used in Regression

Standard l\llzlfg?fgnzf Standard
Potential Transferred Potential
(Volts) in (Volts) in
Aqueous SRL-131
Redox Couple |Solution[3] Frit [3]
Au(3)-Au(0) 1.42 3 3
Pd(2)-Pd(0) 0.92 2 2.3
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Standard l\él:g?reornc;f Standard
Potential Transferred Potential
(Volts) in (Volts) in
Aqueous SRL-131
Redox Couple |Solution[3] Frit [3]
Ni(3)-Ni(0) 1.75 3 1.7
Rh(3)-Rh(0) 0.76 3 14
Se(6)-Se(4) 0.88 2 0.2
Cr(6)-Cr(3) 1.22 3 -0.3
Sh(5)-Sh(3) 0.68 2 -0.3
As(5)-As(3) 0.58 2 -1.7
Ni(2)-Ni(0) -0.24 2 -5.3
Sn(4)-Sn(2) 0.14 2 -5.5
Co(2)-Co(0) -0.28 2 -6
Fe(2)-Fe(0) -0.41 2 -6.3
Co(3)-Co(2) 1.83 2 1.4
Ce(4)-Ce(3) 1.44 1 -0.1
Fe(3)-Fe(2) 0.77 1 -1.7
\V(5)-V(4) 1 1 -1.9
U(5)-U(4) 0.61 1 -2.2
Cu(1)-Cu(0) 0.52 1 -3.3
Mo(6)-Mo(5) 0.48 1 -3.8
V(4)-V(3) 0.34 1 -4
Ti(4)-Ti(3) 0.03 1 -5
Mn(3)-Mn(2) 151 1 0.8

Table 1l. Standard Potentials in SRL-131 Frit and Water, Excluded from Regression

Standard Potential (Volts)

Number of Electrons

Standard Potential

Redox Couple Aqueous Solution [3] Transferred (Volts) SRL-131 Frit [3]
Se(0)-Se(2-) -0.92 2 -5.7
U(6)-U(5) 0.06 1 -1.5
Cr(3)-Cr(2) -0.41 1 -3.4
Cu(2)-Cu(1) 0.16 1 -0.8
Ag(1)-Ag(0) 0.8 1 0.5
Eu(3)-Eu(2) -0.35 1 -4.3
Eg =3.6275E;, —5.0742 (Eg. 2)
Eg, = 4.5636qu —4.2218 (Eq. 3)




WM’07 Conference, February 25 - March 1, 2007, Tucson, AZ

y = 35276y - £.0742 o

1
RE = 0,963 /
0 /i
R
.

N
S

v

Standard Potential in Melt (V)
Ll ]
\

0 o4& 1 15 2
Standard Potential in Water (V)

Fig. 1. Correlation Between the Standard Potential in Water and in Melt When n = 1.

y =4 5636 - 42218

24
R?=08315 /
+

=

[
+
*
*

Standard Potential in Melt {V)
E o o
\
*

1
()
\
*

1
oo

-058 0 05 1 1.5 2
Standard Potential in Water (V)

Fig. 2. Correlation Between the Standard Potential in Water and in Melt whenn > 1



WM’07 Conference, February 25 - March 1, 2007, Tucson, AZ

Two different regression equations were developed. The first, Equation 2 above, is to be used
for Redox couples where only one electron is transferred (n=1 in Equation 1) when converting
from one oxidation state to the other. The R? statistic for the regression was 0.96. The second
equation (Equation 3) is to be used when n in Equation 1 is two or greater. The R? for this
regression was 0.83. The reason that two regression equations were used is because a better R?
was obtained than when all the data was combined together.

Equations 2 and 3 above provide the regression equation for standard potential (Eg°) for molten
DWPF frit 131 from the tabulated standard potentials in aqueous solution (Eq°). Using
Equations 2 and 3 as well as the standard potentials in aqueous solution from a standard
reference [9], the standard potential of unmeasured Redox couples of interest in glass were
calculated and are reported in Table Il at a melt temperature of 1150 °C (1423 K).

Table Ill. Estimated Standard Potentials for Elements in Molten Glass

Redox Couple E° Aqueous Solution [9] n (Equation 1) E° Glass
TI(3)-TI(1) 1.25 2 1.483
Se(6)-Se(4) 1.15 2 1.026
Sn(2)-Sn(0) -0.136 2 -4.844
Tc(7)-Te(4) 0.738 3 -0.854
Re(7)-Re(4) 0.51 3 -1.894
1(0)-1(1-) 0.535 1 -2.843
1(7)-1(0) 1.195 7 1.232
CI(0)-CI(1-) 1.358 1 -0.147
CI(7)-CI(0) 1.34 7 1.893
F(0)-F(1-) 2.87 1 5.337
F(1)-F(1-) 2.1 1 2.544

CALCULATION OF OXIDATION STATES

In the previous section, a regression was fit to the data of Reference 3 generating a mathematical
relationship between standard potential in aqueous solution and standard potential in waste glass
was determined. In this section, an example of the calculation of the oxidation states of the
multivalent elements is performed for High-level waste glass using the standard potentials
measured in Tables I, and 11, and calculated in Table 11l for SRL-131 Frit. The oxidation states
can be calculated for each Redox couple using Equation 1 if the E for the glass at the melt
temperature is known. Jain and Barnes [1] reported that the Fe(l1) to Fe(l11) Redox ratio in
molten high-level waste glass from West Valley ranged from 0.036 to 0.045. These Redox ratios
are not significantly different from the Redox ratio observed in Hanford Waste Treatment Plant
pilot melter tests. With a Redox ratio of 0.036 and an E° in the glass of -1.7, the E of the molten
glass was calculated to be -1.29 volts when the Fe(ll) to Fe(lll) Redox ratio was used in Equation
1 at a melt temperature of 1150 °C (1423 K).

The Redox ratio for each multivalent element of interest was calculated at the melt temperature
using the standard potentials in Tables I, I, and 111 and the E of -1.29 volts. The measured
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values of the E° were used from Tables I, and 1l when available. The calculated values for E°
reported in Table 111, where used for the unmeasured values. The results of these calculations are
shown in Table IV. The oxidation state assignments are shown in Table V.

Table 1V. Ratio of Reduced to Oxidized Species in Each Redox Couple

Reduced to Reduced to

Couple Oxidized Ratio Couple Oxidized Ratio
Ag(1)-Ag(0) 2.15x 10" | Re(VII)-Re(IV) 4.0 x 107
As(V)-As(111) 1.30 x10% Ni(111)-Ni(11) 3.74 x 10*%°
Au(lIl)-Au(0) | 3.13x 10 Ni(11)-Ni(0) 462 x 10
Ce(IV)-Ce(l1l) | 1.63x 10" Pd(I1)-Pd(0) 2.44 x 10*%
CI(0)-CI(-1) 1.11 x 10" Rh(111)-Rh(0) 3.46 x 10"
Co(3)-Co(2) 1.77 x 10" Se(V1)-Se(1V) 2.42 x 10**®
Cr(VI)-Cr(111) | 3.26 x 10" Sh(V)-Sh(l11) 1.02 x 10"’
Eu(l11)-Eu(11) 2.33x 10" Sn(1V)-Sn(Il) 1.78 x 10
F(0)-F(-1) 2.67x10"% | Tc(VI)-Te(lV) | 4.37x10"
Fe(l11)-Fe(11) 3.60 x 10 Ti(IV)-Ti(111) 7.81x 10
Fe(11)-Fe(0) 3.95x 10% TI(1i1)-TI(1) 4.08 x 10"
I(V11)-1(0) 2.67 x 10762 UVI)-U(V) 1.83x 10"
1(0)-1(-1) 3.09 x 10" U(V)-u@v) 6.15 x 10
Mn(111)-Mn(11) | 2.47 x 10*” V(IV)-V(I11) 2.67 x 107
Mo(V1)-Mo(V) | 1.36 x 10 V(V)-V(IV) 7.07 x 10%

Table V. Summary of Oxidation State Assignments

Oxidation State Oxidation State
Element  |Assignment Element  |Assignment

Ag 0 Ni 2
As 5 Pd 0
Au 3 Rh 0
Ce 3 Sh 3

Cl -1 Se 4
Cr 3 Sn 4
Eu 3 Tc 4

F -1 Ti 4
Fe 3 TI 1

I 0 U 6
Mn 2 V 5
Mo 6 Re 7
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DISCUSSION

The oxidation state of several elements has been measured in waste glasses made in pilot melters
or crucibles under atmospheric conditions. The assignments in Table V are consistent with these
studies. The oxidation states of vanadium were found to be +5, and manganese to be +2 [10, 11]
in glasses generated at a pilot melter, consistent with the assignments calculated in Table IV and
V. Both uranium and molybdenum were found to be in the +6 oxidation state in crucible scale
glasses melted under atmospheric conditions [12, 13, 14], also consistent with the assignments in
Table V. Given that these results were not used as inputs to the calculation of the oxidation state
assignments, the correct result of the calculations provides some assurance that the equation 1 is
providing the correct oxidation state assignments for other elements where known oxidation state
measurements are available.

The oxidation state of four noble metals, Ag, Au, Pd, and Rh, were calculated. All but Au was
calculated to be predominantly in the zero-valent state (Table V). These results are consistent
with the observation that most noble metals have very limited solubility in waste glass [14, 15]
and precipitate out as zero-valent metals in the melter.

Even thought the anions of Cl, F, and | don’t solvate in the melt like the cations, oxidation states
of these were estimated us Equation 2 or 3. Chlorine and fluorine were calculated to be
predominantly in the -1 oxidation state in the melt. In contrast, iodine was found to be the zero
valent state (I, gas). This is consistent with the observation that iodine is considerably more
volatile in the melter than is chlorine or fluorine [16].

Selenium is another component that is known to be volatile in commercial glass melters [8]. The
Redox calculations performed here indicate that Se(IV) is more stable than Se(VI). A lower
oxidation state such as zero or -2 may be more stable than Se(IV) but this could not be
determined from the present analysis. This is because the standard potential of the Se(IV)-Se(0)
Redox couple would have had to be used from aqueous solution in the absence of one measured
for waste glass. Zero-valent selenium is a solid at ambient temperatures but is a gas at melter
temperatures [7, 8]. The gas and solid phase will not have the same thermodynamic stability, so
the zero-valent selenium E° for aqueous solution cannot be comparable to the melt E°.
Consequently, the present analysis can only support that the oxidation state of selenium in the
melter is lower than +6. If Se(0) or Se(-2) are the stable form of selenium at the melt
temperature, than selenium would be volatile in the melter than if it were in the +4 oxidation
state because zero-valent selenium is a gas, and because Se(-2) can volatilize from the melter as
H,Se [7].

These results explain the leaching behavior observed for As during the Toxicity Characterization
Leach Procedure (TCLP), a durability test for HLW glass [17]. Both As and Fe leaching are
found to be highly retarded during the TCLP test, with the Fe forming Fe(hydro)oxide minerals
at the glass surface [17, 18]. At pH = 4.9, As(V) is readily immobilized by reacting with
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Fe(hydr)oxides at pH = 4.9, but As(l11) is not [19]. Arsenic (I11) is highly soluble at pH = 4.9.
The thermodynamic calculations indicate that As(V) is the stable phase in glass, and the As
leaching behavior is consistent with an As(V) species. Thus, the oxidation state calculations
performed here explain the retarded leaching of As under TCLP conditions.

Chromium was found to be predominantly in the trivalent state. Chromium is well known to
increase the crystallization of spinel crystals (Cr, Fe, Ni, Zn, and Mn tetraoxide) in waste glass
[20]. The enhancement of spinel crystallization is expected to be from Cr(l1I) rather than from
Cr(VI1) which won’t fit in a spinel structure [21, 22]. Hence, the oxidation state calculations are
consistent with the behavior of chromium in the waste glass. The oxidation state of chromium
[23] as well as all Redox couples [4] are known to change with glass composition. Therefore,
the oxidation states calculated here, while representative of high-level waste glass, are not
necessarily identical to all high-level waste glass. Per Equation 1, the +6 oxidation state is
increasingly favored as the temperature decreases. This is consistent with the observation of
Hrma et al. [23] that chromium solubility increases below a threshold temperature because the
concentration of Cr(111) decreases with decreasing temperature and the concentration of Cr(VI)
increases with decreasing temperature.

Rhenium and technetium have similar chemistry and rhenium has frequently been used as a non-
radioactive analogue for technetium [24]. The calculations for this glass at 1150 °C indicate that
rhenium is in the +7 oxidation state whereas technetium is in the +4 oxidation state. Freude et al.
[25] also noted that technetium(V11) is considerably easier to reduce than rhenium(V1I) in molten
glass. The higher oxidation state (+7) of both technetium and rhenium are more volatile than the
lower oxidation state [24]. Thus, use of rhenium as a tracer for technetium is likely to over
estimate the volatility of technetium from the melt. However, much of the volatilization likely
occurs in the melter cold cap where the temperature is lower. At cold cap temperatures, both
rhenium and technetium are in the +7 oxidation state. Thus, the oxidation states calculated in
this study are not representative of the cold cap, and the elements may have different oxidation
states in different portions of the melter that govern their behavior [24].

CONCLUSION

This paper uses a regression analysis based of the measured relationship between the standard
potential of Redox couples in aqueous solution with the standard potential in high-level waste
glass. Two separate regression equations were needed one (Equation 2) is used when there is
one electron transferred during the Redox reaction, the second (Equation 3) is used when two or
more electrons are transferred. The R? for these regressions was 0.96 and 0.83, respectively.
These regression equations were then used to calculate the Redox ratio of multivalent elements
in an example high-level waste glass. The Redox ratio calculations are consistent with
experimental observations available. The oxidation states of these elements explain their
behavior during vitrification and leaching scenarios. For instance, iodine is more volatile than
other halides because iodine is in the more volatile zero valent oxidation state whereas the other
halides are in the less volatile -1 oxidation state. Arsenic exhibits limited leaching because it is
in the +5 oxidation state and chromium increases glass crystallization because it is in the +3
oxidation state.
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