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Executive Summary

The objective of this research is to increase the knowledge of the fundamental technetium
chemistry necessary to address challenges to the safe, long-term disposal of high-level nuclear
waste posed by this element. The primary issues examined during the course of this project were
the behavior of technetium and its surrogate rhenium during waste vitrification and glass

corrosion.

Technetium poses a number of challenges to the effective stabilization of nuclear waste in glass
waste forms. The main challenge is the volatility of certain technetium compounds at high
temperatures that result in decreased technetium loading in the waste and contamination of the
melter and off gas systems. Under certain waste vitrification schemes, the volatilized technetium
has a large impact on the performance assessment of the repository into which the waste glass

will be placed.

A number of studies have shown that reducing conditions decrease the volatility of technetium
during vitrification. This observation is consistent with the known chemistry of technetium. Two
oxidation states, Tc(VII) and Tc(1V), are stable under conditions present during vitrification. A
number of Tc(VII) complexes, including Tc,O; and the alkali metal salts of pertechnetate
(TcOy), are volatile at glass vitrification temperatures, but no Tc(IV) compounds are known to
be volatile at these temperatures (TcO, can disproportionate to form volatile Tc,O; under some
conditions). Consequently, oxidizing conditions that promote the formation of Tc(VII) should
increase technetium volatility, while more reducing conditions should decrease technetium

volatility, as observed.
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Since the redox behavior of technetium can play a large role in determining its volatility, one
goal of this research was to better understand the behavior of technetium in glass as a function of
the redox potential of the glass melt. In addition, the behavior of rhenium was examined, since
rhenium is commonly used as a surrogate for technetium in waste vitrification studies. A number
of glasses similar to Hanford Low Activity Waste (LAW) glasses were prepared under controlled
atmospheres. The redox state of the glass was determined from the Fe(ll)/Fe(lll) ratio in the
cooled glass, and the speciation of technetium and rhenium was determined by x-ray absorption

fine structure (XAFS) spectroscopy.

Glasses with Fe(ll)/total iron ratios more than ~0.25 (equivalent to an oxygen fugacity of
~100 ppm) contained either Tc(IV) or metallic Tc (under very reducing conditions). We had
hypothesized that rhenium would behave similarly to technetium but would require somewhat
more reducing conditions to produce glasses in which Re(IV) was the predominant species.
Surprisingly, we did not find any evidence for Re(IV) in the waste glasses investigated.
Consequently, under certain reducing conditions, rhenium is would not be useful as a surrogate
to model the redox behavior of technetium during waste vitrification. However, rhenium is a
useful surrogate for technetium under oxidizing conditions where both elements are present in

the +7 oxidation state.

The behavior of rhenium and technetium during glass alteration was also examined using the
vapor hydration test (VHT). The VHT employs hydrothermal conditions to accelerate the rate of
glass alteration. In the VHT, a glass coupon is exposed to a water-saturated atmosphere in a

sealed pressure bomb at elevated temperatures for specified time intervals. At the end of the test,
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the coupon is sectioned and analyzed to determine the thickness of the reacted layer, which gives
a measure of the rate of reaction, and the types and compositions of the alteration phases
produced. Previous work has shown that water diffuses into the glass ahead of the alteration
zone and that alteration phases can develop either in place of the native glass or growing out
from the coupon surface. However, to the best of our knowledge, Tc behavior is unknown with
regard to mobility and speciation within a borosilicate waste form under VHT conditions. In
view of the practical importance of rhenium, which is commonly used as a non-radioactive
surrogate for Tc, tests were also performed on two Re-containing waste glasses to allow
comparisons with the behavior of Tc. The speciation and local coordination environments of Tc
and Re, in the original glasses and the corresponding VHT samples, were determined using

XAFS spectroscopy.

The XAFS and scanning electron microcopy (SEM) information obtained for the original
Tc-containing glasses and corresponding VHT samples shows that the alteration processes that
took place, significantly changed the Tc valence and distribution within each sample. XAFS data
show that despite having different initial Tc distributions in the two original waste glasses, all Tc
was reduced to Tc(IV) as both glasses were altered under VHT conditions; this behavior is likely
due to scavenging of oxygen due to corrosion of the stainless steel vessel. Both XAFS and SEM
show that Tc concentrated near the VHT sample surface. Since there is no clear evidence from
SEM or X-ray diffraction of Tc-containing crystals in either VHT altered sample, amorphous

Tc-silicate gel-like phases may have formed near the sample surface.

Re behaved quite differently from Tc in response to VHT alteration. Re speciation remained

unchanged from the original glass to the altered samples, where most, if not all Re is present in
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the +7 oxidation state as perrhenate (ReO,’). Re,O; concentrations increase from small values
near the VHT sample surface to values near that for the original glass toward the sample center.
This behavior indicates that some Re was lost from the outer portions of the VHT coupon, which
is not consistent with Tc behavior. Re is not a good surrogate for Tc under VHT conditions,
which reinforces the earlier findings concerning different Tc and Re behavior as these elements

are incorporated into waste glasses.
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l. Introduction

Research Objectives

The primary objective of this work is to better understand the fundamental chemistry of
technetium throughout its waste cycle, from its behavior in high level waste tanks and waste
form materials to its behavior in waste repositories and closed high level waste tanks. The
long-term immobilization of technetium is complicated by uncertainties about its behavior in
waste form materials. For example, previous work has shown that technetium will not remain
reduced in grout containing blast furnace slag due to oxidation of lower valent technetium
species by atmospheric oxygen; consequently, technetium leach rates from reducing grout waste
forms should be expected to increase as the grouts age and oxidize.® Our proposed research
complements previous studies in two ways. The speciation, leaching, and volatilization of
technetium in the other major U.S. waste form, glass, has been studied to determine the role of
technetium oxidation state in its behavior. Analogous information has been obtained for rhenium
in the same glasses, so that large-scale experiments using rhenium as a technetium surrogate can
more accurately predict the behavior of technetium.

Approach

An integrated approach was used to address the main research objectives, the redox behavior of
technetium and its surrogate rhenium in waste glasses and the behavior of technetium and
rhenium in glasses during corrosion. The first focus is the redox behavior of technetium and
rhenium during the vitrification of waste glasses analogous to Hanford Low Activity Waste
(LAW) glasses. Glasses were prepared using Hanford waste surrogates and the same glass
precursors as the actual waste glasses with added technetium and rhenium. The glasses were
prepared under a variety of redox potentials by varying the composition of the atmosphere above
the melt (the actual redox of each glass was determined from the Fe(ll)/Fe(total) ratio of each
glass). The speciation of technetium and rhenium were determined using x-ray absorption fine
structure (XAFS) and Raman spectroscopy. The redox potential of the Tc(VII)/Tc(IV) couple
was determined from the ratio of Tc(VI1) to Tc(IV) in the glasses as a function of the glass redox
potential determined from the Fe(ll)/Fe(total) ratio. Rhenium behaved very differently from
technetium under these conditions and was found to be a poor surrogate for technetium.

The behavior of technetium and rhenium during glass corrosion was probed using the vapor
hydration test (VHT). VHT results in the rapid alteration of the glass into more stable crystalline
products. The altered sample was studied by a combination of optical microscopy, scanning
electron microscopy (SEM), and x-ray absorption fine structure (XAFS) spectroscopy.

Background

The radioactive chemical wastes from the nuclear weapons production program are a significant
and costly legacy of the cold war. These wastes, the bulk of which are currently stored in large
underground tanks at the Hanford and Savannah River Sites, will be immobilized in grout or
glass and entombed in waste repositories either on site, in the case of LAW, or in a National
Waste Repository for HLW.? One of the radionuclides of greatest concern in these repositories is
%Tc because environmentally mobile pertechnetate makes **Tc one of the major contributors to
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off site contamination via ground water.® Consequently, the behavior of technetium often drives
the selection and formulation of waste forms.

According to current plans, technetium will be immobilized in two very different waste forms,
glass and grout. Glass will be used to immobilize both the high level waste (HLW) and the low
activity waste (LAW) streams at Hanford. Glass is currently used to immobilize the high activity
waste stream at Savannah River, but this waste stream contains very little technetium.* Grout is
currently used to immobilize the low activity waste stream at Savannah River, which contains
the vast majority of technetium. Grout also will be used to fill the empty high level waste tanks
at both sites to reduce the migration of radionuclides from the tank “heels”, which is the waste
that cannot physically be removed from the tanks. Grout and glass waste forms present different
challenges and uncertainties with respect to technetium immobilization.

In glass, the preferred waste form for HLW, technetium presents two problems: the loss of
volatile technetium species during vitrification and leaching of technetium from the glass. The
chemistry of technetium involved in these processes is not well understood. A large portion of
the technetium can be lost during vitrification due to the volatility of certain Tc(VII) species,
which have not been completely identified.” Creating more reducing conditions in the glass melt
can decrease the amount of technetium lost, but excessively reducing conditions can lead to
processing problems (e.g., through he formation of molten metal and sulfide phases) and,
ultimately, damage to joule-heated ceramic melters. The second factor that complicates
long-term disposal of technetium in glass is a lack of information about the speciation of
technetium in glasses. It is not known whether the nature of the technetium species plays a role
in its leach rate or if the leach rate is entirely determined by the durability of the glass matrix.
Furthermore, little is known about the incorporation of technetium species into glass alteration
phases.
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I1. Redox Behavior of Technetium and Rhenium in Hanford Low-Activity Waste Glass

Introduction

The production of plutonium in the U.S. during the Cold War has generated approximately 80
million gallons of high-level nuclear waste, which is currently stored in large underground tanks
at the Savannah River site in South Carolina and at the Hanford site in eastern Washington.?
Treatment and safe disposal of this waste is among the most challenging remediation projects in
the U. S. The current plan for stabilization of this waste includes separation into a high-activity
and a low-activity waste stream.? The high-activity waste stream, which contains the bulk of the
radioactivity but only a small volume of the waste, will be converted into glass (vitrified) and
sent to the high-level waste repository, currently planned at Yucca Mountain. The low-activity
waste stream contains most of the chemical constituents of the waste including large amounts
sodium nitrate, sodium nitrite, sodium hydroxide, and small amounts of organic compounds such
as EDTA, formate, and acetate. The low-activity waste stream will also contain the majority of
the ®Tc present in the waste tanks at the Savannah River and Hanford sites. At the Savannah
River site, the low-activity waste stream is currently stabilized in grout waste form, Saltstone,
while at the Hanford Site, the low-activity waste stream will be vitrified.? In both cases, the
resulting low-level waste form will be interred in an on-site repository.

The radionuclides ?'Np, **’I, and *“Tc are of particular concern in the high-level waste
repository due to their long half-lives and high environmental mobility.® In the low-activity
waste repositories at the Savannah River and Hanford sites, “Tc is generally the radionuclide of
greatest concern since it dominates the dose received by people living off-site who drink
groundwater or use it for agriculture.> ™ ® The main reasons that *“Tc is so important in
determining the off site dose are its high fission yield (~6%), which results in a large inventory
of ®Tc in high-level nuclear waste, its long half-life, 213,000 yr, and the high solubility and
environmental mobility of pertechnetate, TcO,, the most stable form of Tc in aerobic
environments.

In addition to creating challenges for the long-term disposal of nuclear waste, technetium also
creates significant problems for vitrification of nuclear waste due to its volatility under these
conditions.> ®*? During vitrification, the volatile technetium compounds that are lost from the
glass melt must be captured in the off-gas treatment equipment. Secondary wastes from the
off-gas treatment systems must then be either recycled or stabilized in alternative waste forms,
which increases the amount of waste created. Under the conditions present in the glass melt, only
Tc(VI) and Tc(lV) are expected to be present since Tc(V) and Tc(VI) are unstable with respect
to disproportionation under these conditions. A number of Tc(VIl) compounds have significant
volatility at the temperatures (typically 1100-1200 °C) at which waste is vitrified.> ** ' On the
other hand, lower valent Tc compounds are less volatile under these conditions since reducing
conditions reduce the amount of Tc lost during vitrification.> ** ** Consequently, one of the
major factors in controlling Tc volatility during vitrification is the redox state of the melt. Since
iron is the most abundant redox-active element in the glass, the redox state is generally expressed
as the ratio of iron that is present as Fe(ll) to the total amount of iron, Fe(ll)/XFe. Most nuclear
waste vitrification processes operate under relatively oxidizing conditions, typically Fe(ll)/=Fe <

10
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0.3, to prevent the formation of separate metallic and metal sulfide phases,® which can
compromise the operation of the glass melter.

In addition to presenting problems for the vitrification of waste, Tc volatility also creates
practical challenges for the development of waste-glass formulations. While the preparation of
Tc-bearing glasses on the small, crucible scale is relatively straightforward, preparation of
Tc-bearing glasses at larger scales is much more difficult due to the problems caused by Tc
contamination of the melter and associated equipment, especially the effluent gas treatment
system. For this reason, Re is often used as a non-radioactive surrogate for Tc in such large-scale
experiments.> ** In analogy to Tc chemistry, Re(VII) and Re(IV) are assumed to be stable in the
glass melt. Although ReOj is known, it is unstable towards disproportionation above 300 °C.°
However, Re is substantially different from Tc in one respect: the standard reduction potentials,
in water, for the reduction of TcO, and ReO, to Tc(IV) and Re(IV) are significantly different,
0.74 and 0.51 V, respectively.'” '8 This difference is of great practical importance when using Re
as a surrogate for Tc in the development of conditions used to vitrify waste.

Since Tc(1V) is less volatile than Tc(VII), reducing conditions decrease technetium volatility.
Because of the difference in reduction potentials for TcO, and ReO,, a substantially more
reducing redox environment would be required to reduce ReO4 in comparison to TcO,. To
investigate the effect of Tc redox state on Tc volatility, as well as the behavior of Re as its
surrogate under the conditions present during vitrification, it is necessary to know the redox
conditions that are required to produce Tc(IV) or Re(IV) in nuclear waste glass. The redox
behavior of Tc and Re in a borosilicate melt has been studied previously by square-wave
voltammetry, and quite different results were obtained for Tc and Re.™

The goal of the present study is to better understand the effect of redox environment on Tc and
Re during vitrification. Toward that end, a series of glass samples was prepared under a range of
redox conditions. Among these glasses are examples that contain only Re, only Tc, and both Tc
and Re, the latter of which allows the direct comparison of the behavior of the two elements
under identical redox conditions. The formulations of these glasses is similar to those that will be
used to stabilize the low-activity waste stream at the Hanford site.®> The glasses reported here
were prepared from the same solid glass formers as planned for the Hanford facility (SiO,,
B(OH)3;, Fe 03, etc.) together with a chemical simulant of the anticipated low-activity waste
stream to which Tc and/or Re was added as TcO, or ReO,'.

The speciation of Tc and Re was determined using X-ray absorption fine structure (XAFS)
spectroscopy. In glasses where either element was present as a single species, extended x-ray
absorption fine structure (EXAFS) was used to determine the local structure of the metal ion and
to identify the species. The X-ray absorption near edge structure (XANES) spectra of these
species were used as standards to determine the speciation in glasses that contained a mixture of
species.

Experimental details

Reagent-grade chemical stock compounds were used for glass synthesis. Water was deionized
using a MilliQ system. Oxide components of the prepared glasses were determined by X-ray
fluorescence (XRF) spectroscopy with a relative uncertainty of 4%. XRF analyses utilized an

11
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ARL 9400 X-ray fluorescence spectrometer with XRF composition values determined using
NIST standard glasses as standards. Technetium concentrations were determined by liquid
scintillation measurements on acid-dissolved glass samples and have an uncertainty of 4%. B,O3
and Li,O values were determined by direct-coupled plasma atomic emission spectroscopy on
acid-dissolved glass samples. The purity of all crystalline standards used in this study was
verified by powder X-ray diffraction. Fe(ll)/Fe(total) ratios were determined colorimetrically
using a manual adaptation of the method described by Whitehead and Malik, and have an
absolute uncertainty of 0.4%.% %

Two groups of borosilicate glasses were investigated. The first group, crucible glasses, was
prepared in a vertical tube furnace by suspending a Pt / 4% Au crucible in the center of the tube.
The top of the tube was externally cooled and contained quartz wool to trap the volatilized Tc
species. Prior to heating, the furnace was purged with gas (60 mL min™ for 2 hours, total volume
of the furnace is 360 mL) through a long needle. During the glass synthesis, gas was slowly
passed over the top of the tube and through a set of bubblers to trap any escaping Tc. These
glasses were formulations developed for the low-activity waste Envelope C (LAWC)
(specifically, for tank AN-107) and Envelope A (LAWA) (specifically, for tanks AP-101 or
AN-105) at the Hanford Site.?” The glasses were prepared by spiking a tank waste simulant
(1.55 mL for LAWC glasses, and 1.60 mL for LAWA glasses) with NaTcO,4 (0.32 mL, 0.106 M,
34 umoles) and NH;ReO4 (0.54 mL, 0.20 M, 0.11 mmol), stirring to create a homogeneous
mixture and then adding the glass components (1.63 g for LAWC glasses and 1.93 g for LAWA
glasses) to form a slurry, which was then heated according to the following schedule:

10 min 2hr

30°c—20MiN . 1199¢ shr

»140 °C »700 °C

700 °C—2M" 5770 °c—2"" 41150 °c—2" ,1150°C

The glass was cooled to room temperature in the furnace then removed from the crucible. The
compositions of the examples of LAWA and LAWC glasses are given in Table 1, and the
synthesis conditions are given in Table 2. The compositions of the glass components and the
waste simulants are given in the supplementary material.

Table 1. Compositions (wt. %) determined by XRF of crucible glasses®

(all glasses prepared in air)

Sample Glass Type TcO, ReO, SiO, Fe,03 Al,Oz B,03 Li,O Na,O K,0 MgO CaO Other®
11-118 LAWA 0.005-"> 44 75 59 91 023160 27 21 21 84
11-121 LAWC 0.003-- 46 59 62 107 24 124 03617 49 7.9
11-127 LAWC 0.048 0.04 45 59 6.2 103 22 156 03816 4.7 7.6
11-128 LAWC 0.0570.04 47 66 65 99 22 161 02516 51 7.6
11-129 LAWA 002 001 40 66 59 87 - 195 41 1.9 19 7.2
a) Relative uncertainty of 6% for the analyses on this sample

b) Element not present or below detection limit.

c) The other principal components are TiO,, ZrO,, and ZnO

12
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Table 2. Samples prepared under different redox conditions

Sample Name Glass Type Atmosphere Appearance
11-206 LAWA Air Brown
11-205 LAWC Air Brown
11-210 LAWA N> Dark brown
11-212 LAWC N> Dark green
11-214 LAWA 1:1 CO,/CO Dark green w/ metallic film
11-216 LAWC 1:1 CO,/CO Dark green w/ metallic film
11-218 LAWC 100 ppm Oz in Ny Dark green
11-219 LAWA 100 ppm Oz in N, Green-brown

The second group, melter glasses (Table 3), contains two sets of glasses. One set (LAWA1L) was
synthesized under oxidizing conditions and used a LAW Sub-Envelope Al waste simulant.” The
other glass set (HLWAZ-102) was synthesized under more reducing conditions and used a HLW
AZ-102 waste simulant.?® Rhenium-bearing waste glasses were synthesized in two similar
continuously-fed DuraMelter 100 (DM100) ceramic-lined, Joule-heated melters, where the melt
pools (~110 kg for LAW and ~180 kg for HLW) were maintained at 1150 °C and agitated using
an air bubbler. Glass production rates of up to 220 kg glass per day were used for each
production run of about 100-hours in duration. Glass samples from the melter were extracted at
various times during the melter run as Re concentrations were changed in the melt pool.

Table 3. Composition (wt. %) determined by XRF of rhenium glasses prepared in a continuous
melter

Sample Type Re,07 SiO;, Fe;03 Al,O3 B,0s ngo Na,O K,0 MgO CaO Other?
WVT-G-128b LAWAL 052 42 64 6.2 90 --° 188 045151 21 95
WVT-G-126b LAWAL1 083 46 59 64 9.0 --b 19.1 049158 20 87
WVT-G-125¢ LAWAL1 048 47 55 65 9.0 - 187 049136 2.1 9.0
WVT-G-150a LAWAL 022 45 66 64 90 --° 195 0511.94 1.90 8.6

BLG-G-113a HLW Az-102 041 48 116 6.0 125 3.3 109 0.160.08 0.37 6.2
BLG-G-85a HLW AZz-102 0.22 49 115 6.1 125 3.3 10.8 0.180.10 0.37 6.7
BLG-G-79a HLW Az-102 0.07 48 114 6.1 125 3.3 11.2 0.130.11 0.406.5
a) The other principal components are TiO,, ZrO,, and ZnO

b) Element not present or below detection limit

Tc K-edge (21044 eV) and Re Ly-edge (11959 eV) XAFS data were collected at the Stanford
Synchrotron Radiation Laboratory beamlines 4-1 and 11-2 using a Si (220) double crystal
monochromator. The harmonic content of the beam was reduced with a harmonic rejection
mirror or by detuning the monochromator by 50%. Samples were mounted in polycarbonate
holders sealed with Kapton tape. The holders were doubly contained in heat sealed polyethylene
pouches. Data were recorded in transmission using Ar-filled ion-chambers or in fluorescence
using a four-element Ge detector and was corrected for detector dead time effects. For crucible
glasses, the top surface of the intact glass ingot, which was in contact with the tube furnace
atmosphere, was probed with the exception of sample 11-219, which shattered. The top surfaces

13
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of the glass pieces were examined in this case. The information depth, above which 68% of the
obser;aed fluorescence photons originate, is 0.26 mm at the Tc K-edge and 0.06 mm at the Re L,-
edge.

EXAFS data analysis was performed by standard procedures® using the programs ifeffit,”® and
Athena/Artemis;?’ theoretical EXAFS phases and amplitudes were calculated using FEFF7.%
EXAFS data analysis and XANES fitting were performed as previously described.” ?° The
XANES fitting errors are extremely sensitive to the slope of the spectrum produced by the
pre-edge correction; to minimize the errors, the slope of the XANES spectra was included in the
fit. The Tc and Re XANES spectra were also analyzed by principal component analysis using the
program SixPack.*® The Tc spectra were spanned by 3 eigenvectors, which produced good fits
for the spectra of TcO,, Tc(lV), and Tc(0) in glass. The Re spectra were spanned by 2
eigenvectors, which produced good fits for the spectra of ReO4” and Re(0) in glass.*

The Tc XANES data for the glass samples had higher resolution than the reference spectra, so
the spectra of the glasses were convolved with a 1 eV wide Gaussian. In addition, Tc K-edge
XANES spectra for glasses 11-205 through 11-219 were smoothed using three iterations of simple
three-point smoothing. The Tc K-edge experimental resolution was ~3 eV and the Tc K-edge
core-hole broadening is ~6 eV (from FEFF7) yielding a spectral resolution of ~7 eV; the fit had a
range of 150 eV (21 independent data points) and used six parameters (energy shift, y-axis shift,
y-axis slope, and contribution of three standards). The fit for sample 11-219 had a range of 120
eV due to noise in the pre-edge region. The Re L,-edge XANES experimental resolution was
~2 eV and the Re L,edge core-hole broadening is ~5 eV yielding a spectral resolution of ~6 eV,
the fit had a range of 120 eV (20 independent data points) and used seven parameters (as above,
but four standards). The fitting process was done in two stages. First, the XANES spectra were
fit including all of the reference spectra. Whenever the contribution of the reference spectrum
was within one standard deviation of zero, the spectra were fit again with that spectrum
excluded. The final fit therefore includes only reference spectra that have non-zero contributions
to the fit. The results of initial fitting are included in the supplementary material.

Results

Identities of the technetium and rhenium species present in glass. One spectroscopic
technique that has been very useful for determining the speciation of Tc in samples that contain a
mixture of species is fitting the Tc K-edge XANES spectra of samples using the XANES spectra
of known Tc compounds as standards. % To determine the speciation of Tc and Re in glass
samples in this manner, it is necessary to obtain standard spectra corresponding to the specific
species present in the glass. This can be accomplished by using pure compounds, such as ReO,,
or by demonstrating that the reference sample contains only a single species. The reference
spectra for Tc(VI1) and Tc(1V) in glass were previously obtained,?® but the reference spectra for
metallic Tc in glass and for the Re species have not been reported. In this study, ReO, and ReO3
were used to obtain the reference spectra for Re(1V) and Re(V1). The other standard spectra were
from glass samples that contained a single species as determined by EXAFS.

NH4ReO, was initially used as the Re(VII) standard, but its Re L, XANES spectrum is

somewhat different from that of Re(VII) in glass in that the large peak at the absorption edge
(white line) of Re(VII) in glass is broader than that of NH4;ReO,4. The EXAFS spectra of Re(VII)

14



The Catholic University of America
Vitreous State Laboratory

Program to Investigate the Fundamental Chemistry of Technetium
Final Report, VSL-07R5200-1

in glasses prepared in both crucibles and melters are shown in Figure 1, and the fit parameters
are given in Table 4. In all of these cases, the only important Re species in the glass is Re(VII),
and the fitting parameters are similar. The XANES spectrum of 11-205 was used as the standard
for Re(VII) in glass.

6

Normalized Absorption
N w N (&3]
l | | |
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=
|
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PhotonlElr?egrsgy (eV) Z<(A'1) ° t R+2A A)
Figure 1. Re L, XANES spectra (left), EXAFS spectra (center) and Fourier Transforms (right)
for Re(VI) in glass (a) WVT-G-126b, (b) BLG-G-113a, (c) 11-205. Data are depicted as points;
fit is indicated by the solid line. Fit range: 3<k<11; 0.8 <R<2.5.

Table 4: EXAFS parameters for Re(VI1) in glass (So’= 1)

Sample AEy (eV)  R-factor® n:;gorfbc;rs R (A) o? (A%
NH4ReO, 6(4) 0.038 4(1) 1.73(1) 0.002(2)
11-205 2(3) 0023  47(8) 1.75(1) 0.002(1)
WVT-G-126b 2(3) 0.031  45(8) 1.73(1) 0.003(1)
WVT-G-125¢ 1(2) 0.015  4.1(5) 1.72(1) 0.002(1)
WVT-G-150a 0(2) 0.008  4.3(6) 1.73(1) 0.003(1)
BLG-G-113a 1(3) 0.018  4.3(9) 1.73(1) 0.002(1)
BLG-G-85b 5(1) 0012  45(9) 1.74(1) 0.001(1)

a) R-factor = Y. (y;(data) — y;(fit)) / 3. (y;(data))?

The identities of the metallic Tc and Re species in the glass, Tc(0) and Re(0), were determined
from the EXAFS spectra of the LAWA and LAWC glass samples prepared under highly
reducing conditions generated using a 1:1 CO/CO, atmosphere. In both cases, a metallic film
formed on the surface of the glass sample. The Tc K edge and Re L, edge EXAFS spectra of
these samples are shown in Figure 2. The distances determined from fitting the EXAFS are in
good agreement with the hcp structure of the metals.** ** Both samples are actually Tc/Re alloys:
sample 11-216 has a Tc/Re ratio of 6:1 and sample 11-214 has a ratio of 1:3. Since 11-216 contains
mainly Tc in the metallic phase, it is referred to as Tc(0), and 11-214 is referred to as Tc/Re. The
very different appearance of the spectra of 11-214, compared with that of 11-216, is due to the
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Ramsauer-Townsend effect, which makes peaks corresponding to the scattering from Re atoms
appear to be split.>* Despite the difference in appearance of the spectra, the structural parameters
derived from the fitting the spectra are very similar in both samples. The EXAFS data are
otherwise unremarkable. Most importantly, the lack of a peak at R<2 shows that no O neighbors
are present in either the Re or Tc coordination environment.

11-216

11-214

I

11-214

9 11 13 0 2 4 6
k (A1) R+A (A)
Figure 2: EXAFS spectrum and Fourier transform for Tc and Re metal standards: 11-216 is the
Tc(0) standard and 11-214 is Re(0) standard. Data are indicated by points; fit is indicated by the
solid line. Fit range, Tc K edge: 3<k<15; 1.9<R<6; Re L, edge: 3<k<11.8; 1.2<R<5.9. Note: the
Re L, edge EXAFS are truncated at 12 A due to the presence of the Re L; edge at 12527 eV.

3 5 7

The XANES spectra of the standards are shown in Figure 3 along with the XANES spectra of Tc
and Re metal foils. Although the Tc K-edge XANES spectra of metallic Tc in glass, Tc(0) (lI-
216) and Tc/Re alloy (I1-214), are similar to the spectrum of bulk Tc metal, the spectra are not
identical. In particular, the intensity of the transition at the absorption edge is slightly larger in
the Tc(0) and Tc/Re alloy spectra than in Tc-foil, and the position of the feature at ~21125 eV
changes as a function of the Re contents of the alloy. In contrast, the Re L,-edge XANES spectra
of Re foil and Tc/Re are significantly different. Compared to the XANES spectrum of Re foil,
the white line of the Tc/Re XANES spectrum is significantly larger although the edge shift is
only slightly different from that of Re foil (11957.6 eV versus 11958.2 eV). The white line is due
to the 2py; to 6ds, transition, and its intensity is proportional the number of vacancies in the
6dsy level.* In a Tc/Re alloy, the intensity of this transition is expected to be greater than in pure
Re metal. Tc is more electronegative than Re and will lower the Fermi level at Re in a Tc/Re
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alloy relative to Re in the metal, which would create more vacancies in the 6ds;, level of the
Tc/Re alloy. This effect has been previously observed in Pt alloys.® % Apart from the intensity
of the white lines, the XANES spectra of Re foil and Tc/Re in glass are similar.

H

Tc/Re

Tc foil

Te(VII)

Re(VIl)

11920 11970 12020 21050 21100 21150
Photon energy (eV)

Figure 3: Re L,-edge XANES standard spectra (left) and Tc K-edge standard spectra (right) used
to determine Re and Tc speciation in glass samples. Tc(0), Tc/Re, and Re(VII) correspond to
11-216, 11-214, and 11-205, respectively.

Rhenium speciation in melter glasses. As noted in the introduction, Re is used as a
non-radioactive surrogate for Tc in large-scale melter studies to avoid the hazards created by Tc
volatilization. For this reason, the redox state and Re speciation in a series of Re-containing
nuclear waste glasses prepared in a large melter were examined. The results from fitting the
EXAFS spectra of these samples are reported in Table 4. In all cases, the number of oxygen
neighbors and the Re-O bond lengths are consistent with the presence of only Re(VIl). In both
ReO, and ReOs, the Re center has six oxygen neighbors, and the Re-O distances are much
longer, 2.00 A and 1.87 A, respectively, while in ReO,4, the Re center has only four oxygen
neighbors and a shorter Re-O distance as seen in Table 4.3" ® The results from fitting the
XANES spectra are reported in Table 5. Both techniques show that the only important Re species
in these samples is Re(VI1), which is not surprising in light of the anticipated stability of Re(VI1)
in alkali rich glass melts suggested by its aqueous reduction potential under alkaline conditions,
-0.59 V at pH 14.
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Table 5: Re speciation in melter glass samples determined from analysis of the Re L, XANES
spectra

Fe(I)/

Sample Type SFe Re(0) Re(VIl)

WVT-G-1280 AZ-102 0.019 0  0.985(6)
WVT-G-126b AZ-102  0.043 0 0.965Q2)
WVT-G-125¢c  AZ-102 0.108 0 0.982(3)
WVT-G-150a AZ-102 0.034 0 0.971(3)
BLG-G-113a LAWAL 0.105 0.025(8) 0.967(5)
BLG-G-79a LAWAL 0.128 0  0.986(5)
BLG-G-85h LAWAL 0.058 0  0.989(4)

Technetium and rhenium speciation in crucible glasses. The Tc and Re species present in the
glasses were determined by fitting the XANES spectra of the samples using a linear combination
of the XANES spectra of the standard species shown in Figure 3. The XANES spectra and fits
for the glass samples are shown in Figure 4, and the fitting results are given in Table 6 along
with redox potential (as Fe(l1)/ZFe) for each sample. These results show that Tc(0), Tc(IV), and
Tc(VII) may be observed in the samples, depending upon the redox conditions present during
vitrification. In marked contrast, the results from fitting the Re L, XANES spectra show that
only Re(0) and Re(VII) are present. The fraction of Re(IV) or Re(VI) observed in any of the
samples was not statistically different from zero. The absence of these oxidation states is most
obvious in sample 11-212, which contains both Re(0) and Re(VI1) but not Re(IV) or Re(VI).
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Figure 4: XANES spectra (red) and fits (black) for glass samples at the Re L,-edge (left) and Tc
K-edge (right). Sample numbers are given above the corresponding spectrum.

11-219

Table 6: Tc and Re speciation in crucible glass samples determined by XANES analysis

Sample erg;z/ Re(0) Re(VI) Tc(0) Tc(v) Te(VIN
118 0119 b b 0 021(1) 080(1)
121 0237 b b 0 0.78(3) 017(4)
127 0439 0 098(1) 0.06(1) 027(1) 0.67(1)
128 0081 0  0981) 0  013(1) 0.87(1)
129 0089 0 0982 0 0 1.00(1)
1205 0223 0 1° 0 047(1) 052(1)
1206 0179 0  1.001) O 0 1.00(2)

11-210 0162 0  1.02(3) 0  0.48(2) 051(3)
11-212  0.988 0.41(1) 0.63(1) 0.78(5) 0.23(4) 0

11-214 0.998  1° 0 1001 O 0
11-216  0.994 1.05(1) 0 1° 0 0
11-218  0.843 0.09(3) 0.98(2) 1.00(1) O 0

1-219 0283 0 1051 0 1004 O

a) Standard deviation: 2% of the value, determined from duplicate measurements
b) Sample contains no Re
c) Spectrum used as a standard in fitting

19



The Catholic University of America Program to Investigate the Fundamental Chemistry of Technetium
Vitreous State Laboratory Final Report, VSL-07R5200-1

Discussion

The redox environment of the crucible glasses is a function of both the atmosphere under which
the glasses were prepared and the composition of the mixture used to prepare the glass, which
contains both organic compounds that create reducing conditions and high concentrations of
nitrate that create oxidizing conditions during vitrification of the samples. From this standpoint,
the main difference between the LAWA and LAWC glasses is that the LAWC waste surrogate
contains a higher concentration of organic compounds, which produces a more reducing
environment than the LAWA glasses during vitrification.

The speciation of Tc in glasses is expected to vary with oxygen fugacity, fO,, during the
preparation of the glass since the Tc species present in the glass are in equilibrium with O,, as
shown in Eq. 1, where n is the charge of the oxidized species and m is the difference in the
number of electrons in the two oxidation states.***! Schreiber and coworkers showed that this
equilibrium can also be represented by Eq. 2, where E* is the -log(fO,) at which the
concentrations of the two oxidation states are equal, to obtain a straightforward relationship
between the fO, and the redox state of the metal ion.*® This equilibrium is obeyed by a wide
variety transition metals in borosilicate glasses prepared by equilibrating the glass melt with an
atmosphere of known fO,. Using these results, fO, for glasses listed in Table 6 can be determined
from Eq. 2 and the measured ratio of Fe(ll) to Fe(l11) in the glass. The ratio of Tc(I1V) to Tc(VII)
as a function of fO, can then be compared as shown in Figure 5 for samples that contain
observable quantities of Tc(IV) and Tc(VII).

(n-m)

2_
AMmeit + 2MO et «——> 4M V™ + MmO (ga) (1)

M(n—m)+ .
—Iog(fOz):ilog [—] +E (2)

"]

5.0

-log(f0,)
w N
o o

w
o
I

Ut
a
1

2.0 . . .
-1 0.5 0 0.5

log[Tc(IV)/Tc(VIN)]
Figure 5. Relationship of Tc redox state to oxygen fugacity determined from Fe(ll)/ZFe. Data are
indicated by diamonds and the least-squares fit is indicated by the solid line.
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The data shown in Figure 5 are consistent with the anticipated behavior of Tc(VII) and Tc(IV) in
the glass. The least-squares linear fit to the data has a slope of 1.4 versus the expected value of
4/3, and E* is 4.0. The value of E* may be compared to previous work in a somewhat different
system by Freude, et al. in which the reduction potential, Eo’ of the Tc(VII)/Tc(1V) couple was
determined to be —0.18 V in a borosilicate melt at 1000 °C by square wave voltammetry.*® The
relationship between E* and Ey’ is given by Eq. 3,

« [ —4F )Ep
E _(Rln(lo)jT 09(0.21) (3)

where F is the Faraday constant, R is the gas constant, and T is the absolute temperature. The
value measured by voltammetry, E;” =-0.18 V at 1000 °C, is equivalent to E* =3.6, which is in
good agreement with the value obtained here. It should be noted that E* for Tc is expected to
change somewhat as the glass sample cools since the Tc(IV)/Tc(VII) couple has a different
potential than the Fe(l1)/Fe(111) couple,** which is consistent with the slightly higher value of E*
determined here: Eo” of —0.18 V is equal to E*=4.0 at 825 °C. Overall, the behavior of the
Tc(IV)/Tc(VII) couple in the crucible glasses is consistent with the fO, present during the
formation of the melt as determined from the Fe(I1)/Fe(ll1) ratio in the resulting glass.

As anticipated from their reduction potentials, Re(VII) is more stable towards reduction in the
glass than is Tc(VII). This difference limits the conditions under which Re is a good surrogate
for Tc. For Fe(Il)/ZFe < ~0.1, the speciation of Tc and Re is similar since >90% of both elements
are heptavalent under these relatively oxidizing conditions. Similarly, for Fe(ll)/ZFe > 0.95, the
speciation of Tc and Re is again identical as both elements are present as the metal; however,
such highly reducing conditions are not very relevant to nuclear waste glass. Between these
extremes, the Re and Tc species present in the glass are generally quite different. As noted
above, a difference in speciation is anticipated because of the difference between the reduction
potentials of Re(VI1) and Tc(VII), and the speciation of Tc and Re reflects this difference. When
the speciation of Tc and Re are different, the average oxidation state of the Tc species is lower
than that of the Re species, as expected. However, Tc and Re do not behave congruently as a
function of redox state.

In particular, neither Re(IV) nor Re(VI1) appears to be stable in the glass. In contrast, the
behavior of Tc is quite different as Tc(0), Tc(IV), and Tc(VII) all appear to be stable. This
difference between the behavior of Tc and Re was unanticipated. It had been assumed that the
speciation of Re in glasses created under more reducing conditions would mimic the speciation
of Tc in glasses created under more oxidizing conditions. However, the observation that only
Re(0) and Re(VII) are present in the glass shows that Re may not be a good surrogate for Tc
under certain redox conditions, namely 0.1 < Fe(I1)/ZFe < 0.95.

The failure to observe Re(1V) and Re(VI) in these samples suggests that these species might not
be stable under conditions present in the melter. Evaluation of this hypothesis is hampered by a
lack of thermodynamic data, especially for M(IV) dissolved in the glass melt, where M = Tc or
Re. However, the stability of Re(IV) and Tc(IV) in the melt can be approximated using
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thermodynamic parameters of the tetravalent compounds ReO, and TcO,. For the purposes of
this discussion, two disproportionation reactions, Egs. 4 and 5, are of interest. The first is
disproportionation of M(IV) to M(0) and M(VII), which has already been analyzed in detail by
Migge.** ** Since the glass melt is sodium-rich, the second reaction may be a better
approximation of the behavior of Tc and Re in the melt.

7 MO, — 3 M + 2 M04(9) (4)
7 MO, + 2 Na,SiO3 > 3 M + 2 SiO, + 4 NaMOy (5)

A plot of the Gibbs free energy of reaction 5 as a function of temperature is given in Figure 6.2
A number of assumptions were necessary to calculate the energy of reaction 5. The heat
capacities of NaTcO, and TcO, were assumed to be the same as those of NaReO, and ReO,, and
the heat capacity of Re was assumed to be the same as W since the heat capacity of Re at high
temperature was not available. However, the main assumption is that reaction 5 is a good
approximation of the behavior of these species in the glass melt. Because of the last assumption
in particular, the trends shown in Figure 6 are qualitative rather than quantitative. Nevertheless,
the trends shown in Figure 6 are consistent with the observed behavior of Tc and Re in this study
as well as with previous observations. In particular, the previous voltammetric study of the
behavior of Tc and Re in glass showed that two reduction peaks were present in the Tc system,
which could be assigned to the Tc(VII)/Tc(1V) and Tc(IV)/Tc(0) couples. However, in the Re
system, only one reduction peak was observed at all square-wave frequencies. This observation
was explained by a superposition of the Re(VII)/Re(IV) and Re(IV)/Re(0) couples and the
suggestion that Re(IV) was unstable under these conditions was forwarded. Previous
thermochemical calculations of the rhenium-oxygen system also have suggested that Re(IV) may
be unstable under these conditions.* *?
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Figure 6. Plot of the Gibbs free energy of reaction 5 as a function of temperature.
Disproportionation of Re(IV) becomes exothermic at high temperature.

Conclusions

The speciation of Re and Tc have been examined in a series of nuclear waste glasses prepared
under different redox conditions. To a large extent, Tc behaves as expected based on its known
chemistry. On the other hand, Re behaves very differently under these conditions, and Re(IV)
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appears to be unstable with respect to disproportionation. Calculation of the Gibbs free energy of
the disproportionation reaction using the thermodynamic values of ReO, and TcO; as estimates
for those of Re(1V) and Tc(1V) dissolved in the melt suggests that Re(IV) will disproportionate
at high temperatures but Tc(IV) will be stable. This difference limits the applicability of Re as a
Tc surrogate. While Re is a good surrogate for Tc under oxidizing conditions, it is a poor
surrogate for Tc under even slightly reducing conditions, including those intended to limit Tc
volatility by converting volatile Tc(VII) into less volatile Tc(V1). It should be noted that these
conclusions are only valid for the borosilicate glasses examined in this study, and Tc and Re may
behave differently in other glasses, such as iron phosphate glasses.
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I11. Raman Studies of Technetium in Borosilicate Waste Glass

Introduction

Raman measurements were made on seven borosilicate glasses containing Tc and their Tc-free
counterparts to determine the utility of this technique to detect Tc in waste glasses and to
complement previous X-ray absorption spectroscopy (XAS) investigations.*

Raman spectroscopy may be able to detect pertechnetate at relatively low concentrations in
borosilicate materials. Borosilicate glasses, such as waste glasses designed for radioactive waste
encapsulation, have relatively weak Raman cross-sections. In contrast, the Raman cross-section
of pertechnetate is large.*®

Raman studies of Tc have concentrated on aqueous solutions and crystalline oxides containing
pertechnetate anions.*® *’ Raman-active modes from pertechnetate tetrahedra are grouped in two
pairs centered near 320 and 910 cm™;*’ these peaks are relatively narrow having 20 to 40 cm™
widths. The more intense of the two pertechnetate peaks, near 910 cm™, is due to symmetric and
asymmetric Tc-O stretch modes within TcOj tetrahedra (v1 and vs, respectively).*” The weaker
pertechnetate peak, near 320 cm™, is due to symmetric and asymmetric O-Tc-O bend modes (v
and vy, respectively).*’” Due to its relatively large Raman intensity, the 910 cm™ peak area may be
useful for the quantitative determination of the pertechnetate concentration. Similar to the
behavior of sulfate Raman-active modes in crystalline and amorphous oxides,* the frequency of
the v, pertechnetate mode may be sensitive to cation bonding around TcO, tetrahedra in various
crystalline compounds.®® In view of the lack of information in the literature about Raman modes
for reduced Tc species, the Raman sensitivity may be poor for Tc*" in waste glasses.

Raman studies of borosilicate waste glasses (for example, ref. *°) show that most spectral
features are assigned to vibrational modes from the borosilicate network. These features are
typically broad and have widths greater than 100 cm™. Bands near 1400 cm™ are assigned to B-O
stretch modes within BOs units. Contributions to bands between 800 and 1200 cm™ are
dominated by T-O stretch motions within tetrahedra, where T is typically Si or Al. The broad
envelope at frequencies below 800 cm™ is assigned to delocalized displacements that include Si-
O-Si bend, as well as longer-range motions within rings that are made up of various numbers of
linked tetrahedra.

Experimental details

A 0.106 M pertechnetate solution, prepared by dissolving ammonium pertechnetate in dilute
nitric acid, was used for Raman spectral comparisons with the Tc-containing glasses
investigated. Reagent-grade chemical compounds were used for the glasses synthesized (Table
7); glass synthesis details are discussed in the previous section. Compositions for these glasses
were determined by X-ray fluorescence spectroscopy (XRF) of the solid samples and by direct
coupled plasma atomic emission spectroscopic (DCP-AES) analyses of acid-digested samples
(Table 7). All glass samples used for Raman measurements were irregular shards with
conchoidal fracture surfaces and were determined to be crystal-free by X-ray diffraction. All
glasses were synthesized by melting at temperatures near 1150 °C, except for the more silica-rich
1-283 glasses (Table 7), which required a higher melting temperature near 1250 °C. The Tc-free
1-283Tc0 glass was found to contain a small amount of unreacted reagent; Raman and XRF
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measurements were made solely on the glassy portions of this sample. The higher melting
temperatures and resulting undissolved reagents in the 1-283TcO0 glass lead to larger composition
differences with respect to 1-283 glass (Table 7). Spectral differences between 1-283Tc0 glass
and 1-283 glass (Figure 8b) are consistent with 1-283Tc0 glass being Na,O-rich and slightly
SiO,-poor compared with 1-283 glass.

Table 7. Major oxide components of the standard glasses from XRF analyses (wt.%);
uncertainties are £ 4% of the values listed. Tc values are from liquid scintillation measurements;
uncertainties are + 5% of the values listed; Tc species determined from Tc XANES fitting.' B,O3
and Li,O values are from DCP analyses. “Other” indicates other components that include: CI,
Cr,03, CuO, F, MnO, NiO, P,0s, SO3, SrO, TiO,, ZnO, and ZrO,. * indicates the value is from
the target composition.

Glass Te h'}'sg":’f?gfs Fe,0s ALO; B,0; SiO, Other

OXidiZf_‘;g’;a”dard 108;,/%5%“ Ng;g fé:;“ 007 1424 623 6051 015

1-283 TcO 0 Ng;g féé?’ 007 1448 400* 5920 0.0
Na;O 15.14

Reduc‘??_f;a”dard 10%'0%00“ '\}238115917 621 731 1210 4461 871
Ca0 2.03
Na;O 14.79

11-13 TcO 0 “lﬂfgffg 600 725 12.10* 4515 891
CaO 2.10

Raman spectra were measured for the pertechnetate solution and glass fragments using a single
grating spectrograph-notch filter system.”® An EXCEL Model 3000 Ar" laser provided the
5145 A wavelength incident light that was directed through a broad band polarization rotator
(Newport Model PR-550) to the laser microscope which guided the laser light down to the
sample surface through a long working distance Mitutoyo 10x microscope objective. The laser
light was focused to a 10 um diameter spot on each sample. To eliminate -radiation exposure
from each Tc-containing sample measured, the solution and glass fragments were encapsulated
within small silica glass vials so that the incident laser light could probe into and the scattered
light intensities could be recorded through the vial walls. The laser light power was
approximately 25 mW at the sample. Room temperature polarized spectra were gathered in
back-scattering geometry. The scattered light was directed through an analyzer polarizer in the
microscope column that was set to one orientation for all polarized spectra collected. After the
analyzer, the scattered light proceeded through holographic notch and super-notch filters (Kaiser
Optical Systems), which reduced the Rayleigh scattered light intensity by ten optical densities.
The notch filters were oriented in the scattered light path so that the filter cut-off frequency was

25



The Catholic University of America Program to Investigate the Fundamental Chemistry of Technetium
Vitreous State Laboratory Final Report, VSL-07R5200-1

minimized to near 60 cm™ from the laser line. Due to the relatively broad spectral features for
these samples, the incident slits of the JY-Horiba HR460 spectrograph were set to 6 cm™
resolution. The spectrograph used a 1200 line/mm grating (Richardson Grating Laboratory) that
was set to disperse the Stokes scattered light from the sample on to a 2048 x 512 element Peltier
cooled CCD detector (Model DU440BV, Andor Technology). The spectrograph was frequency
calibrated using CCl, so that the recorded frequencies are accurate to within +1 cm™.
Parallel-polarized (VV) or cross-polarized (HV) spectra were collected, where the incident laser
light was vertically or horizontally polarized, respectively, as it entered the laser microscope.
Each spectrum is an average of 10 accumulations, collected for 10 seconds each. All spectra
were corrected for notch filter, grating efficiency, and detector quantum efficiency effects on the
scattered light intensities (Figs. 7-11).

Two inter-related problems arise when comparing the Raman spectra of some of Tc-containing
and Tc-free glasses investigated: Rayleigh scattering differences, and color differences. The
Tc-containing waste glasses are slightly darker in color (brown-green) than their Tc-free
base-glass counterparts. This color difference is due to the slightly higher Fe concentrations for
the Tc-containing glasses (Table 7). The darker color of the Tc-containing glasses causes more
Rayleigh scattering, producing the larger “Rayleigh tail” (at frequencies under 200 cm™) for the
11-128 and 11-129 glasses than for the Tc-free LAWC22 and LAWA125 glasses (Figs. 10 and
11). The darker samples also absorb more of the incident laser light, and reduce the sample
volume producing the Raman signal. As a result of the color differences, rescaling of the
spectrum of a Tc-containing glass to the spectrum of the corresponding Tc-free glass was
necessary so that the main spectral features coincided as closely as possible (Figs. 8b, 9-11).

Results and Discussion

Solution and Glass Standards. The Raman spectra of the pertechnetate in HNOj3 solution
indicates TcO,  tetrahedral modes near 325 and 910 cm™ (Figure 7).*” The 910 cm™ peak, due to
Tc-O stretch modes, is strongly polarized, where the symmetric stretch mode accounts for the
VV component intensity, while the asymmetric stretch mode accounts for the VH intensity. The
325 cm™ O-Tc-O bend mode peak has little polarization dependence. Other peaks in the solution
spectra near 718, 1047, and 1400 cm™ are contributions from HNOs, as seen in the spectra of a
Tc-free HNOj3 solution.
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Figure 7. Polarized Raman spectra of 1% TcO, solution in HNOs. Pertechnetate modes (vi
through v,4) are indicated. The large, low-frequency feature is due to Rayleigh scattering; the
weak, broad feature near 480 cm™ is from the silica glass vial surrounding the solution. Features
marked with an asterisk are from the HNO3; component of the solution.

Raman spectra were collected for two standard Tc-containing glasses: 1-283 glass with 100% of
the Tc present as Tc’™ within pertechnetate tetrahedra, and 11-13 glass with 100% of the Tc
present as Tc** within six-coordinated oxygen environments (Figs. 7 and 8). Tc speciation and
coordination information for these glasses was determined by X-ray absorption spectroscopy.”®
* The Raman spectra of the Tc-free 1-283Tc0 glass contain the broad borosilicate network
features in the spectra for 1-283 glass, except for the narrow 325 and 915 cm™ peaks (Figure 8a),
which have the same polarization dependence (Figure 8b) as the 325 and 910 cm™ peaks,
respectively, in the pertechnetate solution data (Figure 7). The behavior of the pertechnetate
modes in the 1-283 glass spectra indicates that pertechnetate tetrahedra within this glass are in
environments similar to those in solution, wherein all pertechnetate anions are isolated from each
other and the borosilicate network. The 100% Tc** 11-13 glass spectra have no Tc-dependent
spectral features (Figure 9), because the spectra for I11-13 glass and the Tc-free 11-13TcO glass are
nearly identical. These results show that Raman spectroscopy is sensitive to pertechnetate
tetrahedra, but is insensitive to six coordinated Tc*" environments in borosilicate glass, even at

Tc concentrations near 700 ppm (see Table 7 for 11-13 glass).
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Figure 8. A) (Left panel) Parallel polarized Raman spectra of the oxidized Tc-containing 1-283
glass and Tc-free 1-283TcO0 glass. B) (Right panel) Polarized Raman spectra of 1-283 borosilicate
glass. Pertechnetate modes are indicated.
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Figure 9. Parallel polarized Raman spectra of the reduced Tc-containing 11-13 glass, and the Tc-
free 11-13TcO0 glass. No technetium related modes are observed in the I1-13 glass spectrum.
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Borosilicate Waste Glasses. Raman spectra were collected for five Tc-containing borosilicate
waste glasses, where Tc concentrations range from 30 to 570 ppm (Table 8), as well as their
Tc-free counterparts. A variety of different Tc species distributions are also represented in these
glasses: from the most oxidized glass, 11-129 (Table 8) to the most reduced glass, 11-121. The
chemically equivalent Tc-free base-glasses include LAWA125 and LAWC22 (Table 8). These
waste glasses can be divided into two groups based on their compositions: one (designated
“AP-101,” from the waste type) that includes Tc-containing 11-118 and 11-129, as well as Tc-free
LAWAI125; and a second (designated “AN-107") that includes Tc-containing I1-121, 11-127, and
11-128, as well as Tc-free LAWC22. The most Tc-rich waste glass from each of the two chemical
groups is compared in Figures 10 and 11 with its Tc-free counterpart (i.e.. 11-129 with
LAWA125, and 11-128 with LAWC22).
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Table 8. Major oxide components of the waste glasses from XRF analyses (wt.%); uncertainties
are £ 4%. Conventions in Table 7 apply.

Glass Network .
(recipe type) Tc Modifiers Fe,Os3 Al,O; B,O; SiO, Other
Li,0 0.23
1I-118 28(;/0$§4+ Na;0 16.00
(AP-101) o MgO2.06 753 588 906 4416 533
o K0270
80%TC™ a0 2.06
Li,O 2.39
11-121 88(;/0$§4+ Na,0 12.41
° MgO169 593 617 1069 4646 4.76
(AN-107) o K:00.36
20%TC a0 4.86
Li,0 2.17
11-127 250(;/3;1%“ Na,O 15.61
° MgO 1.58 588 624 1032 4523 7.62
(AN-107) S K00.38
HRTC a0 4.73
Li,O 2.24
11-128 18(;/0$Z4+ Na,0 16.12
i MgO 1.63 657 646 9.87 4719 7.5
(AN-107) o K:00.25
0%TC™ a0 5.08
Li,0 2.51
Na;O 14.40
'('AA,L’Y%% 0 MgO 1.51 542 607 10.05 46.60 8.04
K,0 0.08
Ca0 5.11

0.020 Na,0O 19.49

11-129 i
ShTct  MgO188  or 589 869 4025 7.8
(AP-lOl) + Kzo 4.06
95%Tc’"  CaO 1.86
Na,0 20.00
I-(/;\\\é\{?oll?f 0 '\}gg 41'24f 539 564 955 4291 8.76
CaO 1.94
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Waste glasses containing larger amounts of Tc’* (> 50 ppm), 11-118, 11-127, 11-128, and 11-129,
have enhanced Raman intensity near 900 cm™ in the VVV spectrum with respect to the Tc-free
equivalent glass (Figs. 10 and 11), similar to that observed for the 1-283 standard glasses. The
major Raman spectral features for Tc-containing and Tc-free glass pairs are similar. For 11-129
glass (Figure 10), intensity enhancement is mostly centered near 900 cm™ and continues as a low
frequency shoulder near 830 cm™. The Tc-free LAWA125 glass has larger Raman intensities
near 630 and 990 cm™ with respect to 11-129 glass, which are likely due to higher sulfate content
“® at the particular point measured for LAWA125 glass. For 11-128 glass (Figure 11), the
spectrum has intensity enhancement that spans nearly 160 cm™, which may be due to
pertechnetate v; modes at different frequencies. 11-128 glass has the highest Tc’* concentration
of all waste glasses investigated. Correspondingly, a barely discernable O-Tc-O bend mode near
320 cm™ is seen, superimposed on the low frequency envelope due to de-localized borosilicate
network modes (Figure 11); this feature is not observed in the spectra of the other waste glasses
(Figure 10). Similar to 11-13 glass, no Tc-dependent Raman features are observed for 11-121 glass
with respect to its Tc-free counterpart, LAWC?22, because 11-121 glass has the lowest Tc
concentration of all samples investigated, with approximately 30 ppm Tc of which 80% is Tc*.
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Figure 10. Parallel polarized Raman spectra of an AP-101 borosilicate waste glass containing
193 ppm Tc™* (11-129) and of the corresponding Tc-free LAWA125 borosilicate base glass. The
pertechnetate dependent feature is indicated.
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Figure 11. Parallel polarized Raman spectra of an AN-107 borosilicate waste glass containing
511 ppm Tc'* (11-128) and of the corresponding Tc-free LAWC22 borosilicate base glass.
Pertechnetate dependent features are indicated.
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Pertechnetate Mode Spectral Trends. The relative intensity of the pertechnetate Tc-O stretch
mode peak near 905 cm™ increases as the Tc'* concentration increases. This is seen by
comparing the spectra of the 10,000 ppm pertechnetate solution, the 1580 ppm pertechnetate
1-283 standard glass, the 511 ppm pertechnetate 11-128 waste glass, and the 193 ppm
pertechnetate 11-129 waste glass (Figs. 7, 8, 10, and 11). Unfortunately, quantitatively
determining pertechnetate concentrations from these Raman intensities may not be simple for the
waste glasses presented here because major element chemistry differences between
Tc-contrilining and Tc-free glasses may also contribute to Raman intensity variations near
900 cm™.

The frequency of the pertechnetate v; mode may be useful for determining the average cation
type surrounding pertechnetate tetrahedra in a borosilicate waste glass. What appear to be
different v; frequencies, 900 cm™ for 11-129 glass and 920 cm™ for 11-128 glass (Figs. 10 and 11),
may indicate different network-modifying cation types around TcO, within these two different
waste glasses. Sulfate tetrahedra v mode frequency relationships were observed for network
modifying cation types in borosilicate glasses (Figure 8c in “®), where increasing average charge
density of the network modifying cations leads to increasing frequency of the S-O stretch v;
mode. The same relationship appears to apply for the pertechnetate v, mode in crystals, where
the mode frequency increases as the charge density of the surrounding cation increases for
AgTcOs, NH,TcOs and KTcO,* If this relationship applies to pertechnetate tetrahedra
surrounded by network-modifying cations in borosilicate waste glasses, then one would expect
higher charge density network-modifying cations in 11-128 glass than in 11-129 glass. This is the
case (see Table 8), where 11-128 has larger concentrations of the higher charge-density network-
modifying Ca™ and Li*, and where 11-129 glass has larger concentrations of the lower charge-
density network-modifying Na* and K.

The pertechnetate v; mode peak can have a different shape in the VV spectrum from one glass

sample to another. For the pertechnetate solution and 1-283 glass standards, the v; mode peak is
relatively symmetrical and centered around one frequency (Figs. 7 and 8). However, this mode
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appears to be distributed over different frequency ranges for the two waste glass types (Figs. 10
and 11), which may indicate that pertechnetate tetrahedra in these samples are situated within
different varieties of bonding environments. The 930 to 820 cm™ Raman intensity enhancement
for 11-129 waste glass (Figure 10) is mostly centered near the 900 cm™ peak but extends to lower
frequencies. The 950 to 790 cm™ Raman intensity enhancement for 11-128 glass (Figure 11) has
most of its area near 920 and 800 cm™, with intensity enhancement between these frequencies.
By comparing glass compositions (Table 8), the wider frequency range of the Raman intensity
enhancement for 11-128 glass versus 11-129 glass would indicate a wider range of bonding
environments for pertechnetate tetrahedra. If pertechnetate tetrahedra are surrounded by network
modifying alkaline and alkaline earth cations, then this wider range of pertechnetate bonding
environments appears to be reflected in the network modifying cation compositions, where
11-128 glass has a broader variety of these cations (Li to Ca) than 11-129 glass (Na to Ca). Other
major element chemistry differences between the Tc-containing and Tc-free glasses may also
contribute to the Raman intensity differences near 900 cm™, which could be mistakenly
associated with the v; pertechnetate mode.

The Raman intensity findings above indicate the potential for quantitatively determining
pertechnetate concentrations for an unknown borosilicate glass sample by measuring areas under
the Tc-dependent features. To do this accurately, minimizing composition differences between
Tc-containing and Tc-free glass pairs is essential, so that direct spectral subtraction would ideally
eliminate all Raman intensities except for that from any Tc-dependent modes.

Conclusions

This study shows that Raman spectroscopy is capable of detecting pertechnetate within various
borosilicate waste glass formulations, even at quite low concentrations. The Raman spectral
comparisons between chemically similar Tc-containing and Tc-free borosilicate glasses indicate
Tc-dependent features near 320 and 910 cm™ that are due to vibrational modes internal to
pertechnetate tetrahedra. The intensity dependence of pertechnetate modes near 910 cm™ with
regard to pertechnetate concentration indicates a Raman detection limit near 50 ppm in
borosilicate glass; the presence of the much weaker 320 cm™ Tc-dependent mode may indicate
pertechnetate concentrations greater than 500 ppm in borosilicate glass. The Raman evidence of
pertechnetate modes observed for a pertechnetate solution, for pertechnetate crystals, and for
pertechnetate-containing borosilicate glasses, indicates that most TcO, tetrahedra in borosilicate
waste glasses are probably surrounded by network modifying alkaline and alkaline earth cations;
however, this evidence cannot completely exclude the possibility of some TcO,4 tetrahedra
bonded to the borosilicate network. The frequency of the v; pertechnetate mode may provide
information about the type of cations surrounding TcO, tetrahedra within a sample of interest.
On the other hand, no Tc-dependent Raman features were observed for six-coordinated Tc**
species in borosilicate glasses.
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IV. Behavior of technetium and rhenium during borosilicate waste glass vapor
hydration tests

Introduction

One of the most difficult problems associated with the use of nuclear power and the disposition
of nuclear wastes from fuel reprocessing is the long-term immobilization of the radionuclides
produced during fission, such as technetium (**Tc). Tc is a p-emitter with a half-life of 2.13x10°
years. The thermodynamically stable form of Tc in aerobic environments is highly mobile
pertechnetate (Tc(VI1) within TcO, tetrahedra).”™ *2 The long half-life and high mobility of
pertechnetate frequently make it one of the most significant environmental risk contributors in
the performance assessment of nuclear waste disposal repositories. Currently, the chosen method
of treatment for the most highly radioactive nuclear wastes is vitrification to produce a durable
glass matrix. It is known from the geologic record that natural glasses of appropriate
compositions have survived for millions of years in the environment.>® Projection of the fate of
waste glasses in the environment, which necessarily have somewhat different compositions from
natural glasses, requires an understanding of the processes and mechanisms by which they alter
on exposure to the prevailing environmental conditions; reaction with water is crucial in this
regard. Since the preferred glass compositions have inherently low rates of alteration, a variety of
accelerated test methods have been developed wherein other test variables (such as temperature
or surface area to volume ratio) are employed to bring about a greater extent of reaction in a
shorter time. Such tests have proved useful in elucidating reaction mechanisms and in the down-
selection of glass compositions. One such test method, which is the subject of this study, is the
Vapor Hydration Test (VHT).

The VHT employs hydrothermal conditions to accelerate the rate of glass alteration. In the VHT,
a glass coupon is exposed to a water-saturated atmosphere in a sealed pressure bomb at elevated
temperatures for specified time intervals. At the end of the test, the coupon is sectioned and
analyzed to determine the thickness of the reacted layer, which gives a measure of the rate of
reaction, and the types and compositions of the alteration phases that are produced.>*® Previous
work has shown that water diffuses into the glass ahead of the alteration zone and that alteration
phases can develop either in place of the native glass or growing out from the coupon surface. >*
> However, to the best of our knowledge, Tc behavior is unknown with regard to mobility and
speciation within a borosilicate waste-form under VHT conditions. In view of the practical
importance of rhenium, which is commonly used as a non-radioactive surrogate for Tc, tests
were also performed on two Re-containing waste glasses to allow comparisons with the behavior
of Tc.

The speciation and local coordination environments of Tc and Re, in the original glasses and the
corresponding VHT samples, were determined using X-ray absorption spectroscopy (XAS). As
shown earlier, XAS can distinguish Tc(IV)Os octahedra from Tc(VII)O4 tetrahedra in
borosilicate waste glasses and other materials.** > *° ® T¢ K-edge X-ray absorption near edge
structure (XANES) for Tc(IV) and Tc(VII) are distinctive.** *> ® The structural parameters
extracted from the extended X-ray absorption fine structure (EXAFS) data can also be used to
distinguish pertechnetate tetrahedra, which have Tc-O distances near 1.72 A, from Tc(IV)
octahedra, which have Tc-O distances near 1.98 A. Recent studies have also shown that Re L,
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XANES data can be used to distinguish Re(VII) from more reduced species in borosilicate waste
glasses.*

Experimental Section

Sample Preparation. Four borosilicate glasses were investigated. Two Tc-containing glasses,
11-118 and 11-121, were synthesized in Pt/Au crucibles in air within a tube furnace at 1150 °C;
both samples contain no ZrO, to avoid large X-ray fluorescence background intensity in the Tc
K-edge XAS data. Two Re-waste glasses, WVT-G-126B and WVT-G-128B, were produced in
test runs on a continuously-fed ceramic-lined Joule-heated melter, where the ~110 kg melt pool
was maintained at 1150 °C and agitated by an air bubbler.?® Reagent-grade chemical components
were used for glass synthesis. Tc concentrations in the original glasses were determined by liquid
scintillation measurements on solutions generated by microwave-assisted HNO3z/HF dissolution
of the glass samples. All glasses were determined to be crystal-free by X-ray diffraction (XRD),
except for a few isolated Pt inclusions in the Tc-containing glasses.

Individual wafers were cut from the two Tc-containing glasses and the two Re-containing melter
glasses for the VHT experiments. Each wafer was suspended above a small amount of water in a
sealed stainless steel VHT pressure bomb that was flushed with Ar, and then held at 238 °C for
24.9 days. At the end of the VHT, optical inspection found that the 11-118 and 11-121 VHT
samples were reacted throughout, while the WVT-G-126B and WVT-G-128B VHT samples
were 60-70% reacted. It should be noted that the difference in the degree of alteration is due to
ZrO, content variations in these glasses and not the differences between Tc and Re. XRD
indicates analcime (NaAlSiOg*H,0), and possibly, Zn-silicate crystalline phases in the
Tc-containing VHT altered samples. Additional sample preparation and VHT details are in the
Supporting Materials.

SEM Measurements. Concentrations of Tc and Re in the original glasses and in the corroded
VHT coupon cross-sections were determined by wavelength dispersive spectroscopic (WDS)
analysis. All elements present at 1wt.% or greater (as oxides) were analyzed to provide the basis
for matrix corrections, except H, Li, and O, with the last being evaluated by stoichiometry. The
starting glasses were used as standards for all elements except Tc and Re. For Tc, a specially
prepared specimen containing Na, Tc, Si, and O was used, whereas for Re, ReO3 was used.

XAS Data Collection. Tc K-edge and Re L;;-edge XAS data were collected in fluorescence mode
at Stanford Synchrotron Radiation Laboratory Beam Lines 4-1 and 11-2. Due to the relatively
low Tc concentrations in the original Tc-containing glasses, only Tc XANES data could be
collected and analyzed. The X-ray fluorescence signal was significantly improved for both
Tc-containing altered VHT wafers, such that XANES as well as EXAFS data were collected for
these samples. This signal improvement for the Tc-containing VHT wafers indicates significant
Tc enrichment at the VHT wafer surface compared with the Tc distribution in the original glass,
a result confirmed by SEM analysis. No improvement in the XAS data was observed for the
Re-containing VHT samples compared with the data for the original glasses.

XAS Data Analysis. The X-ray absorption spectra were processed using standard pre-edge

background subtraction and edge-step normalization procedures.®* Each spectrum was calibrated
to the inflection point of the K-edge peak for TcO, at 21,044 eV or the L;-edge spectrum of Re
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metal at 11,959 eV. Energy values in eV were converted to k (A™), where after background
subtraction, the resulting (k) data were k*-weighted and then Fourier transformed to produce the
partial radial distribution functions (RDFs). XAS data for crystalline TcO, and amorphous
TcO2exH20 (a-TcO,exH,0, where x ~ 1.6) were used for comparisons with the Tc-containing
VHT sample data, and were presented.** > Tc-O and Tc-Tc correlations determined for
crystalline TcO, and a-TcO,*xH,0 were used to label the major RDF features for these samples.

FEFF 7.02 comg)uter code was used to calculate important Tc-O and Tc-Tc correlations in
crystalline TcO..°* Due to the complex Tc environment in crystalline TcO,, with five different
Tc-O nearest-neighbor distances (ranging from 1.96 to 2.06 A) and nine different Tc-Tc
distances (ranging from 2.29 to 3.67 A), the data for this sample was not used as the reference
for EXAFS fitting.> Instead, the calculated Tc-O and Tc-Tc correlations were used by the fitting
program, FEFFIT to fit the partial RDF for a-TcO,*xH,O, where the results were checked
against those presented.”® ** FEFFIT determined r (average bond distance), n (coordination
number), and o (Debye-Waller factor) for the major features in the partial RDFs for a-
TcO,xH,0 and the two Tc-containing VHT samples (Table 9). FEFFIT varied r, n, and o 2 for
each atomic shell, while minimizing the r-factor, a goodness of fit parameter that is a sum-of-
squares measure of the fractional misfit scaled to the magnitude of the data (Table 9).

Results and Discussion

VHT Treated Samples: Tc-Containing Waste Glasses

SEM Observations. SEM-WDS analyses for Tc were made at several selected points within the
original glass samples, where the Tc concentrations were 0.008 and 0.004 wt.% for 11-118 and
11-121 glasses, respectively. SEM-WDS analyses of both VHT samples indicate Tc and Si occur
together at the locations analyzed, which suggests that Tc is incorporated within silicates. The
SEM findings indicate that it is unlikely that Tc within these samples is in a-TcO,¢xH-0, unless
particles, with diameters considerably less than 1 um, of this phase are suspended within
silicates.

SEM-WDS analyses on cross-sections of both VHT samples indicate Tc concentration variations
as a function of distance from the surface (Figure 12). Tc concentrations at the 11-118 VHT
sample surface are enhanced by approximately 50%, compared with that in the original glass
(Figure 12). At depths of 25 to 125 um from the surface, Tc concentrations are similar to those in
the original glass. However, beyond a depth of 150 um, Tc appears to be completely depleted
from the sample (statistically zero). Similar relationships are observed for Tc concentrations
within the 11-121 VHT sample. Near the surface, at depths up to 150 um, Tc concentrations can
be five times of that measured by SEM for the original 11-121 glass. Between depths of 175 and
300 um, Tc concentrations within this VHT sample are similar to those found for the original
[1-121 glass; at depths greater than 300 um, Tc concentrations approach zero.
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Figure 12. SEM-WDS Tc analyses for the 11-118 VHT sample cross-section. The side plot
indicates Tc concentration versus cross-section depth from the outer surface. The analysis profile
is the white bar in the SEM micrograph.

SEM analyses for most major elements in both VHT samples indicate that concentrations remain
relatively constant throughout the cross-section profiles. Exceptions are Na, Ca, and Fe for the
11-118 VHT sample, and Ca for the 11-121 VHT sample, where these elements show significant
enrichment near the surface.

Both Tc-containing VHT samples were completely altered, such that none of the original glass
remained. The SEM images for both samples indicate significant differences with regard to how
each original glass was altered. The 11-118 VHT sample shows more homogeneous alteration
textures, where ill-defined bands of various phases can be seen just under the surface and near a
depth of 900 um (Figure 12). The 11-121 VHT sample has a more complex assemblage of
alteration phases and phase intergrowth textures throughout, with more distinct bands.

XANES Results. Tc K-edges for the two samples show significant changes before and after the
VHT (Figure 13). XANES for the VHT samples are shifted to lower energies and show no
evidence of the 21,045 eV pertechnetate edge feature (Figure 14 bottom) compared with the
XANES for 11-118 and 11-121 glasses. The XANES for the 100% Tc(V1I) standard glass (1-283)
and the 100% Tc(1V) standard glass (11-13) show significant edge shape differences as well as a
3.5 eV edge energy shift (measured at half the edge-step) (Figure 14).*® Fitting the XANES data
for the original glasses (Figure 13), using the spectra of the Tc(IV) and Tc(VII) glass standards,
indicate 20% Tc(IV) + 80% Tc(VII) for 11-118 glass versus 80% Tc(IV) + 20% Tc(VII) for 1I-
121 glass.* These changes indicate that any pertechnetate originally present in the 11-118 and

36



The Catholic University of America Program to Investigate the Fundamental Chemistry of Technetium
Vitreous State Laboratory Final Report, VSL-07R5200-1

11-121 glasses has been reduced to Tc(IV) during VHT alteration. The data for both VHT
samples are different from the spectrum for the 100% Tc(IV) I1-13glass (Figure 14). The two
peaks near 21,065 and 21,075 eV in both VHT sample spectra are similar to those observed for
crystalline TcO, and a-TcO,*xH,0 (Figure 14).** The double peak feature for the 11-121 VHT
sample is clearly more resolved than that for the 11-118 VHT sample, indicating structural
differences around Tc. From the XANES evidence, the Tc environments in both VHT samples
appear to be similar to those in crystalline TcO; or a-TcO,*xH,0, where Tc(IV)Og units link to
create Tc-Tc second-nearest neighbors.
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Figure 13: Tc K-edge XANES data for the 11-118 and 11-121 samples before and after VHT
treatment. 11-118 glass contains 20%Tc(IV) + 80% Tc(VII) and 11-121 glass contains 80%
Tc(1V) + 20% Tc(VI1).*® Both corresponding VHT samples have 100% Tc(1V).
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Figure 14: Tc XANES of the Tc(VII) in glass standard, crystalline and amorphous Tc(IV)
standards, and the two Tc-containing VHT samples.

EXAFS Results. The ky(k) data for both VVHT samples have larger oscillation amplitudes at k-
values under 8 A than those observed for a-TcO,*xH,0, that are similar to those for crystalline
TcO, (Figure 15). At k-values greater than 8 A™, the data for 11-118 VHT and a-TcO,exH,0 are
similar, while the data for crystalline TcO; is different from the other three samples. The data for
a-TcO,*xH,0 and the 11-118 VHT sample show at least two different frequency components,
whereas one dominant frequency component is observed for the 11-121 VHT sample.
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Figure 15: Tc EXAFS data (line and points) and analysis fit (red line) for crystalline TcO,,
a-TcO,*xH,0 and the two Tc VHT samples.

The partial RDFs clearly indicate structural differences among the four samples (Figure 16). The
two VHT samples show similar first shell peak amplitudes to that for crystalline TcO;; the first
shell peak amplitude for a-TcO,*xH,0 is noticeably weaker than that for the other three samples.
The RDF for the 11-118 VHT sample has a second shell peak near 2.4 A, similar to the Tc-Tc
peak for a-TcO,*xH,0O. The RDF for the 11-121 VHT sample has a nearest-neighbor peak near
1.7 A. The RDF for TcO, indicates Tc-Tc correlation peaks at r greater than 2 A that are
distinctly different from the other three samples.

The analysis of the a-TcO2*xH,O data reproduced results obtained for this phase (Table 9).* The

fitting results indicate that Tc is coordinated by six oxygen atoms in a distorted octahedral
arrangement: four equatorial oxygens at an average 2.01 A Tc-O distance and two apical
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oxygens (each associated with H,0) at 2.49 A from Tc. Each Tc has two Tc second-nearest
neighbors at 2.58 A

2xTc-Tc

8xTeTe

r(A)

Figure 16: Tc partial RDFs (black line and points) and analysis fit (red line) for crystalline TcO»,
a-TcOz*xH,O and the two Tc VHT samples. Important pair correlations for TcO, and a-
TcO2exH,0 are indicated (12).
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Table 9: Tc EXAFS Tc-O and Tc-Tc nearest-neighbor fitting results for a-TcO,exH,0 and the
two VHT samples®. Uncertainties are in parentheses.

Sample r-factor ” Correlation r(A) n (atoms) o’ (A%

L 2.01 0.0033

a-TcOp»xH,0  0.007 Tc-O: this study (0.01) 4.0 (1.0) (0.0022)

Tc-0: % 2.02 3.9 0.0022

. 2.49 0.0065

Tc-O: this study (0.07) 1.4(0.3) (0.0119)

Tc-0: 2.47 1.4 0.0050

s 2.57 0.0043

Te-Te: this study (0.01) 21(11) (0.0025)

Te-Te: ™ 2.57 1.7 0.0029

2,00 0.0037

II-118 VHT  0.019 Tc-0 ' 58(08)  (0.0013)
(0.01)

2.56 0.0015

Te-Te (0.01) 10(02) (0.0007)

2.00 0.0047

1-121 VHT  0.021 Tc-0 (©.00) 6.2 (0.9) (0.0014)

a) All fits used: s, = 0.98 and Eo = 21,029.7 eV.
) 2 /2
b) r-factor = (Z(yi(data)—yi(flt)) / 2.(yj(data)) :

The EXAFS fitting routines for the VHT samples used a model based on the number of major
RDF peaks for each sample: two shells were fit (Tc-O and Tc-Tc) to the 11-118 data, while one
shell was fit (Tc-O) to the 11-121 data (Table 9). The second nearest-neighbor RDF peak in the
11-118 VHT data could also be due to other cations than Tc in the original glass, such as Fe and
Ti. Tc(IV) has a similar ionic radius to Fe(lll) and Ti(IV) and has been known to substitute for
Ti(IV) in titanium compounds.®® Therefore, two other fitting routines were applied to the 11-118
VHT data, where the Tc-Tc path in the original model was replaced by Tc-Fe and then Tc-Ti.
Both models poorly fit the experimental second-shell partial RDF peak, where n or o refined to
negative values. Therefore, the short 2.56 A cation-cation second nearest-neighbor distance is
E)gest described by Tc-Tc, which is observed in both a-TcO,exH,0 and crystalline TcO, (11,12).**

The initial fits for the 11-118 VHT sample did not completely describe the RDF amplitudes
between 1.5 and 2.5 A (Figure 16). Another model was used, which added a Tc-O correlation,
similar to that used for the water molecules coordinating with Tc in a-TcO,*xH,O; this model
marginally improved the fit. This three-shell fit suggests that H,O may coordinate with some of
the Tc atoms at distances near 2.45 A.
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The fitting results for both VHT samples (Table 9) are consistent with local environments
characteristic of Tc(IV), which support the XANES findings. The Tc environments in the VHT
samples are considerably different from pertechnetate environments.*> ® The EXAFS data and
fitting results also show that the Tc-O nearest-neighbor environments in the VHT samples are
different from that in a-TcO,*xH,0O. Larger nearest-neighbor peak amplitudes for the two VHT
samples (Figure 16) correlate with the larger nearest-neighbor coordination numbers, and
indicate somewhat regular TcOg octahedra. Tc in the 11-118 VHT sample could be within Tc,O19
dimers, where two TcOg units share two oxygen atoms, similar to the proposed environment
between two TcOs units in solutions and other compounds.** ® Tc in the 11-121 VHT sample is
also within somewhat regular TcOg octahedra that appear to be isolated from each other.

VHT Treated Samples: Re-Containing Melter Glasses

SEM Observations. SEM investigations of the cross-sections of both Re-containing VHT
samples indicate Re,O; concentration profiles (Figure 17) that are distinctly different from those
measured for the Tc-containing VHT samples (Figure 12). Both Re-containing VHT samples
were not completely altered and portions of the original glass were found near the center of each
sample. Re;O; concentrations near the WVT-G-128B VHT sample surface are near zero, where
some concentration enhancement was observed for both samples between 20 and 100 um depths.
At depths greater than 375 um, concentrations increase toward the unaltered glass (700 um depth
in Figure 17) to approach the original glass concentration.
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Figure 17: SEM-WDS Re,O7 analyses for the WVT-G-128B VHT sample cross-section. The
analysis profile is the white bar in the SEM micrograph.

XAS Results. The two Re-containing melter glasses used in the VHT tests, have 100% of all Re
as perrhenate in the original glasses, as shown by XANES and EXAFS.*> XANES data for both
VHT altered samples also indicate perrhenate as the sole Re species (Figure 18). XANES data
for both glasses and their corresponding VHT samples are nearly identical to those for
NH,ReO,.”
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Figure 18. Re Lj-edge XANES data for NH,ReO, as well as the melter glass WVT-G-128B
before and after VHT treatment (offset for clarity). The spectra indicate 100% perrhenate
(Re(VI1)) in both samples.

Possible Tc Reduction Mechanism. The cause of the Tc reduction in the VHT environment is
not well understood. However, earlier observations about Tc behavior in environments similar to
that within the VHT vessel may provide some insights. Tc release was observed from glass
powder in water within a heated stainless steel vessel, where a sudden drop of the Tc
concentration in the glass was seen after 560 days; this drop was attributed to the formation of
poorly soluble Tc(IV).*° Similar results were also obtained within depleted oxygen
environments, where Zn-amalgam was used to deliberately scavenge oxygen.'® In other studies,
Tc was soluble in air at room temperature, in systems containing water, glass, Tc(VII), stainless
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steel, and UO,; Tc was found to be insoluble under reducing conditions created by the addition
of either metallic or ferrous iron.®

The likely explanation for the Tc reduction is oxygen loss in the VHT environment due the
majority of the oxygen in the vessel being displaced by Ar and to corrosion of the stainless steel
vessel. Signs of corrosion are typically observed on the interior walls of the VHT vessels after
testing. The oxidation state of Tc is related in a simple way to the presence of oxygen; for
example:

(4x+2)H,0 + 4 NaTcOy = 4 TcOpxH,0 + 4 NaOH + 30, (1)

Under oxidizing conditions the above equation is driven to the left, where TcO2xH,0 is rapidly
oxidized to Tc(VII); under reducing conditions, the equation is driven to the right, where
NaTcO, is rapidly reduced to Tc(IV). Therefore, if the system becomes oxygen depleted, then
Tc(VII) will be reduced to Tc(1V). In addition, further oxygen depletion in the VHT environment
may be caused by oxidation of the protective Cr,O3 layer on the stainless steel vessel, which has
been observed in corrosive environments.®” Further work is needed to test this hypothesis.

The observation that Re remains oxidized while Tc is reduced can be explained by the redox
behavior of these metals in the presence of Fe, the most abundant redox-active metal in the VHT
system. The Fe(I1)/Fe(111) equilibrium will determine the oxygen fugacity in the VHT vessel, and
therefore, the redox state of the other metals.

Conclusions

The XAS and SEM information obtained for the original Tc-containing glasses and
corresponding VHT samples shows that the alteration processes that took place, significantly
changed the Tc valence and distribution within each sample. XAS data show that despite having
different initial Tc distributions in the two original waste glasses, all Tc was reduced to Tc(1V) as
both glasses were altered under VHT conditions. Both XAS and SEM show that Tc concentrated
near the surface of the VHT sample. Since there is no clear evidence from SEM or XRD of
Tc-containing crystals in either VHT altered sample, amorphous Tc-silicate gel-like phases may
have formed near the sample surface.

Re behaved quite differently from Tc in response to VHT alteration. Re speciation remained
unchanged from the original glass to the altered samples, where most, if not all Re is perrhenate.
Re,O; concentrations increase from small values near the VHT sample surface to values near
that for the original glass toward the sample center. This behavior indicates that some Re was
lost from the outer portions of the VHT coupon, which is not consistent with Tc behavior. Re is
not a good surrogate for Tc under VHT conditions, which reinforces the earlier findings
concerning different Tc and Re behavior as these elements are incorporated into waste glasses.*

Differences between Tc and Re valence behavior in the VHT environment can be related to the
different redox potentials for these two elements.* Since Fe dominates the redox sensitive cation
content in the glass chemistries studied, the Fe(lll)/Fe(ll) redox couple can maintain oxygen
fugacity at levels where Tc(IV) and Re(VI11) coexist.
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The VHT results presented are a first evaluation of Tc and Re behavior within this environment.
One must consider that the VHT may not be a realistic model of what a glass may encounter over
time in a waste repository; the following statements need to be considered with the above
short-comings in mind. From the perspective of Tc immobilization, reduction of Tc can be
regarded as desirable, since Tc(IV) is less mobile in the environment than Tc(VII) within
pertechnetate. However, Tc was also found to migrate and concentrate toward the surface of the
waste-form material as alteration takes place, which is clearly undesirable. Furthermore, it is
possible that over long time periods, Tc(IV) near the surface of an altered glass in air may
oxidize to form the mobile pertechnetate species. Further experiments are necessary to determine
whether such trends are replicated in conditions more consistent with a long-term environment in
a nuclear waste repository.
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Relevance to U.S. DOE Issues

Redox behavior of technetium and rhenium in glass waste forms

Technetium volatility during DOE waste vitrification is an important issue related to the redox
behavior of technetium Reducing conditions that produce non-volatile Tc(IV) decrease the
amount of Tc lost during vitrification. The results for Hanford LAW glass show that Tc is largely
present as Tc(lV) if the oxygen fugacity is less than ~ 100 ppm or if the Fe(ll)/total Fe ratio is
greater than ~0.25. While these results may identify desirable redox potentials for limiting Tc
volatility during waste vitrification, their actual utility for Hanford LAW needs to be further
evaluated. During LAW vitrification of Hanford LAW, nitrates decompose according to the
general reaction 4 NaNO3; = -2 Na,O + 2 N, + 5 O,. Consequently, as nitrate decomposes, the
oxygen fugacity is greatly increased, thereby increasing the amount of volatile Tc(VII) in the
glass melt. This effect is partially off-set through the addition of reductants (sugar at Hanford) to
control glass melt foaming. An important question is then whether conditions can be made
sufficiently reducing to control technetium volatility while not becoming so reducing as to
compromise the operation of the melter through the formation of molten metal or sulfide phases.

A surprising result of this research was the behavior of rhenium, which was postulated to behave
similarly to technetium but was thought to require more reducing conditions. However, under
certain redox conditions, rhenium behaves quite differently than technetium. Under the
conditions examined in this study, only perrhenate and rhenium metal are stable in the glass
melt. In fact, under certain situations, the redox behavior of rhenium can be so different from that
of technetium that rhenium is would not be useful as a surrogate for technetium if redox is
important.

Behavior of rhenium and technetium during the vapor hydration test (VHT)

The VHT test provides an analog of the behavior of technetium in a waste repository.
Technetium is not retained by the glass alteration products and its rate of release from the glass is
determined only by the durability of the waste form. However, release of technetium to the
environment is determined by the redox state of the environment into which technetium is
released. In the case of the VHT test, the atmosphere was depleted in oxygen due to corrosion of
the stainless steel vessel; consequently, technetium was present as immobile Tc(IV) species. On
the other hand, if the VHT environment was aerobic, it is possible that technetium would be
present as environmentally mobile Tc(VI1I). The durability of the waste form determines the rate
of release into the repository, but the redox potential of the repository could determine the rate of
release into the environment.

Recommendations

In view of the findings from this research program, careful consideration should be given to the
future use of rhenium as a surrogate for technetium, particularly when redox behavior is
important. Rhenium is perhaps the best available surrogate for technetium under certain, narrow
oxidizing conditions were both rhenium and technetium are present in the +7 state. In addition,
the behavior of technetium and rhenium during the VHT test was found to be quite different,
where technetium migrated to the surface of the VHT samples more quickly than did rhenium.
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Project Productivity

The goals of this project were to better understand the behavior of technetium and its surrogate
rhenium during vitrification and corrosion of waste glasses. As described above, this goal was
achieved and previously unknown information was obtained. However, in view of the
complexity of the issues investigated, further studies in this area are highly recommended.
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Future Work

This report marks the end of this project. No future work is anticipated under U.S. DOE, Office
of Science, Office of Biological and Environmental Research funding.
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