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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
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_Abstract
The chemistry of technetium in cement waste forms has béen studied with x-ray

absorption fine structure (XAFS) spectroscopy. Using the Tc K-edge x-ray absorption near-edge
structure (XANES) as a probe of the technetium speciation, our results show that partial reduction
of the pertechnetate ion, TcOj4-, takes place in the presence of the cement additive, blast furnace
slag (BFS). The addition of the reducing agents FeS, Na,S, and NaH;PO» produces more
extensive reduction of TcOy4-, while the compounds FeO, Fez04, and Mn304 are observed to be
unreactive. The extended x-ray absorption fine structure (EXAFS) data for the.BFS, NasS, and
FeS treated cements indicate the presence of Tc clusters possessing first shell S coordination. For
the NajS and FeS additives, Tc—Tc interactions are detected in the EXAFS demonstrating an
extended structure similar to that of TcSy. The EXAFS spectrum of the NaH,PO» treated cement

reveals Tc—O and Tc-Tc interactions that resemble those found in the structure of TcOs.
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Introduction

Cement-based waste forms are an integral component of national strategies being developed
for the safe, long-term storage of low and intermediate-level radioactive waste [1-6]. Numerous
physical properties of the cement such as strength, porosity, corrosion resistance, and leachability
must.be evaluated to effectively encapsulate the hazardous species for long periods of time and
under a wide range of environmental conditions. Of these properties, leachability is perhaps the
most critical in regards to the immobilization of radionuclides in these matrices. 9°Tc in particular
has received considerable attention due to its abundance in nuclear wastes, relatively long half-life,
and the high solubility of its most common, oxidized form, the pertechnetate anion (TcOg4").

Because the chemical form or speciation of a radionuclide directly determines many of its
properties, modifying the speciation in-situ to control solubility and transport is vital for
immobilization. In the case of Tc, a decrease in the leaching rate has been achieved through the use
of blast furnace slég (BES) additives to the ordinary Portland cement (OPC) formulations [7, 8].
The decreased leaching of Tc is believed to result from the reduction of TcO4 to a less soluble
form, i.e. Tc(IV) as in TcOy, by the presence of reducing a.gents contained in the BFS such as
Fe(II) [7] or sulfur-containing species [8].

We have used x-ray absorption fine structure (XAFS) spectroscopy to determine the Tc
speciation induced by the introduction of various chemical additives to the cement formulations.
XAFS spectroscopy [9,10] is an element specific structural technique that is typically divided into
two methods concentrating on different portions of an x-ray absorption spectrum. The x-ray
absorption near edge structure (XANES) region lies within ~20 eV above and below the main
absorption edge and provides information about the electronic structure (density of states,
oxidation state) and local georhetry for a given absorbing atom. The extended x-ray absorption
fine structure (EXAFS) region spans the range ~20-1200 eV past the edge and can be used to
determine the identity of near-neighbor atoms (Z % 2-6), their coordination numbers (N + 20%),

and bond lengths (R * 0.0IA) [9,10]. XAFS does not require long-range order (i.e., crystalline



samples) and can be performed on elements in amorphous solids, surface complexes, and aqueous
species. This is a key point for the study of Tc and other elements in cement. Recently, XAFS
was utilized to investigate the speciation of Tc [11] and Cr [12] in cement-based waste forms. In
the present study, the XANES region is used as a sensitive measure of the Tc oxidation state,
thereby making it possible to quantify the extent of reduction that takes place in the presence of
various additives (BFS, FeS, or Na;S) and under different curing conditions. In addition, the Tc
EXAFS is used to identify the local structure of several reduced Tc species in the cement waste

forms.

Experiniental

Model Compounds. Several Tc and Re models were obtained in order to provide well-
characterized XANES and EXAFS spectra to be used as references for the Tc cement spectra. Tc
metal was obtained from A. Sattelberger at Los Alamos National Laboratory. NH4TcO4 (aq) was
purchased from Oak Ridge National Laboratory. TcO» [13], NH4TcOCly [14], and (NH4)2TcClg
[15] were prepared by methods found in the literature using NH4TcO4 (aq) as the starting material.
In addition, one other Tc compound was 'obtained from a portion of the TcO5 synthesis [13]. This
material, subsequently referred to as “LiOH-treated,” was taken after precipitation of Tc by the
addition of LiOH and was in the form of a wet paste. HReO4 (aq) was prepared by dissolving
Re>O7 into deionized water. ReS; was purchased from Alfa Aesar Chemicals and its structure was
checked by powder x-ray diffraction (XRD) [16].

Cement Preparations. Three different cement formulations were prepared using various
combinations of ordinary Portland cement, blast furnace slag, pulverized fly ash (PFA), and a
simulated waste solution (SWS). The preparation details of the SWS have been repbrted
elsewhere [17], and the compositions of cement Mixes 1, 2, and 3 are summarized in Table 1.
Approximately 1200 ppm of TcO4- was added to each of the three cement formulations in the form
of a NH4TcO4 stock solution. Separate portions of each Tc/cement mixture were subsequently

cured at two different temperatures (20°C and 60°C) and for periods of 1, 7, 15, and 30 days



under 100% humidity. - In addition, ~10 wt% FeS was added to some cement mixtures to gvaluate
its effects under these curing conditions.

A second series of cement mixtures was prepared to examine more closely the effectiveness
of the reductants FeS, NasS, BFS, FeO, Fe304, Mn304, and NaH2PO in reducing TcOg4. In
particular, results from this series of reductants should make it possible to discern the role of S and
Fe in the BFS. Seven separate samples were prepared with each containing ~10 wt% of a single
reductant and 1200 ppm of TcO4~ added to a 1:1 wt% mixture of SWS/OPC (Mix 1). These
samples were cured for 4 days at 60°C under 100% humidity.

XAFS Data Acquisition and Analysis. The TcO,, NH4TcOCly, and (NH4)2TcClg samples
were mixed with boron nitride (BN) powder so that an edge jump of ~1 was obtained over the Tc
K-edge. ReS; was diluted with BN and gave a jump. of ~0.1 at the Re L;-edge. These samples,
in addition to the LiOH-treated sample (undiluted paste), were mounted in 4 mm thick x-ray
transmission cells consisting of a slotted (6 x 25 mm) polyethylene frame with 0.125 mm kapton
- windows on each side. Solutions of 0.2M NH4TcO4 (aq) and 0.3M HReO4 (aq)were sealed in 10
mm diameter plastic NMR tubes and were sufficiently transparent so that data could be acquired in
transmission mode. The Tc metal spectrum was collected from 1g of metal particles (~1 mm dia.)
also sealed in 2 10 mm NMR tube. Since the Tc metal was too thick to measure by x-ray
transmission, its spectrum was taken in fluorescence mode using a Ge solid-state detector and
subsequently corrected for self-absorption effects [18].

All of the cement samples were cured in polystyrene UV-visible cuvettes (4 x 10 mm
body). The cement loaded cuvettes and the cells containing the standards were placed in heat-
~ sealed 0.05 mm polyethylene bags to ensure containment during XAFS data acquisition. The
primary polyethylene containers were heat-sealed and surrounded by a second, heat-sealed bag for
safety pui‘poses (not used for Re). Using the 4 mm path length from the cuvettes, the final Tc |
concentration in the cements yielded an edge jump ~0.07 across the Tc K absorption edge (21

keV). At this energy, x-ray attenuation by the polystyrene cuvette was insignificant. The



homogeneity of these solid solutions enabled all XANES and EXAFS data for the cement samples
to be measured in transmission mode.

Tc K-edge and Re Li-edge x-ray absorption spectra were collected at the Stanford
Synchrotron Radiation Laboratory (SSRL) on beamlines 4-3, 4-1, and 2-3 (each unfocused) under
dedicated ring conditions (3.0 GeV, 50-100 mA) using Si (220) double-crystal monochromators.
Rejection of higher order harmonic content of the beam was achieved by detuning the angle
between crystals in the monochromator so that the incident flux was reduced to 50% of its
maximum. All spectra were collected using a vertical slit aperture of 0.5 mm. Three XAFS scans
were collected from each sample at room temperature and the results averaged. The spectra were
energy calibrated by simultaneously measuring the spec@m from the 0.2M NH4TcO4 (aq) or
0.3M HReO4 (aq) reference solutions which were placed between the second and third ionization
chambers. The first inflection point of the pre-edge absorption peak for each reference was defined
as 21044 eV and 12527 eV for the Tc K and Re L-edges, respectively. XAFS data reduction was
performed by standard methods [19] using the EXAFSPAK suite of computer codes developed by
G. George of SSRL. XAFS data reduction included pre-edge background subtraction followed by
spline fitting and normalization (based on the Victoreen falloff) to extract the EXAFS data above
the threshold energy, with Eq defined as 21065 eV (Tc). Curve-fitting analyses were done
utilizing EXAFSPAK to fit the raw k3-weighted EXAFS data. The theoretical EXAFS modeling
code, FEFF6, of Rehr et al. [20] was employed to calculate the backscattering phases and
amplitudes of the individual neighboring atoms, O, S, Cl, or Tc. FEFF6 calculations were done
using parameters from previously determined structures for KTcOg4 [21], (BugN)TcOCl4 [22],
(NH4)>TcClg [23], TcO3 [24], and TcS» [25]. The amplitude reduction factor, Sg2, was held
fixed at 0.9 for all of the fits. The shift in threshold energy, AE(, was allowed to vary as a global

parameter for all atoms included in the fits (i.e., the same AEq was used for all the shells).



Results and Discussion
1. XANES.

K and L x-ray absorption edges arise from the excitation of 1s and 2s electrons,
respectively, and may display a variety of distinct or overlapping transitions superimposed on the
main absorption edge. The most commonly assigned transitions for coordinated transition metals
are the s — nd, ns, and np final states [26]. Although it is electric dipole forbidden, the s — nd
transition is frequently observed due to p orbital mixing with the final d state [27]. 'fhe intensity of
this transition is highly dependent on site symmetry, nearest-neighbor bond lengths, and d-orbital
occupancy [26, 28]. In addition, the energies of the s — nd, ns, and np transitions and the main
absorption edge are dependent on the effective charge of the absorbing atom, ligand i
electronegativities, bond lengths, and coordination numbers [26].

Tl.le Tc K-edge XANES data for the series of Tc model compounds are shown in Figure 1.
Apart from differences in the fine structure, a general trend is seen whereby thé main absorption
edge shifts to higher energies as the valence of the Tc increases. This behavior reflects the
increased energy required to ionize the Tc by removal of the 1s electron. The main absorption
edges shift ~12 eV [29] upon going from Tc metal to Tc(VII) in NH4TcO4 (aq). While most of
these compounds exhibit a featureless, smoothly rising absorption edge, some have a pre-edge
transition which is particularly apparent in the XANES of NH4TcOCl; and NH4TcO4. In analogy
to the XANES spectra of first-row transition metals, this feathre is assigned to the forbidden 1s —
4d transition which becomes more allowed in the noncentrosymmetric, tetrahedral TcOg4- species
[30]. The geometry in TcOCly- is distorted square pyramidal, thus the extent of p orbital mixing is
less as shown by the diminished magnitude of the pre-edge peak relative to TcO4~. The decreased
amplitude of this feature in the TcO7 and LiOH-treated spectra indicates a further departure from
the case of pure tetrahedral geometry, and can also be correlated with longer Tc—O bond lengths in
these compounds. Accordingly, (NHy4),TcClg which contains an ideal octahedral Tc site (center of
symmetry) shows no pre-edge absorption feature. The absorption edge of (NH4)2TcClg is shifted

to a lower energy than the TcO; edge despite the fact that the Tc atoms in each compound have the



same oxidation state. This reflects the reduced effective charge on the Tc in TcClg2- resulting from
the greater electron donation of the Cl ligands.

Figure 2 shows a series of representative XANES spectra for (a) TcO4™ + FeS in Mix 3
cured at 60°C for 15 days; (b) TcO4- in Mix 2 cured at 60°C for 7 days; and (c) TcO4" in Mix 1
cured at 60°C for 1 day. Moving from (a) to (c), decreased reduction of TcOg4- is observed. The
absence of any pre-edge feature in spectrum (a) indicates that no TcOy4- or TcO3* (as in TcOCly") is
present. In addition, the position of the main absorption edge in spectrum (a) suggests that the Tc
species present here is reduced to a similar extent as TcO; or (NHy);TcClg shown in Figure 1.
Spectrum (b) depicts a situation where only partial reduction has occurred. EXAFS curve fitting
results described below confirm the presence of residual TcOy4- (rather than TcO3+) along with a
more reduced species. Because it is a mixture, the main edge in (b) is broader than that of TcO4".

Assuming each Tc cement sample is composed of a binary mixture of the reduced and
oxidized Tc species in Figures 2(a) and 2(c), we are able to determine the extent of reduction by
deconvoluting the normalized Tc XANES data. Figure 2(c) shows the deconvolution for the
unreduced sample, demonstrating the separation into features 1 and 2. Based on this model, we
can analyze for the reduction of TcOj4- by fitting two features: 1) the amplitude of the 1s — 4d
transition, which is proportional to the amount of TCO4' present; and 2) the shift in the main
absorption edge sfep function relative to that of the TcO4- reference spectrum. For feature 2, larger
absorption edge shifts to lower energy indicate a more reduced state. The fits were performed with
EXAFSPAK, where the pre-edge transition is treated as a pseudo-Voigt peak, and the step
function is the integral of a pseudo-Voigt function.

The results of the XANES curve fitting analyses are ;ummaﬁzed in detail in Figure 3 (pre-
edge amplitude removal) and Figure 4 (negative edge shifts). The amounts of TcO4- reduction
indicated by the pre-edge amplitudes and absorption edge shifts are in close agreement. This
agreement verifies the methodology of the deconvolution technique for detecting Tc reduction.
Mix 1 (OPC) has little or no effect on the reduction of TcOy4-, regardless of temperature or curing

duration. Mixes 2 and 3, which contain the BFS additive, produce partial reduction upon going to



higher curing temperatures. Despite the different BFS and PFA compositions in Mixes 2 and 3 at
60°C, the extent of reduction without FeS in these mixtures appears to be similar. With the
exceptiqn (;f Mix 2 at 60°C, the addition of FeS results in an increase in TcO4- reduction at both
low and high temperatures. However, one interestiﬁg observation is that the combination of
components in Mix 2 appears to inhibit the reduction of TcOg4- by the added FeS relative to the
components in Mix 3. One possible cause of this effect is that the presence of PFA in Mix 2,
which reduces cement permeability, may also hinder the accessibility of FeS to the TEO4'. There is
also a reverse trend which is most apparent in the Mix 3 HT series, in which longer curing times
result in less reduction. We attribute this to re-oxidation during the course of the experiment due to
diffusion of oxygen into the small experimental samples after reduction of the TcO4".

In Figure 5, we show the Tc K-edge XANES spectra for the Tc cement mixtures prepared
in the second stage of the study. Both of the additives FeS and Na,S have a similar effect,
completely reducing the TcOg4-, as shown by the lack of the 1s — 4d pre-edge signature. On the
other hand, little or no reduction occurred when FeO, Fe304, or Mn304 were added. These results
suggest that sulfide containing species are important for the reduction of TcOg4- in these cement
matrices. This result is consistent with earlier studies which found decreased Tc leaching in the
presence of sulfide species [8]. For comparison, a BFS-treated sample with no added PFA is also
shown in Figure 5d. Consistent with the BFS-PFA sample shown earlier in Figure 2b, this
sample has a residual amount of TcOy4 indicating only partial reduction. From the lack of a
significant pre-edge feature in Figure Sc, it is apparent that NaH;PO» is quite effective at achieving
reduction of the TcO4~. However, a comparison with the XANES spectra of the sulfide treated
cements shows differences in the fine structure and position of the NaH;PO»-treated sample
absorption edge. This result indicates that the NaH,PO» reduced species has a coordination
environment which is different than that produced by the S-containing additives.

2. EXAFS.
It is instructive to examine the EXAFS spectra of the model compounds to facilitate the

interpretation of the cement spectra. We have presented an EXAFS analysis for TcO; in a previous



report [24]. Tc EXAFS results for (n-BugN)[TcOCly] and (n-BugN)2[TcClg] have been published
by Thomas et al. [31]. However, this work does not present the raw EXAFS or FTs to provide a
visual comparison with our present study. The raw k3-weighted EXAFS spectra and Fourier
transform (FT) magnitudes for NH4TcO4 (aq), NH4TcOCly, and (NH4)7TcClg and the
corresponding curve-fits are presented in Figure 6. The FT magnitudes represent a pseudo-radial
distribution function of the near-neighbors present around the central Tc. Due to the backscattering
phase shifts which are different for each neighboring atom (0t=0.2-0.5 A), the FT peaks appear at
lower R values relative to the true near neighbor distances. The EXAFS spectra of NH4TcO4 (aq)
and (NHy),TcClg are dominated by single frequency patterns that arise from backscattering of
well-ordered O (at 1.72 A) or Cl (at 2.35 A) shells around the Tc atom. The EXAFS and FT
spectra of NH4TcOCly show a more complex pattern which is composed of a single oxygen atom
at1.63 A (shorter than the Tc—O bonds in TcO4) and four Cl atoms at 2.32 A. Inall cases, the
bond lengths and coordination numbers derived from the EXAFS curve fits (Table 2) are in close
agreement with the XRD values and previous EXAFS results [31]. The lack of significant FT
features past the first coordination sphere indicates little or no extended structure in these
compounds, which is generally expected for discrete molecular complexes.

A comparison of the EXAFS spectra and FTs for the BFS, NajS, and FeS treated cements
(Figure 7) with the spectra for the model corﬁpounds corroborates the XANES findings,
demonstrating that significant removal of TcO4~ has taken place in the presence of the S-containing
additives. The theoretical fits (also shown in Figure 7) and the structural results in Table 2
demonstrate that the EXAFS spectra for the BFS, NasS, and FeS treated cements are dominated by
backscattering from sulfur near neighbors. Although it is noi possible to distinguish S
backscatterers from Cl backscatterers solely on the basis of an EXAFS analysis, the presence of S
neighbors around the Tc is indicated mechanistically by the direct involvement of sulfide species in
BFS, FeS, and Na;S$ in the reduction. The BFS-treated sample has ~1 O at 1.69 A confirming the
inference made from the XANES analysis of the presence of a residual amount of TcO4~ (~25%).

Because of averaging effects, the EXAFS spectrum for the BFS-treated sample is similar to that



NH4TcOCly, with the exception that the Tc—O bond léngth in the BFS sample is more
characteristic of Tc-O bonds in TcO4- than TcOCly~. Unlike the BFS treated sample, the NajS and
FeS treated cements exhibit a Tc-Tc interaction at ~2.8 A. The assignment of Tc to this near-
neighbor interaction is made on the basis that, apart from the Zr in ZrO; which is unreactive, there
are no other second-row transition metals present in the cement matrix. Given this observation and
the presence of S neighbors at 2.4 A [32],itis probable that a bridged structure similar to that of
TcS; (Figure 8a) has been formed. In the FeS-treated FT (Figure 7), the peaks at ca. 3.9 and 5.0
A longer range may indeed reflect the presence of extended structure. Although these peaks were
fit reasonably well with Tc neighbors at 4.2 and 5.4 A, this assignment will require conﬁrﬁation
by experimental data with better signal to noise statistics.

The EXAFS spectra and FT's of the NaH,PO; treated cement (Figure 9) demonstrate a
structural pattern that is different from the sulfide reduced samples. There are two major peaks in
the FT, and they are shifted to lower R values than the FT peaks in the sulfide reduced samples.
The curve fitting results (Table 2) indicate a local environment of O and ;I‘c near neighbors at ~2.0
A and 2.6 A, respectively. The Tc-O bonds lengths are in close agreement with those in TcO3
(Table 2), which also confirms the XANES finding of no residual TcO4-. Additionally, it is
instructive to compare the EXAFS data for the NaH,PO» treated cement with the data for the
LiOH-treated model (Figure 9). There is a pronounced similarity both in the spectral signatures
and the metrical parameters derived from the curve-fits, which demonstrate the presence of an
oxygen bridged structure analogous to the structure of TcO; (Figure 8b). This result is not
surprising with respect to the LiOH-treated sample since it is an intermediate species obtained
during the synthesis of TcO,. The stfong similarities between the spectra in 9a and 9b serve to
corroborate the TcO»-like structure in the NaH,PO» treated cement.

It is possible to extend the interpretation of these data further by combining the XANES
and EXAFS results. Figure 10 shows the Tc K-edge XANES for the Na,S-treated cement,
(NH4)7TcClg, and NH4TcOy4, and the Re Li-edge XANES for ReS;, and HReO4 (aq). The

spectra have been aligned to a relative energy scale by setting the 1s — 4d and 2s — 5d pre-edge



peak positions for Tc and Re, respectively, to zero. Since the XANES region contains bound state
transitions and scattering features whose amplitudes are highly dependent on the local structure, the
XANES region may be used to fingerprint specific structural features among chemically similar
compounds [33]). This is true for the dO oxo-anions, ReO4- and TcO4-, where apart from slight
differences in core-hole line-broadening, the K and Li-edge spectra of these tetrahedral species

- appear to be identical.

ReS7 and TcS, are isomorphous [25] with the metal atoms residing in distorted octahedra
surrounded by S near neighbors. | Since the NajS-treated cement has Tc—S bond lengths similar to
the Tc—X (X=S, Cl) bond lengths in TcS, and TcClg2-, its XANES spectrum can be analyzed
using the (NH4)>TcClg and ReS» spectra as references for symmetric and distorted TcSg
octahedra, respectively. Three distinct peaks lying immediately above the main absorption edge are
observed in the (NH4)>TcClg spectrum. Moving to the NapS-treated cement and ReS; spectra, the
peaks as well as the main absorption edges are broadened and less pronounced. Preliminary
modeling of the (NH4)>TcClg and ReSy XANES with FEFF6 indicates that these resonances arise
from EXAFS scattering and that the broadening observed in the ReS; spectrum results from
disorder. Since the Na)S-treated cement XANES corresponds closely with that of ReS», both of
which are broadened relative to the (NH4)2TcClg spectrum, these results suggest that the Tc
environment in the Na,S-treated cement is a disordered array of S atoms. The larger Debye-Waller
factor (i.e., greater disorder) in Table 2 for the Naj;S treated sample relative to (NH4)2TcClg is

consistent with this assignment.

Conclusion

We have shown that XANES and EXAFS can be utilized to quantitatively determine
changes in the oxidation state and local structure of Tc in cement waste forms. While the addition
of BFS achieves only partial reduction under the conditions described here, addition of pure NapS
and FeS reduced the TcO4- completely.v These observations, combined with the absence of

reduction by FeO, Fe304, and Mn3Oy4, suggest that a sulfide containing species is the active

10



reducing agent in BFS. This is consistent with results from previous studies [8]. In all cases
where sulfide has been utilized, the reduced Tc species has Tc—S bonds. For the Na)S and FeS
additives, Tc—Tc interactions are observed giving rise to an oligomeric structure such as is found in
TcS;,. Other reducing agents such as NaHPO» are also effective in reducing TcOy4-, where the
reduced species formed resembles TcOj.

These results demonstrate the utility of XANES and EXAFS in evaluating the efficacy of
different cement formulations in reducing the TcO4- anion. In addition, it is possible to determine
the Tc speciation under a given set of waste form preparation conditions. In this work, we showed
that either TcS; or TcOs-like species could be formed, depending on the cement formulation
employed. This information together with measurements on properties such as phase stability and
solubility may be used to assist efforts aimed at obtaining maximum immobilization of the

encapsulated radionuclides.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Normalized Tc K-edge XANES spectra of Tc model compounds: (a) Tc metal, (b)
(NHy)2TcClg, (c) TcO3, (d) LiOH-treated (e) NH4TcOCly, and (f) NH4TcO4 (aq).
Normalized Tc K-edge XANES spectra for TcO4- in (a) Mix 3 + FeS cured at 60°C
for 15 days; (b) Mix 2 cured at 60°C for 7 days; and (c) Mix 1 cured at 60°C for 1
day. The deconvolution of the pre-edge transition (1) and the main absorption edge

(2) are shown.

Percentage of TcO4 removed in cement mixtures calculated by comparing the
amplitude of the XANES pre-edge transition relative to that of pure TcO4".

LT=20°C, HT=60°C.

Relative amount of TcO4- removed calculated by fitting the position of the Tc

XANES main absorption edge relative to that of pure TcO4~. LT=20°C, HT=60°C.

Normalized Tc K-edge XANES spectra of TcO4/OPC mixtures cured at 60°C for 4
days in the presence of the reducing agenté (a) FeS, (b) NasS, (c) NaH,PO», (d)
BFS, and (¢) Mn30O4 (no reaction).

Raw k3-weighted EXAFS spectra and the corresponding Fourier transforms of
experimental data (—) and the best theoretical fits (----) for (a) NH4TcO4 (aq), (b)
NH4TcOCly, and (c) (NHg)2TcClg.

Raw k3-weighted EXAFS spectra and the corresponding Fourier transforms of
experimental data (—) and the best theorétical fits (----) for (a) BES, (b) Na»S, and
(c) FeS treated cements.

Tc structures which exhibit the type of bridging that occurs in the NajS, FeS and
NaH,PO» treated cements, respectively: (a) TcSy, and (b) TcO3. The shaded atoms

are S and O.
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Figure 9.

Figure 10.

Raw k3-weighted EXAFS spectra and the corresponding Fourier transforms of
experimental data (—) and the best theoretical fits (----) for (a) NaH>PO; treated

cement and (b) LiOH-treated Tc model.

Normalized XANES spectra for (a) ReS, (b) Na;S treated cement, (c)
(NH4)>TcClg, (d) HReO4 (aq), and () NH4TcO4 (aq). The rhenium spectra were
measured at the Re Lj-edge and aligned on a relative energy scale with the Tc K-

edge spectra.

17



Table 1.

Compositions of Cement Mixtures

SWS | BES | PFA | OPC |
Mix 1 50% 50%
Mix 2 23% | 23% 4%
Mix 3 50% | 50%
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Table 2. EXAFS Structural Parameters for Tc compounds.
Values in brackets are taken from XRD studies noted in the text.
Tc-O Tc-CI (S) Te-Te
Sample? R(A) Nb o R(A) N o2 R(A) N o2
TcO4 1.72 4.2 0.0015
[1.71] (4]
TeOCls- 1.63 1.3 0.0020] 232 4.5 0.0027
[1.61]  [1] [2.31]  [4]
TcClg2 2.35 5.8 0.0031
[2.35] [6]
TcS, [2.24-2.55] [6] [2.55-2.92] [3]
BES 1.69 0.8 0.0031 2.33 4.1 0.0055
NasS 2.38 4.0 0.0076 2.75 0.9 0.0020
FeS 2.37 5.1 0.0083 2.80 0.8 0.0025
NaH,PO; 2.04 3.9 0.0028 2.59 1.2 0.0032
LiOH 2.08 5.3 0.0058 2.63 1.0 0.0030
291 0.8 0.0040
TcOd 1.98 6 261,310 2 0.0036
[1.94-2.08] [6] [2.48, 3.08] [2]

a. Principal Tc-containing species, compound, or reducing agent added to TcO4/cement mixture.

" b. Coordination number

c. Debye-Waller factor squared (A2)

d. Data taken from previous EXAFS study in reference 24.
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