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Abstract

During the nuclear waste vitrification process, some * Tc is volatilized and is trapped by
melter off gas scrubber solutions, and plans are currently being contemplated for the
disposal of such secondary waste. Solutions containing pertechnetate [ Tc(VII)O4]
were mixed with precipitated goethite and dissolved Fe(II) to determine if an iron
(oxy)hydroxide-based waste form can reduce technetium and isolate Tc(I'V) from
oxygen. The results of these experiments demonstrate that Fe(Il) with goethite
efficiently catalyzes the reduction of Tc(VII) to Tc(IV) from simple (deionized water) to
complex solutions mimicking the chemical composition of caustic waste scrubber media.
Analyses of the resultant Tc-bearing solid products by XAFS indicate that all of the
Tc(VII) was reduced to Tc(IV) and that the latter is incorporated as octahedral Tc(IV),
which is consistent with direct substitution of Tc(IV) for Fe(IlI) in the goethite or
magnetite structure. Batch dissolution experiments, conducted under ambient oxidizing
conditions for more than 180 days, demonstrated a very slow release of Tc to solution,
consistent with the incorporation of Tc(IV) into the stable goethite lattice. Incorporation
of Tc(IV) into the goethite lattice thus provides significant advantages for curtailing

release and limiting reoxidation of Tc disposed in nuclear waste repositories.
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Introduction

Technetium is generated in large quantities as a fission product by the irradiation
of »’U-enriched fuel during production of commercial power and nuclear weapons. The
most abundant Tc isotope in the wastes, ° Tc, has a high fission yield (~6%) and a long
half-life (2.13x10° years) [1, 2]. During the Cold War era, generation of fissile >**Pu for
use in atomic weapons yielded nearly 1900 kg of *’Tc at the Hanford Site, USA [3].
Most of this Tc is present in fuel reprocessing wastes currently stored in underground
tanks awaiting retrieval and permanent disposal. After retrieval, the wastes will be
separated into high- and low-activity streams, which will be vitrified and disposed of
separately. Even with careful process controls, volatilization of some Tc during the
vitrification of the wastes is expected. Although most of the volatilized Tc will be
captured in melter off-gas scrubbers and returned to the melter, a portion of the Tc is
expected to become part of the secondary waste stream. Effective and cost-efficient
disposal of the Tc in the off-gas scrubber solution is projected to be difficult.

A number of waste forms aimed at immobilizing Tc have been proposed and have
merit [4 — 6]. Yet any strategy to immobilize Tc for ~ 2 million years (10 half-lives)
must account for the reactivity of the waste form in the disposal environment and the
propensity for aqueous Tc(VII) to migrate in the subsurface without retardation. A
component of past strategies has been to use reducing agents to transform Tc(VII) into
the less mobile Tc(IV) species. When manifested as the hydrated oxide (TcO,°nH20),
sulfide (TcS,), or as a co-precipitate with iron (oxy)hydroxides, the solubility and
mobility of technetium is very low. However, Tc(IV) in the form of the hydrated oxide

has the potential to re-oxidize rapidly to Tc(VII) upon contact with oxygen [4, 5].
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Therefore, developing a chemically inert waste form that minimizes contact between
reduced Tc(IV) and oxygen is key to the success of any proposed immobilization
strategy.

Iron oxides, hydroxides, and (oxy)hydroxides are the end-stage weathering
products of a wide range of natural and anthropogenic materials, and among these,
goethite [a-Fe(II[)O(OH)] is the most thermodynamically stable phase over a range of
particle size and moisture conditions [6]. The stability of goethite at or near Earth’s
surface and its resistance to change in isotopic composition during low temperature
geochemical processes has led to the use of goethite as an indicator of paleotemperatures
[7, 8]. Previous investigations have also revealed that when Tc is incorporated into less
stable iron phases, the transformation into goethite occurred without oxidation or release
of Tc to solution [9, 10]. Additional studies have shown that the oxidized form of
technetium, pertechnetate [TcO4], is reduced in the presence of Fe(II), but the form of
the ferrous iron, and the identity of the phase with which it is associated, matters greatly
[9-11]. When Fe(II) is sorbed onto an iron-bearing solid, pertechnetate is reduced more
rapidly compared to when Fe(II) is present as a structural cation in silicate minerals,
sorbed onto clays or other silicates, or when ferrous iron is dissolved in solution [9, 11-
13]. It may also be possible to directly substitute Tc(IV) for Fe(IlI) in the octahedral site
of goethite during precipitation and crystal growth reactions because of the similarity in
ionic radii [78.5 A for both Fe(III) and Tc(IV)] and the interatomic distances between
Fe(II1)—O and Tc(IV)—O (2.06 and 2.01 A, respectively) [14]. The substitution of
Tc(IV) for Fe(Ill) must be charge balanced, which could occur by either replacement of

an Fe(III) ion by an Fe(Il) ion, as in the case of ulvospinel (Fe,TiO4), or by the generation
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of vacancies on the Fe(IIl) sites as in the case of maghemite (y-Fe,Os) or Sn(IV)
substituted goethite. (refs: Amer. Miner, 2010, 95, 425-439; J Mater Chem, 2000, 10,
1643-1648. I am unaware of any cases of charge balance in iron oxides produced by
additional oxide or hydroxide ions — Wayne). Therefore, a waste form based on a Fe(II)-
goethite system is an attractive candidate for deposition of technetium from secondary
wastes.

The experiments described herein evaluate immobilization of Tc in Fe(II)-
goethite system and attempt to elucidate the local structure of Tc within the final Tc-
goethite product. In addition, the release potential of Tc from the Tc-goethite waste form

was evaluated using batch dissolution experiments in a variety of aqueous solutions.

Experimental Section

Solution Preparation. Pertechnetate solutions were prepared by adding sodium
pertechnetate stock solution to the following solutions; deionized water (DIW), a
synthetic scrubber solution (SSS-1) made by mixing predominately ammonium carbonate
and sodium hydroxide to DIW and another synthetic scrubber solution (SSS-2) made by
mixing predominately sodium forms of hydroxide, nitrate, aluminate and oxalate salts.
Other components present in these two SSS simulants are listed in Table 1. The
concentration of pertechnetate in the DIW and SSS solutions ranged from 2.2 x 10° M to
4.2x10™* M.

Goethite Synthesis Steps and Strategy for Tc(VII) Removal. Goethite was
synthesized based on a scaled-down procedure of Schwertmann and Cornell [15]; details

can be found in the Supporting Information (SI). Between 2.75 and 3.50 g of synthesized



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

goethite dry powder was resuspended in 250 mL of deaerated deionized (DDI) water in
an anoxic chamber (Coy Laboratory) equipped with a H,/O; gas analyzer, palladium
coated alumina catalyst, and a mixture of N, (96%) and H, (4%) gas. The initial pH of
the goethite slurry was 10.4 and it was adjusted to pH ~ 2.0 with 2 M HNOs. An aliquot
of FeCl,-4H,0 (3.48 g) was directly added to the goethite slurry to make 0.07 M of
dissolved Fe(Il), while the suspension was continuously stirred at low pH (~2.0) in the
anoxic chamber. (After 1 day of stirring, 0.25 mL of Tc(VII) from a NaTcO, standard
solution was added to produce 2.2x10° M Tc in the Fe(II)-goethite slurry. As soon as the
Tc(VII) was added, the bottle was immediately capped and mixed before subsampling for
total Tc concentration in the supernate. After subsampling, 150 mL of 2 M sodium
hydroxide (NaOH) was added, and an additional subsample was immediately collected.
The final slurry was placed in an oven at 80°C for 7 days to promote additional
precipitation of a Tc-goethite solid.) — Was this done in the anaerobic chamber or in air?
If this was done in an anaerobic chamber, magnetite will be stable under the reaction
conditions. After 7 days, the final Tc-goethite solids were separated by filtration, washed
using DI water, air dried, and set aside for additional analysis.

In select experiments, the Tc-goethite solids were modified to armor the Tc-
goethite solids with additional goethite using separately prepared Fe(NO3);-9H,O
(11.4g/100 mL) and 2 M NaOH (150 mL) solutions in air. These two solutions were
added sequentially right after the Tc-goethite slurry was mixed with an initial 2 M NaOH.
After 1 to 2 days of reaction with the ferric nitrate and sodium hydroxide solutions, the
bottle containing the final slurry was placed inside an oven at 80°C for 7 days. The final

slurry was subsequently filtered, and both the solution and solid samples were subjected
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to further analyses. For Sample 2-5, the order of adding the ferric nitrate and sodium
hydroxide was reversed such that NaOH was added before the Fe(NO3);-9H,0 was
introduced. One sample, 2-3* was prepared with higher total Tc(VII) concentration
(4.2x10* M) and 0.1 M of Fe(II) in the SSS-2. The various goethite synthesis products
are given in Table 2.

The synopsis given in Table 2 indicates that samples 2, 2-1, 2-2, and 2-5 were Tc-
goethite solids generated using Tc(VII)-spiked DIW and 2-3, 2-3"and 2-4 were generated
using Tc(VII)-spiked synthetic scrubber solutions (SSS-1 or SSS-2). Samples 2-2, 2-3,
and 2-3" had no further Fe(III) armoring performed, whereas Samples 2, 2-1, 2-4, and 2-5
were subjected to additional Fe(III) armoring.

Solution Analysis. At each sub-sampling step over the course of each Tc
sequestering experiment, a small aliquot of filtered solution was set aside for
determination of pH and the concentrations of Tc, Fe(Il), and total Fe (Fer).
Concentrations of Tc and Fer in the supernatants were measured using ICP-MS and
ICP-OES, respectively. The dissolved ferrous [Fe(II)] concentration was determined
using the ferrozine colorimetric method [16].

Solid Phase Characterization. The initial goethite substrate and the final solid
product were characterized using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) with energy dispersive x-ray
(EDX) spectroscopy. Details of these solid phase analyses are included in the ST and
described in Um et al. (2010) [17]. An acid extraction procedure using 8 M HNOj; at
90°C and ICP-MS analysis were used to determine the total Tc(VII) concentration in the

final Tc-goethite solid.
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Te-Goethite Dissolution Experiments. Batch-leaching experiments were
conducted using a powder of Sample 2 at 1 g L' in different leaching solutions. The
contacting solutions were of three types. The first three solutions were standard
Beckman-Coulter™ pH buffer solutions at pH 4 (potassium hydrogen phthalate), pH 7
(mixture of potassium and sodium dihyrogen phosphate), and pH 10 (mixture of sodium
bicarbonate-carbonate). The second type of solution was a synthetic pore water (pH=7.2
and ionic strength=0.05 M) simulating a composition anticipated from the Integrated
Disposal Facility (IDF) in the Hanford 200 East Area[18]. The third solution was a
simulated Waste Treatment Plant (WTP) glass leachate (GL) with pH=9.7 and an ionic
strength of 1.67 M [18, 19]. The chemicals used to prepare the latter two Hanford-
specific leaching solutions are shown in Table SI-1. Additional Tc-goethite powder
samples (Sample 2-5; with armoring) and (Sample 2-2; without armoring) were reacted
using only the simulated IDF pore water solution to investigate the effect of the armoring
process on Tc release. For each Tc-goethite dissolution test, a supernate subsample (1
mL) was periodically collected, filtered with a 0.45-um Nalgene syringe filter, and
submitted for analyses of Fe(tot) and Tc. The pH was directly measured in the slurry
solution after subsampling. After the 180-day dissolution tests were completed, the
powder Tc-goethite samples were separated by filtration and subjected to solids
characterization.

X-ray Absorption Fine Structure (XAFS) Spectroscopy. Solid technetium
standards and Tc-goethite samples (2, 2-2, 2-3*, and 2-5) before they were subjected to
dissolution tests were analyzed to determine the Tc oxidation state and Tc local structure

using x-ray absorption near edge structure (XANES) and extended x-ray absorption fine
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structure (EXAFS) spectroscopy, respectively. The Tc-goethite Samples 2, 2-2, and 2-5
were reanalyzed after being contacted with solution for 180 days to determine the final
Tc oxidation state. An additional aliquot of the Tc-goethite Sample 2 was separately
exposed to atmospheric oxygen for 180 days and the Tc oxidation state in this sample
was also determined.

The XAFS spectra were collected either on beamline X10C at the National
Synchrotron Light Source (NSLS) or on beamline 4-1 at the Stanford Synchrotron
Radiation Laboratory (SSRL). Data reduction and analysis were performed using the
software IFEFFIT [20] and ATHENA/ARTEMIS [21] after correction for detector dead-
time. The XANES spectra for the Tc-goethite samples were fit using a linear
combination of the XANES spectra of Tc(IV) and Tc(VII) standards[22]. Three different
models were tested for EXAFS data: (Model 1) Tc substituted for Fe in the goethite
structure without any neighboring Tc atoms, (Model 2) Tc substituted for Fe in the
goethite structure with a small fraction of neighboring Fe sites occupied by Tc, and
(Model 3) Tc substituted for Fe in the goethite structure with some Tc present as separate
TcO,-2H,0 precipitates. More details for XAFS sample collection and analysis are given

in the SI.

Results and Discussion

Tc(VII) Removal by Fe(II)-Goethite. The total amount of Tc measured in the final Tc-
goethite solid indicated that 93 to 100% of the Tc from the DIW solution and 93 to 96%
of the Tc from the synthetic scrubber solutions was removed (Table 2). The greatest Tc

removal, 100%, was found in Sample 2-5 (Table 2), which was prepared by the addition
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of NaOH prior to the armoring Fe(IIl). In Sample 2-5, most of the dissolved Fe(II) and
Tc(VII) added to the goethite suspension precipitated immediately upon adding the
NaOH, prior to adding the Fe(IIl) armoring solution (Figure SI-1d). Similar rapid and
effective removal of Tc was also observed in Samples 2-2 and 2-3 prepared with DIW
and the SSS-1 (pH~13), respectively, even without the additional Fe(IIl) armoring
process (Figure SI-1b and 1c). Sample 2-3 prepared with highly caustic SSS-1 showed
almost 100% Tc removal in solution before addition of NaOH because of initially high
pH of SSS-1 (Table 2 and Figure SI-1c). This suggests that the key step in Tc removal is
making the mixture alkaline after mixing Tc with the Fe(Il)-goethite slurry prepared at
low pH. In addition, 100% of Tc removal observed in Sample 2-5 was found to occur
after adding NaOH but before adding additional Fe(IIl), indicating that the amount of
additional Tc removed from solution during the Fe(IIl) armoring process was not
significant (Figure SI-1d). The mass balance of total Fe used to create the Tc-goethite
samples also showed that about 90% to100% of total Fe used in this system was
recovered from the final Tc-goethite product (Figure SI-2).

Solid Phase Characterization. The XRD pattern of the initial goethite solid
showed only goethite in the sample (Figure 1). However, goethite was not the only
crystalline phase observed in the final Tc-goethite products, and also included noticeable
amounts of magnetite (arrows in Figure 1) in Samples 2, 2-1, 2-2, 2-3, and 2-3* as
indicated by the sharp peak at 35.6 degrees 2-theta. This peak was more discernable in
Samples 2-2, 2-3, and 2-3*, which were prepared without additional Fe(IIl) armoring.
Samples 2-2 and 2-3 were dark greenish-black and contained more fine particles that

were attracted to the magnetic stir bar indicative of the presence of a magnetic species

10
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(i.e., magnetite). Semiquantitative analysis using standard magnetite and goethite XRD
patterns showed approximately 70% and 60% magnetite content for Samples 2-2 and 2-3,
respectively, with the remainder being goethite (Figure SI-3). A smaller amount of
magnetite, 20% and 40%, was found in Sample 2-3* and 2, respectively. Two possible
explanations for the formation of magnetite are 1) the initial precipitation of ferrous
hydroxide, Fe(OH),s) and its gentle oxidation to magnetite by nitrate as pH increased (ref
Mat Res Bull 2006, 41, 703) or 2) the reaction with dissolved Fe(III) in the initial Fe(IT)
goethite slurry at low pH.(ref Mat Res Bull 2006, 41, 703) More details for this
explanation can be also found in the SI.

The XRD peak at 21 degrees 2-theta region, indicative of the presence of goethite,
were more intense in the Samples 2-4 and 2-5, prepared with additional Fe(IIl) armoring,
than in Samples 2-2 and 2-3, which were prepared without additional Fe(IIl) (Figure 1).
No major magnetite was found in Samples 2-4 and 2-5. In addition, no siderite (FeCO3)
was found in Samples 2-3 and 2-4 even though synthetic off-gas scrubber solution
contained 0.8 M carbonate (Figure 1).

The goethite phase also showed no alteration upon leaching. The final Tc-goethite
samples after 180 days of leaching showed identical XRD patterns to the initial Tc-
goethite samples (Figure SI-5). No mineralogical change was observed in those leached
Tc-goethite samples, even for the final Tc-goethite Sample 2, which had been leached in
a pH=10 buffer solution for 180 days and showed the highest dissolved Fe(tot)
concentration (See below leaching results).

The SEM images of both the initial and final Tc-goethite products exhibited the

acicular shape typical of goethite (Figure 2). Small cubes or pseudocubic crystals, likely

11
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magnetite, attached to acicular goethite were observed in Samples 2-2, 2-3, and 2-3%*,
which is consistent with the observation of magnetite found in these samples by XRD
analysis. However, no cubic-shaped crystals were found in Sample 2-5 (Figure 2c¢).
Additional TEM results revealed similar acicular goethite in Samples 2-2 and 2-3 with
the selected area electron diffraction (SAED) pattern taken along the B[001] direction of
goethite (Figure 3).

Because Samples 2-2 and 2-3 contained a relatively higher Tc concentration per gram
of goethite (Table 2), Tc could be detected in Sample 2-2 by TEM/EDX (Figure 3d).
However, the exact location of Tc was not clear because the Tc EDX peak was found in
the mixture of magnetite and goethite in Sample 2-2. The presence of Tc was observed
by TEM/EDX in an acicular-shaped particle (goethite) in Sample 2-3*, which was
prepared with high Tc concentration (Figure 3e). However, Tc was also detected by
SEM/EDX for the same Sample 2-3* in a separated mineral particle that had the typical
cubic shape of magnetite (Figure 2d and 2e). The presence of Tc in the final Tc-goethite
product in Sample 2-2 and 2-3* indicates the possibility that Tc is associated with Fe
oxide, either magnetite or goethite.

Tc Release in Batch Dissolution Experiments. Batch-leaching data for Sample 2
as a function of time in different solutions are shown in Figure 4. No dramatic changes
of measured pH values were observed (Figure 4c). Concentrations of Tc in the leachates,
even after 180 days of contact, were less than 2 pg/L (2 x 10™® M) in the pH = 4 and 7
buffer solutions and the IDF pore water (pH = 7.2) solutions. These solution
concentrations equate to a Tc release of ~2 ug Tc/g of Tc-goethite solid. The release of

Tc was higher when the Tc-goethite solids were immersed in the pH = 10 buffer (up to 7

12
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ug Tc/g of Tc-goethite solid) and GL solutions (up to 2.7 pg Tc/g of Te-goethite solid)
(Figure 4a). The leached Tc concentrations in the IDF pore water and pH = 7 buffer
solution were very similar, and most of the measured Fe(tot) concentrations in these
solutions were below the detection limit (< 50 ug/L) of ICP-OES, which is not surprising
since the goethite solubility is <10 M at pH 7 [23]. (I have converted Schwertmann’s
concentration to molarity. The solubility product is -0.02, but would need to be defined as
it can be written using the concentration of either protons or hydroxide). Because the GL
solution has a relatively high pH (~9.7) compared to the IDF pore water, more goethite
dissolved resulting in higher leached Tc concentrations in GL solution than the IDF pore
water solution. A progressively increasing dissolved Fe(tot) concentration after 180 days
of reaction time was found only for the pH = 10 buffer solution and indicates that Tc
release occurs mainly as the host magnetite and/or goethite dissolves. A linear relation
between dissolved total Fe and released total Tc concentrations was also observed in the
pH = 10 solution (Figure SI-5).

Additional Tc leaching tests using powdered Tc-goethite Samples 2-2 and 2-5 in IDF
pore water solution were conducted to investigate the effect of the goethite armoring
process. The results of these additional leach tests on armored (Samples 2 and 2-5) and
unarmored (Sample 2-2) powder samples showed no detectable Fe(tot) in the IDF pore-
water leachates for all three Tc-goethite samples even after 180 days of leaching as found
for Samples 2 in Figure 4b. Especially at early leaching times of less than 10 days
(Figure 4d), noticeably more Tc was leached from Sample 2-2, which was prepared
without additional goethite armoring and consisted 70% magnetite, compared to Samples

2 and 2-5 that were prepared with two different armoring processes and in which goethite
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is the dominant mineral phase. Although Samples 2 and 2-5 were both prepared with
additional goethite armoring, Sample 2-5 (100% goethite) showed complete Tc removal
from solution (100% Tc uptake in Table 1) and was the most resistant to Tc leaching (less
than 2.0 wt% of Tc removed after 180 days in IDF pore water).

XAFS Analysis of Tc in Tc-Goethite. The XANES spectra for the Tc standards
KTcO4, NaTcOs, TcO4™ adsorbed on Reillex-HPQ resin, and TcO,-2H,0, along with the
Tc-goethite Samples 2, 2-2, 2-3*, and 2-5, are shown in Figure 5. The spectra for
NaTcO4, KTcOy4, and TcO4 adsorbed on ion-exchange resin are very similar and
characterized by a strong pre-edge feature due to the 1s to 4d transition, which is allowed
for the tetrahedral TcO4 anion. The XANES spectrum of TcO,-2H,0 is very different
and characteristic of Tc(IV) coordinated by 6 oxygen atoms in an octahedral geometry.
In addition, the absorption edge of TcO,-2H,0 is 5.5 eV lower in energy than the
absorption edge of TcO4. The oxidation state of Tc in the Tc-goethite samples was
determined by fitting their XANES spectra using the spectra of TcO4 adsorbed on
Reillex-HPQ resin and TcO,-2H,0 as the Tc standards (Figure 5). In all cases, the results
of fitting indicated that only Tc(IV) was present in Samples 2, 2-2, 2-3*, and 2-5 before
leaching (Figure 5a). The uncertainty in the amount of TcO4 present varied from 2-3%,
which gives a detection limit of 5% at the 95% confidence level.

The oxidation state of Tc in the leached Tc-goethite samples was also determined by
fitting their XANES spectra using the Tc standards and the results indicated that only
Tc(IV) was present in Samples 2, 2-2, and 2-5, even after 180 days reaction in IDF
solution (Figure 5b). The Tc-goethite Sample 2 that was exposed to atmospheric oxygen

for 180 days also showed only that the Tc(IV) oxidation state was present (Figure 5b).
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Other Tc-goethite samples that were leached in different pH solutions also showed no
reoxidized Tc(VII) in the XANES spectrum (Figure SI-6). The fraction of Tc present as
TcOy in all the reacted Tc-goethite samples in solution or air for 180 days was less than
5%, suggesting that Tc(IV) incorporated within the goethite mineral lattice is resistant to
reoxidation.

The k3-weighted EXAFS spectra and Fourier Transforms for Samples 2, 2-2, 2-3%*,
and 2-5 solids before leaching are presented in Figure (SI-8). The figure is missing and I
assume you have placed it in the SI. The numerical fitting results are in Table 3. As
described in previous section, three different models were examined and the distances
were allowed to vary in fitting process. Therefore, if the distances to neighboring atoms
did not correspond to the model, the structure was free to relax.

In all cases, the local environment of Tc is consistent with Tc replacing Fe in the
goethite lattice. This is best illustrated by comparing the Tc local environment to the Fe
environment in “pure” goethite, which is also presented in Table 3. The main difference
between the local environment of Tc in the Tc-goethite and that of Fe in “pure” goethite
is that in “pure” goethite, there are two sets of two iron atoms at 3.01 and 3.28 A, while
in the structure determined by EXAFS for the Tc-goethite solids, there are four iron
atoms at an intermediate distance, 3.1 A. This difference could be either an inability to
resolve the two sets of iron neighbors in the EXAFS analysis of the Tc-goethite solids or
could be due to disorder in the local environment of Tc-goethite caused by the Tc
substituting for Fe. Unlike the other samples, Sample 2 also displays additional
scattering due to a Tc neighbor at 2.51 A, which is not consistent with a neighboring Tc

in the goethite lattice. This distance, however, is consistent with the presence of
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TcO,-2H,0, which has a solubility of 5x10™* M at pH=2.0 [24], and is attributed to the
presence of residual Tc(IV) not incorporated into the goethite lattice in Sample 2.

A similar local environment for Tc in iron oxides was observed previously in TcO4
reduced using green rust [10]. In that case, the initial Tc environment was consistent
with Tc incorporated into the lattice of green rust. And after the green rust was oxidized,
the coordination environment was consistent with Tc substituted for Fe in goethite
produced by oxidation of the green rust. The Tc-Fe distances in the oxidized products are
very similar to those determined here, although the previously reported Tc-Fe
coordination numbers for the oxidized green rust and goethite [10] are smaller than those
reported here.

The local environment of Tc in goethite is distinctly different from that of Tc
adsorbed on the surfaces of iron oxides. Peretyazhko et al. (2009) [25] examined Tc(IV)
adsorbed on both goethite and hematite. In both cases, a complex coordination geometry
was observed with a first shell consisting of six oxygen atoms at 2 A, a neighboring metal
atom (either Tc or Fe) at 2.6 A, three oxygen atoms at 3 A, and two iron atoms at 3.5 A.
A similar local environment was also observed for Tc adsorbed on ferrihydrite [9]. In
comparison to these previous reports, it is unlikely that Tc in our Tc-goethite samples is
adsorbed onto the iron oxide mineral surfaces.

While the local environment of Tc in our Tc-goethite is distinctly different from Tc
adsorbed onto the surface of iron oxides, it is not necessarily distinct from Tc
incorporated into other iron oxides. The distances of Tc to neighboring atoms in Tc-
goethite are similar to those of the octahedral site in magnetite: six oxygen atoms at

2.06 A, six iron atoms at 2.97 A, and six iron atoms at 3.48 A. Although it may be
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possible to distinguish these two possibilities using the numbers of neighboring iron
atoms, this is not done here because coordination numbers determined by EXAFS are not
particularly accurate and can be lower than expected if some portion of the Tc is
adsorbed on the surface rather than incorporated into the lattice. However, in the case of
the Tc-goethite samples, especially Samples 2 and 2-5 which were prepared with
additional armoring, assignment of Tc in the final Tc-goethite product rather than
magnetite is made for the following reasons. First, the Tc-Fe distances in the samples
examined here are all similar and somewhat longer than those of the octahedral magnetite
site and are more similar to the goethite model. Second, goethite is a major mineral
found in those samples (Figure 1). However, because magnetite is a major phase (60% to
70%) in Samples 2-2 and 2-3 (Figure SI-3) and magnetite can be transformed to goethite
by additional armoring process in alkaline condition [26], the possibility of initial
removal of Tc by magnetite, which is subsequently transformed to goethite cannot be
ruled out. Even though the EXAFS results of Samples 2 and 2-5 are very similar to those
found in Samples 2-2 and 2-3* where magnetite and goethite mixture are found,
SEM/TEM with EDX analysis for Tc location in Sample 2-3* prepared with high Tc
concentration and SSS-2 without the additional armoring process show that Tc can be
associated with both magnetite (Figure 2) and goethite (Figure 3). However, the EXAFS
result for Sample 2-5 (100% goethite based on XRD analysis) confirmed almost total Tc
coprecipitation within the goethite lattice rather than showing Tc adsorbed onto the
surfaces of goethite or Tc as a discrete TcO,-2H,0 solid phase. Finding only Tc
coprecipitation within goethite lattices in Sample 2-5 is consistent with the Tc leaching

results for Sample 2-5 in IDF pore water (Figure 4d) that shows the least Tc release.
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Environmental Implications of Tc¢ Incorporated within Goethite. The observed
high-percentage Tc incorporation within the Fe(Il)-treated Fe oxide mineral (magnetite or
goethite) structure provides a viable option for treating waste streams containing Tc(VII)
and forming stable Tc-bearing solid waste forms. With Fe(II) acting as a reductant on the
surface of initially prepared goethite to reduce Tc(VII), the process can remove Tc from
off-gas secondary waste solutions quickly and efficiently. Because goethite is very stable
with respect to other iron oxides or (oxy)hydroxides, Tc reduced and incorporated within
the goethite is unlikely to be released, even when the final Tc-goethite product is exposed
to oxidizing conditions. The sequestered Tc within goethite lattice resists to reoxidation
and exhibits lower leachability compared to the literature data [4] on the Tc leachability
or release of Tc adsorbed onto ferric oxides or from discrete TcO,-2H,Oys) crystals

present in mixed solids.
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506  Table 1. Composition of Hanford Tank Waste Treatment and Immobilization Plant

507 Secondary Waste Simulant.
508
Components Simulant SSS-1 Simulant SSS-2 (moles/L)
(moles/L)[27] Caustic Scrubber Solution;
Median Values from [17]
Na 1.8 2.0
Al NI 1.88E-01
Cr NI 4.06E-04
Ag NI 1.25E-05
Cd NI 3.14E-06
I NI 9.14E-06
Hg NI 2.26E-05
Pb NI 1.80E-05
NH," 1.84 NI
CO5™ 8.10E-01 4.56E-02
NO5’ 1.60E-02 6.56E-01
OH’ 1.92 7.96E-01
PO.” NI 1.37E-02
S04~ NI 8.82E-03
TOC 7.80E-02 NI
(as acetate)
TOC NI 1.88E-01

(as oxalate)

NI = not included; TOC = total organic carbon.

509
510
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511  Table 2. Summary of Tc-goethite preparation methods and Tc removal efficiencies.
512

Test Description and Tc Samples®
Removal

2 2.1 22 23 2-3*® 24 2-5
Additional Fe(IIT) armoring Yes Yes No No No Yes Yes
Initial solution® DIW DIW DIW SSS-1 SSS-2 SSS-1  DIW
Initial goethite mass (g) 347 275 275 275 2.0 2.75 2.75
Initial pH 1.78 1.47 1.47 1.47 1.58 1.47 1.47
pH after 1 day reaction with 225 206 204 204 1.98 2.03 3.54
Fe(I)
pH after Tc spike 2.01 206  2.04 13.0 13.5 13.0 3.03
Initial spiked-Tc mass (ng) 597 551 501 522 5547 546 615
Reaction time with Tc 1 day 2 2 2 1 day 2 2

days days days days days

Adjusted pH by NaOH before NA NA NA NA 13.5 NA 13.3
Fe(III) addition
pH after mixing Fe(III) and 13.0 133 1339 1309 134  13.09 133
NaOH
Reaction time in oven (day) 7day 7day 7day 7day 7day 7day 7day
Final pH after heating in oven 12.9 13.3 13.3 13.0 13.3 13.3 13.4
Final solid mass (g) 6.53  6.05 324 351 5.10 6.43 6.41
Final Tc removal on solid 85.7 84.4 149.1 143.1 1020 78.9 96.0
(ng/g)
Tc uptake in goethite (%) 93.7 927 965  96.3 93.8 929 100.0
XAFS sample collection NSLS NA SSRL NA SSRL NA SSRL

(a) “No Fe(IIl)” indicates no armoring process was conducted with additional Fe(III) for

Samples 2-2 and 2-3. NA indicates “not applicable”’; NSLS = National Synchrotron Light

23



Source; SSRL = Stanford Synchrotron Radiation Laboratory. XAFS = x-ray absorption fine
structure (spectroscopy).

(b) Additional Tc-goethite sample, Sample 2-3*, was prepared in simulant (SSS-2) with a high
Tc concentration, 4.2x10* M and 0.1M of Fe(II).

(c) The initial solutions = deionized (DI) water, synthetic scrubber solution (SSS-1) or (SSS-2)
refer to Table SI-1 for compositions.

(d) The pH values were measured after addition of NaOH in Samples.

(e) The final concentration of Tc on Tc-goethite was determined by acid digestion.

513
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516

517

518

519
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520  Table 3. Structural parameters of Tc derived from EXAFS analysis.

Samples  Neighbor CN R(A) o’ AE, p(F)
atoms
Te-goethite 0 6 2017(5)  0.00233) _ 0(1) _ <0.001
Sample 2 Fe 4 3.074(8)  0.0064(6)  0(1)  <0.001
(R-factor = Fe 4 3.5202)  0.0064(6)°  0(1)  <0.001
0.006) Te 0.52) 2512 0.0064(6)°  0(1)  0.046
Te-goethite 0 6 2020(6)  0.00404)  -2(1) <0.001
?ﬁnt}fifoij Fe 4 3.09(1) 0.0084(7)  -2(1)  <0.001
0.011) Fe 4 3.53(1)  0.0084(7)°  -2(1)  <0.001
Te-goethite 0 6 2014(8)  0.00495)  -3(2) <0.001
?ﬁng’:oij Fe 4 3.08(2) 0.0132)  -3(2) <0.001
0.033) Fe 4 3.54(2) 0.008(1)  -3(2) <0.001
Te-goethite 0 6 202(1)  0.00606)  -2(1) <0.001
?ﬁnt}fifoij Fe 4 3.102) 0.009(1)  -2(1)  <0.001
0.037) Fe 4 3.53(5) 0.017(6)  -2(1) 025
Goethite* o) 6 1.95-2.09
Fe 2 3.01
0 1 3.3
Fe 2 3.28
Fe 4 3.59
521 * S,°=1.0; coordination number (CN); interatomic distance (R); disorder parameter

522 (0%); energy shift (AEy); goodness of fit parameter (R-factor); F-test [p(F)]. A F-test was
523  performed on each scattering shell to determine the best model. If the probability of
524 F[p(F)] is less than 0.05, the addition of that shell improves the fit to greater than 2¢ and
525  that shell was considered to be observed in the experiment. More details for F-test is
526  referred to Downward et al. [28]. ¥ Goethite from Szytulstroka et al. [29].
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Figure captions.

Figure 1. X-ray diffraction patterns for initial goethite and final Tc-goethite solids.
Arrows (red) indicate presence of magnetite. Sample 2-3* was prepared in simulant SSS-
2 with high Tc(VII) concentration, 4.2x10™* M and 0.1 M Fe(II) without additional

armoring.

Figure 2. SEM images for Tc-goethite samples (a) initial goethite; (b) final Tc-goethite
Sample 2-2; (c) final Tc-goethite Sample 2-5; (d) final Tc-goethite Sample 2-3%*; () EDX
for Tc-goethite Sample 2-3* prepared using simulant-2 (caustic scrubber median) with
high Tc concentration and 0.1 M of Fe(Il) without additional armoring process. A beam
location is a cubic-shaped particle described as a pink rectangle denoted as “Fe particle”

in Figure 2d.

Figure 3. TEM images for Tc-goethite samples: (A) high magnification image of Tc-
goethite Sample 2-2; (B) presence of visible magnetite with goethite in agreement with
XRD in Sample 2-2; (C) electron diffraction pattern taken along the B[001] direction of
goethite in Sample 2-2; (D) TEM/EDX analysis of Tc in Sample 2-2. The Tc is
identified by the L-lines at close to 2.5 keV. The peaks for Si and Cu are artifacts of the
sample preparation and the specimen holder, respectively; (E) TEM/EDX analysis of Tc-

goethite Sample 2-3* showing trace amount of technetium.

26



550

551

552

553

554

555

556

557

558

559

560

561

562

563
564

565

566

Figure 4. Batch leaching results for Tc-goethite samples as a function of reaction time
with different pH buffer solutions (4, 7, and 10), IDF pore water, and GL. (a) Tc(tot)
leaching for Sample 2; (b) dissolved Fe(tot) for Sample 2; (c) measured pHs for Sample
2; (d) Tc(tot) leaching for Tc-goethite Samples 2, 2-2, and 2-5 in IDF pore water. The

leachates were analyzed in triplicate, and the average values were used.

Figure 5. Normalized XANES spectra for Tc(VII) and Tc(IV) standards, and Tc-goethite
samples. (a) The black symbol (rectangular) and the solid line in Tc-goethite spectra
indicate the measured data and a linear combination fit, respectively for Tc-goethite
samples before leaching; (b) The rectangular black symbol and red line in Tc-goethite
spectra indicate the measured data and a linear combination fit, respectively for Tc-
goethite samples after 180 days leaching. The reacted Sample 2 in air was contacted for

180 days with atmospheric air.
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Brief: Fabrication of Fe(ll) treated goethite for sequestration of Tc(VII) and limited re-
oxidation of Tc(IV) present as coprecipitates within goethite lattice are discussed.
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