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1. Introduction

This progress report (Level 4 Milestone Number M4SF-20LL010302042) summarizes
research conducted at Lawrence Livermore National Laboratory (LLNL) within the
Crystalline Activity Number SF-20LL010302041. The research is focused on actinide
and radionuclide sequestration in steel corrosion products.

Fuel matrix degradation models suggest that the near field is likely to be reducing at the
time of canister breaching, steel corrosion, and radionuclide release, but more oxidizing
conditions may prevail in the far field. The incorporation of radionuclides into corrosion
phases may limit the rate of radionuclide release by sequestering a portion of the
radionuclide source term. For these reasons there is a need to evaluate the incorporation
of Pu and other radionuclides into various Fe-oxide phases, and to understand the
behavior of coprecipitated phases during mineral recrystallization processes and during
re-oxidation events. Radionuclide coprecipitation with Fe minerals may impact long-term
repository performance and is an ongoing research focus at Lawrence Livermore
National Laboratory.

The effort described in this document is focused on identifying:
« The fate of plutonium during ferrihydrite to goethite recrystallization reported as a
summary of a paper that will be submitted for publication at the end of June 2020
« Preliminary results on the coprecipitation of plutonium with magnetite and its
behavior during exposure to oxidative solutions

Additionally, part of our effort for FY20 is focused on performing an assessment to
identify the most critical radionuclides and data gaps associated with radionuclide
interaction with corrosion products. Our goal is to summarize how radionuclides are
expected to interact with Fe minerals relevant for the safety assessment of a geological
repository. Upon completion of this assessment, we plan to perform supplementary
experiments with radionuclides identified as playing a central role in repository
performance assessment and to fill the knowledge gap. The radionuclides of interest
include Tc, Se, Cl, I, and Np. Synthesis methods developed for Pu incorporation into
oxidized and reduced iron oxide phases can be directly applied to radionuclides of
specific interest to GDSA efforts. Here we report our literature review on Se and Tc
interactions with various Fe minerals.

In addition to the corrosion effort, we planned to complete our analysis and modeling of
Np(1V) diffusion through bentonite buffer material and provide diffusivity and
retardation parameters for use in GDSA. These data are the first attempt to quantify the
diffusion of the dominant Np oxidation state likely to be present under reducing
repository conditions (i.e. Np(IV)). However, due to limited access to LLNL laboratories
during the COVID-19 pandemic, completion of this task has been delayed and results
will only become available in FY21.
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2. Summary of paper “Plutonium fate during ferrihydrite to goethite
recrystallization” (to be submitted by June 2020)

Authors: Enrica Balboni, Kurt F. Smith, Liane M. Moreau, Tian T. Li, Melody
Maloubier, Corwin H. Booth, Annie B. Kersting, Mavrik Zavarin

KEYWORDS: Ferrihydrite, goethite, recrystallization, plutonium, x-ray absorption
spectroscopy

The fate of radionuclides, including Pu, during mineral formation and recrystallization
processes is still not fully understood. Gaining a detailed, mechanistic, understanding of
the interactions between iron (oxy)hydroxides and Pu is key to predicting the long-term
stability and mobility of Pu in the natural and engineered environment.

The goal of this paper is to assess the fate of Pu during the ubiquitous process of
ferrinydrite to goethite recrystallization. We synthesized ferrihydrite with various
amounts of Pu(1V) (3000, 1000 and 400 ppm) following either a coprecipitation (FHc-
3000, FHc-1000, FHc-400) or sorption process (FHs-3000, FHs-1000, FHs-400), and
then subsequently used this material to crystallize goethite (goethite samples
recrystallized from Pu coprecipitated ferrihydrite: G-FHc-3000, G-FHc-1000, G-FHc-
400; goethite samples recrystallized from Pu sorbed ferrihydrite: G-FHs-3000, G-FHs-
1000, G-FHc-3000). We provide detailed extended x-ray absorption fine structure
(EXAFS) spectroscopy, transmission electron microscopy (TEM) and acid leaching
analysis to elucidate the nature of plutonium association with ferrihydrite and goethite.

Our results show that variations in synthetic routes have impacts on the nature of Pu
associated with both the ferrihydrite precursor and the ferrihydrite recrystallization
product (goethite). When a Pu containing solution is added to a ferrihydrite mineral
(sorption route), a fraction of the Pu precipitates as PuO2 nanoparticles and the remaining
Pu fraction forms a complex on the mineral surface. After hydrothermal alteration to
goethite, the PuO2-like nanoparticles are preserved while a fraction of Pu is still present
as a surface adsorbed species on the goethite mineral surface (Table 1, Figure 1). There is
evidence that this adsorbed species is more weakly bound to goethite than to ferrihydrite,
as evidenced by a decrease in the number of Pu-Fe scatterers identified in the respective
sample (the LIlI-edge EXAFS data and fit results for selected samples are reported in
Figures 2 and 3). This observation suggests that Pu adsorbed to ferrihydrite may be
mobilized during the recrystallization processes. The analysis of the supernatant after
hydrothermal alteration of ferrihydrite to goethite showed a small increase in Pu
concentration confirming that some Pu re-mobilization occurs during the mineral
recrystallization process.

When ferrihydrite is precipitated directly from a solution containing Fe and Pu
(coprecipitation route), no PuO2-like nanoparticles are observed (Table 1). Although it is
difficult to identify the exact nature of Pu in the sample due to a high degree of disorder,
there is evidence that Pu is strongly bound to the ferrihydrite solids through a
combination of adsorption and/or coprecipitation as evidenced by the high number of Pu-
Fe scatterers. In this sample, a fraction of Pu could coprecipitate with ferrihydrite and/or
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form a polynuclear inner sphere complex. The EXAFS data show that the Pu binding site
changes significantly during ferrinydrite recrystallization to goethite, indicating that Pu is
mobilized during hydrothermal alteration. However, only a small fraction of Pu in the
highest Pu concentration sample (G-FHc-3000) is remobilized to form PuO.. In the lower
concentration goethite samples (G-FHc-1000, G-FHc-400) Pu is strongly sorbed (either
coprecipitated and/or adsorbed as inner sphere complex) to the goethite as evidenced by
the high number of Pu-Fe scatterers, and PuO: is not observed. The acid leaching results
support this conclusion by showing that less Pu is accessible to leaching in goethite
formed via coprecipitation process, compared to the goethite formed via the sorption
process. These observations confirm that that the nature of Pu associated with the mineral
will affects the leachability of Pu from the solids (Figure 4).

Overall the results presented in this study provide valuable new insights into Pu(IV)- iron
(oxy)hydroxide interactions in the natural and engineered environment and highlight the
importance of understanding the fate of radionuclides during mineral recrystallization
processes.

Figure 1 Pu nanoparticles on goethite G-FHs-3000. (A) Low-magnification TEM image
of large tabular goethite and intrinsic Pu nanoparticles (black inlet). (B) HRTEM image
of Pu nanoparticles on goethite surface from inlet in (A); (C) and (D) FFT of HRTEM
area 1 and 2 shown in panel (B), is consistent with the fcc, PuO: structure.
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Table 1 Summary of EXAFS fits

Sample Shell N RA) ¢?(A? EO(eV) R (%)
Pu-O  9(1)  2.31(1) 0.014(1)

FHs-3000 Pu-Fe 6(2) 3.39(1) 0.021(4) -10.8(8) 8.0
Pu-Pu 3(1)  3.79(1) 0.008(1)
Pu-O1 4.0(2) 2.41(1) 0.0053(7)*

FHc-3000  Pu-O2 3.0(1) 2.24(1) -11.0(4) 35
Pu-Fe 8(1)  3.39(1) 0.023(2)
Pu-O  8(1)  2.32(1) 0.010(1)

G-FHs-3000 -11.48) 102
Pu-Pu 4(1)  3.80(1) 0.003(1)
Pu-O  8(1)  2.32(1) 0.008(1)

G-FHs-1000 -11.7(7) 9.9
Pu-Pu  4(1)  3.81(1) 0.001(1)
Pu-O  6(1) 2.28(1) 0.013(2)

G-FHc-3000 Pu-Fe 1(1) 3.56(1) 0.003(4)  -12.6(12) 8.7
Pu-Pu  2(1)  3.80(1) 0.001(1)
Pu-O  5(1) 2.21(1) 0.013(2)

G-FHc-1000 Pu-Fe 6(1)  3.17(4) 0.01(1)* -10.0(16) 13.3
Pu-Fe 10(8) 3.49(2)
Pu-O  6(1) 2.20(2) 0.016(2)

G-FHc-400  Pu-Fe 5(3)  3.19(2) 0.015(6)* -7.6(21) 122
Pu-Fe 8(4) 3.47(2)

* Indicates a tied o parameter (i.e. shared in two shells). N represents
the coordination number assuming an amplitude reduction factor of 1;
R denotes the interatomic distance; o2 represents the Debye Waller
factor; AEO represents the energy shift from the calculated energy

fermi level.
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Figure 2 Pu Li-edge EXAFS data and fit results for samples synthesized following the
sorption method measured at 30 K. Left: Fourier transforms (FT) of the k-space data and
fit. Vertical dashed lines indicate the fit range. Data were transformed between 2.5 and
12.5 A* by using a Gaussian window with a width of 0.3 A™X. The raw unfiltered data
error bars (encompassed by the solid gray shaded area around the data set) were
estimated by the standard deviation of the mean between traces. Right: EXAFS results in
k-space. The filtered data and fit were back-transformed over the fit range.
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Figure 3 Pu Li-edge EXAFS data and fit results for samples synthesized following the
coprecipitation method measured at 30 K. Left: Fourier transforms (FT) of the k-space
data and fit. Vertical dashed lines indicate the fit range. Data were transformed between
2.5 and a maximum of 12.5 A™* by using a Gaussian window with a width of 0.3 AL. The
raw unfiltered data error bars (encompassed by the solid gray shaded area around the data
set) were estimated by the standard deviation of the mean between traces. Right: EXAFS
results in k-space. The filtered data and fit were back-transformed over the fit range.
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Figure 4 Leaching behavior of Pu in acidic solutions (0.001-4M) for goethite synthesized
following the sorption (G-FHs-3000, G-FHs-1000) and coprecipitation (G-FHc-3000, G-
FHc-1000) method. The acid leaching results show that overall more Pu is leached from
goethite hydrothermally aged from ferrihydrite synthesized following the sorption than
the coprecipitation method. A total of 9.6 + 0.2% and 3.42 £ 0.3% are leached from G-
FHs-3000 and G-FHs-1000, respectively, whereas in comparison 4.03(12)% and
1.54(8)% of Pu are leached in solution from G-FHc-3000 and G-FHc-1000, respectively.
After 24 hours of leaching in 4 mol/L HNOs, a total of 40(1)% of Pu is leached from G-
FHs-3000; whereas only 7.5(5)% of total Pu is leached from G-FHc-3000.

3. Magnetite coprecipitation with plutonium: preliminary results

Pu-doped magnetite was synthesized in an anaerobic glovebox using a 0.1 M Fe(Il)Cl2
and 0.2 M Fe(111)Cls prepared by dissolving the Fe salts in a degasses 0.3 M HCI
solutions. An aliquot of 2*2Pu(IV) 1.3x10 M solution was added to the Fe(111)Cls
solution prior to formation of any visible precipitate to achieve a Pu concentration of
~500 ppm in the solid.

The Fe(II) and Fe(III)/Pu solutions were slowly mixed on a stir plate to achieve a
Fe(I1)/Fe(IlI) molar ratio of 0.6. The pH of the mixed Fe(Il)/Fe(Ill) solution was adjusted
to ~9 using a degassed NH4OH solution (28%vV). The final product consisted of a black
suspension that was left stirring for two hours in the glovebox (Mg-500). After two hours
ImL aliquot was centrifuged at 6000 rpm for 10 minutes, and results show that >99.9%
Pu is associated with the solid (pH of mother liquor between 8-9). Pu aqueous
concentration was measured for up to 60 days, but no significant changes were observed
from the initial measurements suggesting that Pu is strongly associated to magnetite.
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Aliquots of Pu-doped mineral suspensions of magnetite were rinsed from the synthetic
mother liquors with degassed DI water and equilibrated with low ionic strength solution
(1072 mol/L NaHCOs3 and 5 A~10"° mol/L NaCl and pH 8) in a 0.1 g/10 mL suspension.
The low ionic strength solution was degassed and stored in anaerobic conditions.
Replicate samples were exposed to oxygenated atmosphere conditions and were placed
on rotators. The samples were oxygenated every two days by opening the sample vials
and letting the solution equilibrate with the atmosphere. After 24 hours, 7 days, 14 days
and 30 days, aliquots of the mineral suspension were centrifuged (6000 rpm, 10 minutes)
and the aqueous Pu in suspension was measured. After 30 days 99% of Pu remains
associated with the solid.

Aliquots of as synthesized magnetite (Mg-500) and of magnetite oxidized for 30 days
(Mg-500-0x) were prepared for analyses at the Stanford Synchrotron Radiation
Lightsource, Stanford (CA) and preliminary results are reported below. Figure 5 shows
the background subtracted EXAFS data collected on Mg-500, as well as the
corresponding Fourier transform. The data were modeled (Table 2) using two shells:
10(3) O scatterers at 2.53 A; and 6(4) Fe scatterers at 3.57 A. Due to time constraints
during data collection, the data are of low quality so results are to be interpreted
carefully. However, some information can be drawn from this dataset. The Pu-O distance
of 2.52(3) A is slightly larger that Pu(III)-O as expected in Pu(IIl) aqueous complexes
(Pulll-O ag=2.49 A)! but could be indicative of a Pu(IIl) complex associated with the
magnetite solid. The presence of Pu-Fe scatterers suggests that this complex may be
strongly bound to the magnetite surface.

Figure 6 shows the background subtracted Pu LIII-edge EXAFS and corresponding
Fourier transform (FT) for Pu coprecipitated with magnetite that was subsequently
oxidized for 30 days. An unconstrained fit to the data is shown in Table 2. The data could
be described with a 3 shell fit. These shells consisted of 2(2) Pu-O scatterers at 1.73(3)
with a 6? of 0.01(3) A.2 The second shell was with 4(1) Pu-O scatters at 2.49 A and the
final shell was fit with 6(2) Pu-Fe scatterers at 3.54 A. There is an indication in the
sample of Pu-Oax scatterers strongly implying that some plutonyl species are present in
this sample however due to the large error bar associated with this value we are unable to
accurately quantify the extent of oxidation. Furthermore, the Pu-O and Pu-Fe interatomic
distances and the number of Pu-Fe scatterers correspond to the work presented in Kirsch
et al. 2011* who interpreted their data as Pu(III) binding to the magnetite surface in a
tridentate, trinuclear complex.

Analysis of the supernatant after 30 days of oxidation experiments showed that less than
1% Pu is released to solution during 30 days oxidation, suggesting that Pu associates
strongly to magnetite and is retained upon exposure to oxidative conditions.

Further efforts will need to be done to obtain higher quality x-ray absorption
spectroscopy data. Increasing Pu concentration in the samples should improve data
quality and reduce acquisition time.



M4SF-20LL010302042: Process Model for Radionuclide Incorporation into Corrosion Products
June 15, 2020

50-

— filtered
— unfiltered
=i

K. X(k) (A™®)
IX(R)I (A™)

Wavenumber (A™") Radial Distance (A)

Figure 5 Left: background subtracted EXAFS collected on Mg-500. Right: corresponding
Fourier transform. Fit was unconstrained.
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Figure 6 Pu coprecipitated with magnetite and subsequently oxidized. Left: Background
subtracted Pu L-edge EXAFS. Right: Corresponding Fourier transform.

Table 2 Fitting statistics associated with Mag-500 and Mag-500-0x

Sample Shell N RA ¢ A) E0EV) R(%)

Mg-500 Pu-O 10(3) 2.52(3) 0.025(6) -8.0 16.55
Pu-Fe 6(4) 3.57(5) 0.01(1)

Mg-500-0x Pu-O 2(2) 1.73(3) 0.01(3) -3.4(17) 9.97%
Pu-O  4(1) 2.49(2) 0.011(4)
Pu-Fe 6(2) 3.54(1) 0.011(3)
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4. Technetium interactions with iron oxide minerals

4.1. Technetium inventory

Technetium (*°Tc) is a long lived (2.1x10° years), high yield (6%) fission product.?*
Atmospheric nuclear testing resulted in ~100 to 140 TBq of **Tc released to the
atmosphere, much of which has been deposited and incorporated into sediments, and ~
1000 TBq of ®Tc (1 PBq) has been released through reprocessing of spent fuel.®> At the
Hanford Site, Washington State, nearly 1990 kg of **Tc (or 1.25 PBq) was produced
between 1943 and 1987 and are waiting final disposition.® Tc also continues to
accumulate in large amounts due to active nuclear power generation with 21 kg of *°Tc
(13.2 TBq) produced annually in a large 1 GWe reactor.?

4.2. Oxidation state

Tc is a redox-sensitive element and its solubility and mobility in subsurface waters
depend strongly on its oxidation state. The fundamental measurement that describes the
stability of reduced and oxidized Tc is the TcO4 /TcO couple expressed as’:

TcOs +4H* +3e” =TcO; (5)+2H20 Eo= 0.747+0.004V

The pertechnetate anion (**TcOy) is highly soluble in aqueous solution (~11 mol/L) and
occurs in oxidizing environment (>200 mV) or when exposed to the atmosphere®. Even
in its reduced oxidation state, Tc(lV) solubility (Tc =3.08x10° M or ~5200 pCi/L; ~190
Ba/L;") does not restrict Tc concentrations to below the drinking water standard of 900
pCi/L (or 5.3X10-°mol/L; ~33 Bq/L ).

While the predominance of reducing conditions is necessary for Tc reduction, the
availability of electron donors is far more critical. For example, Cui and Eriksen, 1996 *°
showed that even under conditions in which ferrous iron (Fe(Il)) activity in solution was
relatively high, reduction kinetics of Tc(VII) were sluggish. In contrast, when Fe(ll) is
sorbed onto other mineral phases, surface-mediated heterogeneous catalysis becomes
important and reduction of Tc(VI1I) to Tc(1V) takes place rapidly above pH 6.1113 The
rapid disproportionation of Tc in valence states between (VI1) and (1V) also inhibits the
reduction of Tc(VII) and hinders complete transformation to Tc(IV) unless other factors
come into play, such as surface-mediated catalysis:

3Tc(V) = 2Te(IV) + Te(VIN)
3Te(VI) =Te(IV) +2Te(VIN)

Overall technetium (*°Tc) presents unique challenges to nuclear waste disposal due to the
environmental mobility of pertechnetate (TcO4") under aerobic conditions.?*

10
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4.3. Precipitation of Tc compounds and their solubility

The crystalline dioxide TcO and its hydrated forms (TcO2-nH20), crystallize as the
distorted rutile structure'* with metal-oxygen bond lengths of 1.98 A. The initial
precipitation of Tc-O compounds occurs by the formation of short (monomeric to
trimeric) chains that attach to mineral surfaces under most environmentally relevant
conditions (Tc <10°M).™ In hydrous Tc(IV) oxide monomers and polymers, the atomic
arrangement of Tc and O are different from the TcO2-nH2O crystals precipitated
biotically or abiotically from strongly supersaturated solutions. These monomers and
polymers have octahedra in an edge-sharing arrangement and a Tc-Tc distance of 2.59 A
in the chains indicating that the formation of hydrated TcO»-type compounds with the
distorted rutile configuration may occur through a complex rearrangement of these
incipient molecular structures. The characterization of Tc(VI1) crystalline structure is
limited, however various reports show that bond lengths for the Tc(VI11)-O are overall
shorter (1.711 A) than Tc(1V) compounds.® 7

A number of investigators have undertaken measurements to determine the solubility of
Tc(IV) in aqueous solution. Solubility determinations were made in a variety of different
solutions, including natural and synthetic groundwater. Concentrations of Tc in
equilibrium with hydrated TcO2 solid compounds vary from 1x10°® to 2.4x10-104 71821
At pH interval between 4 and 10, the solubility depends on the nature of the substrate
onto which the TcO, material precipitates.” 192!

The solubility of TcO2-nH20 was determined at high pH values (11.8 to 14.4) by
Warwick et al., 2007.2 They reported that above pH 13.5, the solubility of TcO2-nH20
increases linearly due likely to the formation of the TcO(OH)s™ species. The formation
constant for the reaction is as follows:

TcOz -nH20 > TcO(OH)3- +H +(n-2)H20 log Ko=-21.6

The presence of carbonate species in the alkaline pH range can also increase the
solubility of TcO2-nH,0 with formation of Tc(OH)2CO3°, T¢(OH)3sCOs", Tc(OH)(CO3)z,
and Tc(OH)2(COs)2* complexes which may increase the solubility by a factor of ~2.5-10
times.? 24 Increase in Tc solubility was observed in chloride solutions (1x102to 5 M
NaCl) with formation of TcCle?> and TcCls® complexes® at relatively low pH?, and in the
presence of ubiquitous natural ligands such as humic substances.?” %

In experiments with relatively high concentrations of Tc (>10° M Tc), investigators have
reported formation of colloids of Tc at moderately acidic (pH 4) conditions?® and in
alkaline media containing high concentrations of CI- and SO4%.*° The structure of the
colloid particles was revealed by EXAFS to be one-dimensional chains of Tc(1V) in
octahedral coordination that connect through edge-sharing of the polyhedral.*® The Tc-Tc
distance is 2.53 A (253 pm), and the Tc-O bond lengths alternate between short (1.80 A)
and long (1.98 A). Tc colloids will condense from pertechnetate solutions exposed to
radiolysis at acid to near-neutral pH values.®" %> Radiolysis caused reduction of Tc(V1I)
and formation of Tc(IV) polymers and colloids, first as Tc(IV), then as TcO2:-nH20
nanoparticles as the solution pH increased.3% %2
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The solubility of Tc(IV) is also complicated by the tendency of amorphous Tc dioxide
[TcO2(am)] to form more readily than its crystalline analog under most pH conditions.
Like TcO2-nH20 the solubility of TcO2(am) is pH-independent from acidic to alkaline
conditions, but is a factor of 10 times more soluble.*® Further, TcO- solubility is strongly
influenced by heterogeneous precipitation kinetics on the surfaces or within Fe(ll)-
bearing phases. For Tc, precipitation is usually preceded by reduction of Tc(VII) to
Tc(IV) and the rate of reduction is strongly controlled not only by the form of Fe(ll)
(aqueous, structural, or sorbed), but also by the identity of the phase associated with
reduced iron (phyllosilicates v. iron oxides and hydroxides). The ability of Fe(ll) to
reduce Tc(V1I) therefore depends on whether Fe(ll) is a dissolved species, sorbed onto
mineral surfaces, or is manifested in a structural role in the mineral. Principally, Fe(ll)
oxide, hydroxide and sulfide phases have been reported to facilitate the precipitation of
Tc(IV) compounds. Investigations have shown that TcO. compounds will precipitate on
the surfaces of magnetite ([Fe2*Fe3*]04) 29, goethite [a-FeO(OH)]*?, ferrihydrite
[Fe(OH)s]*, and “green rust”.®®* The relative power of Fe(ll) in its various forms to
reduce Tc(VII) was given by 12 in this order: Fe(ll) aqueous ~ Fe(ll) sorbed onto
phyllosilicates << structural Fe(ll) in phyllosilicates << Fe(ll) sorbed onto hematite and
goethite. The association of Tc(1V) with structural Fe(ll) has a profound influence on the
rate of re-oxidation of Tc and it is discussed in detail below. Kobayashi et al., 2013%
investigated the reduction/sorption of Tc(VII) in the presence of Fe(ll) (magnetite,
mackinawite and siderite) and Fe(l11) (goethite and hematite) minerals. Their results
showed that Tc reduction was only observed in the presence of the Fe(ll) minerals
demonstrating that Tc redox behavior strongly depends on the Eh values in solution and
independent of the chemicals used to fix redox conditions. A diagram illustrating the
stability fields of the Tc species as a function of pH and Ex is displayed in Figure 7.

vvvvvvvvvvvvv

Figure 7 EH-pH diagram for Tc.2 The shaded area represents the regions in which the
amorphous solid TcO2-2H>0 (am) is stable. Note that nearly the entire field for the
species TcO(OH).° is congruent with the stability field of TcO2-2H>O(am).
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4.4. Strategies for Tc disposal

Since the stable form of Tc under anaerobic conditions, Tc(IV), is not highly mobile the
most effective method for preventing Tc migration is disposal in an anaerobic repository.*
Another potential method for preventing Tc migration from a waste repository is
stabilizing it within a durable waste form that can sequester *°Tc until it has decayed. A
general rule of thumb is that ten half-lives are sufficient to allow a radionuclide to decay;
however, this period can be shorter or longer depending on the risks posed by the
radionuclide.® In the U.S., all of the operational and proposed repositories for spent
nuclear fuel (Yucca Mountain) and for fission products generated during plutonium
production (Savannah River Site and Hanford Reservation) are aerobic and/or near-
surface sites.>*8 The disposal of **Tc in these aerobic repositories drives the interest in
waste forms for ®Tc that are stable in aerobic environments. Understanding sorption
behavior of Tc is fundamental to determining repository performances over long period
of time.

4.5. Technetium sorption processes: adsorption and coprecipitation

4,5.1. Technetium adsorption studies

Compared to the other radionuclides, much fewer sorption studies have been conducted
to determine the sorption processes of Tc on mineral substrates. 3 Baston et al., 200218
measured Kd values for Tc(IV) sorption to Boom Clay at low Eh values (-230 mV) in
conditions below the threshold of Tc(IV) reduction, and reported Kd values between 0.8
to 1.8 mL/g. In oxidizing systems, where pertechnetate is the dominant species, there is
virtually no sorption of dissolved TcO4. Autoradiographic analyses of rock and mineral
thin sections contacted with ®™TcO,4" containing solutions, under oxic and anoxic
conditions, have confirmed that virtually no sorption takes place in the presence of
oxygen®. Overall the measured Kd for typical geologic materials tends to be very low
(Table 3). The Kd values of Tc(VI1)O4 species onto hematit **, magnetite and goethite,
as well as goethite-coated sands #? are < 5.4 mL/g (Table 3). Sheppard and Sheppard
(1986)*® reported low values of Kd (<0.005 mL/g) measured on soils in lysimeter tests.
Elwear et al., 1992* measured Kd values of pertechnetate on a variety of geologic
materials and reported values of <2 mL/g. Kaplan and Serne, 1998* reported small
positive to negative Kd values (<0.11 mL/qg) for soils sampled from the Hanford Site,
Washington State, and < 0.29 mL/g for Savannah Rivers site sediments.*? These results
reflect the electrostatic repulsion between the negatively-charged pertechnetate anion
(TcOy4) and the negative surface charge carried by sedimentary materials in temperate
climates at near-neutral pH values.
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Table 3 Sorption Kd of Tc onto geologic materials

Study Solution  Geologic material Kq (ML/g)
Kaplan, 2002; Li and Kaplan, 2012342 T¢(VIl)  Sands coated with Fe,O3 (pH 3.2-6.8)  0-0.3
Sheppard and Sheppard, 19864 Tc Vil lysimeter

Palmer and Meyer, 19814 Te(VIl)  magnetite 5.4
Palmer and Meyer, 19814 Te(VID)  hematite 0.8
Elwear et al., 19924 Te(VIl)  geologic media <2
Kaplan and Serne, 1998 Te(VIl)  Hanford sediments <0.11
Baston et al., 2002 8 Tc(lIV)  Boom Clay 0.8-1.8

4.5.2. Technetium coprecipitation studies

Surface sorbed Fe(ll) on Fe-bearing minerals under reducing conditions can promote
surface mediated reduction of Tc(VI1) to Tc(1V).*2 When Tc(VI1) is reduced to Tc(1V),
the concentration of Tc is well above that of saturation, and surface precipitates and
colloids, rather than an aqueous complex, may form. Studies have shown that during this
surface mediated Tc(VI1) reduction process, reduced products consists of sorbed
octahedral TcO2 monomers and dimers. In some instances x-ray absorption spectroscopy
studies have shown Fe(l11) in the second coordination shell of Tc, indicating that Tc may
become incorporated into the structure of various Fe-bearing minerals (discussed in detail
below). The similarity of the ionic radius of six-coordinate Tc(IV), 0.645 A, to that of
Fe(l11), 0.645 A, suggests that Tc(IV) can replace Fe(ll1) in an iron oxide provided that
the difference in charge is balanced.*® There are a few reports in the literature that address
the coprecipitation behavior of Tc in Fe bearing minerals including oxides, hydroxides,
sulfides and clays and results are summarized below. Tc is mostly immobile under
reducing conditions?, so the coprecipitation of Tc with minerals such as magnetite, green
rust or white rust may be favored. However these Fe(Il) minerals are usually not stable
under aerobic conditions, and the fate of coprecipitated Tc upon exposure could be an
issue of concern. Fe(III) iron oxides like a-Fe2O3 are unstable towards reduction;
however both hematite (a-Fe203) and goethite (a-FeOOH) are well known to be stable
under aerobic conditions.*’-*® Results of coprecipitation studies are summarized in Table
4 and discussed in detail in the following paragraphs.
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Table 4 Summary of Tc coprecipitation studies with Fe minerals (n.d= not determined in
study; b.d.l.= below detection limit as reported by cited study)

Study Mineral Tc Tc environment upon  Remobilized Tc (%0) Tc environment
uptake coprecipitation upon oxidation after oxidation
(%)

Zachara et Ferrihydrite/ 100 Tc(IV) dimer bound in 7% Tc(VI1I) pH 8 over n.d

al., 20071 magnetite bidentate edge-sharing 5 days oxygenation
pH 7-8 mode to octahedral

Fe(III)
Ferrihydrite/ 0 n.d n.d n.d
magnetite
pH 6

Lukens and Hematite 82 Tc(IV) replaces Fe(lll) 5% 200 days in DI Tc(IV) replacing

Saslow, octahedral site water (pH ~7) Fe(III) in the

20185 hematite lattice
Magnetite 97 Tc(IV) occupies 12% 200 days in DI n.d

octahedral site water (pH ~7)

Saslow et Fe(OH)z to 99.5 TcO2.H20; TcOq7, < n.d nd

al., 2017% magnetite 17(5)% Tc
(Cr co- incorporated into
contaminant) magnetite

Pepper etal., Green rust 99.8 Tc(IV) as surface n.d. On contact with air,

20033 (sulfate and complex (monomer, the green rusts
carbonate) dimer) in a TcO2-like oxidize to poorly
High NaNOs environment crystalline goethite,

but the Tc
environment is
unchanged

Umetal., Fe(ll)- >03 Tc(1V) replaces Fe(lll)  <5% over 180 days Tc(IV)

2011%8 goethite octahedral site incorporated within
(some the goethite mineral
magnetite) lattice is resistant to

re-oxidation.

Umetal., Fe(I1)- >100 Tc(1V) replaces Fe(lll)  <1% 120 days XANES only the

20125 goethite octahedral site Tc(IV) oxidation
pellets state

McBeth et Bio- 100 Short range Tc(IV)O2 <4% Octahedrally

al., 2011% magnetite like environment , coordinated Tc(IV)

possible incorporation may be
Tc(IV) replacement in incorporated into
Fe(l11) octahedral site the re-oxidized
mineral product;
Bio-siderite 84 Short range Tc(IV)02-  <6.2% Hydrous TcO»-like
FeCOs like environment coordination
environments
Bio-vivianite 68 Short range Tc(IV)O2 18.7% over 45 days Octahedrally
Fe3(POy),.8 like environment oxidation coordinated Tc(IV)
H,0O may be
incorporated into
the re-oxidized
mineral product;
Fe(ll) gel 100 Short range Tc(IV)02 <4% nitrate mediated Hydrous TcOo-like

like environment

oxidation

coordination
environments
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Study Mineral Tc Tc environment upon  Remobilized Tc (%0) Tc environment
uptake coprecipitation upon oxidation after oxidation
(%)
Yal¢mtas et ~ Magnetite b.d.l. TcincorporationinFe  n.d. n.d
al., 2016 sites + Tc-Tc dimers
sorbed
Mackinawite  b.d.l. Tc-S like phase + n.d. n.d.

TcO2+H20 (possible
surface precipitates)

Livensetal., Mackinawite 98 Tc(IV)S2-like species n.d Tc(IV) in an oxide,
2004; rather than a sulfide
Wharton et environment.
al., 2000”58
Marshall et Ferrihydrite 100 Tc(IV) was 40 over 152 days Tc(IV) replacing
al., 2014% to magnetite predominantly (maghemite/goethite) Fe(I1I) in the
(pH 10.3-13) incorporated into the in CO2 free air magnetite/maghemi
magnetite octahedral te lattice
site in all systems
studied

4.5.3. Tc coprecipitation process with Fe(l1) and Fe(11)/Fe(l111) oxy-hydroxides

Pepper et al.> reported that treatment of green rust (layered hydrous oxides containing
both Fe(ll) and Fe(l11) and with interlayer sulfate or carbonate anions) with pertechnetate
results in Tc(IV) incorporation into an iron oxide phase. Green rusts concentrates >99.8%
of 9Tc, present as [TcO4]", from aqueous solution, even in the presence of high
concentrations of NaNOs, a common constituent of radioactive waste streams.®® The
mechanism of removal from solution appears to occur through a reduction process and
formation of strong Tc(1V) surface complexes.® X-ray absorption spectroscopy shows
that [TcO4] " is reduced by reaction with both sulfate and carbonate forms of green rusts
and is found in a TcO»-like environment. On contact with air, the green rusts oxidize to
poorly crystalline goethite, but the Tc environment is unchanged. There is no increase in
Tc solubility associated with oxidation of the host green rust. This behavior suggests that
green rusts may be useful in restricting Tc migration from repositories.®® Treatment of
alkaline solutions (pH=13.5) containing TcO4™ and CrO4% with white rust, Fe(11)(OH),
results in incorporation of both transition metals into the magnetite structure.®

Long term exposure of magnetite (Fe!"'"304) to pertechnetate solutions results in
reduction of TcO4 to Tc(lV), and incorporation of Tc(IV) into the crystal lattice of
Fe304.34 %6 McBeth et al., 2011 added pertechnetate (Tc(V11)O4) to samples of biogenic
and abiotically synthesized magnetite at low concentration and higher concentration XAS
experiments. Complete removal of Tc(VII) from solution was achieved in magnetite
systems. In select, higher concentration Tc XAS experiments, XANES spectra showed
reductive precipitation to Tc(lV). Low concentration re-oxidation experiments with air
resulted in only partial remobilization of Tc. Upon exposure to air, the Tc bound to the
Fe-minerals was resistant to oxidative remobilization. The resultant XANES spectra of
the re-oxidized minerals showed Tc(IV)-like spectra in the re-oxidized Fe-phases. In this
system Tc is largely recalcitrant to re-oxidation over medium-term timescales and there is
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spectroscopic evidence that Tc(IV) replaces Fe(l11) in an octahedral site in the magnetite
structure.® Biogenically derived vivianite (Fe**Fe?*2(POa).-8H,0) and siderite (FeCOs)
take up less Tc compared to biogenically derived magnetite, and overall higher Tc was
released in solution upon oxidation.> ¢

Zachara et al., 2007 investigated the abiotic reduction of Tc(VI1) by dissolved Fe(ll) in
pH 6-8 solutions under strictly anoxic conditions using an oxygen trap (<7.5x10° bar
0.). Tc(VII) was reduced rapidly and completely to a precipitated Fe—Tc(IV) form when
11 uM Tc(VII) was reacted with 0.4 mM Fe(Il) at pH 7.0 and 8.0, while no significant
reduction was observed over 1 month at pH 6.0, demonstrating that the reduction kinetics
are strongly pH dependent. The Fe-Tc(IV) solid phase so formed is poorly ordered and
dominated by Fe(l1)-containing ferrihydrite with minor magnetite. Tc(IV) exhibited
homogeneous spatial distribution within the precipitates with estimated composition of
the solids is Fer/Tc(IV) = 6. Spectra of the precipitate from X-ray Absorption Near-Edge
Spectroscopy (XANES) analyses show that Tc is in the reduced form [Tc(IV)]. The
molecular environment of Tc(1V) is consistent with an octahedral Tc(IV) dimer bound in
bidentate edge-sharing mode to octahedral Fe(ll1) associated with surface or vacancy
sites in ferrihydrite. The oxidation rate of sorbed Tc(IV) in the Fe—Tc precipitate is
considerably slower than Tc(IV)O2-nH20O(s).

Initial adsorption of Tc(1V) onto ferrihydrite also resulted in incorporation of Tc(IV) in
the resulting magnetite phase at high pH (10.5-13.1).%° Subsequent air oxidation of the
magnetite particles for up to 152 days resulted in only limited remobilization of the
incorporated Tc(1V). X-ray absorption spectroscopy data indicated that the Tc(1V) was
predominantly incorporated into the magnetite octahedral site in all systems studied. On
re-oxidation in air, the incorporated Tc(IV) was recalcitrant to oxidative dissolution with
less than 40% remobilization to solution despite significant oxidation of the magnetite to
maghemite/goethite and all solid associated Tc remained as Tc(IV).

Computational studies found that Tc(IV) doping into the octahedral Fe sites in magnetite
is possible, but other Tc oxidation states, especially Tc(V), may be present and several
mechanisms can balance the charge mismatch created when Tc(IV) replaces Fe(l11) on
the octahedral site.®* To achieve Tc doping into FesOa4, charge may be balanced by either
replacement of Fe(l1) by Fe(ll) or by creating octahedral vacancies, however overall
Tc(1V) incorporation into magnetite is energetically favorable.®

Overall mixed Fe(I1)/Fe(l1) precipitates of this nature may form in anoxic sediments or
groundwater. The overall results of studies summarized in this section suggest that once

Tc is immobilized as sorbed/precipitated Tc(IV) in Fe(ll)/Fe(l11) minerals, its
remobilization upon the return of oxidizing conditions may be limited.

45.4. Tc coprecipitation process with Fe(l1) containing sulfides and silicates

Livens et al.>” showed that reduced Tc is harbored by mackinawite (tetragonal FeS) and
EXAFS data indicates the presence of Tc-S bonds. During re-oxidation mackinawite
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forms goethite [a-FeO(OH)], yet Tc remains in the reduced state. The EXAFS evidence
indicates that Tc(IV) bonds switch from S to O suggesting that Tc(IV) may be
incorporated into the goethite structure. Because of the identical size of the Tc(IV) and
Fe(l11) cations, this is a plausible substitution, provided that a charge-compensating ion is
present or the solid forms a defect structure. These results were similar to those reported
by Wharton et al.>® in that FeS solids oxidized, but Tc remained reduced as was
associated with O, rather than S, after re-oxidation. Tc incorporated into Fe(Il)-bearing
phyllosilicates along cracks or defect trails could also be reduced to Tc(IV), albeit more
slowly than the mineral-surface mediated reduction mechanism.*? %> 62 Fe-pearing di- and
trioctahedral phyllosilicates in various states of weathering are common in most
sedimentary deposits and may be an important sink for reduced Tc. As reported by
Fredrickson et al.%? reduced Tc incorporated into diffusion- limited spaces, such as in
phyllosilicates, is resistant to oxidation, whereas Tc(IV) on unprotected mineral surfaces
rapidly re-oxidizes when contacted by air or oxidizing solutions.

4.5.5. Tc coprecipitation process with Fe(l11) minerals

Lukens and Saslow®! showed that coprecipitation of hematite (alpha-Fe,O3) with TcOx4” in
acidic conditions results in >80% Tc incorporation in the mineral structure,
corresponding to a 2.2%wt uptake of Tc by the hematite structure. Leeching studies
showed that that less <5% Tc are remobilized in 200 days of exposure to oxidative
conditions. Incorporation of Tc into hematite has also been studied computationally, and
up to 2.6 wt.% of isolated Tc(IV) can be accommodated by hematite when the charge is
balanced by reduction of a neighboring Fe(111) site to Fe(11).%° Although pertechnetate
incorporation is found to be unfavorable, incorporation of small amounts of Tc(1V) (at
least 2.6 wt. %) is energetically feasible.

Tc-doped goethite has been investigated both experimentally and computationally. 53 54 61
Um et al. 2011 demonstrated that Fe(l1) sorbed to goethite efficiently catalyzes the
reduction of Tc in deionized water and complex solutions that mimic the chemical
composition of caustic waste scrubber media. Analyses of the Tc-bearing solid products
by XAFS indicate that all of the Tc(VII) was reduced to Tc(IV) and that the latter is
incorporated into goethite or magnetite as octahedral Tc(1V). Batch dissolution
experiments, conducted under ambient oxidizing conditions for more than 180 days,
demonstrated a very limited release of Tc to solution (2719 Tc/g solid). When crystals of
goethite are furthered "armored" by an additional layer of precipitated goethite the
armoring isolates the reduced *Tc(IV) from oxidizing agents. ** Monolithic pellets
formed from “armored” maintained Tc as a reduced species even after 120 days of
oxidative leaching (pH = 7.2 and | = 0.05 M). The results of this study indicate that Tc
can be immobilized in a stable, low-cost Fe oxide matrix that is easy to fabricate and
these findings can be useful in designing long-term solutions for nuclear waste disposal.>*

Collectively, these studies indicate that co-precipitation of Tc with an iron
(oxy)hydroxide, sulfide, “green rust” or siderite provide a good medium of
immobilization for Tc and remobilization upon oxidation is limited. Further, these studies
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indicate that Tc incorporated into phyllosilicates is resistant to re-oxidation. The Tc(IV)
in this case is associated with structural Fe and the resistance to re-oxidation appears to
be subject to the limitation of oxygen diffusion into the phyllosilicates. These
observations have implications for the designing a durable medium to immobilize Tc
from liquid waste and additionally they provide insights into environmental and
geological conditions that limit Tc mobility in the subsurface, which provide insight into
canister corrosion impacts on Tc release and longterm contaminant mitigation.

5. Selenium interactions with Fe oxide minerals

5.1. Selenium

The trace element selenium (Se) is of special concern because of the extremely fine line
between its opposing properties: at low concentrations, it is an essential nutrient for many
organisms, at slightly higher quantities, however, it becomes a toxic contaminant.®® Of
concern are therefore not only Se-deficient agricultural soils in certain regions of the
world, but also Se contaminations of soils or wastewaters caused by natural and/or
anthropogenic factors. 63 64

In addition, selenium occurs in high-level nuclear waste (HLW) in the form of
radionuclide °Se, which plays an important role in long-term safety assessments of deep
geological repositories.®® "°Se is produced by nuclear fission and it is produced with a
yield of about 0.04% ’ and is a component of spent nuclear fuel, high-level radioactive
wastes resulting from processing spent fuel, and radioactive wastes associated with the
operation of nuclear reactors and fuel reprocessing plants. The assumed concentration
Se in high-level radioactive waste is 10" mol/L and could amount to 101° mol/L in the
biosphere.%¢ 67

Se is a pure beta-emitting nuclide, which poses a challenging task for reliable,
quantitative determination of its half-life due to vulnerable radiometric and mass
spectrometric methodologies, both requiring chemical purification in advance for the
removal of interfering activity and isobars. The most recent measurements of °Se half-
life report a value of 3.27(8)x10°.% Due to its long half-life, it is one of only a few
nuclides that determine the long-term radiological impact and of a repository on the
environment.®8 ¢

5.2. Oxidation state

In nature selenium can occur in five different oxidation states (-1, -1, 0, IV, VI) and
standard potential for redox reaction are reported in Table 5. Selenium species of the
oxidation states Se(-11), Se(-1) and Se(0) are characterized by forming sparingly soluble
compounds, including metal selenides or elemental Se.%® By contrast in the two higher
oxidations states, selenium forms the soluble oxyanions selenite [Se'VO3? ] and selenate
[SeV'04%], which are generally highly mobile due to their limited interaction with
geological materials.% 7% In soils in contact with the atmosphere for example, the
thermodynamically favored Se species are the oxyanions selenate [Se(V1)] and selenite
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[Se(IV)]. The oxidation state is therefore the key factor determining the biogeochemical
behavior of selenium, since parameters such as solubility, mobility, bioavailability and
toxicity mainly depend on the occurrence of dissolved selenium species.’?

The selenium oxidation state in high level waste and the accompanying dominant
selenium species depends on the waste type. Recent research has demonstrated that "°Se
occurs as Se(—I1) in spent nuclear fuel.”* ™ Due to the reducing conditions predicted in
deep repositories, formation of mobile selenium species is unlikely, however, it cannot be
fully excluded that oxidation processes induced by long-term irradiation could lead to a
oxidation to Se(V1).”® The fate of selenium in the near-field of high-level radioactive
waste also depends on the Se valence state in vitrified glasses which are part of the
technical barrier in the multibarrier concept for HLW disposal.” The expected
predominant selenium oxidation state in vitrified HLW arising from nuclear fuel
reprocessing plants is Se(lV) in the form of selenite.”

For these reasons it is imperative to understand the mobility of oxidized and reduced

forms of Se in oxidizing and reducing conditions, to better determine long-term safety
and performance of nuclear repository.

Table 5 Standard potential of Se redox reactions from Seby et al.®’

Redox reactions Standard potential (V)

Se(0)/Se(-1II)

Se(s) + 2H* + 2e~ = H,Se(aq) — 0115
Se(s) + H* + 2e~ = HSe - 0227
Se(s) + 2e = Se*r — 0.64]
Se(IV)/Se(0)

H,SeO;(aq) + 4H* + 4~ = Se(s) + 3H,0 0.740
HSeO;3 + 5H* + 4e™ = Se(s) + 3H,0 0.780
SeOf + 6H* + 4~ = Se(s) + 3H,0 0.903
Se(VI)/Se(1V)

HSeO; + 3H* + 2¢” = H,5¢04(aq) + H,O 1.090
HSeO; + 2H* + 2~ == HSeO; + H,O 1.008
HSeO; + H* + 2 = SeOF + H,0O 0.760
SeOF + 4H* + 2~ == H,SeO,(aq) + H,O 1.139
SeO3 + 3H* + 2e” = HSeO;5 + H,O 1.060
SeO7 + 2H* + 2~ = SeOj + H,0 0.811

5.3. Precipitation of Se compounds and their solubility

Selenium can react with inorganic cations to give solid phases that can be responsible for
its immobilization. Precipitation/ dissolution reactions govern selenium solubility only in
reduced conditions with formation of solid elemental selenium and metal-selenide((Se(-
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2)).”"8% Under reduced conditions, metal-selenide minerals are found to limit the Se
solubility.8° The most stable minerals are Cu2Se(s) in acid soils and PbSe(s) and SnSe(s)
under neutral to alkaline conditions.®® In groundwater with a potential value lower than 0
mV, FeSe(s), ZnSe(s) and MnSe(s) can exist.®” Equilibrium thermodynamic calculation
have shown that elemental Se,FeSe(s) (achavalite) or FeSex(s) (ferroselite) can control Se
solubility.”® 8! Elemental Se has a wide stability field under acid conditions and
formation of achavalite is favored for neutral to alkaline conditions. A mixed solid
solution phase can also be formed with selenide substituting for sulfide and precipitated
FeS will contain FeSe.®” These observation of Se compounds solubility suggests that the
chemistry of selenium is closely related to those of iron sulfides.®’

Metal-selenate minerals are too soluble to persist in aerated soils and among different
metal-selenite precipitates, only MnSeQs(s) can be formed in strongly acid soils.®

5.4. Sorption processes: adsorption, surface mediated reduction and
coprecipitation

5.4.1. Adsorption studies

The fate of dissolved Se(1V) and Se(V1) species in subsurface systems is primarily
determined by interaction with mineral phases, including processes such as adsorption,
incorporation, and reductive precipitation, which are the key immaobilization
mechanisms.”® 8 However, most natural materials like clays or silicate minerals show
only a restricted retention capacity for Se oxyanions.®® In this context, crystalline iron
(oxyhydr)oxide minerals (e.g. hematite and goethite) and their metastable precursors (e.g.
ferrihydrite) are of great importance as they are widespread in nature and capable of
anion sorption.®* & This is the reason why, in particular, the mechanisms of Se oxyanion
adsorption to iron oxide surfaces have been investigated in detail by a large number of
previous studies.

Adsorption of Se(1V) and Se(VI) onto iron oxides can be very efficient at lower pH but is
limited under near-neutral and alkaline pH conditions.®° This tendency is independent
of the type of iron oxide, since alkaline conditions generally lead to the formation of a
negative charge at the iron oxide surface and therefore to a poor adsorption of anionic
species.”t Moreover, all iron oxides show a relatively high adsorption capacity for Se(1V)
and there is only little release of Se(IV) with increasing ionic strength.

Unlike Se(1V), adsorption of Se(V1) is much lower and is strongly influenced by the
presence of competing anions.®"%> Most authors suggest the difference between Se(IV)
and Se(V1) adsorption is due to the nature of the chemical attachment and the formation
of different types of adsorption complexes.

Spectroscopic investigations as well as surface complexation modeling reveal that the
adsorption of Se(1V) onto iron oxides is usually the result of inner-sphere complexation’*
with a mostly bidentate character, e.g. for hematite.28 % By contrast, the poor adsorption
of Se(V1) and the strong impact of competing anions has been attributed to the formation

21



M4SF-20LL010302042: Process Model for Radionuclide Incorporation into Corrosion Products
June 15, 2020

of outer-sphere complexes.®* However, more recent studies suggest that adsorption of
Se(VI) can occur via both inner-sphere and outer-sphere complexation.®* ¢” The type of
surface complexation depends on pH, ionic strength, the nature of the iron oxide mineral
and its surface loading.’® %

Several anions can be in competition with selenium ion sorption. Kim et al.*® analyzed
the influence of carbonate and silicate on the sorption of selenium ions onto magnetite.
Se(1V) was sorbed onto magnetite very well below pH 10, but silicate and carbonate
hindered its sorption onto magnetite. On the other hand, little Se(VI) was sorbed onto
magnetite in neutral and weak alkaline solutions even though silicate or carbonate was
not contained in the solutions. Seby et al.%” report the following sequences for selenium
sorption anion competitions on goethite: phosphate > silicate ~ citrate > molybdate >
bicarbonate/carbonate > oxalate > fluoride > sulphate.®’

Although a considerable amount of Se sorption data has been obtained under aerobic
conditions, where selenite and selenate species are dominant, the data obtained under
reducing conditions are limited and the sorption data for Se(-11) species are scarce. lida et
al.1® performed batch sorption experiments of Se(-11) under reducing conditions to
investigate the sorption behavior of selenium onto granodiorite, sandy mudstone,
tuffaceous sandstone, and their major constituent minerals and accessory minerals (Table
6). The author conclude that minor phases present in granodiorite and sandstone, mainly
biotite and pyrite, are important minerals with respect to the sorption behavior of Se onto
rocks. Selected published Kq values for Se(-11), Se(V) and Se(V1) are reported in Table 6.
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Table 6 Selected sorption Kq of Se onto geologic materials

Study Se Geologic material Kd (as reported)
Borsig (2018)™" Se(VI) magnetite (pH=9-9.3) 2.14-4.72 Log Kq (L/Kg)
Se(lV) magnetite (pH=9-9.3) 4.7-5.16 Log Kq(L/kg)
Missana (2009)%  Se(I1V) smectite (pH 3-8) 500 mL/g (pH 3); 100 mL/g (pH 8)
illite (pH 3-8) 150 mL/g (pH 3); 75 mL/g (pH8)1
Loyo(2008) 12 Se(1V) magnetite (oH 5) 3500-3600 mL/g
magnetite (pH 10) 170 mL/g
Fe/FesC (pH 5) 3640-3800 mL/g
Fe/FesC (pH 10) 388-410 mL/g
Kim (2012) % Se(1V) magnetite (oH 7) 2000 mL/g
magnetite pH 7 ( 10mmol/L carbonate-) 1300 mL/g
magnetite (pH 9) 1200 mL/g
magnetite (pH 9) 300 mL/g
Se(VI) magnetite a(6-8) ( 10mmol/L carbonate-)  no sorption
Fevrier (2007)1%%  Se(I1V) soil (sterile) 16 L/kg
soil (non-sterile) 130 L/kg
lida (2011) 1% Se(-11) granodiorite (pH 8.5-11.5) 2.2x10 to 4 x10° m%/kg
Se(-11) sandy mudstone (pH 8.5-11.5) 3.3x102to 5.6x102 m®/kg
Se(-11) tuffaceous sandstone (pH 8.5-11.5) 2.9x107 to 8.2x102 m%/kg

5.4.2. Surface mediated reduction of selenium

The oxidation state of dissolved selenium oxyanions can be reduced by Fe(Il). Although
the presence of dissolved Fe(ll) generally favors the selenium reduction process,** a
reduction only by dissolved Fe(ll) is not possible due to the difference in reduction
potentials of the redox couples.® It is known however that for the reduction by Fe(ll) to
occur, Se needs to interact with the surface of Fe(l1) mineral*®® and various mineral
phases that contain Fe(l1) are able to reduce selenium oxyanions under anoxic conditions.
This reduction process has been observed for magnetite'®” | iron(I1) hydroxide® 10,
green rust!%112 as well as elemental iron, 123118 jron(11) sulfides'®” 117 or Fe?* adsorbed
on clay minerals'®,

Since reduction of selenium oxyanions causes the formation of sparely soluble
compounds, this interaction generally results in the immobilization of selenium. These
selenium compounds are either elemental Se or iron selenides like FeSe and Fe7Ses, and
the nature of the products varies depending on the iron-bearing phases, the
hydrogeochemical conditions, and the reduction kinetics. Kinetic rather than thermo-
dynamic control of reduction products may explain why the majority of the above-
mentioned studies showed the formation of elemental Se(0)%% 108-110. 112,118,118 gand only a
few studies identified iron selenides.1%" 113 120 This can be attributed to the fact that
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reduction to Se(-11) and formation of iron selenides is limited to a rapid reduction of
selenium oxyanions.'%’

5.4.3. Coprecipitation studies

The coprecipitation and structural incorporation of a metal species in a mineral host can
be relevant in cases where mineral phases interact with dissolved species during their
formation or transformation, including recrystallization or sorption induced crystal
growth. Since the formation pathway of crystalline iron oxides commonly includes
amorphous metastable intermediates 2, such processes are very common in natural
systems like soils. Oxyanion incorporation or occlusion by Fe(l11) and Fe(ll/111) minerals
has been shown for Se(1V) 122, P(V)*23, As(V)'?* 1% and Tc(VI1)*°. For this reason, it is
conceivable that a retention mechanism on the basis of incorporation also exists for the
both Se oxyanions, Se(1V) and Se(VI), and that such mechanisms could affect the
migration of dissolved Se species.

In reducing conditions, where reduced Se species are more stable, pyrite (FeSz) and
mackinawite (FeS) are expected to be the most dominant Fe(l1l) minerals. Pyrite is the
most common near-surface iron sulfide, well-known for its capacity to incorporate
elements up to several mol%.26-12%  Pyrite is also part of host rocks and bentonite
backfills considered for use in HLW repositories'*°*3 and could form from the corrosion
of steel containers containing vitrified nuclear waste. Due to the similarities in
geochemical behavior and ionic radii of Se(-11) and S(-11), iron sulfide minerals are likely
host for selenide incorporation.

In the following sections we will discuss studies that have addressed the coprecipitation

and structural incorporation of selenium in various Fe minerals, and a summary of the
results is reported in Table 7.
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Table 7 Summary of Se coprecipitation studies with Fe minerals (n.d.= not determined in

study)
Study Mineral Se form  Se uptake (%) Se behavior upon coprecipitation
Borsig et al Magnetite (pH Se(IV) 100% Reduction of Se(1V) or Se(V1) to Se(-
2018101 9.2) I1) causes the formation of
Se(VI) 100% (1010 mol/L); nanoparticulate iron selenide [FeSe]
30% 102 mol/L phase.
Progressive oxidation of Fe(ll)
hydroxide and green rust into
magnetite leads to oxidation of Se(-11)
to Se(0) (gray elemental selenium)
Missana et al. Magnetite (pH Se(IV) n.d. Ferric selenite formation is the
(2009) 34 <5): adsorption predominant retention process at
studies at pH<5 higher selenite concentrations (>1
showed x10* M) and pH <5
magnetite
dissolution and
coprecipitation
of Se species
Diener 201113 Pyrite, Se(-1)  98.9% (pyrite); Focused ion beam analysis shows
mackinawite 95.4% (mackinawite);  an
(pH 4.5-5) 99.2% (amorphous inhomogeneous Se distribution with
FeS); a higher accumulation in the center
98.1% (mixed iron of the pyrite grains, probably due to
sulfide phases) the progressive depletion of Se from
solution with regard to S.
Diener 20121%¢  Pyrite, Se(-I)  98.6-99.98 % In supersaturated solutions:
mackinawite substitution of S(-1) by Se(-1) in Se-
(pH 3.7-5) Se(IV)  99.5% doped pyrite and of S(-11) by Se(-11)
in Se-doted mackinawite.
At lower concentrations and in case
of a slower precipitation :
Se(-11) and Se(IV) retention by
incorporation is coupled with a
change in the oxidation state and
selenium is incorporated as Se(0)
into pyrite without structural
bonding.
Francisco Ferrihydrite Se(1V) 94-99% Se(lV) was retained within the
(2018)%%7 (pH 5-10) During aging, the crystalline post-aging products and
behavior of Se(IV) varied  possibly occluded in nanopore and
with pH. At pH 5, Se was  defect structures.
retained in the solid. At
pH 10, a fraction of
Se(IV) was released in
solution.
Borsig 2017 138 Ferrihydrite to Se(lV)  100% Se oxidation state is not changed
hematite (pH during adsorption or coprecipitation.
7.5) Se coprecipitation leads to the
Se(V1) 15% occurrence of a resistant, non-

desorbable Se fraction.

Se initially adsorbs to the ferrihydrite
surface, but after the transformation
of ferrihydrite into hematite, it is
mostly incorporated by hematite.
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5.4.4. Se coprecipitation process with Fe(ll) and Fe(I1)/Fe(l11) oxy-hydroxides

Borsig et al.’®! investigated the immobilization of dissolved Se(IV) and Se(VI) during

the formation of magnetite in coprecipitation experiments based on the progressive
oxidation of an alkaline, anoxic Fe(Il) system at pH 9.2. Results showed a high retention
of selenium oxyanions during the mineral formation process. The authors show that this
immobilization is due to the reduction of Se(IV) or Se(VI), resulting in the precipitation
of sparingly soluble trigonal elemental selenium compounds. These selenium compounds
formed in all coprecipitation products following magnetite formation. Time-resolved
analysis of selenium speciation during magnetite formation and detailed spectroscopic
analyses of the solid phases showed that selenium reduction occurred under anoxic
conditions during the early phase of the coprecipitation process via interaction with Fe(ll)
hydroxide and green rust. This early selenium interaction leads to the formation of a
nanoparticulate iron selenide phase [FeSe], which is oxidized and transformed into gray
trigonal elemental selenium during the progressive oxidation of the aquatic system.
Selenium is retained regardless of whether the oxidation of the unstable iron oxides leads
to the formation of pure magnetite or other iron oxide phases, e.g. goethite.

Missana et al.* studied Se(IV) retention by magnetite using both surface complexation
modeling and x-ray absorption spectroscopy (XAS) to characterize the processes of
adsorption, reduction, and dissolution/co-precipitation. Results showed that at higher
selenite concentrations (>1x10*M) and pH<5 the precipitation of ferric selenite (SelV-
Fe) is the predominant retention process of Se onto magnetite.

5.4.5. Se coprecipitation process with sulfides

Selenium is often associated with sulfides such as pyrite, a frequent minor constituent of
host rocks and bentonite backfills considered for radioactive waste disposal. Diener and
Neumann'® investigated the uptake of Se by pyrite (FeSz) and mackinawite (FeS). More
than 98% of the Se added to solutions was taken up by the Fe sulfide minerals. Focused
ion beam analysis shows an inhomogeneous Se distribution with a higher accumulation in
the center of the pyrite grains, probably due to the progressive depletion of Se from
solution with regard to S. The results imply that pyrite and its precursor phase,
mackinawite, are efficient in removing selenium from solution, and this may contribute in
reducing the mobility of °Se released from radioactive waste.

Diener et al.'* investigated the incorporation mechanisms of Se(-11) and Se(1V) into
pyrite and mackinawite by x-ray absorption spectroscopy to determine the relevance of
iron sulfides to Se retention and the type of structural bonding. The syntheses of pyrite
and mackinawite occurred via direct precipitation in batches and also produced coatings
on natural pyrite in mixed-flow reactor experiments under anoxic conditions at Se
concentrations in the solutions of up to 10 mol/L. The Se uptake >98.6% suggesting a
high potential for retention. XAFS results indicate a substitution of sulfur by selenide
during instantaneous precipitation in highly supersaturated solutions only. In selenide
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doped mackinawite, S(-11) was substituted by Se(-I1), resulting in a mackinawite-type
compound. S(-1) is substituted by Se(-1) in selenide-doped pyrite, yielding a FeSSe
compound as a slightly distorted pyrite structure. Under slighter supersaturated
conditions, XAFS results indicate an incorporation of S(-11) and Se(1V) predominantly as
Se(0). This study shows that a substitution of S by Se in iron sulfides is probable only for
highly supersaturated solutions under acidic and anoxic conditions, however under closer
equilibrium conditions, Se(0) is expected to be the most stable species.

5.4.6. Se coprecipitation process with Fe(I11) minerals

Francisco et al.**" studied the coprecipitation behavior of Se(I1V) with ferrihydrite at
different pH values to determine how Se(IV) associates with ferrinydrite and how Se(IV)
coordination changes with ferrihydrite aging and recrystallization. Results show that
despite efficient removal, the mode and stability of Se(IV) retention in the coprecipitates
varied with pH. At pH 5, Se(IV) is removed dominantly as a ferric selenite-like phase
intimately associated with ferrihydrite, while at pH 10, it is mostly present as a surface
species on ferrihydrite. Similarly, the behavior of Se(IV) and the extent of its retention
during phase transformation varied with pH. At pH 5, Se(IV) remained completely
associated with the solid phase despite recrystallization to hematite, whereas it was
partially released back into solution at pH 10. Regardless of this difference in behavior,
TEM and XAS results show that Se(1V) is retained within the crystalline products and
possibly occluded in nanopore and defect structures. These results demonstrate a
potential long-term immobilization pathway for Se(1V) even after phase transformation.

Borsig et al.**® also studied the immobilization of Se oxyanions during the crystallization
of hematite from ferrihydrite. In coprecipitation studies, hematite was synthesized by the
precipitation and aging of ferrihydrite in an oxidized Se(IV) or Se(VI) containing system
(pH 7.5). Aqueous chemistry data of these batch experiments revealed the complete
uptake of all available Se(1V), while the retention of Se(VI) was low (max. 15% of Se).
The study shows that during the crystallization of hematite from ferrihydrite, interacting
Se oxyanions are not adsorbed but mainly incorporated into hematite. This incorporation
process follows the previous adsorption of Se oxyanions onto ferrihydrite and takes place
during the subsequent transformation of amorphous ferrihydrite into crystalline hematite.
The incorporation mechanism itself results from a direct linkage between the Se
oxyanions and the hematite phase but is not attributed to substitution or occupation of
crystallographic sites within the hematite crystal lattice. The incorporated Se oxyanion
species are bound to the hematite phase in a way that is similar to surface adsorption
complexes — outer-sphere complexes for Se(VI) and innersphere complexes for Se(1V).
Compared to simply adsorbed Se oxyanions, the retention of the incorporated Se fraction
is very resistant even at alkaline pH conditions at least as long as the hematite mineral
remains stable.

Collectively, these studies indicate that sorption processes of Se with
Fe(l11)(oxy)hydroxide, Fe(ll) sulfide, and Fe(ll/111) minerals provide a good medium of
immobilization for Se. Key factors that affect removal of Se from solution include
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mineral formation pathways, presence of Fe(ll), pH and redox potential, and presence of
competing anions.

Regarding the behavior of selenium in the geosphere, reductive selenium precipitation
represents an efficient mechanism to immobilize dissolved selenium oxyanions.
Processes like these should be considered in safety assessments of HLW disposal sites, as
they may affect the migration of the radionuclide "°Se as it interacts with secondary iron
oxides in the near-field.

Although there is a significant body of literature discussing sorption processes of Se
species with various reduced Fe minerals (Fe(ll) and mixed Fe(ll/Felll)), there is a lack
of information regarding the fate of Se species during re-oxidation and recrystallization
reaction. Future studies should focus on determining the retention mechanisms of Se
species after extended disposure to oxidative conditions, as has been done for Tc.

6. Future FY21 work

To mimic our ferrihydrite to goethite mineralization experiments, we are planning on
performing magnetite experiments where Pu will be sorbed to a mineral precipitate
precursor first, then aged to the desired mineral phase (green rust or magnetite). Our goal
is to understand if differences in association of Pu to the precursor material will affect
bonding of Pu to the final crystalline solid. In the magnetite synthesis a Fe-precipitate
forms starting at pH>3. Our plan is to add Pu to the Fe(l11)Cls once the pH> 3 precipitate
has formed. Then we will proceed with the synthesis as described above.

We also plan on expanding our literature review of radionuclides relevant to nuclear
waste repository (i.e. Np, I and CI) performance assessment, perform additional corrosion
experiments for radionuclides with limited information in the literature (e.g. iodine), and
evaluate the overall impact that nuclear waste repository corrosion processes on
radionuclide release and long-term performance of nuclear waste repositories.
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