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ABSTRACT: Iron oxides and oxyhydroxides play an important role in minimizing the
mobility of redox-sensitive elements in engineered and natural environments. For the
radionuclide technetium-99 (T«c), these phases hold promise as primary hosts for increasing
Tc loading into glass waste form matrices, or as secondary sinks during the long-term
storage of nuclear materials. Recent experiments show that the inverse spinel, magnetite
[Fe(I1)Fe(11I),0,], can incorporate Tc(IV) into its octahedral sublattice. In that same class
of materials, trevorite [Ni(I)Fe(III),0,] is also being investigated for its ability to host
Tc(IV). However, questions remain regarding the most energetically favorable charge-
compensation mechanism for Tc(IV) incorporation in each structure, which will affect Tc
behavior under changing waste processing or storage conditions. Here, quantum-mechanical
methods were used to evaluate incorporation energies and optimized lattice bonding
environments for three different, charge-balanced Tc(IV) incorporation mechanisms in
magnetite and trevorite (~5 wt % Tc). For both phases, the removal of two octahedral
Fe(IT) or Ni(Il) ions upon the addition of Tc(IV) in an octahedral site is the most stable
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mechanism, relative to the creation of octahedral Fe(III) defects or increasing octahedral Fe(II) content. Following hydration-energy
corrections, Tc(IV) incorporation into magnetite is energetically favorable while an energy barrier exists for trevorite.

B INTRODUCTION

At locations around the world where nuclear materials are
stored or have been processed, certain radioactive isotopes
require long-term monitoring or novel storage solutions due to
their persistence, radiotoxicity, or mobility in the environment.
The radioisotope technetium-99 (Tc), with its long halflife
(2.1 X 10° years) and relatively high thermal fission yield
(~6%)," is a radiological risk driver’ due to its enhanced
mobility in the environment as the oxidized pertechnetate
anion (Tc(VI[)O,”).>* For example, at the Hanford Site in
south central Washington State, up to 5SS million gallons of
radioactive waste from nuclear materials processing activities
are stored in 177 underground tanks awaiting solidification in
glass waste forms.” Of that stored waste, approximately 1.5 X
10° kg is Tc.® Due to its high volatility at elevated temperatures,
unique methods are needed to effectively capture and increase
Tc retention when generating glass waste forms.® Additionally,
the release of legacy waste into the surrounding environment
over the decades since it was produced’ has led to significant

Iron oxides and oxyhydroxides fulfill a number of roles in
minimizing radionuclide mobility in the environment. Due to
their ubiquity in natural and man-made environments, diverse
structures, and reactive surfaces, these phases are useful in a
variety of industrial and scientific applications.” In the context
of this study, iron oxides and oxyhydroxides can serve as (1)
primary hosts or waste forms that incorporate radionuclides
directly into their structures;* "> (2) carrier phases that increase
radionuclide stability and waste loading in other waste forms
(e.g, borosilicate glasses);'*~"* and (3) phases that exist in
nature, or readily form due to the corrosion of iron-bearing
materials, that act as sinks by participating in reactions that
minimize radionuclide mobility.'”'*™" The work described
herein focuses specifically on the role of carrier phases, aiming
to determine favorable charge-compensation mechanisms by
which inverse spinel-structured iron oxides, magnetite [Fe(II)-
Fe(IlI),0,] and trevorite [Ni(I[)Fe(IlI),0,4], incorporate
technetium as Tc(IV) into their structures.

research efforts focused on the interaction of Tc (usually Received: January 13, 2016
as Tc(VII)O,”) with mineral phases commonly found in the Revised:  April 4, 2016
subsurface, such as iron oxides and oxyhydroxides, often in the Accepted:  April S, 2016
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Magnetite and trevorite form in a variety of natural and
manmade environments. In nature, both minerals form under a
wide-range of geological conditions, with magnetite being more
common than trevorite.””*" Due to anthropogenic processes,
small particles of magnetite and trevorite are observed in the
environment surrounding smelting facilities.”” Both phases have
also been identified in nuclear facilities due to the corrosion of
stainless steel structures outside reactor pressure vessels.”
Finally, during the formation of glass waste forms for nuclear
materials, spinel minerals have been identified as relatively
stable precipitates;' ™" thus, leading to interest in those phases
as carriers to stabilize Tc and increase waste loading.'”**
Interest in comparing the behavior of magnetite and trevorite
as hosts for Tc comes from studies demonstrating that the addi-
tion of divalent cations (e.g, Ni(Il)) into pure magnetite up to
1 wt % has been shown to make the modified magnetite more
resistant to maghematisation (ie., magnetite oxidation to
maghemite, y-Fe,O;) (ref 11 and references therein). Also, the
addition of divalent cations, such as Co(Il), to magnetite can
alter phase-change transition temperatures,” which could help
maintain phase stability under waste processing conditions.

Materials with the inverse spinel structure cover a wide variety
of chemical compositions and are known to accommodate
substituents. Magnetite and trevorite have the general formula
AB,O, where A represents divalent cations and B represents
trivalent cations. Following the convention of O’Neill and
Navrotsky,”® where parentheses () and brackets [ ] represent
tetrahedral and octahedral sites respectively, inverse spinels can
be written as (B)[AB]O, where B cations occupy all of the
tetrahedral sites and half of the octahedral sites, and A cations
occupy the other half of the octahedral sites. In normal spinels,
for comparison, all divalent cations (A) occupy the tetrahedral
sites and all trivalent cations (B) occupy the octahedral sites
(ie, (A)[B],0,).° For magnetite and trevorite, A represents
Fe(1I) and Ni(II), respectively, and B represents Fe(Ill) for
both phases. Structurally, magnetite and trevorite are very
similar since both are cubic crystals with space group symmetry
227 (Fd3m), leaving '/ of the tetrahedral and '/, of the
octahedral sites unoccupied.”” Magnetite has slightly larger
lattice parameters (8.394 A)*® than trevorite (8.337 A)*” due to
the presence of Fe(I) which has a larger crystal radius
than Ni(Il) (e.g, Fe(Il), = 0.920 A; Ni(Il),, = 0.830 A;
Fe(III),, = 0.785 A).*° Given the range of elements that can be
accommodated into the inverse spinel structure, Tc(IV),, with
its crystal radius of 0.785 A, should theoretically substitute well
for Fe(IlI),, based on size alone.””

While divalent, or even trivalent, substitution into these
inverse spinel phases is easily charge compensated, tetravalent
cation incorporation can be more challenging. In order to better
understand the association of Tc with Fe(II)-bearing inverse
spinel phases, recent studies have explored the incorporation of
Tc into magnetite,' as well as biomagnetite.'’ In Marshall et al.,"’
when 0.1 wt % Tc was coprecipitated with magnetite under a
range of high pH values (e.g, 10—12) and analyzed using
XANES and EXAFS, spectroscopic data fit well with models of
Tc(IV) in octahedral coordination in the magnetite structure.
Upon oxidation to form goethite or maghemite, 60—70% of the
Tc was retained as Tc(IV) in the oxidized structures, suggesting
that a majority of Tc(IV) in magnetite may be resistant to
oxidation and release under changing environmental con-
ditions."" Similarly, in biomagnetite samples, EXAFS data
suggest a better fit for Tc(IV) in octahedral coordination with
second-shell backscatter from Fe versus Tc, implying Tc(IV)
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incorporation into biogenic magnetite versus a hydrous TcO,-
like phase.'

Evidence of Tc(IV) association with iron oxides and oxyhy-
droxides also comes from reductive adsorption experiments.
For example, studies investigating the heterogeneous reduction
of Tc(VIIL) in the presence of Fe(Il) and various mineral sub-
strates often observe Tc(IV) associated with a ferrihydrite-like
phase or a Tc(IV)O,enH,O-like phase, depending on the
reacting substrates.”’ >’ In a study where Tc(VII)O,~ was
exposed to corroded steel coupons bearing a mixture of
magnetite, lepidocrocite (y-FeOOH), goethite (a-FeOOH),
and maghemite, Tc was also observed to predominantly form
a mixed Tc(IV)-hydrous ferric oxide (HFO)-like precipitate
(versus a TcO,enH,O-like precipitate), when compared with
X-ray spectroscopy standards.”* In that phase, Tc(IV) appears
to be in octahedral coordination but with limited cation
neighbors, due to the surface-nature of the precipitate.”

Despite the detailed data regarding Tc(IV) coordination in
these bulk and surface phases, questions still remain as to what
the charge-compensation mechanism is for the original Tc(IV)
incorporation into magnetite, as well as trevorite. To explore
that question further, atomic-scale modeling techniques were
used to evaluate the energetics of three possible charge-
compensated mechanisms for Tc(IV) substituting on octahedral
lattice sites in magnetite and trevorite. Based on Eh-pH diagrams
of Tc(IV) stability ranges overlapping with magnetite,"
in conjunction with experimental evidence,'”""*'™** Tc(IV) is
the expected oxidation state and was the focus of this study.
Additionally, the ease of substituting Fe(II), versus Tc(IV),q
for Ni(I),, in trevorite and Ni(Il),, versus Tc(IV),, for
Fe(Il), in magnetite was evaluated, having implications for
the synthesis of these materials experimentally and for the
competition of ionic uptake in engineered and natural environ-
ments. Optimized bond-lengths and incorporation energies are
presented for each stable case. Finally, a comparison between
incorporation mechanisms for Tc(IV) in hematite, goethite,
magnetite, and trevorite suggests that although similar octahedral
coordination environments are favored for Tc(IV) in all the
phases, charge-compensation mechanisms differ.

B MATERIALS AND METHODS

Computational Details. The quantum-mechanical code
CRYSTAL14> was used to calculate single-point and
geometry-optimized energies for a variety of crystalline and
molecular models. CRYSTAL14 uses a linear combination of
Gaussian-type functions to describe the atomic orbitals for each
element in the system, as defined by their basis sets.” In turn,
symmetry-adapted Bloch functions are used to calculate the
ground-state energy of the whole system, based on a linear
combination of atomic orbitals.>> Here, basis sets were chosen
based on previous application to iron oxide and oxyhydroxide
systems, both with Tc %% and without Tc.*” ™ Basis sets
include the Durand-21d41G effective core potential (ECP) for
Fe** and Fe®', with the Durand-41G ECP basis sets for 0%7,*”
and a 21d41 electron core pseudopotential previously optimized
for Tc* based on the Hay-Wadt large core pseudopotential.'®
For Ni**, two basis sets were tested (see Supporting Information
(SI) Table S1). Following full-geometry optimizations, the
Freyria ECP basis set'” was chosen for its good agreement with
experimental lattice parameters for NiO (+1.6%) and for
consistency with other ECP basis sets used in this study (versus
all-electron basis sets). The optimized geometries of magnetite
and trevorite using these basis sets are shown in SI Table S2.
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Figure 1. Ball and stick models representing (a) pure magnetite (or trevorite), and (b—d) the three stable Case 3 (M(II)-vacancy) substitution
models: (b) Tc(IV) for two Fe(Il), in magnetite in the next octahedral row, nearest neighbor position (2.968 A), (c) Tc(IV) for two Ni(II),,, in
trevorite in the next octahedral row, next-nearest neighbor position (5.105 A), and (d) Tc(IV) for two Ni(II), in trevorite in the same octahedral
row (5.895 A). Cyan spheres are Fe(III),, spin up, purple spheres are Fe(II), spin up, yellow spheres are Ni(II), spin up, pink lines are Fe(IIT),,,
spin down, red spheres are oxygen, orange spheres are Tc(IV), spin up, and black spheres are vacancies. Dotted black and white circles highlight
where substitutions occur. When yellow spheres are substituted for purple spheres in (a) Ni(II),, distribution in trevorite is reflected. Views are

looking down the (110) crystallographic direction.

Unrestricted Hartree—Fock (UHF) computational methods
were applied, which allow spin direction and density to be
accounted for in magnetite and trevorite. Both phases have
magnetic moments generated by the antiparallel spin alignment
of metal atoms on the tetrahedral and octahedral sublattices.
Specifically in magnetite, the magnetic moment arises from the
net difference in spin between Fe(IIl), (e.g., spin down) and
Fe(II/III), (e.g, spin up). Since there are equal numbers of
Fe(III),. and Fe(IIl),. in magnetite, the net difference arises
from the summed spin of Fe(Il),. Similarly for trevorite, the
antiparallel spin for Fe(III),., and Fe(III) . cancel, leaving the
summed spin of Ni(Il),. as the net difference. The charge-
localized behavior afforded by this UHF method is also of
particular interest for magnetite, where the movement of
electrons between Fe(II) and Fe(IIl) centers in the octahedral
iron lattice induces small distortions of the surrounding crystal
lattice (i.e., small-polaron behavior (ref 39 and references
therein)). Even though UHF methods only account for
exchange energies, unlike Density Functional Theory which
approximates both exchange and correlation energies,”"** UHF
methods have been successful in capturing both the geometry
(within 2.0—2.6%) and magnetic structure for the materials
tested here (see SI Table S2). Mulliken population analysis
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was used to evaluate spin density.”> Additional computational
details are provided in the SI.

Incorporation Energy Calculations. In the models used
here, Z = 8 Fe;0, or NiFe,0, formula units (56 atoms total),
corresponding to 32 O atoms, 8 Fe(IIl),. atoms, 8 Fe(IIl),,,
atoms, and 8 Fe(II),. or 8 Ni(II), atoms for magnetite and
trevorite, respectively (Figure la). The substitution of one
Tc(IV) into the octahedral sublattice of magnetite (replacing two
Fe(Il),) or trevorite (replacing two Ni(I)..) yields approx-
imately 5 wt % impurity per Tc ion, whereas the substitution
of one Ni(Il), for one Fe(Il),y in magnetite, or vice versa
for trevorite, is approximately 3 wt % impurity per ion. For
comparison, these values for Tc¢ incorporation into magnetite are
higher than what is reported experimentally (e.g, 0.1 wt % Tc;
Marshall et al,, 2014). The next step up in cubic supercell size
(2 X 2 %x2) would be Z = 64 or 448 atoms, yielding 0.7 wt % Tc,
but these models were not pursued as part of this study due to
the number of cases under initial consideration.

Here, the feasibility of atomic-scale impurity incorporation
was evaluated by calculating the incorporation energy (E,,;
eq 1) of different substitution reactions using the general

approach:
Z Ereac

Ey = Z Eprod -

(1)
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where E, 4 and E,, refer to the summation energies of the
products and the reactants in the substitution reactions outlined
in eqs 2—4. For convention, a negative energy is interpreted as
an energetically favorable substitution while a positive energy
implies a barrier to substitution exists.

For the substitution of Tc(IV) into magnetite and trevorite,
three distinct cases were tested, all involving substitutions
on the octahedral sublattice as guided by experimental data
for Tc(IV) in magnetite.11 Case 1 is an “Fe(II) charge-balanced
substitution” where an Fe(II)/Tc(IV) pair substitutes for two
Fe(III),, lattice atoms in magnetite or trevorite (eq 2). Case 2
is an “Fe(III) vacancy-driven substitution” where three Tc(IV)
substitute for four Fe(Ill), lattice atoms in magnetite or
trevorite, creating an Fe(III),, vacancy in the process (eq 3).
And, Case 3 is an “M(II)-vacancy substitution” where one
Tc(IV) substitutes for two lattice Fe(II),, in magnetite or two
lattice Ni(II),,, in trevorite, on one octahedral site, creating a
divalent-cation or M(II)-vacancy in the process (e.g., eq 4).

E lFe(II) —balanced

mc

P ETNITP LB 4 e

spinel — defect
E; + 2nEgs+ ()
Fe(III) —vacancy | 17 spinel—pure
Einc . Etot + 3ﬂETc‘H
spinel —defect
Etot + 4'nEFe3+ (3)
M(II)—vacancy | 1;spinel—pure
Einc . Etot + nETc!Hr
spinel —defect
Eqt + 2nE)p+ (4)

Additional cases were evaluated for the one-to-one substitu-
tion of Ni(II), for Fe(II), in magnetite (eq S), and Fe(Il),
for Ni(I),, in trevorite (eq 6). The purpose of the latter two
cases was to test the ease of isovalent cation substitutions in
one end-member phase versus the other for comparison with
Tc(IV) incorporation energies.

mag—defect

Ni(II) —sub | 1> mag—pure
E ¢ Eror + nEy+e = Epg

inc

+ nEgo+
©)

Fe(Il)—sub_ y;trev—pure trev—defect
Einc . Etot + nEFe“ - Etot + nENi“

(6)

In all the equations listed above, the total energies of the pure
(EZinel=pure) and defect (EEnc=9eRt) phases of magnetite and
trevorite represent calculations on solid-state crystalline phases,
while the energies of individual ions (E,,; ion = Fe®', Fe¥,
Ni*, and Tc*) were performed on charged gas-phase species
(see SI Table S3); n represents the number of substituting
ions. No significant energy differences were observed for ionic
species calculated using a cluster approach versus a periodic
boundary calculation approach. “Defect” phases are ones that
have been substituted with Tc(IV) or M(II) cations.

It is important to note that eqs 2—6 represent simplified
systems relative to what would be expected under experimental
conditions, where substituents would likely be introduced
as aqueous species, and in some cases, as more oxidizing
and soluble species (e.g,, Tc(VII)O,”). To account for these
conditions, hydration-energy corrections based on experimental
databases can be applied to the gas-phase reference energies
of the ions, according to the method outlined in Smith et al.*®
A stepwise explanation of the hydration-energy correction
factor and its application to calculating E;. is provided in the SI
Table S4 and associated discussion.
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B RESULTS AND DISCUSSION

Tc(lV) Substitution in Magnetite and Trevorite. Three
cases for incorporation of Tc(IV) into the octahedral sublattice
of magnetite and trevorite were considered: Case 1) a direct
Tc(IV)—Fe(Il) charge-balanced substitution (SI Figure S1);
Case 2) an Fe(IlI)-vacancy driven substitution (SI Figure S2);
and Case 3) an M(II)-vacancy driven substitution, where M is
Fe or Ni (Figure 1). For each case, two to four different dis-
tributions of Tc(IV) relative to the charge-balancing mecha-
nisms were evaluated. In all instances, single-point energy
(SPE) calculations were used to evaluate whether the assigned
spin densities and charge distributions were maintained for
the Tc(IV)-substituted models. For stable results, where spin
distributions representing Tc(IV), Fe(II), Fe(IlI), and Ni(II)
were maintained, the single-point energy wave function was
used as a “wave-function guess” to perform atom-only and
full-geometry optimizations. For all other cases, Mulliken spin
distributions were captured in the SI Table SS, but higher-level
calculations were not pursued. Due to reference phases being
gas-phase ions of specific charges, it was assumed that incorpora-
tion energies are most accurate and comparable between
different cases when systems retain the assigned spin density
(e.g, three unpaired spins to represent Tc(IV); two unpaired
spins for Ni(II)); however, even in cases where the starting spin
density was not maintained, insight can be gained into the
stability of the proposed charge compensation mechanisms.

Broadly speaking, stabilizing Tc(IV) in magnetite and trevorite
proved difficult for all charge-compensation cases tested, except
for one. For example, Fe(Il)-charge-balanced substitutions
of Tc(IV) for two Fe(Ill) o in magnetite (Case 1) led to the
oxidation of Tc to Tc(V) or Tc(VI), accompanied by the
oxidation of two Fe(II), to Fe(Ill), (SI Table SS; Figure S2).
These results suggest that the addition of excess Fe(II), to the
system along with Tc(IV) is not stable in unit cells of this size
without further oxidation of Tc. For trevorite, one arrangement
of Tc(IV) and Fe(II) for two Fe(III), led to the stabilization of
Tc(IV); however, Ni(Il) was reduced to Ni(I) at the expense
of the excess Fe(Il), (SI Table SS; Figure S2 ). The other
arrangement of defects in Case 1 led to the oxidation of Tc(IV)
to Tc(V) and Fe(II),, to Fe(Ill) while Ni(Il) remained stable
(SI Table Ss; Figure S2). In trevorite, the addition of excess
Fe(I),, to stabilize Tc(IV) also leads to oxidation and reduction
of Ni as well as Tc in this sized model.

For Case 2, where three Tc(IV) substituted for four
Fe(III),, creating a vacancy in the process, spin distributions
were highly variable in magnetite and trevorite. Specifically, in
magnetite, spin flipping of the unpaired spins in Tc(IV)
occurred, as well as Tc reduction to Tc(II) or Tc(0). These
highly variable results were attributed to high defect loading in
a unit cell of this size (e.g, 15 wt % Tc total; S wt % per Tc)
and results were deemed unphysical due to this behavior
(SI Table SS; Figure S2). In trevorite, Tc oxidation states
ranged from Tc(III) to Tc(VI) and some Ni(II) spin densities
were compromised (e.g, oxidized to Ni(III) or Ni(IV))
suggesting that Tc waste loading might be too high in this
unit cell, as well (SI Table SS; Figure S2). While these results
do not rule out this substitution mechanism, they do imply that
it is not likely for high waste loading scenarios. For Cases 1 and 2,
it should be noted that all the “spin contamination” occurred on
the octahedral sublattice rather than the tetrahedral sublattice
in both inverse spinels since the expected spin for Fe(IIl),., was
always maintained. In this regard, results are consistent with
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dominant charge mobility on the octahedral sublattice of inverse
spinels."**

For the unit cells tested, the creation of M(II)-vacancies
(Case 3) in magnetite and trevorite led to the most instances of
expected spin density being maintained. For Tc(IV) sub-
stitution into pure end-member magnetite (Figure 1a), one
configuration out of three tested was stable. Figure 1b shows
the stable configuration where the Fe(II), vacancy was in the
next octahedral layer above the Tc(IV) substitution in a
nearest-neighbor location separated by 2.968 A. The other two
cases tested resulted in “spin contamination” (SI Table SSa),
where Tc was oxidized to Tc(V) or Tc(VI) depending on the
spacing of defects, and lattice Fe(II), was oxidized to Fe(III),,
in the process. For trevorite (Figure 1a), two out of the three
configurations tested were stable for Case 3 (SI Table SSb). In
Figure lc, the Ni(Il), vacancy was one octahedral layer above
the Tc(IV), substituent in a next-nearest neighbor location
separated by 5.105 A. In Figure 1d, Tc(IV), and the Ni(II),
vacancy were in the same (110) row, separated by 5.895 A.
For the case where Tc(IV),. was not stable, it was reduced
to Tc(Ill) (SI Table SSb) and excess spin was likely
accommodated by oxygen spin densities, especially near the
vacancy. While these models would likely benefit from larger
supercells to lower Tc loading and allow for additional options
for defect arrangements, more detailed comparisons will be
made of the three Case 3 scenarios where Tc(IV),, remained
stable in the remainder of this section.

In order to evaluate the relative stability of Tc(IV) in magnetite
versus trevorite, a comparison of incorporation energies is
necessary. Incorporation energies for the three spin-stable cases
are presented in Table 1. In these cases, the E; . values are

Table 1. Full-Geometry Optimized Total and Incorporation
Energies for Magnetite and Trevorite”

_ Epee Ene  EBnc  Epen
model opt.”  EZ (Ha) (eV) (Ha) (eV) (evf
(a) magnetite FG  -101870 —27719.79
(pure)
(a) trevorite FG 219495 —59726.75
(pure)
(b) case 3-Mag  FG  —987.44 —26869.13 —1.55 —422 —1.33
(2.968 A)
(c) case 3-Trev  FG  —1869.57 —50872.96 —125 —33.96 4.00
(5.105 A)
(d) case 3-Trev  FG = —1869.60 —50873.68 —127 —34.67 329
(5.895 A)
Ni(II)-doped FG  -116573 —31720.63 —0.12 —3.40 —0.49
Magnetite
Fe(II)-doped FG  —2047.92 —5572563 0.13 347 0.56

trevorite
“Note: Letters (a—d) correspond to Figure 1; values in parentheses
are Tc(IV)-M(II)-vacancy distances. bOptimization parameters: FG =
full geometry.

negative when referenced against gas-phase ions (eq 2—4),
suggesting that Tc(IV) incorporation is energetically favorable.
Here, Tc(IV) incorporation into magnetite is approximately
7—8 eV more favorable than into trevorite for the full-geometry
optimized cases. Looking at trevorite alone, cases vary only by
0.7 eV depending on where the defect is relative to the Tc(IV)
ion in the structure. The longer distance between Tc(IV) and
the Fe(Il),.-vacancy in trevorite is favored over the shorter
distance. In all cases, however, E;. values for magnetite and
trevorite are larger than would be expected under experimental
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conditions due to reference phases being gas-phase ions rather
than hydrated ions.*®

To explore the effect of gas-phase versus hydrated reference
species, a correction factor was applied following the method
described in Smith et al.*® Details of that correction factor are
presented in the SI (Table S4), where the calculated ionic gas-
phase energies are related back to relevant aqueous species in
a stepwise fashion by drawing upon experimentally known
energies for each step. Hydration-energy corrected incorpo-
ration energies (Einc_hyd) are shown in the far-right column
of Table 1. For the full-geometry optimized cases, Tc(IV)
incorporation in magnetite is still energetically favorable,
although the Ej, 4 is significantly smaller than for the gas-
phase reference case (approximately —1 eV versus —42 eV). In
contrast, the E;, 4 becomes positive (e.g, 3—4 V) for Tc(IV)
incorporation into trevorite, suggesting that there is an energy
barrier to Tc(IV) incorporation at low temperature. It is
important to note that while the calculations themselves take
place at 0 K, the experimental energies adjust values toward
ambient temperatures (SI Table S4 and associated discussion).
In trevorite, the hydration energy correction still favors the
longer distance between Tc(IV) and the Fe(Il),.-vacancy with
a smaller, albeit positive E,p,,q value.

A useful measure of comparison between theory and
experiment is bond lengths. Overall, lattice parameters of all
full-geometry optimized magnetite and trevorite cases lengthen
by 2—2.5% with respect to experimental data (SI Table S2),
attributed to basis set performance. Focusing on local coordina-
tion environments, an average of six optimized < Fe—O>,
< Ni—O>, and < Tc—O> bond lengths are shown in Table 2
for pure end-member magnetite and trevorite, as well as the
three stable substitution configurations. For comparison, starting
bond-lengths (SPE) and fully geometry optimized bond lengths
(FG) are shown. Looking at < Fe(II)-O> versus < Fe(IIl)-O>
bond-lengths in pure and Tc-substituted magnetite, the ~0.1 A
difference in octahedral coordination is consistent with
differences in averaged crystallographic radii data (0.135 A).*
Additionally, < Fe(III)-O> bond lengths in pure trevorite are
~0.05 A shorter than < Ni(II)-O> bond lengths, consistent with
an estimated 0.045 A difference in crystal radii.’® These results
suggest that the models are accurately capturing the differences
in cation bonding environments in these phases. Optimized
magnetite exhibits longer average < Tc—O> bond lengths than
trevorite, attributed to its larger unit cell (0.68% from experi-
mental data).'®'” The case where the Tc(IV)—Ni(Il)-vacancy
distance is shorter in trevorite (c) leads to < Tc—O> bonds only
0.3% shorter than Tc(IV), in magnetite. In contrast, when
the Tc(IV)—Ni(II) vacancy distance is greater in trevorite (d),
greater < Tc—O> bond length contraction is observed (e.g.,
4.8% shorter than in magnetite), suggesting that defect spacing
has an effect on local coordination environments.

Comparisons can be made with experimental data for
< Tc—O> bond lengths in TcO,"” and Tc coprecipitated
with magnetite.*” In TcO,, < Tc—O> bond-lengths for Tc(IV)
in octahedral coordination average 1.98 A.*’ For calculated
Tc(IV) in magnetite, < Tc—O> bond-lengths are 0.08 A longer
for the FG case. In trevorite, < Tc—O> bond-lengths range from
0.03 A shorter to 0.06 A longer for the FG cases, depending
Tc(IV)—Ni(II)-vacancy spacing. Both these cases suggest
that the octahedral bonding environment in the inverse spinels
are fairly consistent with Tc(IV) in TcO,. For comparison
with experimental data suggestive of Tc(IV) incorporation
into magnetite based on EXAFS,"! < Tc—0O> bond-lengths
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Table 2. Starting and Optimized Bond Lengths for Fe-, Ni-, and Tc—O in Magnetite and Trevorite”

model optb Fe(IIl),-O A

(a) magnetite (pure)® SPE 2.058
(2) magnetite (pure) FG 2.060
(a) trevorite (pure)d SPE 2.044
(a) trevorite (pure) FG 2.053
(b) case 3-Mag (2.968 A) SPE 2.058
(b) case 3-Mag (2.968 A) FG 2.054
(c) case 3-Trev (5.105 A) SPE 2.044
(c) case 3-Trev (5.105 A) FG 2.055
(d) Case 3-Trev (5.895 A) SPE 2.044
(d) Case 3-Trev (5.895 A) FG 2.049
Tc in TcO,” Exper.

Tcin magnetitef Exper.

Tc(IV) o -OA
Fe(II),-O A Ni(II),.-O A
2.058
2.143
2.044
2.107
2.058 2.058
2.159 2.046
2.044 2.044
2.047 2.039
2.044 2.044
2.127 1.952
1.98
2.00 (1.99)

“Note: Letters (a—d) correspond to Figure 1; values in parentheses are Tc(IV)-M(II)-vacancy distances. “Optimization parameters; SPE = Single-

point energy (starting geometry); FG = full geometry. “Structure after Fleet.”” Structure after Gorter.

represents reoxidized case from Marshall et al.''

** “Rodriguez et al.*’ HValue in parentheses

(coordination number of 6) are reported at 2.00 A for
unoxidized samples and 1.99 A for reoxidized samples (post-
precipitation). Nearly identical < Tc—O> bond distances are
reported for unoxidized and (re)oxidized Tc-doped, biogenic
magnetite as well.'° For magnetite, calculated < Tc—O> bond-
lengths are 0.05 A longer than those reported experimentally
[11], likely due to the increase in lattice parameters relative to
experimental data (SI Table S2). For trevorite, the optimized
< Tc—O> bond-lengths are 0.0S A shorter or 0.04 A longer,
depending on Tc(IV)—Ni(II)-vacancy defect spacing. In general,
slightly shorter < Tc—O> bonds length would be expected
in trevorite relative to magnetite due to its smaller lattice
parameters. Overall, calculated and experimental < Tc—O> bond
lengths in magnetite and trevorite are supportive of Tc(IV)
in octahedral environments versus tetrahedral environments.
For comparison, experimentally determined < Fe(III),-O>
bond-lengths in magnetite and trevorite are 1.889 and 1.876 A,
respectively.”**’

Additional support for the creation of M(II),. defects in
magnetite and trevorite upon the addition of Tc(IV) to the
structure comes from looking at the cation coordination number
data for experimental Tc(IV) in magnetite, as presented by
Marshall et al.'' In pure end-member magnetite, each Fe,
has six nearest-neighbor Fe, at 2.968 A, and six next-nearest
neighbor Fe,, atoms at distances of 3.480 A.""*® In magnetite
coprecipitated with Tc, the number of Fe atoms coordinating
Tc(IV) under reducing conditions is 4.3 + 1.5 for the first Fe
shell at 3.04 A (presumably Fe,,), and 4.0 + 1.4 for the second
Fe shell at 3.48 A (presumably Fe,,)."" Similar observations
are made for Tc(IV) in magnetite oxidized for 21 days and
152 days, except that the second-Fe shell coordination is
reduced to 3.6 + 1.1 and 3.7 + 1.2 at 3.47 A, respectively."'
For the magnetite case in this study, where Tc(IV) is separated
from the Fe(II),, vacancy by 2.968 A (Figure 1b), the reduction
in first-shell Fe . nearest neighbors would be within error of
experimental data, since just one Fe(Il),, vacancy is created per
Tc(IV) incorporated (i.e., coordination number of 5). It should
be noted, however, that lower cation coordination numbers in
experiments could also be indicative of Tc(IV) substituted in
(near-)surface environments.” While no direct experimental
comparisons are available for Tc(IV) incorporation in trevorite
at present, it could be hypothesized that a decrease in co-
ordination number would be expected for increasingly removed
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cation coordination shells since Ni(II),, defects appear stable
beyond the first and second cation coordination shells, based on
modeling results.

An important distinction between the models used here and
experimental data for Tc(IV) association with iron oxides and
oxyhydroxides is Tc wt % (e.g,. Five wt % Tc versus 0.1 wt %
Tc in magnetite''). Other studies reporting Tc association with
iron oxides and oxyhydroxides suggest 0.6 to 1 wt % Tc;*
therefore, these models likely represent upper incorporation
limits of Tc in magnetite, possibly exceeding that limit in
trevorite (based on positive E;,q). Previous studies on Tc(IV)
incorporation into hematite using larger supercells suggest that
E,,. becomes less favorable with increasing Tc wt % between
<1 and 3 wt % Tc.'® As such, it is likely that lower concentra-
tions of Tc(IV) in magnetite and trevorite would be increasingly
stable below 5 wt % Tc.

M(ll) Substitution in Magnetite and Trevorite End-
Members. In a real-world scenario, Tc(IV) might be in
competition with Ni(II) if Ni-doped magnetites are being
synthesized as “carrier phases” to increase Tc loading in waste
glass, or Tc(IV) might compete with cations in solution when
reductively adsorbing or coprecipitating with magnetite in the
environment. To evaluate the ease of M(II) cation incorporation
into each end-member phase, E;,. were calculated for near-
endmember solid solution models (e.g, 3 wt % excess M(II)
cation) for comparison with Tc(IV) incorporation energies.
Specifically, one Ni(II) was substituted for one Fe(Il),. in
magnetite (eq 5; SI Figure S3a), and one Fe(II) was substituted
for one Ni(II),, in trevorite (eq 6; SI Figure S3b). Incorporation
energy results for Ni(II)-doped magnetite and Fe(II)-doped
trevorite models are shown in Table 1. Results suggest it is
energetically favorable to incorporate at least one Ni(Il) cation
into magnetite (—3.40 eV gas phase; —0.494 eV hydrated for FG
cases), whereas an energy barrier exists for incorporating one
Fe(Il) into trevorite (3.47 eV gas phase; + 0.56 eV hydrated).
When the excess enthalpy of mixing is calculated by subtracting
out the ideal enthalpy of mixing between the two end-members
for the full-geometry optimized cases, small, but slightly positive
excess enthalpies are calculated for both cases (e.g., 0.001 eV for
one Ni(I) in magnetite and 0.002 eV for one Fe(I) in trevorite;
see SI Table S6 and associated discussion for details). These
results are consistent with a study by Andersson and Stanek™
where DFT methods were used to explore solid solution
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energetics between a number of spinel and inverse spinel end-
members. For magnetite and trevorite, solid solution energies
are near zero (neither strongly favorable nor unfavorable) for
one Ni(Il) in magnetite and slightly higher (less favorable) for
one Fe(II) in trevorite;”’ however, upon completion of the entire
solid solution between magnetite and trevorite, mixing enthalpies
become negative (favorable) indicating complete miscibility
between the two end-members. Their results are consistent with
experimental data and the occurrence of magnetite-trevorite solid
solutions in nature.”’ With respect to competitive incorpora-
tion of Tc(IV) versus M(II) cations during synthesis of inverse
spinels, the more favorable Ej, ;4 for Tc(IV) in magnetite
compared with Ni(I[) makes incorporation seem plausible.
In contrast, Tc(IV) incorporation into trevorite might be less
favorable in the presence of excess Fe(Il) due to the lower
energy barrier for incorporation of Fe(Il) versus Tc(IV) at the
wt % values explored here.

In addition to calculated incorporation energies, the relative
ease of substituting Ni(II) into magnetite versus Fe(I) into
trevorite may be related to cation size. This observation is
consistent with reports for some solid solution systems where
it is often easier to substitute a smaller cation into a larger
site rather than vice versa.”” For Ni(Il),,, substitution into an
Fe(1I),, site, the crystal radii of Ni(Il),. (0.830 A) is 0.09 A
smaller than high-spin Fe(II).. (0.920 A);*° hence, Ni(1I)
substitution into magnetite would be more facile than Fe(II),,
into trevorite. If the same size-driven logic applies for Tc(IV)
substitution into magnetite and trevorite, even though it is
not a 1:1 solid-solution substitution due to charge imbalance,
Tc(IV) incorporation into magnetite Fe(Il), sites might be
more favored than in trevorite given the greater difference in
crystal radii between Tc(IV), (0.785 A) and Fe(II), (0.920 A)
versus Tc(IV),, and Ni(Il),, (0.830 A).*° If competition
between Tc(IV) and Ni(II) is concerned for incorporation into
magnetite, the 0.045 A-larger crystal radius of Ni(II),. versus
Tc(IV),e could make Tc(IV) more competitive. Navrotsky*’
also points out that difference in bonding character and charge
of the substituting species contributes to differences in mixing
energies which would also come into play here; however, these
energetic contributions were not specifically evaluated here.

Trends in Tc(lV) Incorporation in Iron Oxides and
Oxyhydroxides. During the processing of nuclear materials or
when mineral phases are considered as radionuclide sinks in
the environment, the question arises as to how stable impurities
are in crystalline structures under varying conditions (e.g,
temperature, Eh, pH). The apparent preference of Tc(IV) for
octahedral bonding environments in different iron oxide and
oxyhydroxide phases is important because of the solid state
(ie., topotactic) changes these phases go through as a function
of changing conditions.”*™>* For example, if the site hosting
Tc(IV) is similar across a variety of different phases, then there
may be greater opportunity to retain Tc in the structures despite
changing environmental conditions (e.g., oxidative or reductive
transformation) or competitive processes, like impurity
diffusion, at elevated temperatures. When comparing modeling
studies looking at Tc(IV) incorporation in octahedral iron sites
of hematite (a-Fe,0;),'® goethite (a-FeOOH),’® magnetite,
and trevorite, the variable that appears to differ is the charge
compensation mechanism. Here, the creation of vacancies and
substitutions were favored on the M(II),, sites rather than on
the M(III),. sites. Experimentally, when magnetite becomes
oxidized to maghemite, Fe(II),, cations are essentially lost from
the system leaving octahedral iron vacancies and only Fe(III)

oct

5222

remaining in the y-Fe,Oj structure.” For Tc(IV) substitution
in goethite,36 the creation of H-vacancies is favored when
referenced against gas-phase ions; however, when hydration
energy corrections are applied, the creation of 4Fe(III) defects
to accommodate 3Tc(IV) substituents becomes increasingly
competitive (akin to Case 2 here). The loss of protons, which
occurs via diffusion experimentally, parallels the transformation
that occurs when goethite becomes hematite with increasing
temperature.56 In contrast, for Tc(IV) in hematite, an Fe(II)
charge-balancing mechanism (herein Case 1) was found to be
stable and consistent with experimental evidence for an increase
in Fe(II) in hematite thin films doped with Ti(IV);*” however,
other charge compensation schemes were not analyzed in that
study. In two cases out of three, the substitution of Tc(IV) in
magnetite/trevorite and goethite follows a charge compensation
path that parallels the natural oxidation of those phases (e.g,
magnetite to maghemite or goethite to hematite) versus one
where excess reductants are stabilized in the system.

Focusing on magnetite, it is important to note that the
addition of other M(IV) cations to the structure (e.g., Ti(IV))
is associated with an increase in structural Fe(Il). Specifically,
detailed characterization of natural titanomagnetite samples
from Hanford Site sediments, as well as synthesized titano-
magnetite nanoparticles, point to Ti(IV) substitution into
octahedral coordination sites and an increase in structural
Fe(II) experimentally.”*>” Experimental investigations into the
substitution of Sn(IV) into the magnetite structure also point
to the possibility of excess Fe(I) charge-balancing Sn(IV);
however, that evidence was based on X-ray diffraction data.”’
With regard to Tc(IV)-doped magnetite, Fe(II)/Fe(III) ratios
measured by Marshall et al.'' were hyper-stoichiometric
(greater than 0.5) for one sample formed under reducing
conditions, and substoichiometric for all other samples, even
when measured under reducing conditions, possibly due to
some percentage of goethite in the solid phases. Given the
mixed observations regarding the possible charge compensations
mechanisms for M(IV) doping in magnetite, further inves-
tigations are warranted to determine if the same mechanism
holds true for all similarly charged species substituting on the
octahedral sites, or if other factors (e.g, electrochemical) affect
the stability of excess Fe(II) versus defect formation. Additional
factors, such as computational model size or the ability to impart
a reducing potential during optimization could also affect those
results, as the latter was not captured in the models applied in
this study and would be of interest in future investigations.
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