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Spontaneous redox continuum reveals sequestered
technetium clusters and retarded mineral
transformation of iron
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Yelena Katsenovich3 & Tatiana G. Levitskaia 1✉

The sequestration of metal ions into the crystal structure of minerals is common in nature. To

date, the incorporation of technetium(IV) into iron minerals has been studied predominantly

for systems under carefully controlled anaerobic conditions. Mechanisms of the transfor-

mation of iron phases leading to incorporation of technetium(IV) under aerobic conditions

remain poorly understood. Here we investigate granular metallic iron for reductive seques-

tration of technetium(VII) at elevated concentrations under ambient conditions. We report

the retarded transformation of ferrihydrite to magnetite in the presence of technetium. We

observe that quantitative reduction of pertechnetate with a fraction of technetium(IV)

structurally incorporated into non-stoichiometric magnetite benefits from concomitant zero

valent iron oxidative transformation. An in-depth profile of iron oxide reveals clusters of the

incorporated technetium(IV), which account for 32% of the total retained technetium esti-

mated via X-ray absorption and X-ray photoelectron spectroscopies. This corresponds to 1.86

wt.% technetium in magnetite, providing the experimental evidence to theoretical postula-

tions on thermodynamically stable technetium(IV) being incorporated into magnetite under

spontaneous aerobic redox conditions.
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Natural minerals can host, or incorporate into their crystal
structure, different elements and function as sinks
attenuating environmental transport of heavy metals and

radionuclides. Garnet, gypsum, calcite, muscovite, rutile and
other mineral phases are found to contain incorporated Tc, Ru,
Cs, U, Np, and Pu1. Iron minerals, such as iron oxides (magnetite,
maghemite, and hematite), and iron oxyhydroxides (goethite,
lepidocrocite, ferrihydrite, etc.) also incorporate various metal
cations, in particular, substitution of Fe3+ by Al3+ can reach up
to 33 mol.% in natural weathered goethite and up to 15 mol.% in
maghemite in tropical soils2. Computational studies on Tc4+

incorporation in magnetite revealed thermodynamic feasibility to
obtain up to 5 wt.% of incorporated Tc4+ with higher stability
around 1–3 wt.%3, however, no experimental studies were carried
out to support the upper limit of Tc incorporation in the ambient
uncontrolled environment. Further, formation of iron minerals is
complex as it yields an array of transformation pathways for
different stable oxides/oxyhydroxides2. This allows for design of
plentiful systems targeting a specific mineral formation in which
an element of interest is being incorporated. Particularly, there is
practical significance to employ widely available metallic iron
(Fe0), encouraging investigation of its oxidative transformation
with the possibility of concomitant sequestration of radionuclides
undergoing simultaneous reduction, e.g., Tc, in a system under
ambient conditions where only a limited number of controlled
parameters are imposed to resemble natural pathways.

The radioisotope of technetium, 99Tc, is a β− emitter of pre-
dominantly anthropogenic origin that generates environmental
risk in sites impacted by cold war era development of nuclear
weapons (e.g., Hanford site WA, USA;4 Mayak, Russia5) or
nuclear accidents (e.g., Chernobyl, Ukraine6), and its environ-
mental impact is amplified by a long half-life (213,000 years) and
redox-dependent mobility with high solubility of the pertechne-
tate anion (TcO4

−) in aerobic conditions7. Under anoxic condi-
tions Tc reductively precipitates as hydrous TcO2 and can be
retained in iron-rich sediments even upon consequent exposure
to air8. The possibility of utilizing iron-based phases as reductive
separation and sequestration agents initiated numerous studies
on Tc immobilization into iron minerals9–19. The majority of
these studies investigated reductive removal of Tc from solution
via structural incorporation into in situ formed mineral iron
oxide/oxyhydroxite phases, i.e., ferrihydrite, magnetite, hematite,
and goethite, starting with soluble homogeneous Fe2+ pre-
cursors20. Immobilization of Tc within the crystalline structure of
a host helps to achieve recalcitrant oxidative leaching of Tc4+,
and synthesized Tc4+-doped magnetite, hematite and goethite
that have been evaluated as durable waste forms for long-term
geological disposal demonstrated relatively low Tc release
rates13,14,21. When structurally incorporated into in situ formed
magnetite, Tc4+ was prone to remain in the reduced state even
upon oxidation of magnetite15. Tc4+-doped magnetite
(Tc0.06Fe2.94O4) can be synthesized with 2.5 wt.% Tc by dissolving
a small amount of iron powder in a denitrated solution of Tc21,
however, incorporation of Tc4+ into pre-synthesized magnetite
was found to be sensitive to its initial concentration16. Although
in situ formed magnetite was more efficient for Tc reductive
sequestration than the pre-synthesized one, these studies have
been conducted in anoxic conditions. Iron oxidation in anoxic vs.
oxic conditions would take a different route with water or dis-
solved oxygen serving as an oxidant, leading to dissimilar iron
oxidation pathways2.

There are limitations of utility of the homogeneous in situ
synthesis of iron minerals for the practical separation systems
design when it utilizes prone-to-oxidation Fe2+, as it must be
carried out in a controlled pH and redox sensitive environment,
and therefore can’t be accomplished in complex aqueous matrices

directly, necessitating prior separation of Tc from the original
host streams. A valuable alternative is in situ mineral transfor-
mation of a metallic iron, Fe0, or zero valent iron (ZVI), poten-
tially offering continuum reductive separation and structural
incorporation of Tc under ambient conditions from complex
aqueous electrolyte mixtures over wide pH and concentration
ranges, albeit via poorly understood mechanisms. Overall, ZVI is
a readily available strong reductant that has been proposed for
decontamination and remediation strategies, including reductive
removal of radioactive contaminants, uranyl and pertechnetate, in
groundwater22–24. ZVI (iron powder, nano-iron, and steel cou-
pons) exhibits effective reductive separation of Tc25–27, and is one
of the materials compatible with immobilization and stabilization
of the separated Tc for long-term disposal, but its application can
be modulated by Tc anticorrosive properties28,29, and has not
been investigated for high Tc loading. Different iron oxides/
oxyhydroxides can be formed during reaction of metallic iron in
aerobic conditions, and their transformation pathways are influ-
enced by a variety of factors, including presence of anions2, where
effect of TcO4

− at moderately high concentration has not been
studied yet. In addition, ZVI materials have shown different
redox kinetics, depending on particle size and related to their
manufacturing method27. Thus, the behavior of an iron system
requires additional investigation for each unique setting and
contaminant of concern.

Here, we seek a fundamental understanding of the in situ
formation of iron oxide phases in the aerobic environment gov-
erned by the redox equilibria processes. We study a hetero-
geneous oxic system containing solid Fe0 and aqueous TcO4

−

initiating surface redox reactions associated with Fe0 dissolution,
followed by in situ co-precipitation with Tc4+ reduction pro-
ducts. Our previous testing of a wide range of commercial iron
products27 shows that granular ZVI exhibits 99% Tc-removal
efficiency indicating kinetics suitable for time-dependent struc-
tural studies on formation and transformation of iron minerals in
the presence of Tc. The NaCl solution matrix is chosen in order
to supply an electrolyte that promotes iron oxidation2 and avoids
complexation with TcO4

−, i.e., without interfering with the Tc7+

reduction process30. All experiments of reductive sequestration of
Tc with granular ZVI and comprehensive characterization of
solid phases are conducted at Fe:Tc molar ratio 53:1, or 3.3 wt.%
Tc. The results show structural incorporation of Tc4+ at the high
loading and reveal effect of Tc on transformation of iron mineral
phases.

Results
Reductive removal of pertechnetate. After 25 days of contact
time of granular ZVI with 80 mM NaCl solution containing 17
mM TcO4

−, 99.8% of the aqueous Tc was removed from the
solution (aqueous fraction of Tc 0.0010 ± 0.0004). In the presence
of Tc, ZVI granules exhibited distinct time-dependent changes
observable by color (Supplementary Fig. 1a, b), transitioning from
brown-yellowish after a week to smaller black granules after a
month from the start of the experiment. In the absence of Tc, the
sample of ZVI reacted with 80mM NaCl solution turned black
within one week after the start of the experiment (Supplementary
Fig. 1c). Both samples with and without Tc had a fraction of
newly formed black suspended fines (likely magnetite), separated
during several runs of consecutive centrifugation, and analyzed as
a bulk solid phase with the rest of solids per each sample. The
concentration of Tc in the supernatant was 0.01 mM of TcO4

−.
After centrifugation, samples were washed with deionized water,
and the washing solution had slightly higher Tc concentration
(0.08 mM) compared to the supernatant. This suggested possible
re-oxidation or resuspension of Tc4+.
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As investigated previously, ZVI materials manufactured by
different methods exhibit different kinetics of Tc removal,
attributed to variable surface properties and rates of Fe0 oxidation
and dissolution27. Among the wide variety of ZVI materials tested
previously, granular iron belonged to a group with superior Tc7+

reduction efficiency, and it exhibited the least propensity for Tc4+

re-oxidation within this group. For this material, the profile of Fe0

solubilization in 80 mM NaCl solution and the corresponding pH
and ORP time dependencies had been studied earlier27. Here, the
pH value of 10.3 measured 25 days after the start of experiment
indicated the prevalence of iron dissolution reactions2.

X-ray absorption near edge structure (XANES) analysis from
different locations (A and B) on two iron granules (ZVI-1 and
ZVI-2) showed that both Tc4+ and Tc7+ were present in the solid
phase after one month of contact with ZVI (Table 1); however,
partial oxidation of Tc4+ during sample preparation, storage, and
analysis cannot be ruled out. Linear combination fitting (LCF)
was performed for XANES (21 to 21.4 keV) and extended X-ray
absorption fine structure (EXAFS) spectra (3 < k < 12), and LCF
combinatorics showed better statistical results for three compo-
nents, with R-factor and Chir2 almost two times smaller for three
components vs. two components (Supplementary Table 1).
Moreover, principal component analysis (PCA) was supportive
of three components (Supplementary Fig. 2); hence, three
standards were kept for LCF (Fig. 1a; Table 1), two of which
were Tc4+ with different coordination environments (Tc4+

hydrated oxide and Tc4+ in magnetite). These results revealed
that approximately 50% of Tc was present as TcO2•nH2O in
addition to 34% of Tc in Tc4+ phases associated with iron oxides.
The remaining small fraction of Tc was associated with adsorbed
Tc7+ phases with a larger fraction present in B locations of both
granules, where more Tc was associated with the solid phase, as
seen from the false-color abundance maps, Fig. 1b (11–13% in A
locations vs. 20–21% in B locations, Table 1).

We further performed high-resolution X-ray photoelectron
spectroscopy (XPS) analysis of the ZVI granules (Fig. 2). Peak
fitting of the Tc 3d spectrum required three pairs of doublets,
whose lower binding energies (3d5/2) were determined to be
256.4 eV, 257.4 eV, and 259.6 eV. While the peaks at 256.4 eV and
259.6 eV were assigned to Tc4+ (35.3%) and Tc7+ (32.8%),
respectively31,32, the peak at 257.4 eV suggested Tc4+ in a
different local environment (~31.9%) that is supported by
XANES analysis (Fig. 1a and Table 1).

Structural characterization of solid phase. Powder X-ray dif-
fraction (PXRD) analysis of ZVI granules contacted with 80 mM
NaCl solution with and without TcO4

− was indicative of mag-
netite in all samples, with a more prominent magnetite pattern in
samples without Tc, Fig. 3ab (data with Rietveld refinement are in
Supplementary Fig. 3). Here, PXRD patterns did not allow for the
discrimination between magnetite and maghemite, hence,
maghemite formation was not excluded. In addition, the single
crystal diffractogram of the one-month contacted ZVI sample
without Tc revealed an additional iron phase, ferrihydrite (Sup-
plementary Fig. 4); the sample with Tc did not produce a good
signal.

XPS core level Fe 2p spectrum (Supplementary Fig. 5) showed
a profile characteristic of Fe3+ 33,34, with an Fe 2p3/2 peak at
711.2 eV and a signature satellite peak at ~719 eV, which may
belong to maghemite. It should be noted that XPS is a surface
sensitive technique with a sampling depth of <10 nm, and
oxidized surface layers, i.e., magnetite oxidized to maghemite,
may not be representative of the bulk.

Mössbauer spectroscopy confirmed the presence of non-
stoichiometric, or partially oxidized, magnetite. Magnetite
(Fe3O4) is an inverse spinel which has stoichiometry of 8
tetrahedral Fe3+, 8 octahedral Fe3+, 8 octahedral Fe2+, and 32 O
atoms with Fe2+/Fe3+ ratio equal to 0.5. Oxidation of magnetite
leads to formation of maghemite (γ-Fe2O3) with a unit cell of 8
tetrahedral Fe3+, 13 1/3 octahedral Fe3+, 32 O atoms, and 2 1/3
vacancies for charge balance at octahedral sites, and its
stoichiometric Fe2+/Fe3+ ratio is 0 at complete oxidation of
magnetite. The experimental Fe2+/Fe3+ stoichiometry can be
determined using Mössbauer signals as Fe2+/Fe3+= 0.5 oct

Fe2.5+/ (0.5 octFe2.5+ + oct,tetFe3+), where oct,tetFe3+ is an
overlapped sextet signal from tetFe3+ and octFe3+ in partially
oxidized samples, and octFe2.5+ is a sextet of octahedrally
coordinated Fe2+ and Fe3+35.

Two sextets of octahedral-tetrahedral Fe3+ and octahedral
Fe2.5+ were well-distinguished in the room temperature Möss-
bauer spectra of ZVI samples not exposed to Tc (sample oxidized
for one week: Supplementary Fig. 6a; and sample oxidized for one
month: Fig. 4a). Longer contact time led to partial oxidation of
magnetite (Fe2+/Fe3+ < 0.50), as the Fe2+/Fe3+ ratio decreased
from 0.47 (one week contact time) to 0.39 (one month contact
time), suggesting an effect of the topotactic transformation of
magnetite, i.e., maghematization process2. A time-dependent

Table 1 Linear combination fitting.

XANES weight fraction (one SD
error on the last significant figure)

XANES Chir2 EXAFS weight fraction
(one SD on the last significant figure)

EXAFS Chir2

ZVI-1-A
TcO4

− 0.11 (1) 0.10 (1)
TcO2•nH2O 0.55 (6) 0.009 0.48 (3) 0.04
Tc4+ in Fe3O4 0.34 (6) 0.42 (4)

ZVI-1-B
TcO4

− 0.21 (2) 0.15 (2)
TcO2•nH2O 0.45 (9) 0.021 0.45 (4) 0.05
Tc4+ in Fe3O4 0.34 (9) 0.40 (4)

ZVI-2-A
TcO4

− 0.13 (1) 0.10 (1)
TcO2•nH2O 0.55 (6) 0.010 0.52 (3) 0.03
Tc4+ in Fe3O4 0.32 (6) 0.39 (3)

ZVI-2-B
TcO4

− 0.20 (2) 0.15 (1)
TcO2•nH2O 0.46 (9) 0.020 0.47 (3) 0.05
Tc4+ in Fe3O4 0.34 (9) 0.38 (4)
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increase of the magnetite-maghemite content in the samples
without Tc was accompanied by the expected decrease of the Fe0

phase (Supplementary Table 2).
Room temperature Mössbauer spectra of the ZVI samples

contacted with Tc for one week and one month were both
dominated by Fe3+ doublets at 0–0.78 mm/s (Supplementary
Fig. 6b) and at 0–0.72 mm/s (Supplementary Fig. 6c), respectively,
that could be attributed to a mixture of phases, such as nano-sized
magnetite36, nano-sized maghemite37, lepidocrocite38, nano-sized
goethite39, or ferrihydrite10. The PXRD analysis excluded the
dominant presence of goethite and lepidocrocite (Fig. 3);
ferrihydrite was not easily evident due to its poorly crystalline
nature, but its presence was supported by the results from single
crystal analysis for the ZVI sample without Tc (Supplementary
Fig. 4). Liquid nitrogen Mössbauer spectroscopy measurements
allow identification of nano-sized magnetite and poorly crystal-
lized maghemite resolved as a sextet due to superparamagnetic
relaxation36,37. For this purpose, additional spectra of the one-
month aged sample were taken at 77 K and provided evidence of
a Fe3+ doublet at 0–0.81 mm/s, comprising 27% of total iron and
proving presence of ferrihydrite; the remaining spectral features
were resolved as the sextets of octahedral-tetrahedral Fe3+ and
octahedral Fe2+ (Fig. 4b). Decrease of the Fe3+ doublet area and

Fig. 1 X-ray absorption near edge structure analysis. a Tc K-edge XANES spectra for granular ZVI reacted with 17 mM TcO4
− in 80mM NaCl for one

month. Dotted black lines are data, solid red lines are fit; Tc4+ in Fe3O4 (magnetite), Tc4+ as TcO2•nH2O, and Tc7+ as TcO4
− are standards. b X-ray

fluorescence false-color images showing XAFS scans’ spatial locations (indicated by the circle) and Tc abundance on ZVI particles. XAFS data were
collected on two ZVI particles, 1 and 2, in two locations, A and B. The color scales are arbitrary intensities of fluorescent X-rays with the highest intensity
assigned red color and number 1.0, and the lowest intensity— dark blue color and number 0.001.

Fig. 2 X-ray photoelectron spectroscopy analysis. Scan of granular ZVI
contacted with 17mM TcO4

− in 80mM NaCl for one month (Tc 3d
spectrum).
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increase of the Fe3+ and Fe2+ sextet areas relative to the room
temperature measurements is attributed to the presence of nano-
sized magnetite and/or maghemite. Another interesting observa-
tion is that the Fe2+/Fe3+ ratio in the room temperature
spectrum was 0.33 compared to 0.39 for the analogous sample
without Tc (Supplementary Table 2), which signifies a higher
fraction of octahedral Fe2+ oxidized to Fe3+, hence, higher
content of non-stoichiometric magnetite or magnetite-maghemite
mixture in the sample with Tc. Distinction between non-
stoichiometric magnetite and magnetite-maghemite mixture is
known to be problematic40, and we further refer to it here as non-
stoichiometric magnetite. The maghematization process is
accompanied by the formation of vacancies during oxidation
and loss of Fe2+. This process is energetically favorable for Tc4+

incorporation, where Tc4+ substitutes Fe2+ in the octahedral
sites, and loss of two Fe2+ atoms satisfies the charge balance3.
Moreover, as shown by Marshall et al.15, Tc4+ incorporated into
magnetite is recalcitrant to oxidation and release during long-
term transformation of magnetite to maghemite.

Furthermore, comparison of the Mössbauer spectra corre-
sponding to the ZVI samples exposed to NaCl solution
with and without Tc for one month revealed higher fractions

of the unreacted Fe0 and Fe3+ (ferrihydrite) in presence of
Tc (Supplementary Table 2; Supplementary Fig. 6). It
should be noted that this analysis was primarily done for the
purpose of qualitative assessment of the oxidized iron mineral
phases.

Microscopy analysis. Cubo-octahedral morphology pertinent to
magnetite2,41 was observed by scanning electron microscopy
(SEM) in the sample contacted with Tc for one month (Fig. 5).
The surface of the iron oxide, formed as a result of ZVI dis-
solution and reprecipitation, was uniformly covered with Tc, as
seen via energy dispersive X-ray spectroscopy (EDS) on particles
contacted with Tc for one week (Supplementary Fig. 7) and on
particles contacted with Tc for one month (Fig. 5). Moreover, Tc
association with iron oxide (i.e., non-stoichiometric magnetite)
was both on the surface and within iron oxide particles. Analysis
of the lamella prepared by focused ion beam (FIB) showed that Tc
was incorporated and homogeneously distributed well below the
particle surface (Fig. 6). However, EDS performed at the nano
scale revealed heterogeneous areas with local enrichment of Tc
(Fig. 7).

Fig. 3 Powder X-ray diffraction patterns. Granular ZVI reacted with and without 17 mM TcO4
− in 80mM NaCl for a different period of time: a one week

contact time; b one month contact time. Peak indication lines for non-reacted ZVI (BCC iron): solid black line, and for magnetite: dashed red line. Rietveld
refinement results are given in Supplementary Fig. 3.

Fig. 4 Mössbauer spectra. Granular ZVI reacted with and without 17 mM TcO4
− in 80mM NaCl for one month: a 298 K spectrum of ZVI reacted without

Tc; b 77 K spectrum of ZVI reacted with Tc.
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High resolution scanning transmission electron microscopy
(HR-STEM) analysis identified regions with the crystal structure
consistent with maghemite or magnetite which cannot be
distinguished because of close structural similarities (Fig. 7c).
According to the Mössbauer spectroscopy results, the material in
the images could be non-stoichiometric magnetite or a magnetite-
maghemite mixture. In addition, EDS analysis of the edge of a
particle revealed an area (approximately 100 × 200 nm) with little
to no Tc present (Supplementary Fig. 8) which was also
confirmed via HR-STEM to be either magnetite or maghemite.

Further, HR-STEM analysis of the ZVI sample contacted for one
month without Tc was consistent with the presence of magnetite
or maghemite (Supplementary Fig. 9).

The presence of other iron mineral phases was not detected
with STEM analysis, however the lamella did not represent the
bulk sample (Supplementary Fig. 10). The amorphous powder-
like solids were not suitable for FIB extraction, thus, additional
iron mineral phases cannot be excluded. Scanning electron
micrographs of ZVI samples with and without Tc showed larger
particles in the sample without Tc, and more of the powder-like
iron oxidation product (i.e., ferrihydrite) in the sample with Tc
(Supplementary Fig. 11). Possibly, retarded transformation of
ferrihydrite to magnetite resulted in smaller particles in the
sample with Tc.

Extended X-ray absorption fine structure analysis. Extended X-
ray absorption fine structure (EXAFS) data analysis and modeling
were performed to clarify Tc4+ association with iron oxides
(Fig. 8, Table 2). Even though non-stoichiometric magnetite or
magnetite and maghemite mixture is referred to here, due to their
structural similarities, a modified crystal structure of magnetite
was used for the fitting model. The octahedral atom of iron (Fe1)
was set as a core atom substituted by Tc. The coordination
number (CN) of both octahedral Fe1 and tetrahedral Fe2 was fixed
at 6.0 in accord with the crystal structure of magnetite. Theore-
tically, the first shell of octahedrally coordinated Tc4+ is repre-
sented by six O atoms in both oxide and magnetite. The majority
of the EXAFS studies on Tc incorporation into magnetite fixed CN
to 6.015,16,30,42, however, our data did not result in a good fit with
6O atoms, possibly due to a fraction of the Tc being on the surface
of the iron oxide nanoparticles where its coordination numbers
can be reduced. While the CN for ZVI-1-A and ZVI-2-A (4.4 and
4.1, respectively) are reasonable, accounting for the mixture of
Tc7+ and Tc4+ and surface fraction of Tc4+, the CN for ZVI-1-B
and ZVI-2-B are quite low (3.1 and 2.7, respectively), but the data
for these scan locations correspond to the elevated amounts of Tc
(false-color images with Tc abundance on ZVI granules, Fig. 1b),

Fig. 5 Microscopy analysis. Granular ZVI reacted with 17 mM TcO4
− in

80mM NaCl for one month. a SEM micrograph of the iron oxide as a result
of ZVI granules dissolution/reprecipitation; b–d EDS maps of Tc (b), Fe
(c), and O (d). The maps were collected from the area outlined in white on
the SEM image (a).

Fig. 6 Microscopy analysis of the lamella at micron scale. Granular ZVI reacted with 17mM TcO4
− in 80mM NaCl for one month. a HAADF STEM

micrograph of Tc-containing lamella; b higher magnification HAADF image of the area outlined in white on the image (a); c bright field STEM image
collected concurrently with (b); d−f EDS maps of the area shown in b and c indicate homogeneous distribution of Tc within oxidized ZVI. The mineral
phases shown in this area could not be identified.
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with a higher fraction of TcO4
-, i.e., 0.21 and 0.20, respectively

(Table 1), the contribution from which is not included in the
fit. The path Tc—Tc (Table 2) implies the existence of Tc4+

oxide monomers and dimers11. Similar results were obtained for
TcO2 sorbed to magnetite16, Tc4+ partially incorporated into
magnetite18, and surface-precipitated TcO2•xH2O (not incorpo-
rated into goethite, or magnetite13) with the respective Tc—Tc
atomic distances at 2.57, 2.56, and 2.51 Å and CN of 0.9, 1.2,
and 0.5.

The obtained Tc-Fe1 and Tc-Fe2 atomic distances (Table 2) are
in excellent agreement with the respective 3.12 and 3.52 Å
reported by Yalçintaş et al.16. These distances are very similar to
those reported in the studies on sorbed and incorporated Tc in

magnetite13,15,18,30, implying an impossible differentiation of the
paths between sorbed vs. incorporated Tc in the magnetite
structure. Note that the large value of σ2 for the Tc-Fe1 path is an
indication that the average CN of this path is lower, and is
supportive of the heterogeneous system, where Tc has next-near
neighboring Fe ions from the iron mineral, as well as Tc in a Tc4+

oxide. Moreover, distances between iron atoms in different iron
minerals are very similar, and the EXAFS spectra of hematite,
goethite, and ferrihydrite were found to be almost identical10,11.
In such cases conclusive statements should not be made from
EXAFS analysis alone, but in conjunction with other techni-
ques20. As such, STEM and EDS results confirm association of Tc
with iron oxide, i.e., non-stoichiometric magnetite, not only on

Fig. 7 Microscopy analysis of the lamella at nano scale. Granular ZVI reacted with 17mM TcO4
− in 80mM NaCl for one month. a HAADF STEM image

of the sample; b higher magnification image of the area outlined in white on the image (a); c higher magnification image of the area outlined in white on the
image (b), indicating the presence of magnetite or maghemite structure as seen along the [−1 1 2] zone axis; d–f EDS maps of Tc (d), Fe (e), and O (f).

Fig. 8 Extended X-ray absorption fine structure analysis. ZVI granules reacted with 17mM TcO4
− in 80mM NaCl for one month: (a) k2-weighted EXAFS

spectra of Tc K-edge; (b) corresponding Fourier transform of k2-weighted EXAFS; dotted black lines are data, solid red lines are fit; fitting k-range from 2 to
10 Å−1; Fourier transform fitting range from 1.0 to 3.3 Å; amplitude reduction factor S02= 0.8.
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the surface (Supplementary Fig. 6), but in the vertical profile of
the lamella cut from the iron oxide with FIB technique (Figs. 6
and 7), showing a clustered Tc environment within the magnetite
nanostructure. Possibly, the areas of local enrichment are
mixtures of TcO2 monomers and dimers incorporated in the
iron oxide’s crystal structure, where incorporation of mono-
nuclear Tc4+ at the octahedral Fe site cannot be excluded. This is
also supported by the XPS results, demonstrating two distinct
environments for Tc4+. In addition, a model with contribution
from the multiple scattering paths as an alternative to the iron
shell scattering was tested and produced non-reportable results
(Supplementary Table 3), supporting the evidence of incorpo-
rated Tc4+.

Discussion
Oxidation of Fe0 in 80 mM NaCl in an aerobic environment
resulted in near complete (99.8%) reductive removal of Tc7+

from solution after almost a month from the start of the
experiment. The sample showed discernible differences in the
fractional distribution of iron minerals in comparison with the
specimen oxidized under the same conditions but without Tc.
The fraction of ferrihydrite, four times larger in the sample with
Tc, was accompanied with a smaller fraction of non-
stoichiometric magnetite, and a higher content of non-reacted
ZVI. We relate these observations to the slower transformation of
ferrihydrite to magnetite in the presence of Tc.

Transformation of ferrihydrite, a hydrous ferric oxyhydroxide
with a low degree of order, commonly yields hematite and goe-
thite (ferric oxide α-Fe2O3 and oxyhydroxide α-FeOOH, respec-
tively), where predominant formation of one or the other is
strongly dependent on pH and temperature, as well as on the
degree of ordering of ferrihydrite and presence of anions, cations,
and neutral molecules2. Adsorption of foreign species or their
structural incorporation into iron mineral phases suppresses
transformation processes; with higher concentrations of divalent
metal ions, ferrihydrite transforms into goethite, mixtures of
hematite and spinel, or spinel only when molar fraction of
divalent cation 0.33 and higher2,43. High concentrations of fer-
rous ions (Fe2+) induce a transformation path of ferrihydrite to
magnetite (inverse spinel) at ambient temperature and pH >7
(faster at pH 9), which rapidly oxidizes to maghemite, as
demonstrated in experiments with ferrihydrite and Fe2+

solutions41. In our study, the initial amount of iron in the sample
is high (50 g/L), leading to high Fe2+ dissolution rates that are
supported by pH 10.3 indicative of Fe0 oxidation/dissolution
reactions2,27, implying that transformation of ferrihydrite to
magnetite would prevail over hematite or goethite. The PXRD
and Mössbauer spectral evidence reported here do not reveal a
separate Fe2+ mineral phase, e.g., siderite or green rust, that could
have been expected due to the presence of carbonate in aerated
solution at elevated pH. Furthermore, microscopic analysis of the
iron oxidation products (Fig. 5) is very similar to that reported for
spinel formation in FeCl2 solution41.

As mentioned previously, the addition of foreign species, i.e.,
anions, in the system retards the transformation of ferrihydrite,
and our observations relate pertechnetate to the category of such
species. The magnetite fraction was noticeably suppressed in the
samples of ZVI with Tc (Supplementary Table 2), resulting in
slower transformation of ferrihydrite into magnetite, which was
also supported by PXRD data, with the amount of magnetite
comprising 2–7% in the Tc-loaded samples vs. amount of mag-
netite in the range of 15–26% in the samples without Tc (Sup-
plementary Fig. 3). Moreover, in the presence of Tc, samples of
ZVI granules did not oxidize as fast, as evidenced by the larger
amount of Fe0 detected in the Tc-loaded samples via Mössbauer
and PXRD analyses (Supplementary Table 2; Supplementary
Fig. 3). These results are in accord with the fact that Tc is known
for its anticorrosion properties28,29.

Our experiments, carried out with initial Fe to Tc molar ratio
53, or 3.3 wt.% Tc, indicated the feasibility of near complete
reduction of Tc7+ (TcO4

− determined via XANES analysis could
be explained by surface oxidation during sample handling and/or
exposure to the photon beam) with consequent incorporation of
at least 32% Tc, as determined from XANES analysis (Table 1)
and supported by XPS analysis, which identified ~32% Tc4+ in
the local environment different from Tc4+ in the precipitated
oxide (Fig. 2). This amount comprises an estimated 1.86 wt.% Tc
in the magnetite (magnetite fraction was estimated via Mössbauer
measurements of the one-month reacted sample). Interestingly,
these results, corresponding to the thermodynamically sponta-
neous system, support theoretical calculations defining 5 wt.% as
the energetically feasible, but unstable, upper limit for Tc incor-
poration into magnetite3 with increasing stability at 1.3 vs. 2.6 wt.
% for Tc incorporation into hematite12. It is important to note
that spinel ferrite with 4 wt.% Tc was synthesized by Lukens

Table 2 Extended X-ray absorption fine structure fit parameters.

Scan location Path CN R (Å) σ2 (Å2) ΔE0 (eV) Chir 2 R-factor

ZVI-1-A Tc-O 4.4 2.00 (2) 0.004 (1) 0.50 ± 1.60 419 0.010
Tc-Fe1 6.0f 3.12 (5) 0.022 (7)
Tc-Fe2 6.0f 3.50 (4) 0.012 (5)
Tc-Tc 0.5 2.62 (4) 0.003 (4)

ZVI-1-B Tc-O 3.1 2.00 (1) 0.002 (1) 0.62 ± 0.71 33 0.008
Tc-Fe1 6.0f 3.12 (2) 0.020 (2)
Tc-Fe2 6.0f 3.50 (1) 0.011 (1)
Tc-Tc 0.8 2.64 (2) 0.007 (2)

ZVI-2-A Tc-O 4.1 2.01 (2) 0.003 (1) 1.17 ± 1.79 143 0.013
Tc-Fe1 6.0f 3.14 (7) 0.024 (9)
Tc-Fe2 6.0f 3.51 (6) 0.013 (6)
Tc-Tc 0.7 2.61 (4) 0.003 (4)

ZVI-2-B Tc-O 2.7 1.99 (1) 0.001 (1) −1.10 ± 1.16 113 0.006
Tc-Fe1 6.0f 3.09 (1) 0.021 (3)
Tc-Fe2 6.0f 3.48 (2) 0.013 (3)
Tc-Tc 0.8 2.64 (1) 0.003 (2)

Fe1 refers to octahedral Fe2+ or Fe3+, and Fe2 is tetrahedral Fe3+. Number in parenthesis is one SD error on the last significant figure; CN is coordination number; CN fit errors ±25%; ffixed R is atomic
distance (Å); σ2 is the EXAFS Debye-Waller factor (Å2); ΔE0 is the shift in energy (eV); Chir 2 is the reduced Chi-square; R-factor is the closeness of fit. Fitting k-range from 2 to 10 Å−1; Fourier transform
fitting range from 1.0 to 3.3 Å. Amplitude reduction factor S02= 0.8.
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et al.17, however it pertains to a system under a controlled
environment, i.e., TcO4

− dissolved in Fe2+ solution followed by
neutralization and heating. We emphasize the importance of a
spontaneous system, analyzed here, as it relates to practical needs
and may pave the way for remediation technologies and waste
form development.

Further, our results showed heterogeneous distribution of Tc
within the iron oxide (Fig. 7). Similar observations of clustered Tc
in spinel ferrites have been reported previously for Tc0.1Fe2.9O4

17,
and Tc4+ dimers were estimated to be the most stable clusters in
doped rutile (TiO2)44. The study by Yalçintaş et al.16. reported
Tc4+ dimers bonded to the surface of pre-synthesized magnetite
at 0.2 mM Tc as opposed to partial incorporation of Tc4+ at 0.02
mM Tc (Fe:Tc molar ratios 1300–3200). It is known that sub-
stitution of magnetite is enhanced when the metal coprecipitates
with ferrihydrite vs. when the metal is added after ferrihydrite
precipitation2; that is why results for Tc incorporation are sen-
sitive to relatively low Tc concentration of 0.2 mM16, when there
is no in situ synthesis of iron oxides/oxyhydroxides. In contrast,
we observed significant fractional incorporation of Tc4+ into iron
oxide formed in situ during oxidation of Fe0 at elevated Tc
loading, 17 mM TcO4

− (Fe:Tc molar ratio 53). Such successful
results can be explained by the compounded processes of Tc7+

reduction and ferrihydrite formation with further transformation
to non-stoichiometric magnetite or magnetite and maghemite
mixture during oxidation of ZVI.

Methods
Caution. 99Tc emits β– radiation (0.29 MeV29). All radioactive samples were pre-
pared at a nonreactor nuclear facility by certified and trained personnel inside of a
fume hood designed for radiological contamination control.

Batch experiments. The samples were prepared with granular ZVI (Alfa Aesar,
electrolytic, 1–2 mm particle size, 99.98% purity) at a concentration of 50 g/L in 80
mM NaCl (Sigma Aldrich, ≥99.5%); neutral solution (pH 6.9–7.3) using double
deionized water (DIW) of at least 18 MΩ·cm. A 99Tc stock, containing 40 g/L Tc as
NH4TcO4, was used to prepare a working solution of 17 mM Tc in 80 mM NaCl
which was added to granular ZVI samples (Fe to Tc molar ratio 53; or 3.3 wt.% Tc).
All samples, with and without Tc, were placed on a shaking table for short-term
(up to one week) and long-term (up to one month) contact times. Experiments
were conducted at ambient temperature and pressure in the presence of air.

Concentrations of Tc7+ in aqueous phase were determined by a liquid
scintillation counter (Tri-Carb 3100TR, PerkinElmer) after samples were
centrifuged and aliquots of 10–50 µL of solution were mixed with 10 mL of a
scintillation cocktail (Ultima Gold LLT, PerkinElmer). Results were background
corrected and accounted for the 94% efficiency of the counter.

Solid phase characterization. All samples, with and without Tc, were centrifuged
to separate solids and decant the liquid phase. Separated solids were rinsed with
DIW, removed by centrifugation, and dried under nitrogen atmosphere to prevent
oxidation. Samples were preserved under a blanket of nitrogen until analyses.

Powder X-ray diffraction (PXRD) data were collected for all samples using a
Rigaku Ultima IV diffractometer equipped with a Cu sealed tube X-ray source,
using a divergent slit of 1/2°, a height limiting slit of 10 mm, 5° Soller slits on the
source and detector sides, a 2/3° scattering slit and a 0.15 mm receiving slit, a bent
graphite secondary monochromator and a scintillation detector. The diffractometer
goniometer radius was 285 nm. Each PXRD sample was prepared in a poly(methyl
methacrylate) plastic sample holder with a 25 mm diameter by 1 mm deep sample
well and a dome cap. PXRD data of one month contacted samples were collected
by sticking a small quantity of powder to a MiTeGen MicroMount pin with silicon
vacuum grease. The pin mounted powder was placed on a Bruker D8 Venture
single crystal diffractometer equipped with a Mo Kα X-ray source monochromated
with a bent germanium crystal and a 2-dimentional area detector. The sample pin
was rotated axially (φ rotation) during data collection. Diffraction frame data was
integrated using the EVA version 4 (Bruker) software in order to generate an
intensity vs. 2θ angle plot. Data were collected also for NIST SRM 660c in order to
determine the zero error and refine parameters by method described by Cheary and
Coelho45 to account for instrument broadening. The diffraction data were analyzed
using the TOPAS v6 software package. Identified phase components were
quantified by the Rietveld method. Diffraction peak profile fitting was done using
the double Voight method to account for peak broadening from crystallite size and
micro-strain.

Mössbauer spectra were collected at room temperature for all samples, and,
additionally, 77 K temperature analysis was used for the ZVI sample reacted with
Tc for one month. The 50 mCi 57Co/Rh source and velocity transducer MVT-1000
(WissEL) operated in a mode of constant acceleration (23 Hz, ±12 mm/s). The
signal was transmitted through a holder where radiation was detected by Ar-Kr
proportional counter. The counts were stored in a multichannel scalar as a function
of energy, utilizing a 1024-channel analyzer. Data were folded to 512 channels to
give a flat background and a zero-velocity position corresponding to the center
shift (CS or δ) of a metal Fe foil at room temperature. A 25-μm thick Fe foil
(Amersham, England) was placed in the same position as the samples to obtain
calibration spectra. The Mössbauer data were modeled using the Recoil software
(University of Ottawa, Canada) and a Voigt-based structural fitting routine.

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Kratos
AXIS Ultra DLD system equipped with a monochromatic Al Kα X-ray source
(1486.7 eV) at 10 mA, 15 kV for excitation and a hemispherical analyzer. Data were
corrected relative to the reference 285.0 eV carbon 1 s peak. The software CasaXPS
(version 2.3) with Shirley type background and 20% Gaussian–Lorentzian ratio was
used for peak fitting.

X-ray absorption near edge structure (XANES) and extended x-ray absorption
fine structure (EXAFS) measurements of the Tc K-edge were obtained at the X-ray
Science Division beamline 20-ID-C at the Advanced Photon Source (APS, Argonne
National Laboratory). In addition, 2-D elemental maps were collected based on x-
ray fluorescence mapping (XRM). Thin sections were prepared for the analysis.
Dried solids were prepared in a 1.6 cm (ID) aluminum tubing with slow drying
epoxy. Two parts of epoxy were mixed with one part of hardener (EpoThin2 epoxy
and hardener, Buehler, Lake Bluff, IL) with a volume of 3 mL with 0.1–0.5 g of
solids. Samples were then vacuum-degassed to remove bubbles and air-dried
overnight at room temperature. Slices were cut with an Isomet 1000 diamond blade
thin sectioning saw with Isocut fluid (Buehler, Lake Bluff, IL) to a thickness of
approximately 150 µm. After mounting on a glass microscope slide, thin sections
were sanded with silicon carbide sand paper with Isocut fluid followed by 400 grit
sand paper, then 600 grit sand paper, and finally 1200 grit sand paper (Ted Pella,
Inc.) all using a figure eight pattern. Final polishing was conducted with a Nylon
polishing cloth and 1 µm diamond polish (Metadi II, Buehler). Samples were
washed with methanol and dried prior to analysis. Samples of ZVI granules
contacted with Tc were encased in epoxy resin and cut into thin sections. The
sample was doubly encapsulated in mylar and Kapton films.

Spectra were collected in fluorescence mode using a 4 element Vortex (silicon
drift) detector, Si 111 monochromator; Fe and Mo foils were utilized for energy
calibration. Data were analyzed using ATHENA and ARTEMIS software (version
0.9.26)46. XANES spectra were analyzed via linear combination fitting with
standards of Tc4+ in magnetite17, Tc4+ oxide47 and Tc7+ adsorbed onto Purolite
A530E resin. ICSD files of Fe3O4 and TcO2 were used for FEFF6.0 calculations for
fitting the EXAFS region; the magnetite input file was modified with a core Tc atom
in an octahedral Fe site.

Scanning electron microscopy (SEM) images were obtained using a Quanta
250FEG SEM (Thermo-Fisher Inc., Hillsboro, OR) equipped with an EDAX
Genesis™ (EDAX Inc., Mahwah, NJ) analytical energy dispersive X-ray
spectroscopy (EDS) system. Scanning transmission electron microscopy (STEM)
was performed on a cold field emission JEOL ARM 200 F operated at 200 kV and
equipped with a Noran™ (Thermo Scientific, Waltham, MA) EDS system. The
microscope is aberration-corrected with a hexapole-type probe Cs corrector
(CESCORR, CEOS). STEM micrographs and EDS maps were collected with a 0.78-
Å probe at an emission current of 15 µA, with a high-angle annular dark-field
(HAADF) detector inner angle of 82.6 mrad. A lamella from the sample contacted
with Tc for one month was prepared using a focus ion beam (FIB) on a Quanta
SEM (Thermo Fisher FEI). The lamella was attached to a copper Omniprobe liftout
grid using Pt welds. The sample aged without Tc produced loosely aggregated
clumps of iron oxides and several lamellae from that sample fragmented before
imaging. Therefore, the Tc-free sample was prepared for imaging by directly
placing the dry particles onto a 200-mesh copper TEM grid coated with a holey
carbon film (Electron Microscopy Supplies, Inc) and tapping off the excess.

Data availability
Data supporting these findings are available within the article and supplementary
information files.

Received: 2 January 2020; Accepted: 5 June 2020;

References
1. Shuller-Nickles, L. C., Bender, W. M., Walker, S. M. & Becker, U. Quantum-

mechanical methods for quantifying incorporation of contaminants in
proximal minerals. Minerals 4, 690–715 (2014).

2. Cornell, R. M. & Schwertmann, U. The Iron Oxides: Structure, Reactions,
Occurrences and Uses, 2nd edn. (Wiley-VCH, 2003).

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-020-0334-x ARTICLE

COMMUNICATIONS CHEMISTRY |            (2020) 3:87 | https://doi.org/10.1038/s42004-020-0334-x | www.nature.com/commschem 9

www.nature.com/commschem
www.nature.com/commschem


3. Smith, F. N. et al. Computational investigation of technetium(IV)
incorporation into inverse spinels: magnetite (Fe3O4) and trevorite
(NiFe2O4). Environ. Sci. Technol. 50, 5216–5224 (2016).

4. Zachara, J. M. et al. Geochemical processes controlling migration of tank
wastes in Hanford’s vadose zone. Vadoze Zone J. 6, 985–1003 (2007).

5. Aarkrog, A. et al. Evidence of 99Tc in Ural River sediments. J. Environ.
Radioactivity 37, 201–213 (1997).

6. Uchida, S., Tagami, K., Wirth, E. & Rühm, W. Concentration levels of
technetium-99 in forest soils collected within the 30-km zone around
Chernobyl reactor. Environ. Pollut. 105, 75–77 (1999).

7. Bennet, R. & Willey, N. Soil availability, plant uptake and soil to plant transfer
of 99Tc–a review. J. Environ. Radioact. 65, 215–231 (2003).

8. Burke, I. T. et al. Reoxidation behavior of technetium, iron, and sulfur in
estuarine sediments. Environ. Sci. Technol. 40, 3529–3535 (2006).

9. Pepper, S. E. et al. Treatment of radioactive wastes: an X-ray absorption
spectroscopy study of the reaction of technetium with green rust. J. Colloid
Interf. Sci. 268, 408–412 (2003).

10. Zachara, J. M. et al. Reduction of pertechnetate [Tc(VII)] by aqueous Fe(II)
and the nature of solid phase redox products. Geochim. Cosmochim. Acta 71,
2137–2157 (2007).

11. Peretyazhko, T. et al. Heterogeneous reduction of Tc(VII) by Fe(II)
at the solid-water interface. Geochim. Cosmochim. Acta 72, 1521–1539
(2009).

12. Skomurski, F. N., Rosso, K. M., Krupka, K. M. & McGrail, B. P. Technetium
incorporation into hematite (α-Fe2O3). Environ. Sci. Technol. 44, 5855–5861
(2010).

13. Um, W. et al. Immobilization of 99-Technetium (VII) by Fe(II)-Goethite and
limited reoxidation. Environ. Sci. Technol. 45, 4904–4913 (2011).

14. Um, W. et al. Iron oxide waste form for stabilizing 99Tc. J. Nucl. Mater. 429,
201–209 (2012).

15. Marshall, T. A. et al. Incorporation and retention of 99-Tc(IV) in
magnetite under high pH conditions. Environ. Sci. Technol. 48, 11853–11862
(2014).

16. Yalçintaş, E., Scheinost, A. C., Gaona, X. & Altmaier, M. Systematic XAS study
on the reduction and uptake of Tc by magnetite and mackinawite. Dalton
Trans. 45, 17874–17885 (2016).

17. Lukens, W. W., Magnani, N., Tyliszczak, T., Pearce, C. I. & Shuh, D. K.
Incorporation of technetium into spinel ferrites. Environ. Sci. Technol. 50,
13160–13168 (2016).

18. Saslow, S. A. et al. Reduction and simultaneous removal of 99Tc and Cr by Fe
(OH)2(s) mineral transformation. Environ. Sci. Technol. 51, 8635–8642
(2017).

19. Lee, M.-S. et al. Impeding 99Tc(IV) mobility in novel waste forms. Nat.
Commun. 7, 12067 (2016).

20. Boglaienko, D. & Levitskaia., T. G. Abiotic reductive removal and subsequent
incorporation of Tc(IV) into Iron oxides: a frontier review. Environ. Sci. Nano
6, 3492–3500 (2019).

21. Lukens, W. W. & Saslow, S. A. Facile incorporation of technetium into
magnetite, magnesioferrite, and hematite by formation of ferrous nitrate
in situ: precursors to iron oxide nuclear waste forms. Dalton Trans. 47,
10229–10239 (2018).

22. Gu, B., Liang, L., Dickey, M. J., Yin, X. & Dai, S. Reductive precipitation
of uranium(VI) by zero-valent iron. Environ. Sci. Technol. 32, 3366–3373
(1998).

23. Cantrell, K. J., Kaplan, D. I. & Wietsma, T. W. Zero-valent iron for the in situ
remediation of selected metals in groundwater. J. Hazard. Mater. 42, 201–212
(1995).

24. Liang, L., Gu, B. & Yin, X. Removal of technetium-99 from contaminated
groundwater with sorbents and reductive materials. Separ. Technol. 6,
111–122 (1996).

25. Darab, J. G., Amonette, A. B., Burke, D. S. D. & Orr, R. D. Removal of
pertechnetate from simulated nuclear waste streams using supported
zerovalent iron. Chem. Mater. 19, 5703–5713 (2007).

26. Heald, S. M., Krupka, K. M. & Brown, C. F. Incorporation of pertechnetate
and perrhenate into corroded steel surfaces studied by X-ray absorption fine
structure spectroscopy. Radiochim. Acta 100, 243–253 (2012).

27. Boglaienko, D., Emerson, H., Katsenovich, Y. & Levitskaia, T. Comparative
analysis of ZVI materials for reductive separation of 99Tc(VII) from aqueous
waste streams. J. Hazard. Mater. 380, 120836 (2019).

28. Cartledge, G. H. The pertechnetate ion as an inhibitor of the corrosion of iron
and steel. Corrosion 11, 23–30 (1955).

29. Schwochau, K. Technetium (Wiley-VCH, 2000).
30. Kobayashi, T., Scheinost, A. C., Fellhauer, D., Gaona, X. & Altmaier, M. Redox

behaviour of Tc(VII)/Tc(IV) under various reducing conditions in 0.1 M NaCl
solutions. Radoichim. Acta 101, 323–332 (2013).

31. Wester, D. W., White, D. H., Miller, F. W. & Dean, R. T. Synthesis and
characterization of technetium complexes with phosphorus-containing
ligands. The homoleptic trimethylphosphite, dimethylmethylphosphonite and

methyldiethylphosphinite technetium (I) cations. Inorg. Chim. Acta 131,
163–169 (1987).

32. Chatterjee, S. et al. Surprising formation of quasi-stable Tc (VI) in
high ionic strength alkaline media. Inorg. Chem. Front. 5, 2081–2091
(2018).

33. Fujii, T., de Groot, F. M. F. & Sawatzky, G. A. In situ analysis of various iron
oxide films grown by NO2-assisted molecular-beam epitaxy. Phys. Rev. B 59,
3195–3202 (1999).

34. Chambers, S. A., Kim, Y. J. & Gao, Y. Fe 2p core-level spectra for pure,
epitaxial α-Fe2O3(0001), γ-Fe2O3(001), and Fe3O4(001). Surf. Sci. Spectra 5,
219–228 (1998).

35. Gorski, C. A. & Scherer, M. M. Determination of nanoparticulate
magnetite stoichiometry by Mössbauer spectroscopy, acidic dissolution, and
powder X-ray diffraction: a critical review. Am. Mineral. 95, 1017–1026
(2010).

36. Goya, G. F., Berquό, T. S. & Fonseca, F. C. Static and dynamic magnetic
properties of spherical magnetite nanoparticles. J. Appl. Phys. 94, 3520–3528
(2003).

37. da Costa, G. M., De Grave, E. & Vandenberghe, R. E. Mössbauer studies of
magnetite and Al-substituted maghemites. Hyperfine Interact. 117, 207–243
(1998).

38. Larese-Casanova, P., Kappler, A. & Haderlein, S. B. Heterogeneous
oxidation of Fe(II) on iron oxides in aqueous systems: Identification and
controls of Fe(III) product formation. Geochim. Cosmochim. Acta 91, 171–186
(2012).

39. Brok, E. et al. Magnetic properties of ultra-small goethite nanoparticles. J.
Phys. D 47, 365003 (2014).

40. Vandenberghe, R. E., Barrero, C. A., da Costa, G. M., Van San, E. & De Grave,
E. Mössbauer characterization of iron oxides and (oxy)hydroxides: the present
state of art. Hyperfine Interact. 126, 247–259 (2000).

41. Mann, S., Sparks, N. H., Couling, S. B., Larcombe, M. C. & Frankel, R. B.
Crystallochemical characterization of magnetic spinels prepared from aqueous
solution. J. Chem. Soc. Farad. T. 1(85), 3033–3044 (1989).

42. McBeth, J. M. et al. Redox interactions of technetium with iron-bearing
minerals. Mineral. Mag. 75, 2419–2430 (2011).

43. Giovanoli, R. & Cornell, R. M. Crystallization of metal substituted
ferrihydrites. Z. Pflanz. Bodenkd. 155, 455–460 (1992).

44. Kuo, E. Y. et al. Technetium and ruthenium incorporation into rutile TiO2. J.
Nucl. Mater. 441, 380–389 (2013).

45. Cheary, R. W. & Coelho, A. A fundamental parameters approach to X-ray
line-profile fitting. J. Appl. Crystallogr. 25, 109–121 (1992).

46. Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS; data analysis
for X-ray absorption spectroscopy using IFEFFIT. J. Synchrotron Rad. 12,
537–541 (2005).

47. Hess, N. J., Yuanxian, X., Rai, D. & Conradson, S. D. Thermodynamic
model for the solubility of TcO2·xH2O(am) in the aqueous Tc(IV)–Na+–Cl-
–H+–OH-–H2O system. J. Solut. Chem. 33, 199–226 (2004).

Acknowledgements
It is our pleasure to acknowledge help of C. T. Resch, S. Chatterjee, M. Fujimoto,
W. W. Lukens, C. I. Pearce, K. Kruska, M. J. Olszta, R. G. Surbella, and D. L. Brewe.
This research was supported by the U.S. Department of Energy’s Office of Environ-
mental Management and performed as part of the Technetium Management Hanford
Site project at the Pacific Northwest National Laboratory (PNNL) operated by Battelle
for the U.S. Department of Energy under Contract No. DE-AC05–76RL01830. A
portion of the microscopy was performed in the Radiological Microscopy Suite,
located in the Radiochemical Processing Laboratory at PNNL. This work was in part
supported by the Department of Energy Minority Serving Institution Partnership
Program (MSIPP) managed by the Savannah River National Laboratory under SRNS
contract DE-AC09-08SR22470. This research used resources of the Advanced Photon
Source, a U.S. Department of Energy (DOE) Office of Science User Facility operated
for the DOE Office of Science by Argonne National Laboratory under Contract No.
DE-AC02-06CH11357. We also acknowledge ‘2019 APS/IIT XAFS Summer School’ in
Chicago, IL.

Author contributions
T.G.L. directed overall research, designed experiments, and guided manuscript
preparation. Y.K. and H.P.E. supervised the study. J.A.S. carried out STEM/EDS
analysis; R.K.K. collected Mössbauer data and performed modeling; Y.D. carried
out XPS analysis with modeling; L.E.S. carried out PXRD analysis with modeling;
E.C.B. collected SEM data; V.E.H. collected XAFS data at APS; C.U.S. contributed to
EXAFS data modeling; G.B.H. prepared samples for analyses; D.B. executed experi-
ments, analyzed data, and wrote the manuscript. All the authors revised the
manuscript.

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-020-0334-x

10 COMMUNICATIONS CHEMISTRY |            (2020) 3:87 | https://doi.org/10.1038/s42004-020-0334-x | www.nature.com/commschem

www.nature.com/commschem


Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42004-
020-0334-x.

Correspondence and requests for materials should be addressed to T.G.L.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-020-0334-x ARTICLE

COMMUNICATIONS CHEMISTRY |            (2020) 3:87 | https://doi.org/10.1038/s42004-020-0334-x | www.nature.com/commschem 11

https://doi.org/10.1038/s42004-020-0334-x
https://doi.org/10.1038/s42004-020-0334-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Spontaneous redox continuum reveals sequestered technetium clusters and retarded mineral transformation of iron
	Results
	Reductive removal of pertechnetate
	Structural characterization of solid phase
	Microscopy analysis
	Extended X-ray absorption fine structure analysis

	Discussion
	Methods
	Caution
	Batch experiments
	Solid phase characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




