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Systematic XAS study on the reduction and uptake
of Tc by magnetite and mackinawitef

Ezgi Yalgintas,*® Andreas C. Scheinost,*>< Xavier Gaona® and Marcus Altmaier®

The mechanisms for the reduction and uptake of Tc by magnetite (FesO4) and mackinawite (FeS) are
investigated using X-ray absorption spectroscopy (XANES and EXAFS), in combination with thermo-
dynamic calculations of the Tc/Fe systems and accurate characterization of the solution properties (pH,, pe,
[Tc]). Batch sorption experiments were performed under strictly anoxic conditions using freshly
prepared magnetite and mackinawite in 0.1 M NaCl solutions with varying initial Tc(vi) concentrations (2 X
107% and 2 x 10~* M) and Tc loadings (400-900 ppm). XANES confirms the complete reduction of Tc(vi)
to Tc(v) in all investigated systems, as predicted from experimental (pH,, + pe) measurements and
thermodynamic calculations. Two Tc endmember species are identified by EXAFS in the magnetite
system, Tc substituting for Fe in the magnetite structure and Tc—Tc dimers sorbed to the magnetite {111}
faces through a triple bond. The sorption endmember is favoured at higher [Tc], whereas incorporation
prevails at low [Tc] and less alkaline pH conditions. The key role of pH in the uptake mechanism is inter-
preted in terms of magnetite solubility, with higher [Fe] and greater recrystallization rates occurring at
lower pH values. A TcS,-like phase is predominant in all investigated mackinawite systems, although the
contribution of up to 20% of TcO,-xH,O(s) (likely as surface precipitate) is observed for the highest investi-
gated loadings (900 ppm). These results provide key inputs for an accurate mechanistic interpretation of
the Tc uptake by magnetite and mackinawite, so far controversially discussed in the literature, and rep-
resent a highly relevant contribution to the investigation of Tc retention processes in the context of

www.rsc.org/dalton nuclear waste disposal.

Introduction

Technetium-99 is a f-emitting fission product highly relevant
in the safety assessment of repositories for radioactive waste
disposal due to its significant inventory in spent nuclear fuel,
long half-life (¢, ~ 2.1 x 10° a) and redox-sensitive chemical
behaviour. Although several oxidation states of Tc are reported
in the literature (from 0 to +vu)," ™ Tc(vi1) and Tc(wv) are the pre-
vailing redox states in the absence of any complexing ligand
other than water under non reducing and reducing conditions,
respectively. Tc(vu) is the most stable oxidation state of Tc in
suboxic/oxidising environments, it is found as the highly
mobile TcO,™ anion over the entire pH range and shows very
high solubility and weak sorption properties.” Under reducing
conditions, Tc(wv) forms sparingly soluble hydrous oxides
TcO,-xH,0(s) and is strongly sorbed onto mineral surfaces.®**
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Because of the large differences in the aquatic chemistry of
Tc(vi) and Tc(iv), an accurate knowledge of Tc redox chemistry
is necessary for an appropriate assessment of Tc retention/
mobilization processes under repository-relevant conditions.
As for other redox-sensitive radionuclides, Fe(u) solid
phases play a relevant role in the (geo)chemistry of Tc, often
involving a combination of reduction and uptake processes.
Indeed, the release of Fe(u) through the anoxic corrosion of
metallic iron/steel canisters and the corresponding formation
of Fe(u) minerals play a very important role in defining the
redox boundary conditions of deep underground repositories
for the disposal of radioactive waste, whilst having also a great
impact on the uptake of radionuclides. Magnetite (Fe;0,) and
mackinawite (FeS) are corrosion products of Fe expected to
form under repository-relevant conditions. Magnetite is the
most relevant Fe(u)-Fe(ur) mixed oxide and shows a very large
stability field ranging from near-neutral to hyperalkaline pH
conditions. In spite of this, relevant uncertainties still exist for
the thermodynamic data available for this compound, mainly
resulting from kinetically controlled solubility behaviour at 7' =
25 °C and with regard to crystallinity and particle size.
Mackinawite is an Fe(u)-sulphide phase found in certain
types'®'® of clay formations (e.g. Callovo Oxfordian) and
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forming in sulphide-rich reducing groundwaters. It occurs
naturally as Fey.,S due to the non-stoichiometric contribution
of Ni or Cu (among other) impurities, although it is readily
produced as stoichiometric FeS under laboratory conditions.
The role of Fe-containing minerals in the reduction of
Tc(vir) has been intensively investigated over the last decades.
Cui et al. (1996a, b) studied the reduction of Tc(vir) by Fe(u)
and the uptake of Tc by magnetite in the presence of synthetic
ground water.'®'” The authors assessed the effect of ionic
strength and pH (7.8-9.5), investigated the rate of the sorption
reaction, and concluded that the uptake was controlled by a
ligand exchange mechanism with a very strong pH-depen-
dency. A number of studies were also dedicated to the inter-
action of Tc(vi) with Fe-bearing sediments (Wildung et al
(2004),° Burke et al. (2005),"" Burke et al. (2006),"° McBeth
et al. (2007),"* Morris et al. (2008),'® Burke et al. (2010),"
Peretyazhko et al. (2012)7). All these studies reported the pre-
cipitation of TcO,-xH,O(s) as main mechanism for the immobi-
lization of Tec. Geraedts et al. (2002, 2008)'**° and Maes et al.
(2004)*" studied the system magnetite-Tc in the presence of
natural and synthetic Gorleben groundwater. The authors
observed the formation of TcO,-xH,O(s) in this system, and
suggested that Tc(wv) polymers or colloids were responsible for
the observed increase in solubility from ~107%° M to ~107° M.
Kobayashi and co-workers® investigated the reduction/
sorption of Tc(vu) in the presence of Fe(u) (magnetite, macki-
nawite and siderite) and Fe(m) (goethite and hematite)
minerals. The reduction and consequent decrease in [Tc] were
only observed in the presence of the Fe(n) minerals. The
authors reported the complete incorporation of Tc(wv) into the
magnetite structure, whilst suggesting the formation of a TcS,-
like phase in the mackinawite samples. Marshall et al. (2014)*
investigated the sorption and incorporation of Tc on magnetite
in synthetic cement leachates under alkaline pH conditions.
The authors reported the predominance of TcO, solid phases
in the sorption samples. The relevant contribution of Tc-Fe
bonds confirmed by EXAFS hinted towards the sorption of Tc-
chains on the surface of magnetite, possibly in combination
with a partial incorporation in the structure of magnetite. On
the contrary, the very large Tc-Fe coordination numbers
observed in the coprecipitation samples suggested that in-
corporation of Tc(v) into the magnetite structure was the main
retention mechanism in this case. In our recent study on the
redox behaviour of Tc in the presence of different reducing
systems, complete and fast reduction of Tc(vi) to Tc(v) was
observed in the presence of magnetite, mackinawite and side-
rite in highly saline systems (5.0 M NaCl and 4.5 M MgCl,).
XANES analysis of these samples suggested O-coordination in
the first shell of all investigated samples.”* Recently, Smith
et al. (2016) performed quantum chemical calculations to
assess the charge-compensation mechanism governing Tc(iv)
incorporation in the structure of magnetite.”> The authors
reported that incorporation of Tc(iv) by removing two octa-
hedral Fe(u) ions is energetically favoured. Wharton et al
(2000)*° studied the coprecipitation of Tc(vi) and Te(wv) with
mackinawite and characterized the resulting solid phases by
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X-ray absorption spectroscopy. Tc was immobilized as a Tc™S,-
like phase regardless of the initial oxidation state of Tc.
Similar observations were reported by Livens et al (2004),”
who investigated the interaction between Tc and mackinawite
using both +vir and +iv as initial redox state of Tc. Liu et al.
(2008)*® performed comprehensive immobilization experi-
ments with Tc in the presence of mackinawite. The authors
assessed the effect of ionic strength (<1.0 M NaCl) and pH
(6.1-9.0) on the uptake of Tc, and observed a strong pH-depen-
dency and the increase of the uptake rate with increasing ionic
strength. In contrast to Livens and co-workers, TcO,-like
instead of TcS,-like phases were reported to form on the
surface of mackinawite. Recently, Lee et al. (2014) investigated
the reduction of Tc by sulphide bearing sediments. These
authors also reported the very slow formation of a TcS,-phase
under the investigated conditions.

In spite of the number of publications dedicated to the
study of Tc uptake by magnetite and mackinawite, significant
contradictions arise in the retention mechanisms proposed in
the literature. The lack of extensive studies with systematic
variation of key parameters such as [Tc], solid-to-liquid ratio
(S:L) or loading importantly hinders a correct and complete
evaluation of these mechanism. These uncertainties are
tackled in the present work with a combination of classical
wet-chemistry methods, thermodynamic calculations (invol-
ving Tc/Fe) and advanced spectroscopic techniques.

Experimental
Chemicals

All the experiments and sample preparation were performed in
an Ar-glovebox at T = 22 + 2 °C. All solutions were prepared
with purified water (Milli-Q academic, Millipore) and purged
with Ar before use to remove traces of oxygen. A purified and
radiochemically well-characterized °°Tc stock solution (1.3 M
NaTcO,) was used for the experiments after dilution to 20 mM
with Milli-Q water. NaCl (p.a.) and Na,S were obtained from
Merck; FeCl;-6H,0, Fe(NH,),(SO,4),:6H,O0 and NH,OH were
obtained from Sigma-Aldrich, and FeCl, from Alfa Aesar.

Fe minerals

Magnetite and mackinawite were synthesized following the
well-established methods reported in ref. 29-32 (experimental
description summarized in Table S1 in the ESIf). Both solid
phases were equilibrated for 4 weeks in the original synthesis
solution, washed three times with the corresponding back-
ground electrolyte (0.1 M NacCl) and equilibrated in this solu-
tion for 3 weeks. The resulting solids were characterized by
powder X-ray diffraction (D8 ADVANCE, Bruker) before and
after washing with the respective background electrolyte solu-
tions to confirm that solids remained the same during the
equilibration. XRD measurements were performed at 10° < 20
< 78° with incremental steps of 0.015° and a measurement
time of 1.7 seconds per step. The XRD patterns of the Fe
phases synthesized in this work are shown in Fig. S1 in the
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ESL.T The comparison of these patterns with peak positions
and relative intensities reported for magnetite and mackina-
wite reference materials (JCPDS PDF files 19-0629** and 15-
0037 **) unequivocally confirm the predominance of these
phases in the synthesized materials. The XRD line widths as
well as the SEM micrographs (Fig. S2) confirm the previously
observed nanocrystalline nature of the minerals synthesized
this way. Magnetite is characterized by aggregates of small par-
ticles, whereas mackinawite shows a platelet-based structure.
In both cases, particle sizes agrees well with data previously
reported for Fe minerals synthesized by the same
method.?**"** Note that the crystallinity of the magnetite syn-
thesized in this work is significantly lower (e.g. smaller particle
size) than such obtained using the standard method described
by Schwertmann and Cornell®® at 7'= 80 °C.

pH and E;, measurements

Combination pH electrodes (type ROSS, Orion) calibrated
against standard pH buffers (pH = 1-12, Merck) were used to
measure the hydrogen ion concentration (pH,, = —log my+).
The pH,, values were calculated by adding empirical correction
factors A,, which are significant in saline systems at / > 0.1 m,
to the operational “measured” pHex, values (pHpy, = pHexp +
Am)~37

Redox potentials were measured with Pt combination elec-
trodes with Ag/AgCl reference system (Metrohm) and converted
to Ey, versus the standard hydrogen electrode by correction for
the potential of the Ag/AgCl reference electrode (+208 mV for
3.0 M KCl at T = 22 °C). Stable Ej readings were recorded
within 30 minutes by continuous agitation. The apparent elec-
tron activity (pe = —log a.-) was calculated from E = —(RT/F) In
a.-, according to the relation pe = 16.9 Ey, (V). The performance
of the redox electrode was tested with a standard redox buffer
solution (Schott, +220 mV vs. Ag/AgCl), which provided read-
ings within £10 mV of the certified value.

View Article Online
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Sample preparation

The uptake of Tc by magnetite and mackinawite suspensions
was investigated as a function of the initial TcO,” concen-
tration (2 x 107" M and 2 x 10™> M) and Tc loading on Fe
minerals (400 ppm, 600 ppm and 900 ppm, obtained by
decreasing solid-to-liquid ratios). Experimental conditions
used in the sample preparation are summarized in Table 1.
After the addition of Tc, samples were equilibrated under Ar atmo-
sphere for 6 weeks and pH,,, E;, and [Tc] (after 10 kD ultrafiltra-
tion) were measured. Magnetite and mackinawite samples with
the highest amount of Tc ([TcO, ], = 2 x 10™* M and 900 ppm
loading) (~0.5 mg each) were analysed by SEM to assess the mor-
phology of the Fe phases responsible for the retention of Tc.

TcO,-xH,0 used as reference material in the fitting procedure
was prepared by acidifying a pertechnetate solution with concen-
trated HCI, then adding Zn to generate nascent hydrogen. After
the reaction was completed, 20 M NaOH solution as added to
obtain a black precipitate, which was aged for one week.>®

XANES/EXAFS measurements

Sample preparation. After 6 weeks of equilibration time,
magnetite and mackinawite reacted with Tc were centrifuged
at 4020g for 10 min and the supernatant removed. Since both
Tc(1v) and Fe(i) minerals are very sensitive to oxygen, all prepa-
ration steps were performed with special precautions to avoid/
minimize the access of air to the samples. The wet paste
material resulting from phase separation was placed in a poly-
ethylene (PE) double confined sample holder and heat-sealed
inside the Ar-glovebox. Sealed PE sample holders were taken
out of the glovebox, immersed in dry ice (—78 °C) to minimize
the diffusion of O, into the samples, and immediately
measured for gamma activity for 30 minutes (mandatory
according to European transport regulations and safety proto-
cols). Directly after gamma measurements, the samples were
transferred to a liquid N,-filled Dewar (Voyager 12, Air Liquide
- DMC, France). The latter was used to transport the samples

Table 1 Experimental conditions in the Tc reduction/sorption experiments with magnetite (Mag) and mackinawite (Mack) in 0.1 M NaCl systems

(before addition of Tc)

Fe minerals Background electrolyte [TcO, o " [M] Solid/liquid ratio (g L™") Loading (ppm) Loading® (pmol m™~2)
Mag-0° 0.1 M NaCl 2x107° 5 400 0.04
Mag-1 0.1 M NaCl 2x107* 50 400 0.04
Mag-2 0.1 M NaCl 2x107* 33 600 0.06
Mag-3 0.1 M NaCl 2x107* 22 900 0.08
Mag-4 0.1 M NaCl 2x107° 5 400 0.04
Mag-5 0.1 M NaCl 2x107° 3 600 0.06
Mag-6 0.1 M NaCl 2x107° 2 900 0.08
Mack-1 0.1 M NaCl 2x107* 50 400 0.01
Mack-2 0.1 M NaCl 2x107* 33 600 0.02
Mack-3 0.1 M NaCl 2x107* 22 900 0.03
Mack-4 0.1 M NaCl 2x107° 5 400 0.01
Mack-5 0.1 M NaCl 2x107° 3 600 0.02
Mack-6 0.1 M NaCl 2x107° 2 900 0.03

“ Data taken from Kobayashi et al. (2013).2*?

and 270 m? g~* for mackinawite.*®

17876 | Dalton Trans., 2016, 45, 1787417885

Initial Tc(vir) concentration. ¢ Calculated based on specific surface area of 110 m* g~" for magnetite
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to the synchrotron facility and to store them under conditions
where redox transformations or other sample alterations can
be excluded. The samples were measured within 20-30 days
after preparation for XAFS measurements. Previous studies
with redox sensitive elements (Pu, Np, Tc) have shown that
storage under liquid nitrogen condition avoids oxidation
process (over significantly longer time periods).>**>?°

XAFS measurements. Spectra were acquired at the
Rossendorf Beamline (BM20 at ESRF) in fluorescence mode at
the Tc-K edge (21044 eV). The energy of the Si(111) double-
crystal monochromator was calibrated using a Mo foil (edge
energy 20 000 eV). Two Rh-coated mirrors were used to colli-
mate the beam into the monochromator crystal and to reject
higher-order harmonics. Fluorescence spectra were collected
with a 13-element, high-purity, solid-state Ge detector
(Canberra) with digital spectrometer (XIA XMAP). During the
measurement, the samples were kept at 15 K with a closed-
cycle He cryostat to avoid photon-induced changes of oxidation
state and to reduce thermal disorder.?”

Data evaluation. SIXPACK"® was used for dead-time correc-
tion of the fluorescence data and to average the raw spectra.
WinXAS*" was used for data reduction and analysis following
standard procedures. After normalizing the spectra to unity,
the energy was converted to photoelectron wave vector units
(A™") by arbitrarily assigning E,, the origin of the kinetic
energy of the photoelectron, to the first inflection point of the
absorption edge. The EXAFS y(k) functions were then extracted
from the post-edge region by using the autospline function of
WinXAS. Radial structure functions (RSFs) were obtained by
Fourier transforming k*-weighted y(k) functions between 2.0
and 14.5 A" using a Bessel function with window parameter 3.

The EXAFS spectra were analysed in a two-step approach.
The first step consisted of a statistical analysis of the data
based on principal component analysis (PCA) and iterative
target-transformation factor analysis (ITFA), using the code
developed by A. Rossberg."* The procedure is well described in
several papers.*”™** The derivation of the number of spectral
components is based on three factors, the minimum of the
Malinowski indicator value calculated for all principal com-
ponents, a visual inspection of the principal components to
discriminate the ones which contain the EXAFS signal from
those, which arise from fluctuations of the spline background
removal and from noise, and finally, and perhaps most impor-
tant, the reconstruction of the experimental data by a
minimum number of components. Varimax rotation and itera-
tive transformation target test using reference spectra as far as
available were then performed with ITFA to identify the spec-
tral endmembers and to extract their EXAFS spectra in ky(k)
space for 2.0 < k [A™'] < 12.5. In a second step, the EXAFS
spectra of the identified principal components were fitted with
WinXAS"' using theoretical backscattering amplitudes and
phase shifts calculated with FEFF 8.2."> Tc-O, Tc-Fe, Tc-Te
and Tc-S theoretical scattering paths for this shell fit approach
were derived by replacing Fe atoms in magnetite and mackina-
wite structures by Tc. The amplitude reduction factor, Sy>, was
fixed to 0.9 for all fits.

This journal is © The Royal Society of Chemistry 2016
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Results and discussion
Quantitative evaluation of the wet chemistry data

Table 2 summarizes the experimentally measured pH,, E;, and
Te concentrations in the Fe mineral suspensions after 6 weeks
of equilibration time. Experimental pH,, and Ej values are
also plotted in the Tc Pourbaix diagram shown in Fig. 1. The
figure shows that Ej, values measured in magnetite samples
are slightly below the thermodynamically calculated Tc(vi)/
Tc(wv) redox borderline, whereas significantly lower Ej, values
are found in the mackinawite system. In both cases, Tc con-
centrations measured in solution decrease to values below the
detection limit of LSC (Liquid Scintillation Counting) within
6 weeks, suggesting that TcO,~ is completely reduced to Tc(iv)
and quantitatively removed from the aqueous phase.

Structural interpretation of Tc uptake: EXAFS/XANES

Magnetite. Fig. 2a shows the Tc K-edge XANES spectra of Tc
sorbed magnetite samples (labelled Mag-1 to 6) along with the
spectra of three references, an amorphous TcO,-xH,O(s) repre-
senting the tetravalent oxidation state, Tc(iv) structurally in-
corporated by magnetite (Mag-0)>* and the TcO,~ aquo-complex
representing the heptavalent oxidation state of Tec.*” The
XANES spectra of all magnetite samples show edge positions
similar to that of Tc(wv) structurally incorporated by magnetite,
confirming the reduction of Tc(vu) to Tc(v). Note that small
contributions of Tc(vi) can be excluded, since both the pre-
edge peak of Tc(vu) at about 21.05 keV and the white line at
21.10 keV would be easily discernible when exceeding about
5 atom%. The fine structure of all magnetite samples is also
very similar, suggesting a Tc coordination similar to Tc(wv) in
magnetite, and different from TcO,-xH,O(s). The k*-weighted
EXAFS spectra and the Fourier Transform Magnitudes (FTM)
are shown in Fig. 2b and c, respectively. To derive the number
of chemically different Tc species in all seven samples based
on their short range structure, their EXAFS spectra were inves-

Table 2 Experimentally measured pH,, E, and [Tclsna in magnetite
(Mag) and mackinawite (Mack) samples after 6 weeks of equilibration
time

Fe mineral PH, ¢ En? (mv) [Tclgina [M]
Mag-0° 6.00 -120 <1x107®

Mag-1 9.28 -149 <ax107104
Mag-2 9.16 -146 <4x107104
Mag-3 9.08 -139 <4 x107104
Mag-4 9.12 -138 <4 x107t4
Mag-5 8.90 -121 <4 x1071°4
Mag-6 8.68 -109 <4 x10704
Mack-1 9.07 -315 <4 x 107104
Mack-2 9.16 -381 <4 x107104
Mack-3 8.99 -309 <4 x 107104
Mack-4 9.02 -289 <4 x107104
Mack-5 8.91 -280 <4 x 107104
Mack-6 8.83 -271 <ax107104

“+0.05. ?+50 mV. °Data taken from Kobayashi et al (2013).>
4 Detection limits.

Dalton Trans., 2016, 45, 17874-17885 | 17877
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Fig. 1 Experimental pH,, and E,, values of Tc samples in 0.1 M NaCl in
the presence of magnetite and mackinawite. Measurements performed
after 6 weeks of equilibration time (directly before sampling for EXAFS
measurements). Solid blue line represents the 50 : 50 equilibrium line for
Tc(vn)/Te(iv) calculated at / = 0.1 M according to the reaction TcO4™ +
4H* + 3e” © Tc0,-0.6H,0(s) + 1.4H,0 based on the thermodynamic
data reported in Yalcintas et al. (2016).*® Black solid and dashed lines
indicate upper and lower decomposition lines of water and “redox
neutral” (pe + pH,, = 13.8) conditions. Experimental pH,, and E,, deter-
mined in the study of Kobayashi et al. (2013)?? for magnetite and macki-
nawite systems are also included for comparison.

tigated by principal component analysis using the ITFA soft-
ware package (version 1.3.12).** The Malinowski indicator as
well as the good reconstruction of the experimental EXAFS
spectra with 2 principal components (red lines in Fig. 2b and c)
suggest that two structurally different Tc species are present
in the magnetite samples. Based on the VARIMAX loadings,
magnetite species 1 prevails in sample Mag-0, i.e. the struc-
turally incorporated Tc, while magnetite species 2 prevails in
sample Mag-5.

Assuming that the spectra of samples Mag-0 and -5 rep-
resent the pure endmember species, we are able to extract the
noise-filtered endmember spectra of magnetite species 1 and 2
and determine their structure by shell fitting (Table 3) and to
determine at the same time the relative proportions of the two
species in the other samples by iterative target test (ITT)
(Table 4).*®

Subsequent shell fits are shown in Fig. S3 in the ESL.{ The
spectrum of magnetite species 1 could be fitted as expected by
the magnetite model, with Tc(v) residing in the 16d position

17878 | Dalton Trans., 2016, 45, 17874-17885

View Article Online

Dalton Transactions

of the Fd3m cubic space group. Tc is hence coordinated to
6 oxygen atoms forming the corners of a TcOg octahedron,
which is then linked to 6 neighbouring FeOg octahedra by
sharing edges (shorter Tc-Fe, distance of 3.08 A), and to
6 next-neighbouring FeOg tetrahedra sharing corners (longer Tc-
Fe, distances of 3.49 A). A fit with floating CNs resulted in the
same interatomic distances, CNs which deviated by less than
15% from the crystallographic values, hence within the typical
error range, and only slightly better fit statistics (%R reduced
from 6.1 to 5.3). Hence the spectrum of magnetite species 1 is
fully in line with Tc(iv) residing in the 16d position of the
cubic magnetite structure, i.e. substituting for octahedral Fe,
in line with previous work.?> Note that the Tc-O distance is
2% smaller than the Fe-O distance in magnetite (2.01 vs.
2.05 A), in line with the ionic radius of Tc(v) being smaller
than that of Fe with an average oxidation state of 2.5. In con-
trast, the shorter Tce-Fe distance is about 4% longer than the
corresponding Fe-Fe distance in magnetite (3.08 vs. 2.97 A),
while the longer Tc-Fe distance is almost identical (3.49 vs.
3.48 A).*° The similarity with the fit data by Um et al. suggests
that these authors might have also observed Tc incorporation
into magnetite rather than into goethite.*

In the FTM spectrum of magnetite species 2, most purely
expressed in samples Mag-4 to -6, we observe a peak triplet
from 2.0 to 3.3 A (Fig. 2c). To elucidate the elemental identity
of backscattering atoms in this region, we applied Morlet
wavelet analysis.”® The two peaks at shorter distance did not
resolve in the wavelet plots, but the intensity of this unresolved
wavelet peak increased up to the maximum krange of
12.5 A™', in line with backscattering atoms significantly
heavier than Fe. With the known elemental composition of
our system, this double peak hence can arise only from Tc-Tc
backscattering. In contrast, the third peak at 3.0 A showed a
maximum at about 7.5 A™", in line with backscattering by Fe.*’
Fitting this region with only two shells was, however, not
sufficient: in addition to a short Tc-Tc and a long Tc-Fe, path,
also a shorter Tc-Fel path was required to obtain a satisfying
fit, while a second Tc-Tc path corresponding to the structure
of TcO,-xH,O could not be fitted (Table 3). The CN of 0.8 and
the distance of 2.57 A for the Tc-Te path suggest formation of
a Te-Tc dimer linked through the typical short, quasi-metallic
bond. The two Tc-Fe distances are with 3.13 and 3.54 A
similar to the ones of structural Tc in magnetite, albeit slightly
longer. Furthermore, the CN are roughly half of what would be
expected for structural incorporation. The most consistent
structural model based on these fit data is that of a Te-Tc
dimer, which forms on one side of the chain a tridentate sorp-
tion complex with the magnetite {111} faces, similar to that
observed for trivalent Pu, As or Sb.*>**** One could argue
also, that the observed structure is not that of a limiting
species, but represents rather a mixture of Tc-doped magnetite
on one hand, and a Tc oxide species on the other hand.
TcO,-xH,0(s) as limiting species can be excluded, however,
since principal component analysis of its spectrum together
with those of the magnetite samples increased the number of
statistically significant components from 2 to 3. Crystalline

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Tc-K edge XAS spectra of Tc sorbed on magnetite in 0.1 M NaCl. (a) XANES, (b) k*-weighted EXAFS spectra, (c) corresponding Fourier
Transform Magnitude (FTM). Black lines represent the experimental data, the red lines in (b) and (c) represent their reconstruction with two principal
components. The ITFA-derived FTM spectra of the two endmembers (magnetite species 1 and magnetite species 2) are also plotted on top and

bottom, respectively.

TcO, can also be excluded as limiting species, since this com-
pound has long Tc-Tc distances at 3.6-3.7 A arising from
corner-sharing linkages between the chains, which are absent
in our magnetite spectra. Therefore, we maintain that the
most likely structural explanation for magnetite species-2 is a
Tc-Tc dimer triple-bonding to the magnetite {111} faces. This
species bounds in edge-sharing bidentate mode to the ferri-
hydrite surface® and to titanomagnetite,>* with one significant
difference: while Zachara et al. obtained 2.57 A for both the
Tc-Tc and of the shorter Tc-Fel paths, and Liu et al. obtained
2.56 A for Te-Tc and 2.59 A for Te-Fel, such a fitting scheme
was not successful in our case, and we obtained instead much
longer 3.12 A for the shorter Tc-Fel path (in contrast, the dis-
tance of the longer Tc-Fe2 path is again similar, 3.50 A (ref. 6)
vs. 3.52 A). This difference is not only arising from a poten-
tially different fitting approach, but is also reflected by differ-
ences in the chi- and FTM spectra. The reason for this differ-
ence is, however, not evident.

In our magnetite series, the contribution of structural Tc(iv)
increases from 1/3 to 1/2 for samples Mag-1 to -3, i.e. increases
with Tc loading for the samples prepared with the lower initial
TcO,~ concentration of 2 x 10™> M, while the contribution of
the sorption complex decreases correspondingly. In the
samples Mag-4 to -6 with the higher TcO,~ concentrations, the
sorption complex prevails. Our hypothesis is that the amount

This journal is © The Royal Society of Chemistry 2016

of Tce-Tc dimers increases at the given pH of ~9 with initial Tc
concentration, thereby competing with the sorption of mono-
mers or their structural incorporation. In principle, these
dimers may form either in solution or at the magnetite
surface. However, reduction of Tc(vu) to Tc(wv) by Fe(u) in solu-
tion is unlikely and known as kinetically hindered process.'”
Therefore, dimer formation should proceed prevalently at the
(semiconducting to conducting) magnetite surface. This,
however, seems to be in contradiction to the increase of struc-
tural Tc with increasing Tc surface loading as observed for
samples Mag-1 to -3.

As discussed in the introduction, both complete incorpo-
ration of Tc into the magnetite structure and formation of
TcO,-like dimers/polymers on the surface were reported by
different authors.®”*»**>> However, none of the available
studies has systematically investigated the effect of initial Tc
concentration and solid to liquid ratio (or loading) as accom-
plished in the present work, but rather focussed on a given
[Tc] and loading. Kobayashi and co-workers** conducted Tc
uptake experiments with magnetite under analogous [Tc], and
loading (2 x 107 M and 400 ppm, respectively), but signifi-
cantly lower pH values (6-7.5). The authors observed the com-
plete incorporation of Tc(wv) in the structure of magnetite. The
differences in the prevailing uptake mechanism observed in
this work and in Kobayashi et al. are interpreted in connection

Dalton Trans., 2016, 45, 17874-17885 | 17879
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Table 3 EXAFS-derived structural parameters for Tc in the magnetite and mackinawite series

Sample Path CN* R(A) o (A% AE® (eV) %R”
Magnetite Species 1 Tc-O 6f 2.01 0.0043 3.0 6.1
(Structural Tc(wv)) Tc-Fe, 6f 3.08 0.0113

Tc-Fe, 6f 3.49 0.0093
Magnetite Species 2 Tc-O 5.7 2.02 0.0037 3.9 6.7
(Sorbed Te(1v) dimers) Te-Tc 0.9 2.57 0.0018

Tc-Fe, 2.9 3.12 0.0100¢

Tc-Fe, 4.4 3.52 0.0100°
Mackinawite Species 1 Tc-S 5.8 2.38 0.0092 8.2 9.7
(TcS,) Tc-Te 0.8 2.83 0.0032
Mackinawite Species 2 Tc-0, ry 2.00 0.0025 -0.9 9.3
(TcO,-xH,O0(s)) Tc-0, of 2.38 0.0010
Model 1 Te-Te 2f 2.55 0.0032

MS 4f 4.03 0.0071
Mackinawite Species 2 Tc-0, ry 2.00 0.0024 -0.7 8.4
(TcO,-xH,0(s)) Tc-0, of 2.38 0.0015
Model 2 Te-Te, 1f 2.54 0.0040

Te-Te, 1f 3.01 0.0099

MS 4 4.01 0.0051
TcO,~ (aq)"” Tc-O 4 1.72 0.0014 9.5 9.2

“CN (coordination number). R (residual). Fit errors: CN: +25%; R: 0.01 A, o* 0.002 A% f: fixed, c: constrained.

Table 4 Quantitative speciation of the Tc magnetite samples based on
EXAFS-ITFA. Bold numbers indicate fixed values

Fraction magnetite
species 1: structural

Fraction magnetite
species 2: sorbed Tc(1v)

Sample Te(w) dimers Sum
Mag-0 1.00 0.00 1.00
Mag-1 0.33 0.59 0.92
Mag-2 0.42 0.53 0.95
Mag-3 0.54 0.47 1.01
Mag-4 0.15 0.82 0.97
Mag-5 0.00 1.00 1.00
Mag-6 0.02 0.97 0.99

with differences in magnetite solubility in both systems. As
shown in Fig. 3, the solubility of magnetite in the pH,, range
6-7.5 (pe + pHy, = 4, see Fig. 1) (Kobayashi et al., 2013) is sig-
nificantly larger than at pH,, ~9 (pe + pHy, = 7, see Fig. 1)
(this work). Higher concentrations of Fe in solution are
expected to promote a greater recrystallization rate, thus facili-
tating the incorporation of Tc(v) in the structure of magnetite.
These observations strongly suggest that the mechanism
driving the retention of Tc by magnetite strongly depends on
the initial Tc concentration and pH, and to a lesser extent on
the loading on the surface of magnetite.

Mackinawite. Fig. 4a shows the Tc K-edge XANES spectra of
Mack-1 to Mack-6, corresponding to Tc sorbed on mackina-
wite. As in the case of Tc uptake by magnetite, all investigated
mackinawite samples do not show the pre-edge feature at
21.05 keV characteristic of Tc(vu), thus indicating the complete
(>95%) reduction of Tc(vi) to Tc(iv) within the timeframe of
the experiment. The XANES spectral features are, however,

17880 | Dalton Trans., 2016, 45, 17874-17885

Kobayashi et al. (2013) .

Kobayashi et al. (2013) E

log [Fe(m)]

Fig. 3 Solubility of magnetite (Fe3O4(cr)) calculated for pe + pH,, = 4
(red, Kobayashi et al., 2013) and pe + pH,, = 7 (blue, this work) using
ThermoChimie TDB.>¢

different from those of the magnetite samples in several
aspects, most notably the absence of the splitting of the white
line peak. The spectral differences between the magnetite and
the mackinawite samples are even more pronounced when
looking at the EXAFS spectra (Fig. 4b and c). As before, the
series of EXAFS spectra was analysed by ITFA to derive the
number of spectral components present. The Malinowski indi-
cator values and the reconstruction of the experimental
spectra suggested the presence of two spectral components

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Tc-K edge XAS spectra of Tc sorbed on mackinawite in 0.1 M NaCl (a) XANES, (b) k*-weighted EXAFS spectra, and (c) corresponding Fourier
Transform magnitude. Black lines represent the experimental data, the red lines in (b) and (c) represent their reconstruction with two principal

components.

and hence Tc species (Fig. 4b and c). Also in contrast to the mag-
netite samples, the addition of the TcO,-xH,O(s) reference did not
increase the number of factors, demonstrating that TcO,-xH,O(s)
is one of the two components present, albeit as a relatively small
fraction, since none of the mackinawite (XANES and EXAFS)
spectra is a close match of the TcO,-xH,O(s) reference.

The spectral component of the non-TcO,-species is most
purely expressed in sample Mack-4 based on the VARIMAX
factor loading. This EXAFS spectrum - as well as that of the
other mackinawite samples - is dominated by a FTM peak at
about 1.9 A (labelled “S”), i.e. about 0.3 A more than that of
the Tc(iv)-O coordination peak (labelled “O”), suggesting
sulphur instead of oxygen coordination. The EXAFS shell fit of
the ITFA-derived endmember spectrum (Mackinawite species
1, see also Fig. S41) using FEFF 8.2 calculated paths of an
atomic cluster based on the structure of TcS,>’ confirmed
sulphur in sixfold coordination to Tc at a distance of 2.38 A,
which is very close to the average distance of the TcS, coordi-
nation shell at 2.393 A (Table 4). A second FTM peak at about
2.6 A (labelled “Tc,”) could be fitted with one Tc atom at
2.83 A, i.e. only one of the expected three Tc neighbours in the
distal range 2.79-2.90 A of TcS, could be fitted. Indeed, the
local structure of the species formed in presence of mackina-
wite is more similar to Tc,S; or TcS, previously observed in
comparable systems.*®>° This is corroborated by the Tc-S dis-

This journal is © The Royal Society of Chemistry 2016

tance of 2.38 A in line with that of Lukens et al. and an only
slightly longer Tc-Tc distance of 2.83 A, which has been
reported as 2.77 A by Lukens et al. Our coordination numbers
are also slightly smaller (6 instead of 7, and 1 instead of 2 for
Tc-S and Tc-Tc, respectively). Whether these small discrepan-
cies arise from shell fit uncertainties or from small structural
differences is not easy to decide, but there is no doubt that
mackinawite species 1 is largely in line with the previously
observed TcS,, and not with the high-temperature phase TcS,.*

Mackinawite species 2, which corresponds to TcO,-xH,O(s)
demonstrated by ITFA as described before, was fitted following
the model first suggested by Lukens et al.®' In this one-dimen-
sional chain structure, strongly distorted TcO,(OH,)s octa-
hedra are linked by uniform Tc-Tc bonds of about 2.57 A and
two Tc-O bonds of about 2.02 A in a square planar arrange-
ment. Two longer Tc-O paths of about 2.47 A arise from
bonding water molecules above and below the TcO, squares,
which complete the octahedral coordination of Tc"™. The fit
requires also a four-legged multiple scattering path (MS)
arising from the square planar arrangement of the TcO, units.
The resulting bond lengths and corresponding Debye-Waller
factors, reported in Table 3 as model 1, are largely in line with
previously published results.>*®> In an alternative attempt,
we adopted again the square planar configuration including
the split of the TcO4 coordination shell in two Tc-O distances

Dalton Trans., 2016, 45, 17874-17885 | 17881
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Table 5 Quantitative speciation of the Tc mackinawite samples based
on EXAFS-ITFA. Bold numbers indicate fixed values

Fraction mackinawite Fraction mackinawite

Sample species 1: Tc''S, species 2: TcO,-xH,0(s)  Sum
Mack-1 0.93 0.07 1.00
Mack-2 0.99 0.01 1.00
Mack-3 0.79 0.21 1.00
Mack-4 1.00 0.00 1.00
Mack-5 0.89 0.11 1.00
Mack-6 0.82 0.18 1.00
TcO,-xH,0(s)  0.00 1.00 1.00

and the arising MS path, but allowed for the alternating longer
and shorter Tc-Tc distances along the chains like in crystalline
TcO,.>® While the Tc-O distances remain identical to those of
model 1, the Tc-Tc distances show a clear splitting, a shorter
at 2.54 A and a longer at 3.01 A (model 2 in Table 3). The
shorter distance is within the error limit identical to that of
model 1, and both distances are 2-3% smaller than those of
crystalline TcO, (2.62 and 3.08 A). Both models provide a good
fit in terms of fit statistics and physically meaningful data; the
second model is slightly better, however, based on the smaller
error and the length of the MS path being closer to the value
of 4.00 A expected from the fitted average Tc-O distance of
2.00 A. From a crystal-chemical point of view, the short-long Tc
pairing scheme is based on a sensitive balance between crystal
field stabilization (favoring an even distribution of Tc-Tc dis-
tances by stabilizing a more symmetric TcOs octahedron, t,,°
configuration) and valence electrons available to form a Tc-Tc
metal bond (shortening one of the two Tc-Te distances).®***

In contrast to the EXAFS-ITFA-derived Tc speciation in the
magnetite system, which showed an effect of the initial Tc con-
centration, the Tc speciation of the mackinawite series estab-
lished in the same way shows rather an effect of Tc surface
loading: samples Mack-3 and Mack-6 with the highest loading
of 900 ppm have the highest contribution of TcO,-xH,O(s),
although it never exceeds 20%, while the TcS,-like phase pre-
vails in all systems (Table 5).

Analogous species/moieties were previously reported in the
literature, based on spectroscopic evidences obtained under
different experimental conditions. Kobayashi et al.*>* suggested
the formation of a TcS,-like phase based on their XANES data,
in experiments conducted with [Tc], = 2 x 107> M and
200 ppm Tc loading. With a significantly higher loading
(99 000 ppm) and [Tc], (1.5 x 10™* M), Liu et al.*® reported the
immobilization of Tc by mackinawite as a TcO,-like phase
(Tc-O path at 1.99 + 0.02 A with CN = 6). Provided the very
high loading and [Tc],, the main component is identified as
TcO,-xH,0(s) by Liu and co-workers. These observations are in
line with our experimental data and spectroscopic findings: (i)
there is a clear and systematic effect of loading on the reten-
tion of Tc by mackinawite; (ii) a component with predomi-
nance of Tc-S interactions in the first shell forms in mackina-
wite systems with low Tc loadings; (iii) a TcO,-xH,O(s) phase
(either surface precipitate or colloid) starts to form with
increasing loading, becoming predominant at the very high

17882 | Dalton Trans., 2016, 45, 17874-17885
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loadings used by Liu and co-workers (99 000 ppm). Note that
the method of mackinawite synthesis used in our work is iden-
tical to that of Kobayashi et al. (2013)** and Liu et al. (2008).>®

In contrast to these observations, Livens et al.>” reported
the formation of a TcS,-like phase (dr._g = 2.42 + 0.02 A and
CN = 6) in the presence of relatively high loadings
(10000 ppm) of Tc on 300 mg mackinawite. A direct compari-
son of the data by Livens and co-workers with the present
study cannot be accomplished, provided the different method
used for the synthesis of mackinawite and the very limited
experimental description provided by the authors, which
omits (among others) information on S: L, [Tc], and pH.

Conclusions

Tc reduction and uptake mechanisms by Fe(u) minerals (mag-
netite and mackinawite) were investigated in 0.1 M NaCl
systems. The results show that Tc(vu) is reduced to Tc(wv) in
contact with magnetite and mackinawite in all investigated
systems regardless of initial [Tc], and solid-to-liquid ratio. The
observed reduction is also consistent with the thermo-
dynamically calculated Tc(vi)/Tc(v) borderline.

EXAFS data evaluation indicates that the mechanisms of
Tc(wv) retention by magnetite and mackinawite are strongly
dependent on the loading, [Tc], and pH,,. Tc(wv) partly incor-
porates into the structure of magnetite at low [Tc], (2 x 107> M),
but forms Tc-Tc dimers bonding to the magnetite {111}
face at [Tc], = 2 x 10™* M. A full incorporation of Tc into the
magnetite structure is triggered by boundary conditions
enhancing magnetite solubility (and thus promoting a greater
recrystallization degree), e.g. lower pH,, and E;, values. In con-
trast to magnetite, [Tc], has no clear impact on the uptake of
Tc by mackinawite. A TcS,-like phase prevails in all investi-
gated mackinawite systems, although the contribution of up to
~20% of TcO,-xH,O(s) (likely as surface precipitate) is
observed for the highest investigated loadings (900 ppm).

These results provide key inputs for the understanding of
the mechanisms driving the reduction and retention of Tc by
magnetite and mackinawite under repository-relevant con-
ditions, whilst highlighting the need of coupling classical wet-
chemistry techniques, thermodynamic calculations and
advanced spectroscopic methods when investigating complex
processes or systems such as redox and mineral interfaces.
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