Technetium retention by gamma alumina nanoparticles and the effect
of sorbed Fe**

Natalia Mayordomo™*, Diana M. Rodriguez®, Dieter Schild”, Konrad Molodtsov?,

Erik V. Johnstone®, René Hiibner", Salim Shams Aldin Azzam?, Vinzenz Brendler?,

Katharina Miiller™*

@ Helmholtz-Zentrum Dresden - Rossendorf (HZDR), Institute of Resource Ecology, Bautzner Landstrasse 400, 01328, Dresden, Germany

® Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal (INE), Hermann-von-Helmholtz-Platz 1, 76344, Eggenstein-Leopoldshafen, Germany

¢ Innovative Fuel Solutions (IFS), 89031, North Las Vegas, NV, USA
4 Helmholtz-Zentrum Dresden - Rossendorf (HZDR), Institute of Ion Beam Physics and Materials Research, Bautzner Landstrasse 400, 01328, Dresden, Germarny

GRAPHICAL ABSTRACT
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ARTICLE INFO ABSTRACT
Editor: Deyi Hou Technetium (Tc) retention on gamma alumina nanoparticles (y-Al,03 NPs) has been studied in the absence
Keywords: (binary system) and presence (ternary system) of previously sorbed Fe>* as a reducing agent. In the binary
Technetium system, y-Al,O3 NPs sorb up to 6.5% of Tc from solution as Tc(VII). In the ternary system, the presence of
Alzdo3 . previously sorbed Fe?* on y-Al,05 NPs significantly enhances the uptake of Tc from pH 4 to pH 11. Under these
lstr ué(t)l;m conditions, the reaction rate of Tc increases with pH, resulting in a complete uptake for pHs > 6.5. Redox
Imrﬂobilization potential (Eh) and X-ray photoelectron spectroscopy (XPS) measurements evince heterogeneous reduction of Tc

(VID) to Tc(IV). Here, the formation of Fe-containing solids was observed; Raman and scanning electron mi-
croscopy showed the presence of Fe(OH),, Fe(I)-Al(III)-Cl layered double hydroxide (LDH), and other Fe(II) and
Fe(III) mineral phases, e.g. Fe;0,4, FeOOH, Fe,03. These results indicate that Tc scavenging is predominantly
governed by the presence of sorbed Fe2* species on y-Al,O3 NPs, where the reduction of Tc(VII) to Tc(IV) and
overall Tc retention is highly improved, even under acidic conditions. Likewise, the formation of additional Fe
solid phases in the ternary system promotes the Tc uptake via adsorption, co-precipitation, and incorporation

mechanisms.
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1. Introduction

Technetium is the lightest element on the Periodic Table to be
constituted solely of radioactive isotopes. Because it only occurs natu-
rally in ultra-trace quantities, its artificial emission into the environ-
ment is of radioecological concern (Meena and Arai, 2017). The isotope
9Tc is a B~ emitter with a long half-life (t;,, = 2.1-10° years) and
represents 90% of the introduced Tc in the ecosystem (Johannsen and
Spies, 1996). Historically speaking, °°Tc release in the environment has
been attributed to various anthropogenic sources: radiopharmacies,
nuclear weapons testing, and nuclear fuel reprocessing; the latter being
responsible for the majority of °Tc discharged into the ocean (Meena
and Arai, 2017). Whereas some of these activities no longer occur, or
are now much more regulated, others, such as the release of ground-
state °°Tc resulting from medical diagnostic imaging procedures, are
still allowed with low restrictions. Alternative reprocessing and waste
disposal schemes have addressed this issue, where “°Tc is separated and
then integrated into a robust matrix material for its final disposition. In
order to ensure a safe storage of such materials, for example in the
suggested multi-barrier nuclear waste repository (Sellin and Leupin,
2014), the Tc interaction with the repository and its environment must
be understood (Ma et al., 2019). A possible ingress of water into the
containment system, considered as one of the worst-case scenarios,
could promote steel canister corrosion, and thus eventual radionuclide
emission into the groundwater. As consequence, released °Tc might be
distributed into the ecosphere, entering the food chain (Meena and
Arai, 2017). In the human body, Tc can accumulate in the thyroid and
the digestive system and cause dramatic health problems (EPA, 2002).
In order to prevent and/or remediate existing Tc pollution, Tc scaven-
ging materials have to be studied for their application under these
settings.

Most of the reported Tc removal studies are based on the different
chemical behavior manifested from its oxidation states. Tc has an as-
sortment of oxidation states (from + VII to -I), although Tc(VII) and Tc
(IV) are the most predominant under oxidizing and reducing condi-
tions, respectively. Tc(VID), found as dissolved TcO,4 ™, is considered
relatively inert and highly mobile in groundwater. In contrast, Tc(IV)
forms the hardly soluble TcO, that exhibits limited mobility. Hence,
reduction of Tc(VII) to Tc(IV) offers great potential for Tc im-
mobilization.

Lieser and Bauscher reported that Fe?* is a good Tc(VII) reducing
agent under anaerobic conditions (Lieser and Bauscher, 1987). How-
ever, Cui and Eriksen proved years later that Tc(VII) reduction by dis-
solved Fe?* was kinetically hindered, despite being thermodynamically
favorable, and that Tc(VII) reduction only occurs when Fe?™ is sorbed
either on formed precipitates (FeCO3 and Fe(OH),) or the surface of a
substrate, also known as heterogeneous reduction (Cui and Eriksen,
1996a). In addition to these studies, Zachara et al. showed that the Tc
(VII) reduction kinetics by dissolved Fe?>* is dependent on the Fe?*
concentration, being drastically faster when Fe?>* concentrations are
higher than 0.2 mM at pH 7 (Zachara et al., 2007). They concluded that
for high Fe concentrations, precipitates were formed and the hetero-
geneous reduction led to a faster Tc(VII) removal from solution.

Other works reported the scavenging of aqueous Tc(VII) by Fe(ID)-
minerals, such as siderite (FeCO3) (Kobayashi et al., 2013), magnetite
(Fe(IDFe(III),04) (Geraedts and Maes, 2008; Cui and Eriksen, 1996b),
green rust (Fe(II)-Fe(III) layered double hydroxide, LDH) (Pepper et al.,
2003), Fe(OH), (Saslow et al., 2018; Saslow et al., 2017) or mack-
inawite (FeS) (Liu et al., 2008). As well, some works have studied the
heterogenous reduction of Tc(VII) with sorbed Fe2* on minerals phases
such as: goethite (a-FeOOH) (Um et al., 2011; Peretyazhko et al.,
2008a), hematite (a-Fe;O3) (Peretyazhko et al., 2008a), corundum (a-
Al,03) and diaspore (a-AlIOOH) (Peretyazhko et al., 2008b).

Recently, the use of nanoparticles (NPs) as sorbents has gained more
attention throughout different industries and applications. For example
the use of nano-sized TiO, (Moreno Gil et al.,, 2019), a-Al,O3

(Kadarisman et al., 2018), and/or ZrO, (Marlina et al., 2017) have been
proposed as column matrices for °°Mo/°*™Tc radiopharmaceutical
generators as a means for chromatographically separating transmuted
99mTe0,” from °Mo0,42". Likewise, NPs also present good removal
yields in the field of decontaminating pollutants, such as heavy metals
(Liu et al., 2018); hence, some authors have studied Tc uptake using, for
example, tin aluminum phosphate nanocomposite (Levitskaia et al.,
2016) or pyrite (FeS,) (Huo et al., 2017). However, in most studies, Tc
removal is limited to a certain pH value or to a very narrow pH range —
generally alkaline. Considering this, y-Al,O3 NPs have been shown to be
good anion sorbents in a wide pH range, as their point of zero charge is
around pH 9 (Missana et al., 2014). Furthermore, y-Al,O3 NPs are able
to sorb Fe?™ on their surface (Nano and Strathmann, 2006) and pro-
mote faster Fe>™ oxidation (Chen and Thompson, 2018). Therefore, we
hypothesize that Tc(VII) interaction on the interphase would be carried
by (1) sorption on the NPs and (2) reduction to Tc(IV) by Fe? ™" pre-
viously sorbed on y-Al;O3 NPs. The latter might be an optimal process
for achieving high Tc removal at the solid-solution interface in a wider
pH range than the often-reported alkaline conditions.

Therefore, in this work we study the Tc removal efficiency in a wide
range of pH values by y-Al,O3; NPs in the absence and presence of
sorbed Fe**, to combine the high removal properties of NPs with the
reducing properties of sorbed Fe?*. Batch contact experiments were
performed in series of various pH values and ionic strengths.
Additionally, the oxidation state(s) of Tc were carefully monitored
using X-ray photoelectron spectroscopy to determine the presence and
relative yield of Tc reduction in each sample. Finally, the formed Fe-
minerals as result of the Fe?* interaction with y-Al,O3 NPs and of the
Tc reduction were also characterized by Scanning Electron Microscopy
(SEM), Raman spectroscopy and X-ray diffraction to generate a broad
understanding of the governing factors of Tc retention by these systems.

2. Materials and methods
2.1. Materials and general experimental conditions

The gamma alumina nanoparticles, y-Al,O3 NPs, (> 99%, Aldrich)
with a nominal diameter < 50 nm were previously characterized by
their isoelectric point (pHg 9), point of zero charge (pHpyzc 9) and N,
BET (127 m2~g’1) (Mayordomo et al., 2018).

The Fe(I)-Al(IID)-Cl layered double hydroxide (LDH) synthesis is
detailed in the supplementary material (S) S1.

All sorption experiments and UV-vis measurements were carried
out in a glove box with N, atmosphere (O, < 0.5 ppm). All solutions
and suspensions were prepared in degassed Milli-Q water (resistivity =
18.2 MQ cm, Water Purified®), except for the FeCl,4H,O solution
(> 99%, Fluka), which was prepared in 0.1 M HCI to obtain 2 mM
FeCl, stock solutions. The pH was measured after calibration (pH 4-9)
of the electrode (semi micro, WTW). The pH of suspensions and solu-
tions was adjusted by addition of NaOH or HCI (0.02 to 0.2 M). Redox
potentials were measured after verifying the functionality of the elec-
trode (platinum electrode with Ag/AgCl reference, Mettler Toledo Inlab
redox micro 51343203) with a reference buffer (220 —228 mV at 25
°C). The Eh values were corrected for the standard Ag/AgCl electrode
(+207 mV at 25 °C).

2.2. Batch contact experiments

Contact experiments in the binary system were done by preparing
0.5 gL.”! aqueous y-Al,03; NPs suspensions in 15 mL polypropylene
tubes. The pH effect on Tc sorption was studied between pH 4.5 and
10.5 at fixed 5 pM 99Tc(VID) (added as K°°TcO,4) concentration. The
impact of Tc concentration on its retention was evaluated by varying it
from 50 nM to 250 uM in suspensions at pH 4.5 and 0.01 M NaCl
(> 99.5%, Carl Roth). After seven days of continuous shaking, samples
were centrifuged at 600 x g for 1 h. The supernatant was analyzed for
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pH and Eh as well as Tc concentration by liquid scintillation counting
(LSC) as described below.

To investigate Tc retention on y-Al,O3 NPs in the presence of Fe?*
(ternary system), a similar procedure as reported by Peretyazhko et al.
(2008b) was used. In short, 0.5 gL~ " y-Al,05; NPs suspensions were
prepared in 60 uM FeCl, solution at fixed pH. After two days equili-
bration, °°Tc(VII) was added to the suspension to yield a final con-
centration of 5 UM (more details in S2). Two samples of the suspension
were taken at different points in time. One aliquot was centrifuged, and
its supernatant was analyzed for Tc and Fe®** concentration, as de-
scribed below, as well as pH and Eh. The second aliquot was acidified
with 6 M HCl to re-dissolve the sorbed Fe?™ and highly soluble Fe(II)
precipitates. After 1 h in contact, the suspension was centrifuged, and
the supernatant was analyzed for Fe>* concentration — this value is
hereafter referred to as Fe?* after re-dissolution. For comparison,
blanks were analyzed in parallel, where the concentration of dissolved
Fe®** was determined in the supernatant, and the concentration of
sorbed Fe?* was measured post-dissolution, as described above.

2.2.1. Quantification of Tc in solution

An aliquot (0.25 mL) of the supernatant was mixed with 5 mL of
scintillation cocktail (Ultima Gold™, Perkin Elmer) and measured in a
liquid scintillation counter (Wallac 1414, Perkin Elmer) to determine
the amount of °°Tc in solution.

The uptake of Tc from solution was calculated as percentage and
distribution coefficient (Kp):

(Tl = [7el) | 100
[Tclo (€]

i [T = [Tel) v
[Tc], m 2

% TCretention =

where [Tc], is the initial Tc concentration in the system (in Bq~mL’1),
[Tc), is the concentration of Tc remaining in solution (in BgmL ') after
certain contact time (t), V is the volume of suspension (in mL) and m is
the mass of y-Al,O3 NPs (in g).

2.2.2. Quantification of Fe**

The concentration of Fe?* was selectively measured by UV-vis
spectroscopy (TIDAS 100 J and M analytic AG) after complexation with
ferrozine (Sigma Aldrich) at 562 nm as described by Stookey et al.
(Stookey, 1970). An aliquot (0.25 mL) of solution was mixed with 2 mL
of ferrozine stock solution (1 g-L’1 in 50 mM HEPES buffer, pH 7) and
transferred into a quartz cuvette of 1 cm path length. Ten spectra were
averaged per measurement. The aqueous Fe*>* molar concentration was
quantified by using the Lambert-Beer equation, applying ¢ = 27,900
M~ ! -em™!. The amount of Fe?*, either in solution or after re-dis-
solution, was recalculated using the equation:

[Fe*],

%Fe?t,, = X 100
T T Rer, (3)

where % Fe?*, represents the percentage of aqueous Fe?™, [Fe?+], is the
initial Fe?* concentration in the system (60 uM) and [Fe?*], is the molar
concentration of Fe2" in solution or re-dissolved after a certain contact
time (t). The concentrations of Fe?™ in the blank solution (re-dissolved
and in solution) are presented as an average of both, since they did not
differ significantly.

2.3. Speciation calculations

Calculations were carried out using the code CHESS v2.4 (van der
Lee and de Wint, 1999). Speciation of Fe was carried out using the latest
Fe thermodynamic database from the OECD/NEA (Lemire et al., 2013),
amended with the formation constant of Fe(OH), (Brown and Ekberg,
2016); likewise, Tc speciation was determined using the most recent
thermodynamic database reported (Guillaumont et al., 2003).

Table 1
Samples measured by scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDXS).

Sample Conditions

a 0.5 gL~ ! y-Al,05 suspension at pH 9

b 60 uM FeCl, at pH 9

c synthetic Fe(I)-Al(III)-Cl layered double hydroxide (LDH)

d 0.5 gL~ ! y-Al,05 suspension in contact with 60 uM FeCl, at pH 9.5

e 0.5 gL~ vy Al,O5 suspension in contact with 5 mM FeCl, and 0.5 mM

Tc(VII) at pH 9.5

2.4. X-ray photoelectron spectroscopy (XPS)

The amount of Fe?>* and Tc(VII) was increased in this experiment to
ensure the presence of a minimum of three atoms of Tc per nm?, which
is the threshold required by the technique. A 0.5 gL~ ! y-Al,O05 NPs
suspension was in contact with 5 mM FeCl, for two days at pH 9.5, after
which, Tc(VII) was added into the system to reach 0.5 mM.

For sample preparation, a drop of each suspension was dispersed on
pyrolytic graphite under anoxic conditions and moved by use of a
transfer vessel into the XPS (ULVAC-PHI VersaProbe II) without air
contact. Spectra were acquired by monochromatic Al Ka (1486.7 eV) X-
ray excitation. The elemental lines were charge referenced to C 1s
(CHy) at 284.8 eV.

2.5. Scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDXS) measurements

SEM and EDXS analyses of the samples (Table 1) were performed
using two different instruments.

Samples (a-d) were isolated from the batch contact experiments.
The samples were prepared by drying 20 pL of suspension on a silicon
wafer under N, atmosphere. SEM (S-4800, Hitachi) analyses were
performed at an accelerating voltage of 10 kV in conjunction with EDXS
using a conventional Si(Li) detector with super ultrathin window
(INCA, Oxford Instruments) attached to the SEM.

An aliquot of sample (e) was prepared for XPS, and subsequently
analyzed by SEM (650, FEI Quanta FEG) operated at an accelerating
voltage of 30 kV and combined with EDXS (UltraDry detector, Thermo
Fisher Scientific EDX).

TEM was used to analyze the morphology and microstructure of
y-Al;03 NPs. The sample was prepared by depositing a drop of a
y-Al,03 NPs suspension (in deionized water) over a carbon-coated
copper grid (400 mesh, S 160, Plano GmbH) and drying it under am-
bient conditions.

Bright-field TEM images were collected on an image-Cs-corrected
transmission electron microscope (Titan 80-300, FEI) operated at
300 kV. Selected-area electron diffraction (SAED) patterns were ac-
quired from the corresponding particle region. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging and spectrum imaging analysis based on EDXS were performed
with an electron microscope (Talos F200X, FEI) equipped with an
X-FEG electron source and a Super-X EDXS detector system at an
accelerating voltage of 200 kV. Prior to TEM/STEM analysis, the spe-
cimen mounted in a high-visibility low-background holder was placed
for 2 s into a plasma cleaner (Model 1020, Fischione) to remove pos-
sible contamination.

2.6. Raman microscopy

Raman microscopy (Aramis, Horiba) was used to probe the resulting
precipitates after the batch sorption experiments. The conditions of the
measured samples are shown in Table 2.

Samples were prepared in an anoxic glove box by evaporating a
20 pL aliquot on CaF, glass; the sample and glass were supported in a
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Table 2
Samples measured by Raman microscopy.

Conditions

1 v-Al,0, powder

2 60 UM FeCl; at pH 9.5

3 synthetic Fe(II)-Al(III)-Cl layered double hydroxide (LDH)

4 0.5 g-L‘1 v-Al204 suspension in contact with 60 uM FeCl, at pH 9.5

5 0.5 g-L“ v-Al;04 suspension In contact with 5 yM Tc(VII) at pH 4.5,
6.5 and 9.5

6 0.5 g-L‘l v-Al;0, suspension In contact with 5 mM FeCl, and 0.5 mM
Te(VII) at pH 6.5 and 9.5

polyoxomethylene container enclosed by a CaF, window (Figure S3),
which ensured anoxic conditions during the measurement. The spectra
were recorded using a 532 nm laser (50 mW) with a 10-fold objective
and no filter, a pin-hole of 300 um and a slit of 300 um. The spectra
were taken as an average of three scans of 10 s, in which the laser
exposure to the sample was minimized to avoid degradation. The in-
tense band shown at 321 cm ™! belongs to CaFs.

2.7. X-ray diffraction (XRD)

XRD (MiniFlex 600 powder XRD, Rigaku with an X-ray source of
Cu Ka) was used to identify the solids formed after reacting with Fe?*
and Tc in batch contact experiments. More information about the
measured samples can be found in S3.

3. Results
3.1. Tc(VII) sorption on y-Al,O3: the binary system

The surface complexation of Tc(VII) on y-Al;,05 has been analyzed
as a function of pH and TcO4~ concentration. Shown in Fig. 1a, the
TcO4~ sorption on y-AlpOs, although initially low, i.e., < 10%, de-
creases with increasing pH, primarily between pH = 7-8. This behavior
is attributed to the diminishing positive surface charge on the y-Al>03
(pHig 9) surface with increasing basicity of the solution. However, the
isotherm plot at pH = 4.5 (Fig. 1b) shows a linearly increasing trend,
with a slope of 1.04 + 0.03 (r 0.996), which implies that surface
complexation occurs at a single site on the y-Al;03. The maximum
TcO,4~ sorption occurs under acidic conditions, with an average value
of 6.5% (Kp = 0.14 mL-g~ '), which is consistent with previously re-
ported results of Tc interaction with high-surface area y-Al,05 (Kumar
et al., 2011).

3.2. Tc uptake by y-Al203 in presence of Fe?*: ternary system

3.2.1. Effect of pH, ionic strength and time on the Tc removal

For a better comparison with the results of the binary system, ex-
periments were performed as a function of pH at two ionic strengths for
7 and 30 days. Firstly, the Fe?* sorption on y-Al,05 was studied for
better understanding its effect on Tc retention in the ternary system.
The measured Fe?* concentration in solution and after re-dissolution in
the batch experiments is plotted in Figure S4 (supplementary material).
It is observed that Fe?* content in solution and after re-dissolution
decrease with increasing pH at both ionic strengths, where the amount
of Fe?* after re-dissolution is higher than Fe?>* in solution. The dif-
ference between both measured Fe?* concentrations could correspond
either to Fe2* sorbed on the y-Al,0O5 and/or to the formation of soluble
Fe(II)-minerals. The concentration of Fe?* after re-dissolution is lower
than 75% of initial Fe?* for pH > 6.5 at both ionic strengths. In con-
trast, for pH < 6.5 the aqueous Fe*>* concentration decreases by 10%,
but only in the water system (Figure S4a).

Fig. 2 depicts the Tc removal in the ternary system. The Tc uptake
increases with increasing pH at both ionic strengths, being complete for
pH > 6.5; this trend is typically expected for cation sorption on metal
oxides as the surface charge becomes more negative with increasing pH
(Dzombak and Morel, 1990). However, Tc retention increases with
decreasing ionic strength at pH < 6, while its sorption behavior is in-
dependent of ionic strength at pH > 6. A faster kinetic Tc uptake is also
observed at pH < 6 in water, increasing from 20% (Kp = 550 mL-g %)
to 40% (Kp 1100 mL-g_l) of Tc removal after 7 and 30 days of
contact, respectively. The Tc scavenging efficiency of the ternary
system is higher than the one reported for Tc(IV) sorption on y-Al203
(Kumar et al., 2011), whose maximum Tc(IV) retention (30%) occurred
in the pH range from 6 to 8.

The Pourbaix diagram (Fig. 2¢) was calculated considering the Te(VID)/
Te(IV) redox-couple equation given in (Meyer et al., 1991). It shows that
the measured Eh values for most of the experimental data lie on the sta-
bility region of Tc(IV), which indicates that Tc retention in the ternary
system is a consequence of Tc(VII) reduction. Nevertheless, to corroborate
the oxidation state of the Tc in the ternary system, XPS experiments were
carried out (Figure S5). The spectrum shows two Tc 3d peaks, 3ds/, and
3ds,5, where the binding energy of 3ds, is 256.4 eV. This energy value
indicates that Tc is present in the +4 oxidation state in the sample (Wester
et al., 1987), confirming Tc(VII) reduction. In addition, XPS shows the
presence of Fe(Il) on the surface.

3.2.2. Detailed kinetics of Fe** evolution and Tc uptake

Further experiments were performed to better elucidate the Tc
scavenging kinetics in the ternary system at pH 4.8, 7.0 and 9.5 in
water. Fig. 3(a—c) represent the evolution of Fe?* concentration in the
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Fig. 1. (a) Tc ([Te(VI)]o = 5 uM) retention on 0.5 gL ~! y-Al;03 as a function of pH in H,0 and (b) [Tc(VII] at pH 4.5 and 0.01 M NaCl (colours according to labels of

the ordinate). Dashed lines are shown to guide the eye.
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between TcO4~ and TcO, according to (Meyer et al., 1991). Dashed lines are
shown to guide the eye.

ternary system and in a blank solution, and Fig. 3(d-e) shows the
amount of Tc removed from solution.

Fig. 3(a—c) shows that Fe?* concentration changes with time at
different pH values. It is evident that a faster decrease of aqueous Fe?™*
is observed with increasing pH. At pH 4.8 (Fig. 3a), the amount of Fe?*
in solution and after re-dissolution in the ternary system only slightly
decreases with increasing contact time (as observed in the Figure S4),
and the Fe?" concentration in the blank solution is barely affected over
the observed period. At pH 7.0 (Fig. 3b), the Fe?" concentration in
solution is lower than after re-dissolution and follows the same trend as
observed in Figure S4, while the kinetic decrease of dissolved Fe?™*
could be related to the higher Fe?* sorption on y-Al;03, as reported by
Nano and Strathmann (2006). At pH 9.5, the Fe?* concentrations de-
crease below the detection limit for both the Fe?* in solution in the
ternary system and in the blank; however, it was possible to measure
Fe?* after re-dissolution due to sorbed Fe?* being liberated from the y-
Al,04. This trend was also observed in an additional Fe** sorption
experiment performed with y-Al,O, for longer time (S4 and Figure S6).
The Fe(II) speciation was calculated to explain the depletion of Fe?* in
the blank solution at pH 9.5 (Figure S7). According with the calcula-
tion, for pH > 8, the main chemical species is solid Fe(OH),, with a
solubility constant of log Ksp = —12.25 (Brown and Ekberg, 2016); this

is a clear indication why it is not possible to detect Fe?>* in the blank
solution. In addition, the X-ray diffractogram of the precipitate re-
sulting from a Fe?* solution at pH 9.5 coincides with the diffractograms
of both Fe(OH), from the International Center for Diffraction Data
(ICDD) (ICDD 01-081-8012) and NaCl (ICDD 010-005-0628) (Figure
S8).

Fig. 3(d-e) shows that the Tc removal is faster with increasing pH.
Complete Tc removal was achieved after seven days at pH 7 and after
one day at pH 9.5. At pH 4.8, an increase of Tc uptake is observed
among 7 and 15 days of contact, as previously observed in Fig. 2a.

Furthermore, it is noteworthy that the formation of a solid was
visible to the naked eye during the two days of Fe?* pre-sorption on y-
Al,0O4 at pH 9.5 and pH 7.0, even in the absence of Tc, which was
especially pronounced at alkaline conditions. This solid was also ob-
served after Tc addition. According to Elzinga (2012), Fe?* and y-Al203
form a Fe(II)-Al(III) layered double hydroxide (LDH) under cir-
cumneutral to alkaline pH, whose solubility is very low, Ksp = 1072
(Bhattacharya and Elzinga, 2018). In this case, Fe(II)-Al(III)-Cl LDH
would be formed due to the presence of CI™ (i.e. the addition of FeCl,).
In addition to the predicted formation of Fe(OH), and Fe(II)-Al(III)-Cl
LDH, a change of color from white to brown was observed in the
ternary system with increasing pH, likely an indication for the pre-
cipitation of other iron secondary phases.

3.2.3. Identification of the formed Fe precipitates

In an attempt to identify the solids generated in this process, spe-
ciation calculations, SEM/EDXS analyses and Raman measurements
were performed.

3.2.3.1. Speciation. The reduction potential for Fe**/Fe’** s
0.772 = 0.002 V (Lemire et al., 2013). In contrast, the Tc(VII)/Tc(IV)
reduction couple depends highly on the Tc(IV) formed species. The
calculated potential for the reduction of TcO4~ to TcO,1.6H50 is
0.746 = 0.004 V in pure water, but it could be even higher, e.g.,
~0.844 V, in 1.3 M Cl™ solutions (Guillaumont et al., 2003).
Considering these values, the formation of Fe** is possible due to the
reduction of Te(VII) to Te(IV) in this system, and consequently also the
formation of Fe(IlI) solids and/or Fe(II)/Fe(Ill) solids is possible
(Jolivet et al., 2006; Usman et al., 2018).

In order to predict which Fe-minerals could be formed in the ternary
system, Tc and Fe speciation was calculated accounting for the initial Tc
(VII) and Fe?" concentrations used in the experimental conditions
(Figure S9). The resulting data have to be evaluated carefully, as the
code assumes that Tc is homogenously reduced and predicts the total Tc
reduction at pH 4.5 (Figure S9b). Nevertheless, both assumptions are
incorrect. The Tc reduction in the ternary system described here cannot
be accurately calculated since the reduction potential of sorbed Fe?* on
minerals is different than the one in solution, which has been previously
observed for Fe?* sorbed on Fe(Ill) minerals (Gorski et al., 2016),
y—Al;04 (Li et al., 2009) and TiO, (Zhu et al., 2013). Additionally, the
homogeneous reduction of Te(VII) by Fe?* is a thermodynamically
favorable process, but it is kinetically hindered (Cui and Eriksen,
1996b). Therefore, the calculations can only be used to analyze the
feasibility of Fe-mineral formation.

Figure S9a shows that the dissolved Fe** could form hematite
(Fez03) under circumneutral to acidic pH and magnetite (Fe(II)Fe
(II1),04) under circumneutral to alkaline pH. Considering the predicted
and reported formation of Fe-minerals, including the Fe(II)-Al(III)-Cl
LDH phase at circumneutral to alkaline pH, a very complex mixture of
minerals can be expected to form in the ternary system, which might
also contribute to the Tc sequestration by other mechanisms, such as co-
precipitation.

3.2.3.2. Scanning electron microscopy combined with energy-dispersive X-
ray spectroscopy. SEM imaging (Fig. 4) combined with EDXS analysis
(from Figure S10 to Figure S13) was applied to identify the morphology
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Fig. 4. Scanning electron microscopy images obtained after drying suspensions of (a) y-Al,O5 at pH 9, (b) FeCl, at pH 9, (c) Fe(1I)-Al(III)-Cl layered double hydroxide
at pH 9, (d) y-Al,O5 with sorbed Fe?* at pH 9.5 and (e) y-Al,O5 with sorbed Fe?* after Tc(VII) contact at pH 9.5.

of the precipitates / minerals formed in the ternary system.

As shown in Fig. 4a and Figure S10, the pure y-Al;03 NPs form large
aggregates, which is expected when the pH is near its pHjg (Missana
et al., 2014). The precipitates formed in the blank FeCl; solution at pH
9.5 exhibit different morphological features, such as prisms with hex-
agonal basal plane (~ 200-300 nm) and thin, irregularly shaped glo-
bules (~ 100-500 nm) (Fig. 4b and Figure S11), indicating the pre-
sence of at least two different phases. To note, the synthetic Fe(II)-Al

(IIN-Cl LDH forms piled thin-layered structures (~ 400-800 nm)
(Fig. 4c). The solids formed after y-Al,O3 was in contact with Fe?*
(Fig. 4d and Figure S12) show various morphologies: hexagons and
globules that resemble the ones observed in Fig. 4b and ¢, respectively,
and small spherical particles similar to the ones in Fig. 4a. These four
bulk solids strongly differ with those obtained for the ternary system
after Tc(VII) reduction (Fig. 4e and Figure S13), which implies that
drastic mineralogical changes have occurred as result of y-Al,04
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Fig. 5. Raman spectra obtained in dried suspensions of (a) y-Al203, (b) FeCl, at pH 9, (c) Fe(II)-Al(II)-Cl layered double hydroxide (black) without and (orange) with
photo-oxidation, (d) y-Al,0, with sorbed Fe?* at pH 9.5 and (e) y-Al,O, with sorbed Fe?* after Tc(VII) contact at pH 6.5 and 9.5. The band * corresponds to CaF,.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

interaction with Fe?* and Tc(VII). EDXS analysis of the resulting ma-
terial formed in the ternary system (Figure S13) reveals that Al, Fe and
Tc atoms coexist in the sample. Although no isolated Tc particles were
identified, it is noted that higher Tc concentrations are measured in
spots where Fe content is higher (Figure S13).

3.2.3.3. Raman microscopy. Raman microscopy was used to probe
several of the collected solids previously mentioned (Fig. 5 and
Figure S14). The y-Al,O3 powder has a characteristic sharp peak at
4395 cm~! and a broad weak peak that expands from 1100 to
2600 cm ™! (Fig. 5a). Fig. 5b shows two different spectra recorded for
FeCl, under alkaline pH. One of the spectra shows Raman shifts at 267,
492, and 3584 cm™!; the other one shows Raman shifts at 240, 294,
528, 548 and 673 cm ™. In order to verify whether the formation of Fe
(I)-Al(III) LDH occurs when y-Al,0, and Fe?* are in contact under
circumneutral to alkaline pH, they were synthesized as the pure phase
in a separate set of experiments and further characterized (S2) to
determine their contribution in the Raman signals (Fig. 5¢). Recording
the Raman spectra of the synthetic LDH was challenging due to photo-
oxidation via laser irradiation— apparent from the color transformation
of the ROI from light green to red observed after the measurement. The
spectra recorded for the photo oxidized LDH present Raman shifts at
235, 307, and 1341 cm ™, while the spectra of the LDH without photo
oxidation show peaks at 280, 360, 543, 681 cm ! and an intense peak
characteristic in the region of 3445-3560 em ™! (Fig. 5¢).

The different analyzed spots of the y-Al,05 in contact with Fe?* at
pH 9.5 show different peaks (Fig. 5d), likely attributed to the presence
of multiple phases, consistent with the microscopy. Area one shows
bands at 557, 682 cm ™! and a small contribution at 1321 cm ™. The
second measured spot presents Raman shifts around 1900-2600 cm ™%,
3825 and 4950 cm ™). The third area shows, together with the above-
mentioned shifts for the spots one and two, one additional peak at
1606 cm ~!. The spectra obtained for y-Al;03 in the binary system with
Tc show a sharp peak at 4400 cm ™! and a broad peak at 4700 cm ™!
(Figure S14). In the case of the ternary system (Fig. 5e), the main bands
are at 1350, 1650 and 4400 cm ™!, with minor bands are at around
2443, 3976 and 3146 cm ™! and a broad peak at around 3100 cm ™.

3.2.3.4. Xray diffraction. The diffractograms of the precipitates

obtained after Fe?* interaction with y-Al,03 and Tc interaction with
y-Al,03 containing pre-sorbed Fe?* were obtained at various pH
values. In all of the cases the diffractograms fit the one registered for
pure y—Al,O;, whose number is ICDD 00-002-1420 (results not
shown).

4, Discussion

Although in other studies y-Al,05 NPs have shown a high affinity for
anions in general (Missana et al., 2014), it is not the case for Te(VII) and
the determined sorption behavior is similar to the one reported for
high-surface area y-Al,0; (Kumar et al., 2011). However, despite the
small fraction of Tc(VII) sorption on y-Al>0O3, these results should be
considered in the long-term assessment of nuclear waste management,
as in most cases, TcO4 is assumed to be a conservative tracer that has
negligible mineral interaction (Lieser and Bauscher, 1987).

In comparison with the binary system, the Tc uptake in the ternary
system is highly improved. The enhanced Tc removal and its faster
uptake with increasing pH are related to the amount of Fe?* sorbed on
the y-Al,04 surface, which promotes Tc(VII) heterogeneous reduction.
Likewise, the enhanced heterogeneous Tc(VII) reduction with in-
creasing pH is due to the decrease of the Fe?* /Fe®* oxidation potential
when Fe?* is sorbed on y-Al,05 (Li et al., 2009).

In order to reduce 5 pM Tc(VII), three equivalents of Fe?* (15 uM)
are required, meaning that the initial 60 uM Fe?* in solution would be
decreased to 45 pM Fe?* (representing 75% of the initial Fe>*). Indeed,
values below 75% Fe?* concentration after re-dissolution are measured
for pH > 6.5, which agree with the complete Tc uptake measured. The
incomplete reduction for pH < 6.5 is likely due to the lower amount of
Fe?* sorbed on the y-Al,0; shown in the experiments (Fig. 3(a—c) and
Figure S4), especially at short contact times and in 0.25 M NaCl, which
agrees with previous studies (Nano and Strathmann, 2006). It is also
noted that the potential formation of soluble Tc(IV) species, e.g.,
[Tcy05(0H),1%*, Te(IV)-0-Cl and Tc(IV)-Cl-H,O species, and lower
oxidation states of Tc, such as Tc>*, (Grambow et al., 2018; Poineau
et al.,, 2006) at higher chloride and acid concentrations would also
hinder the formation of TcO,. Moreover, the faster Tc uptake with in-
creasing pH is supported by the fact that the presence of y-Al;0O3 en-
hances the rate of Fe?* oxidation due to a more favorable electron-
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transfer environment (Chen and Thompson, 2018).

The observed higher Tc removal in pure water than in 0.25 M NaCl
at acidic pH and its kinetic effect in the ternary system (Figs. 2a and
3 d) can be explained by the high sorption capability of y-Al,Os, in this
case for Fe?*. Nano and Strathmann showed that the Fe** sorption on
y-Al;03 at pH < 6 corresponds to 5-7% retention, and it slightly
increases when Fe®* concentration or ionic strength decreases.
Additionally, they showed that Fe>* retention occurred in two steps at
pH 7: the first occurs within a few hours (40% retention), while the
second proceeds within 8 and 33 days of contact (70% retention) (Nano
and Strathmann, 2006). These observations clearly agree with the
measured Fe?* concentration in our system (Fig. 3(a—c) and Figure S4).
This unexpected cation sorption under acidic conditions by y-Al,O3 NPs
has also been recently reported for Sr>* (Mayordomo et al., 2019).
Therefore, the good ion sorption capability of the y-Al,O3 NPs is related
to their small size (< 50 nm, Figure S15) and its high specific surface
area (127 m*g~ ') and promotes a wide Fe?>* sorption, which strongly
supports the heterogeneous Tc(VII) reduction in the ternary system.

We can identify the formed solid phases formed during the batch
contact experiments of the ternary system by combining SEM/EDXS
analysis results and Raman spectra. In most cases, the sensitivity of XRD
was not sufficient to identify the surface formed secondary phases be-
cause they are present only in low concentrations and, therefore, could
not be distinguished from the bulk material. In contrast, Raman mi-
croscopy allows focusing the laser on specific surface spots and, thus,
the identification of minor solids, regardless of their low concentration.
For the FeCl, solution under alkaline pH, the primary species was Fe
(OH)s, as speciation calculations predicted (Figure S7) and XRD showed
(Figure S8). However, according to the Raman spectra and the SEM
images, two different phases are present in the solid. The Raman peaks
at 267, 492, and 3584 cm ! (Fig. 5b) are similar to those assigned to Fe
(OH),, i.e., 260, 407 and 3573 cm ™! (Lutz et al., 1994). SEM imaging
also revealed particle morphology (Fig. 4b) consistent with that of Fe
(OH),, which forms flat planes that produce a brucite-like layered
structure (Jolivet et al., 2006). The second set of Raman peaks at 240,
294, 528, 548 and 673 cm ™! can be attributed to Fe;O4 (Hanesch,
2009), which is also supported by the hexagonal crystals observed in
Fig. 4b) that resemble magnetite (Kimura et al., 2013). The formation of
magnetite in our system indicates the presence of Fe(IlI) in the FeCl,
stock solution.

The band observed at 3445-3560 cm ™! in the Fe(I)-Al(III) LDH
spectra (Fig. 5c¢) is assigned to the OH stretching and it is in the range of
other reported Raman spectra for LDH phases (Rozov et al., 2010);
while its photo oxidation product is identified as hematite (Hanesch,
2009). The morphology of the resulting solid also agrees with its LDH
identity, as its observed structure (Fig. 4c) resembles those of pre-
viously reported LDHs (Goh et al., 2008; Wang et al., 2013).

In the Raman spectra for the solid, resulting from the interaction of
v-Al,03 and Fe?* at pH 9.5, several bands are visible (Fig. 5d). The
peak at 3825 cm ™! is related to the formation of LDH — the band shift
in comparison with the ones of the Fig. 5c could be due to structural
differences of the synthetic Fe(II)-Al(III)-Cl LDH and the in situ gener-
ated LDH after interaction of Fe*>* with y-Al,05. Additional bands at
557 and 682 cm ™~ ! can be attributed to magnetite (Hanesch, 2009), and
the small contributions at 1321 and 1606 cm ™! could be associated to
hematite and maghemite (Hanesch, 2009), respectively, formed after
photo-oxidation. Finally, the band around 1900-2600 cm™' and
4950 cm™! is likely associated to the y-Al,Os;. The latter bands are
drastically shifted in comparison with the y-Al,O3 powder (Fig. 5a); one
feasible explanation is the variation of the y-Al,O3 vibrations due to the
Fe** sorption on y-Al,05. The globules present in Fig. 4d support the
formation of LDH because their structure is similar to the one of the
synthetic Fe(II)-Al(II)-Cl LDH (Fig. 4c).

The spectra of y-Al,O3 after the reaction with Tc (Figure S14) show
similarities to the spectra of y-Al,O3 powder (Fig. 5a) and, due to the
absence of Tc(VII) Raman shifts expected to be at 880 and 900 cm ™!

(Weaver et al., 2017), we can only assume that the presented features at
1800, 3200 and 4700 cm ! belong to the interaction of water with the
alumina.

The Raman spectroscopic identification of the solid formed in the
ternary system is much more difficult because the intensity resulting
from the laser interaction with the sample saturates the detector.
Therefore, the spectra shown in Fig. 5e were obtained after adding a
filter to the laser beam; as a consequence, information about bands with
lower intensity might have been lost. The spectra bands shown around
1350 and 1650 cm ™' could be assigned to maghemite and hematite,
respectively. As well, for both pHs, the characteristic band of y-Al,O3
(4400 cm ™ 1) is still present and a broad peak at around 3100 cm Y,
which might be attributed to a shift of the LDH band after interacting
with Tc. The presence of LDH in the ternary system is supported by the
arbitrary presence of small layered structures in Fig. 4e. The additional
bands observed in the spectra are difficult to correlate with other spe-
cies. The magnetite features shown in Figs. 4d and 5 d are not observed
in Figs. 4e and 5 e, which could be due to the mineralogical change of
magnetite due to Tc e.g. formation of other Fe phase or Tc incorpora-
tion. Additionally, the absence of a proper TcO, spectrum in the lit-
erature hinders its possible identification, so it is assumed that these
signatures might be related to TcO, or to Tc-O bands; however, this is
only a hypothesis and further experimentation is required for accurate
determination. Studies have reported that Fe*>* oxidation in presence of
alumina leads to nanocrystalline lepidocrocite (y-FeOOH) and goethite
(a-FeOOH) (Chen and Thompson, 2018), which are also likely the case
here, wherein the bands shown at around 400 and 550 cm ™! could be
related to those phases (Fig. 5e).

Although the formation of the various solid Fe phases is possible
within this system, high Tc retention capabilities have been reported for
most of them and, despite being present in small amounts, they can
contribute to Tc retention. Tc forms surface complexes on, and is also
incorporated into magnetite (Marshall et al., 2014; Yalcintas et al.,
2016; Luksic et al., 2018), which stabilizes Tc(IV) and prevents its re-
oxidation. The Fe(OH), phase has been shown to incorporate Tc(IV)
under alkaline pH (Saslow et al., 2017; Luksic et al., 2018). The re-
sulting Fe(Il) transforms into magnetite (Saslow et al., 2017), and a-
and (-FeOOH (Kergourlay et al., 2018), whose formation prompts Tc
co-precipitation (Luksic et al., 2018). Although Tc sorption on Fe(II)-Al
(II1)-C1 LDH has not yet been studied, a recent paper reports an efficient
method via anion exchange of TcO,~ by CO3;>~ and NO;~ counter
anions of Mg(II)-Al(III) and Mg(II)-Fe(IIl) LDH phases (Daniels et al.,
2019). This behavior is consistent with the high anion exchange capa-
city of LDH phases (Goh et al., 2008). It is envisioned that this could
enable the removal of unreacted TcO,, as well as the retention of Tc
by surface complexation, incorporation (Forano et al., 2013), or in the
case of Fe(II)-Al(II)-Cl LDH, by Tc(VII) reduction. Moreover, the im-
possibility of measuring isolated Tc particles in the ternary system by
EDXS analysis (Figure S13) supports that Tc(IV) could be related either
to the surface complexes formation, incorporation, or co-precipitation
with the solids in suspension. Therefore, the formation of the Fe-mi-
nerals improves the Tc retention performance of the Fe?*-y-Al,05
system, and thus is an important factor to consider.

5. Conclusions and outlook

The interaction of Tc(VII) with y-Al,O3-NPs (binary system) yielded
a maximum of 6.5% retention under acidic conditions with little to no
uptake at pH > 7. This is consistent with, and has implications for,
commercial medical °°Mo/°°™Tc-radiopharmaceutical generators
where Al,Os is used as the primary column material. When Fe?™ is pre-
sorbed on the y-Al,O3 (ternary system), Tc uptake is due to the Tc(VII)
reduction to Tc(IV), which is nearly complete from neutral to basic
conditions. At lower pHs Tc retention capacities are improved up to
~40%. Likewise, faster uptake kinetics of Tc for the ternary system
were observed with increasing pH, showing complete Tc scavenging for
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pH values higher than pH 6.5. These results indicate that ideal sorbent
capabilities of y-Al,03 NPs - improved in comparison with their bulk
counterparts due to their higher surface to volume ratio - govern the
efficiency and rate of the heterogeneous Tc(VII) reduction in the
ternary system.

Raman microscopy allowed to identify the formation of various
solids in the ternary system: Fe(I[)-Al(III)-Cl LDH, Fe(OH),, Fe3O,,
FeOOH and Fe,0s;. Their presence could improve the Tc retention,
despite their low concentrations. The interactions of Tc with Fe(OH),,
Fe30,4, FeOOH and Fe,03 have been already published; however, the
retention of Tc by the Fe(II)-Al(III)-Cl has not yet been reported, and
should be investigated in more detail as it seems to be a promising
candidate to remove Tc.

Ultimately, the results presented here show that Fe** sorbed on y-
Al,O3 is an efficient Tc scavenging material, particularly under anoxic,
basic conditions where uptake is complete. These findings have im-
plications related to the construction and operation of geological re-
positories, where similar environmental conditions will likely occur.
Likewise, the interaction of Fe, arising from omnipresent Fe-based
materials, such as steel and other structural / construction components,
and their inevitable corrosion products, with minerals in the host rock,
such as y-Al,0s3, or those that chemically resemble it, e.g., zirconia,
titania, etc., should be accounted for when developing multisystem
models for predicting Tc behavior under these settings. However, for
building up a reliable model that represents the Tc uptake by y-Al,O3 in
the ternary system, it is required to decipher the responsible mechan-
isms within surface complexes formation, incorporation, or co-pre-
cipitation with the solids in suspension.
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S1. Synthesis of the Fe(11)-Al(I111)-Cl layered double hydroxide (LDH).

The synthesis of the Fe(l1)-Al(111)-Cl layered double hydroxide (LDH) was carried out in a glove box with O, concentration < 2 ppm. The procedure was similar
to the one reported by Zhong et al. [1]. The synthesis consisted of the co-precipitation of the Fe(I1)-Al(l11)-Cl LDH when 0.02 mol of AICI3-6H.0 (> 99% Alfa
Aesar) slowly dissolved in 200 mL of degassed deionized water were mixed with 0.03 mol of FeCl,-4H,0 (> 99%, Aldrich) in 200 mL of water. The resulting
solution was set at pH 9.5 by addition of 200 mL of a 2 M NaOH solution. The co-precipitation of the Fe(ll)-Al(I11)-Cl LDH was immediately observed with
increasing the pH. Then, the suspension was heated up to 65 °C and ultrasound was applied for 30 minutes by using an ultrasound finger. The resulting suspension
was washed with degassed water and then centrifuged at 600 g for 30 min, after which, the supernatant was removed. The latter process was repeated thrice.

The synthetic Fe(I1)-Al(I11)-Cl LDH was finally dried with a lyophilizator (Christ alpha 1-4) and homogenized with an agate mortar inside the glove box. The
diffractogram of the synthetic solid is shown in the Figure S1. The diffractogram coincide with the ones already reported for Fe(I1)-Al(111) LDH phases [1,2].
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Figure S1. X-ray powder diffractogram of the synthetic Fe(I1)-Al(I11)-Cl layered double hydroxide.
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S2. Detailed experimental set up for batch contact experiments.

For the batch contact experiments in the ternary system, we have followed a similar procedure than the one carried out by Peretyazhko et al. [3]. However, we have
used lower amounts of the sorbent and FeCl.: down to 0.5 g-L~! y-Al,O;3 (instead of 3 g-L™1) and 60 uM FeCl, (instead of 0.1 mM Fe?*). The amount of Tc(VII)
used was 5 UM in order to keep the same ratio Fe(11)/Tc(VI1) = 12 as used in [3]. The reduced FeCl, concentration was used to ensure the heterogeneous Tc(VII)

reduction.

One set of experiments consisted of evaluating the effect of pH (from pH 4 to pH 10) and ionic strength (H,O and 0.25 M NaCl) on the Tc retention. Suspensions
were sampled after 7 and 30 days of contact. The other set of experiments evaluated the kinetics of Tc retention on the ternary system (from 30 minutes to 30 days)
under different pH values (4.8, 7.0 and 9.5).

60 uM FeCl; aqueous solutions were prepared by addition of 2 mM FeCl; stock solution in 50 mL of water in Eppendorf tubes®, then pH was adjusted. After two

days of equilibration, 10 mL of solution were extracted as blank solution and the remaining 40 mL were used for the ternary system experiments.

The ternary system experiments were carried out by adding y-Al,Os powder to 60 uM FeCl, solution and, after 2 days of equilibration, Tc(VII) was added in the
suspension. The suspensions were kept under continuous horizontal stirring. Kinetically, 2 x 2.5 mL of suspension were sampled. The first was directly centrifuged
at 600 g for 1 hour, and then two 0.25 mL aliquots were taken for determining the Tc and Fe?* concentration in solution by LSC and UV-vis, respectively.
Furthermore, the pH and Eh of supernatant were measured. The second was acidified with 0.25 mL of 6 M HCI with the aim of re-dissolving the Fe?* that is sorbed
on the y-Al,Os or taking part of soluble Fe(ll) solids. After 1h under acidic conditions, the suspension is centrifuged at 600 g for 1 hour and a 0.25 mL aliquot of

supernatant is taken to evaluate the Fe?* concentration after re-dissolution.

The blank solution was sampled at the same time as the ternary system. In this case, 2 x 0.25 mL of solution were taken. The first was taken to evaluate the amount
of Fe?* in solution by UV-vis. The second was acidified with 0.25 mL of 6 M HCI for one hour and then centrifuged at 600 g for 1 hour. Afterwards, 0.25 mL of
the supernatant were taken to evaluate the amount of Fe?* after re-dissolution by UV-vis. The measured Fe?* concentration in solution and after re-dissolution had

negligible differences; therefore, the Fe?* shown in the graphs was calculated as an average of both.
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49 Figure S2. Scheme of sampling and experimental set up of batch experiments for analyzing Tc retention on y-Al.Os in presence of sorbed Fe?*.
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Figure S3. Cell used in Raman microscopic measurements (left) disassembled and (right) assembled containing a sample.

The cell consists of a PVC lid containing a glued 0.5 mm thick CaF, window and a base made of polyoxymethylene with a 1 cm deep hole, created to avoid the
peaks coming from the polyoxymethylene, over which lies another 0.5 mm thick CaF, window and a surrounding rubber o-ring. Both parts are screwed inside the
glove box. This assembly ensures the absence of O; inside the cell.
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S3. Detailed experimental set up for X-ray diffraction (XRD) measurements.

Several XRD measurements were carried out with the aim of identifying the secondary phases formed in the experiments. The precipitates resulting of the
following samples were measured: (1) 60 uM Fe** at pH 9.5, 0.5 g-L™' y—Al,03 in contact with 60 uM Fe**at (2) pH 7.5 and (3) pH 9.5 and 0.5 g-L™' y—Al,03 containing
pre-sorbed Fe? in contact with 5 pM Tc(VI1)O4™ at (4) pH 4.5, (5) pH 7 and (6) pH 9.5.

The sample preparation took place inside the N, glove box (0, < 0.5 ppm). After the samples were in constant horizontal stirring for seven days, they were
centrifuged at 600 g for 1 h and the supernatant was removed. The solid was dried and then homogenized with an agate mortar. Finally, the solid was deposited

on an air-tight sample holder (Rigaku) to ensure N, atmosphere while the measurements were performed.
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Figure S4. Fe?* aq measured (represented as %) as a function of pH (e.0) directly in solution and (m.o) after acidification of an aliquot. representing the Fe**fraction
after re-dissolution (e.m) 7 days and (o,0) 30 days of contact. The plotted data correspond to the batch experiments to analyze the removed Tc from solution after
being in contact with y-Al,Os containing sorbed Fe?* in (a) H,O and (b) 0.25 M NaCl (Figure 2).
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74  Figure S5. X-ray photoelectron spectra obtained of a dried suspension of y-Al,O3 with sorbed Fe?* after Tc(VII) contact at pH 9.5. (a) full XP spectrum (b) zoomed
75  XP spectrum (c) Fe 2p spectrum and (d) Tc 3d spectrum. [Tc(VII)]o = 0.5 mM, [Fe*Jo =5 mM and 0.5 g-L? y-ALOs. Solid lines are the fits of the Tc 3d doublet.
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88  Figure S8. X-ray powder diffractogram of the precipitate resulting from a Fe?* solution at pH 9.5.

89

100



90

91

92
93
94

95

[Species] (uM)
» IJI 4

N
()]
1

o
o
I

H,O a)i
—m—Fe? ]
A Fe(OH)* ]
¢ Magnetite]
> Hematite ]
® TcO;

TcO,

T . T . T r T v b
100H )

80 7 i
|

© 60+ r 1
- v

X 40 - [l J
|

‘ ]

i n 4.*TCO4—

20 \. TcO, |

0— %

I T o T b T T 1

4 6 8 10 12

Figure S9. (a) Theoretical concentration of Tc and Fe species as a function of pH when considering [Tc(VII)]o =5 uM. [Fe**]o= 60 uM. (b) Predicted Tc speciation
in (a), represented in percentage. The last iron thermodynamic database [4], including the formation constant of Fe(OH), [5] and the latest technetium

thermodynamic database [6] were considered for the modeling.
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97 Figure S10. Scanning electron micrograph of and energy dispersive X-ray spectrum of y-Al,Os at pH 9.0.
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Figure S11. Scanning electron micrograph of and energy dispersive X-ray spectrum of FeCl, at pH 9.0.
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103 Figure S13. Scanning electron micrograph of and energy dispersive X-ray spectrum y-Al,Os with sorbed Fe?* after Tc(VII) contact at pH 9.5.
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105  Figure S14. Raman spectra obtained in dried suspensions of y-AlO3 with sorbed Tc(VII) at various pH. The band (*) corresponds to CaF».
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Figure S15. TEM and STEM analysis of the y—Al,O3; nanoparticles (NPs). (a) HAADF-STEM micrograph of an aggregate of y—Al,O3 NPs, (b) selected-area
electron diffraction pattern recorded in TEM mode for the aggregate of NPs in (a) confirming the y—Al,Os cubic microstructure [7], and (c-e) element maps based
on EDXS analysis in STEM mode for the aggregate of NPs shown in (a): (c) Al, (d) O and (e) Al-O.
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