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Abstract

Technetium is the lightest element whose isotopes are all radioactive. Among them, **Tc
(hereafter simply referred as technetium or Tc) is the most abundant and raises great
environmental concern due to its relatively long half-life of 2.14x10° years and the high mobility
of pertechnetate, Tc(VII)O4™, its most stable form under aerobic conditions. The reduction from
Tc(VII) to Te(IV) is one of the most successful strategies for Tc immobilization; however, the
mechanism of this redox reaction is not yet fully understood. This presents a large gap in the
general knowledge of technetium chemistry and a significant obstacle for the modeling of its
reactivity in contexts like a nuclear waste repository. This thesis was developed in the frame of
the BMWi funded VESPA II project, and it studies the surface-mediated reduction of **Tc(VII)
using a combination of fundamental chemistry and its application for remediation and nuclear

waste management.

First, spectro-electrochemical methods (cyclic voltammetry, rotating disk electrode,
chronoamperometry coupled with UV-vis, Raman microscopy and nuclear magnetic resonance)
were employed to study the reduction mechanism of 0.5 mM KTcOs4 in non-complexing media
(2 M NaClOs) in the pH range from 2.0 to 10.0. It was found that the mechanism depends on
the pH. At pH 2.0 it splits into two steps: Tc(VII) gains 2.1 + 0.3 electrons and becomes Tc(V)
that rapidly reduces to Tc(IV) with the transfer of further 1.3 = 0.3 electrons. In contrast, at
pH > 4.0 there is a direct transfer of 3.2 £ 0.3 electrons. The complete reduction of Tc(VII)
yielded a black solid that was successfully characterized by NMR and Raman microscopy as
Tc(IV) regardless of the initial pH at which the reaction occurred. Unfortunately, it was not

possible to observe the Tc(V) species at pH 2.0 by the spectroscopic tools used.

Second, the reductive immobilization of Tc(VII) by pure pyrite and a synthetic mixture
marcasite-pyrite 60:40 (synthetic FeSz, with both minerals being polymorphs) was studied by a
combination of batch sorption experiments (Tc-removal was studied varying pH, contact time,
ionic strength and Tc concentration) and several spectroscopies and microscopies such as

Raman microscopy, scanning electron microscopy, X-ray photoelectron spectroscopy and
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X-ray absorption spectroscopy. It was found that both pyrite and the synthetic FeSz promote the
reduction of Tc(VII) to Tc(IV). In the case of pure pyrite, the Tc-removal is complete after one
day in contact at pH > 5.5. The spectroscopic analysis showed at pH 6.0 an inner-sphere complex
between Tc(IV) dimers and hematite formed as secondary mineral on the pyrite surface. In
contrast, at pH 10.0 Tc(IV) gets incorporated into surficial magnetite by replacing Fe*" in
octahedral position, with Fe? providing reasonable charge compensation for Tc*".

The presence of marcasite made the process slower and less efficient since the synthetic FeS:
was capable to remove 100% Tc from solution only after seven days in contact at
6.0 <pH < 9.0 while the Tc-removal at pH 10.0 was only around 80%. At pH 6.0 the formation
of hematite was also observed, suggesting that the formed Tc(IV) species at the surface is the
same as with pure pyrite. However, at pH 10.0 the formation of sulfate minerals evidences a
change of redox active species: S* instead of Fe**. This, combined with the fact that in both
solids the formation of TcSx species was detected by XPS at pH 10.0, shows the potential of
sulfur as another reducing agent for Tc(VII). The effect of polymorphism on the Tc removal is
remarkable and this work shows the relevance of more studies on the interaction of radionuclei

with other mineral polymorphs.

Regardless of the kinetics of the Tc removal, both pyrite and synthetic FeS> hindered the re-
oxidation of Tc(IV) when exposed to ambient atmosphere for two months. This feature makes
them good candidates for the remediation of technetium from contaminated waters. Moreover,
natural attenuation effects can be expected for technetium in the near and far field of nuclear

waste repositories wherever iron sulfide is present.

The results presented in this work contribute to a better understanding of the fundamental
aqueous chemistry of technetium and confirm pyrite, a ubiquitous mineral, as a very good
candidate for technetium scavenging even in the presence of marcasite. These results close
important gaps in thermodynamic databases that are needed for the safety assessment, i.e.

modeling of fission products.
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Symbols and abbreviations

Symbols
Symbol Meaning Unit Definition
Group of four quantities characterizing the
c concentration composition of a mixture with respect to the
volume of the mixture
) Potential of a redox reaction at a certain
E®’ Formal potential A"
temperature T
E Electric potential A" Energy / Charge
_ Tendency of a chemical species to be reduced or
Eh Redox potential A% .
oxidized
Ei Initial potential v Initial potential of the cyclic voltammetry
Er Final potential v Final potential of the cyclic voltammetry
. . Maximum potential value reached during the
Emax Maximum potential v
voltammetry
. ) Minimum potential value reached during the
Emin Minimum potential \"
voltammetry
) Potential at which the current reaches a maximum
Ep Peak potential A% o i .
(or minimum) during a redox reaction
. Potential at which polarographic wave current is
Ein Half-wave potential A% o
one half of diffusion current
I Current A Voltage / resistance = Charge / time
Lap Anodic peak current A Height of the anodic peak
Lep Cathodic peak current A Height of the cathodic peak
Ip Peak current A Maximum current of a peak
M Molar concentration mol L! Mole of solute per liter of solvent
R Universal gas constant J mol! K --
T Temperature K --
. Time after which the concentration of the species
2 Half-life drops to half the initial value
v Scan rate Vst dE/dt



Abbreviations

Abbreviation Concept

Au-SERS Gold surface-enhanced Raman scattering
CA Chronoamperometry

CA/UV-vis Chronoamperometry coupled with UV-vis
CP Cathodic peak

cpm Counts per minute

Cv Cyclic voltammetry

DL Diffusion layer

DLS Dynamic light scattering

DMSO Dimethyl sulfoxide

DPV Differential pulse voltammetry

DRG Deep geological repository

EDX Energy dispersive X-ray spectroscopy
EXAFS Extended X-ray absorption fine structure
FP Fission products

FTM Fourier transform magnitude

ICP-MS Inductively coupled plasma mass spectrometry
ITFA Iterative transformation factor analysis
LSC Liquid scintillation counting

NA Avogadro’s number

NEA Nuclear Energy Agency

NEA-TDB NEA Thermochemical Database

NMR Nuclear magnetic resonance

pHIEP Isoelectric point

OM Organic Matter

Ox Oxidated species

RDE Rotating disk electrode

Red Reduced species

SEM Scanning electron microscopy

Tcsol Technetium in solution

UV-vis Ultraviolet-visible spectroscopy
XANES X-ray absorption near edge structure
XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

Z Atomic number

z-potential

Zeta potential






Introduction

Technetium (Tc, z = 43) was discovered in 1937 in Italy by Carlo Perrier and Emilio Segre."?
It was produced synthetically by deuteron activation of a piece of metallic molybdenum that
had undergone bombardment in the cyclotron in Berkeley, California. With this discovery, the
gap between molybdenum (z = 42) and ruthenium (z = 44) predicted by Mendeleev during the
1860s was finally closed. Thus, technetium is located in the seventh group of the periodic table
between manganese and rhenium (Figure 1). These transition metals have high melting and
boiling points and they exhibit several oxidation states that, in the case of technetium, range

from -1 to +7, as it will be discussed later.

24 25 26
Cr Mn Fe

Chromium Manganese Iron

51.996 54.938 55.845
42 43 44
Mo Tc Ru
s T8 507 101.07
74 75 76
W Re Os
Tungsten Rhenium Osmium
183.84 186.207 190.23

Figure 1. Technetium in the periodic table.

Technetium is the lightest element whose isotopes are all radioactive. Among them, the longest-
lived ones are *"Tc (ti2=4.21x10° years), **Tc (ti2= 4.20x10° years) and *Tc (ti2= 2.14x103
years), the last being the most abundant. Initial fission products (FP) of uranium and plutonium
typically have a high neutron/proton ratio that makes them decay to reach stabilization. The
radioactive decay of the FP of mass 95 — 98 stops at molybdenum, while for FP with mass> 100,
it continues until ruthenium. Therefore, *Tc (hereafter, simply referred as technetium or Tc) is

practically the only technetium isotope produced by nuclear fission. It is worth mentioning that
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while *Tc is a pure B~ emitter, its meta stable isotope, *™Tc, emits gamma rays (140 keV)
which, in combination with its short half-life (6.01 hours), makes it very useful for medical
diagnosis. This application was first published in the early 60s* and, since then, **™Tc has been
used for imaging of the brain, myocardium, thyroid, lungs, liver, gallbladder, kidneys, skeleton,

blood, and tumors.

Even though Tc may occur naturally at ultra-tracer levels through the spontaneous fission of
238U, neutron-induced fission of >**U or cosmic ray reactions with molybdenum, ruthenium and
niobium present in the Earth’s crust, it is mainly found in the environment due to anthropogenic
sources.* During the thermal neutron fission of 23U and 2*°Pu, technetium is produced with a
yield of approx. 6.1% in nuclear power plants> and the use and testing of nuclear weapons,
during the past century.*® Other techniques, like *Mo/*™Tc¢ generators (Figure 2), are
employed to produce the metastable isotope for medical applications by separating the soluble
mTcO4~ from its parent isotope “MoO4>~ in a chromatographic column,’® leading to the

production of low to intermediate-level nuclear waste.

#—— Saline Solution

F’g\grent and g%%ughter
Lead Shielding (**Mo and **MTe) «_ |

Glass Column

Alumina (AI203) —]

Glass Frit

Daughter (**™Tc)

+«—+— Eluted Vial
M

Figure 2. ”Mo/”"Tc generator. Taken from reference °.

It is estimated that from 1943 to 1987, 100 to 140 TBq of technetium have been released due to
atmospheric nuclear weapon testing, from which a large fraction has been deposited or
incorporated into sediments.!® However, the largest amount of technetium has been produced

during active nuclear power generation. According to Kloosterman'' 21 kg of technetium,
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equivalent to 13.2 TBq, are produced annually in a large 1 GW generator. Its estimated global
inventory gives account of 78x10° kg of technetium produced until 1994 and projected
15.1x10° kg generated only in 2007. Assuming the Tc production of 2007 as a roughly average,
there are approximately 470.6x10° kg of technetium (296.3x10'3 Bq) expected on Earth in 2020,

the majority of which is still waiting for proper disposal.!!

In order to ensure a safe storage of radioactive pollutants, deep geological disposal has been
suggested by the International Atomic Energy Agency in 2003'% and, nowadays, it is widely
accepted by the international community for the long-term storage of high-level radioactive
waste.!>!* Such disposal relies on a multi-barrier approach that combines engineered barriers
(containers and geotechnical buffers) and the natural geological barrier provided by the
repository host rock.!3 In the worst-case scenario water enters the repository, promoting canister
corrosion and mobilizing with it soluble radionuclides. Therefore, it is crucial to understand the
interaction of technetium with the materials used for the engineered barrier construction and the

minerals that form the geological barrier.

Technetium migration behavior and bioavailability strongly depend on its speciation in aqueous
solution and on its oxidation state. Under aerobic conditions, it mainly exists as pertechnetate,
Tc(VII)O4~, a highly water-soluble anion that does not significantly sorb on minerals or

sediments®!?

, 1.e. 1t is considered inert and therefore, its migration with groundwater is favored.
Under reducing conditions, Tc(VII) becomes Tc(I'V), whose main species, TcOz, is a solid with
a low solubility product (Log Ks = 8.17 + 0.05'®) and, thus, its mobility decreases. Due to its
high mobility, pertechnetate can easily enter the food chain. In humans, it is mainly localized in
the thyroid gland (75%), gastrointestinal tract (20%), and the liver (5%), and the biological half-
lives for Tc in these organs are 1.6 days, 3.7 days, and 22 days, respectively.!” The US
Environmental Protection Agency has established its permitted contamination limit at 0.04 mSv

per year, because exceeding this dose increases the risk of cancer and other health problems.!®

The clear importance of technetium speciation on environmental processes contrasts with the
lack of knowledge of technetium redox chemistry. Despite several years of studies, it is still not
clear whether the reduction mechanism from Tc(VII) to Tc(IV) in water involves the direct
transfer of three electrons or if there is an intermediary oxidation state formed during the
reaction.!”?® Hence, a mechanism for the aqueous reduction from Tc(VII) to Tc(IV) has not
been formulated yet. Additionally, the effects of the pH and the ionic strength on the reaction
have not been systematically studied. Therefore, the redox potentials reported for the reduction

reaction significantly differ from each other depending on the conditions used. This is a
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substantial problem for the modeling of the behavior of technetium for example, in the near and

far field of a nuclear waste repository.

As mentioned above, the mobility of technetium can be drastically decreased by reducing
Tc(VID) to Te(IV). Thus, several works approached Tc removal from water by using Fe(II)
minerals, as they trigger the Tc reduction and lower its mobility by incorporating, sorbing or
precipitating Te(IV).22* Among them, pyrite (cubic FeS2), the most common redox sensitive
sulfur mineral, has shown to scavenge Tc from solution in presence® and absence of humic
substances.?®?” However, several issues like the pH effect and the marcasite (orthorhombic
FeS») effect have not been determined yet. Furthermore, the molecular mechanisms involved in
the Tc removal by pyrite are not understood at all. This constitutes a lack of understanding
required to design and optimize a sustainable and efficient retardation strategy for Tc
contamination. Moreover, it is important to bear in mind that usually the re-oxidation from
Tc(IV) to Te(VII) is very fast. Therefore, a proper material for technetium immobilization must
inhibit such re-oxidation for as long as possible and this has not been investigated yet with

technetium immobilized by pyrite.

This thesis deals with two approaches aimed at filling several gaps in the knowledge of
technetium chemistry. In the first chapter, spectro-electrochemical methods (cyclic
voltammetry, Randles-Sevcik and Levich analysis and chronoamperometry coupled with UV-
vis) were used to study the reduction from Tc(VII) to Tc(IV) in the presence of sodium
perchlorate (NaClO4). This background electrolyte was chosen because it is not supposed to
form complexes with technetium,?® 3! being, therefore, a good approximation to the behavior of
Tc interacting solely within pure water. A wide range of pH (2.0 to 10.0) was applied to
determine its effect on the reaction pathway. The solid produced after the complete reduction of
Tc(VII) was analyzed by Raman microscopy and nuclear magnetic resonance (NMR) to verify

its chemical identity and confirm the findings of the spectro-electrochemical methods.

In the second chapter, the reductive immobilization of Tc(VII) by pure pyrite and a synthetic
FeS: (mixture marcasite-pyrite 60:40) was studied with the aims of 1) understanding the effects
of pH, Tc loading and ionic strength on Tc removal and ii) identifying the molecular
mechanisms involved. Batch experiments were performed in a pH range from 3.5 to 10.5 in
deionized water and in 0.1 M NaCl under N2 atmosphere. In addition, re-oxidation studies were
carried out under ambient atmosphere. Scanning electron microscopy (SEM) was used to
analyze the morphology of the minerals before and after Tc interaction. X-ray absorption

spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS) and Raman microscopy were
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applied to identify the Tc retention mechanisms and the molecular environments after its

interaction with the minerals.

Since the two approaches used in this work employ very different experimental methods, it is
expected that each chapter can be independently read from each other. To this propose, the
theoretical background of the experimental methods employed is presented in each
corresponding chapter and at the end of the thesis, an experimental section with all the technical

details can be found.

Together, the spectro-electrochemical and the reductive Tc immobilization approach generate
an enormous contribution to the knowledge about technetium fundamental aqueous chemistry
and the understanding of the reactive behavior of transition metals. This, in turn, will be very
helpful for the modeling of technetium migration through natural and anthropogenic
environments. Moreover, this work provides sorption data required for the safety analysis of a
nuclear waste repository placed in crystalline or argillaceous host rocks where iron sulfide will

most likely be present.>33
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Chapter 1.
Spectro-electrochemical studies of the
reduction Tce(VII)/Tc(IV)

The reduction from Tc(VII) to Te(IV) is of great importance from the radioecological point of
view because it is the main strategy for its immobilization and/or further remediation.*>
However, more than 80 years after the discovery of technetium, it is still not clear how does this
reduction proceed in water due to the irreversibility of the process, the formation of colloid or
solid phases that render the determination of thermodynamic data impossible, or the lack of
systematic studies on this matter. As it will be shown in the next section, even though many
authors have studied Tc(VII) reduction, the conflicting and contradictory results prevent the

construction of an accurate Latimer diagram at alkaline pH.

The lack of thermodynamic data is not only an enormous gap in the basic understanding of
technetium and the transition metals chemistry, but is also represents a large problem for the
modeling of the behavior of Tc in legacies or contaminated sites and, maybe more important,
for the nuclear waste management. The latest update of the Nuclear Energy Agency
Thermochemical Database (NEA-TDB) of technetium® presents a standard potential value for
the Te(VID)/Tc(IV) reduction under acidic conditions that actually varies from 0.746 £ 0.012 V
t0 0.757 £0.006 V depending on how fresh is the amorphous hydrated TcO2 produced. It might
be related to the formation of intermediary oxidation states combined with kinetic effects. This
shows the importance of understanding the reduction mechanism in water, since that would

make the derivation of thermodynamic data not only easier but also more reliable.
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In this work a combination of electrochemical methods (cyclic voltammetry, rotating disk
electrode, chronoamperometry) and several spectroscopies (UV-vis, Raman microscopy and
nuclear magnetic resonance) were used to determine the reduction mechanism of Tc(VII) in
non-complexing media, i.e. NaClO4. This approach aims to come closer to the molecular
reactions of Tc in pure water to expand the general understanding on technetium aqueous

chemistry.
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reduction Tc(VII) / Tc(IV)

1.1. Theoretical background

1.1.1. Technetium redox chemistry

Technetium oxidation states range from -1 to +7, with -1, +1 and +2 being the least stable, while
the most common valences are +4 and +7 due to the [Kr]4d® 5s configuration that promotes the
stability of the higher oxidation states.*

In his paper of 1978, Grassi’’ summarized the general knowledge about technetium redox
chemistry available at that time. Most of the studies were done in chloride, sulfate and

perchlorate media but the interpretation of the polarographic data was complicated and most of

the time contradictory due to the uncertainty on the oxidation states involved. Thus, Salaria et

al.3%* proposed the reduction of pertechnetate in acidic media in two steps, as described in Eq.

[1] and [2]:
Tc(VID) + 4e~ = Te(I1I) [1]
Te(III) + 3e~ = Te(0) [2]

However, these results contradicted those of Zhdanov et al.*’, who reported that the first step

should be as shown in Eq. [3], where Tc(IV) would be present as TcOx.
Te(VID) + 3e~ > Te(IV) [3]

Similar differences were found in alkaline media: while Salaria et al.>® proposed Eq. [4] and [5]
to describe Tc(VII) reduction:

Te(VID) + 3¢~ > Te(IV) [4]
Te(IV) + le~ > Te(Il) 5]
Other authors*®**? reported a mechanism like the one presented in Eq. [6]:

Te(VID) + 26~ > Te(V) + le- > Te(IV) [6]



10 Technetium environmental chemistry:
Mechanisms for the surface-mediated reduction of Tc(VII)

More than 30 years after the publication of Grassi’s paper, the reduction mechanism of Tc(VII)
in aqueous media is still not well understood. 2*?*444 The scarcity of thermodynamic data
describing the process is noticeable when analyzing the Latimer diagrams of technetium; even
though all of its oxidation states have been observed at low pH values, only four of them are
represented in the diagram (Figure 3).2° Even worse is the case at alkaline pH values where the
contradictory reports of technetium thermodynamic behavior at such conditions have made the

construction of the diagram impossible.

TC(VII)O4' MTC(VI)O“Z- MTC(IV)OZ 0.27V Te?

| 0.70V Te(VI)O, 083V

Figure 3. Latimer diagram of technetium under acidic conditions.*

Despite the lack of thermodynamic data, it is possible to establish a stability scale of technetium
oxidation states in non-complexing media by using the literature reports on the Tc(VII)
reduction, as shown in Eq.[7]. As Eq. [7] establishes that Tc(VI) is the most unstable, it can be
deduced that any species of Tc(VI) will immediately disproportionate to Tc(V) and/or Tc(VII),
thereafter forming Tc(IV), like shown in Eq. [8] — [10].®

Te(VID) > Te(IV) > Te(V) > Te(VI) [7]
Te(VI) + le- > Te(V) [8]
2Te(VI) > Te(V) + Te(VID) [9]
3Te(V) > > 2Tce(IV) + Te(VID) [10]

Studies in acidic media*>*¢

seem to agree with such processes, as they have found that dimeric
structures of Tc(I'V) are formed in non-complexing environments. The Tc(IV) dimers have been
characterized by UV-vis where they show bands at 250 nm, 320 nm and 495 nm that are well
distinguished from the band at 400 nm presented by TcO2". However, as already mentioned, no
further spectroscopies (NMR, XAS, etc) have been used to support such a reaction mechanism.
Moreover, no thermodynamic constants describing the disproportionation have ever been

provided.
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Alkaline matrices seem to favor the formation of Tc(VI) during the reduction of Te(VII). 4748 It
has been found that the mechanism of disproportionation of Tc(VI) depends strongly on the
ionic strength: high values lead to lower availability of free water for hydration/hydrolysis and
lower amount of dissolved oxygen, enhancing the stability of Tc(VI) species.*’*® Using this
fact, Chatterjee et al.”’ managed to stabilize Tc(VI) species in a matrix of 5 M NaNOs at
0 — 2 M NaOH during almost 2 days for their characterization.

Chotkowski et al.* reports the formation of two types of Tc(V) species as the intermediaries in
the reduction of Tc(VII) when dissolving KTcO4 in solutions from 0 — 10.6 M NaOH with no
other electrolyte. Soluble Tc(V) compounds disproportionate rapidly to Tc(IV) and Tc(VII),
while another Tc(V) species is deposited on the electrode surface. Even though they reported
UV-vis and gold surface-enhanced Raman scattering (Au-SERS) data for such compounds,
these techniques were not capable to reveal their structure. Moreover, just like in acidic media,
the experimental evidence is still not conclusive, and, therefore, it is not possible to provide a
reliable reduction mechanism for Tc(VII), which also makes it extremely difficult to determine

thermodynamic data of the process.

¥ T T T T T T ] 0.8
12 - \‘\ 1 bar O,(g)
R (pe+pH)=20.77 dos
8- iR \
TcOy —40.4
4 8 "Redox neutral"”

(pe+pH)=13.8 —40.2

04
AN TcO(OH),

TcOZ.xHZO(s)

1bar H,(g)
(pe+pH)=0

pH

Figure 4. Pourbaix diagram of Tc calculated for ionic strength = 0 with thermodynamic data selected
in the NEA-TDB. Bold blue line corresponds to Tc(VI)/Tc(IV) equilibrium. Taken from reference .
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Figure 4 shows the calculated Pourbaix diagram of technetium in water.*’ The diagram is based
on Eq. [11], which is considered the main redox reaction between Tc(VII) and Tc(IV) in the
NEA-TDB.?3>%

TcOs + 4H* + 3¢~ <> TcO2xnH20 + (2-x)H20 E°=0.747 £0.004 V [11]

Figure 4 shows no information concerning the intermediary oxidation states of technetium such
as aqueous Tc(IIl) species that have been reported under reducing conditions and high
concentrations of acid.****! The irreversibility of almost all the redox processes between unusual
technetium oxidation states in water makes the calculation of thermodynamic data almost
impossible.>> On the other hand, reports of unusual oxidation states, mostly Tc(III), Tc(V) and
Tc(VI), have been given for different media (various pH values, electrolytes and ionic strengths)
and there is no reproducible pattern that allows conclusions about the reduction mechanism to

be drawn when combining such studies.

It is noteworthy to mention that Eq. [11] is an overall reaction that does not account for the
number of elementary reactions that are most likely to happen together in order to produce it. If
such elementary reactions occur in parallel, the mechanism behind the Tc reduction would be
very difficult to understand. However, the kinetic pathways by which technetium oxidation
states evolve could be studied by a combination of electrochemical and spectroscopic
techniques. If, otherwise, those elementary reactions are sequential, not only the reduction
mechanism would be very well stablished, but also the reaction rate could be limited by the use
of additives that disrupt or increase the production of Tc(IV). A better understanding on the
individual elementary reactions that are involved in the reduction will increase the knowledge
on the basic chemistry on technetium, which is key for the design of safe strategies for nuclear

waste management.

1.1.2. Electrochemical methods

Electrochemical methods are divided in three types: conductometry, potentiometry and
amperometry/voltammetry. Conductometric methods are used to determine the charge
concentration by measuring the solution resistance and, in consequence, they are not
species-selective.’® Potentiometry is performed in equilibrium, it measures the potential of an
indicator electrode vs. a reference electrode by using a high impedance voltmeter, meaning that

the measurement is done effectively at zero current.’® The selectivity of the technique depends
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on the material of the electrodes and, once optimized, potentiometry is very useful to determine
the concentration of a species in solution, as well as to obtain relevant thermodynamic data of a

redox reaction, like the reaction potential or the reaction constant.>

Amperometry and voltammetry are both performed by using a potentiostat that maintains a
constant potential in the working electrode by adjusting the current with an auxiliary electrode.>*
These two techniques have a high sensitivity (they can detect analytes in picomolar
concentrations when optimized) and can be used to determine redox reaction mechanisms as
well as their thermodynamic constants. In amperometry, a chosen potential is applied to the
working electrode causing a chemical reaction and a current flow. The analysis of the behavior
of the current in a certain period (chronoamperometry) yields the amount of electrons involved
during the redox process, which can be used for the mechanism determination. Voltammetry
measures the current as a function of the applied potential, allowing the simultaneous
determination of several species that react at different potentials within the same experiments

with no further need for separation techniques.

As the aim of this work is to understand the redox behavior of technetium and produce reliable
thermodynamic constants to describe it, cyclic voltammetry (CV), rotating disk electrode (RDE)
and chronoamperometry (CA) coupled with UV-vis have been selected to study the reduction
of Te(VII).

a) Cyclic voltammetry (CV)

Cyclic voltammetry is one of the most popular methods of electroanalysis; it is widely used for
the study of redox processes because it gives information about the stability of the reaction
products, the presence of intermediates and the reversibility of the reaction. When the reaction
is reversible, CV can also be used to determine the amount of electrons involved in the redox
process, the reduction potential of an analyte and the reaction constant. In addition, CV is often
applied for the determination of the concentration of redox active analytes, exploiting the

proportionality between current and concentration.>

During a cyclic voltammetry, the potentiostat applies a linear potential sweep to the working
electrode in cyclical phases, as shown in Figure 5a. The potentials depicted as maximum and
minimum (Emax and Emin) in Figure 5a constitute the working potential window that depends on

the redox behavior of the analyte. It is critical for the selection of the background electrolyte,
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which must be inert throughout the potential window, and the working electrode, on which

hydrogen or oxygen evolution must not occur during the CV.

a) Ea b) E
A
Emax -——
E; Er
t

Emin —————————————

-V

v v
Figure 5. a) Potential waveform of a cyclic voltammetry. E; is the initial potential, Eythe final
potential. Eyqx and Eyin are the maximum and the minimum potentials, respectively. b) Staircase

used by modern devices for the potential sweep.

In addition to the potential window, there are two parameters of importance for the CV result:
the scan rate and the step potential. The scan rate (v) is defined as v = |dE/dt| and it determines
the speed at which the sweep is executed. Both too low and too high scan rates can lead to loss
of information during the process. In the case of the step potential, it is necessary to bear in mind
that most of the modern electrochemical devices do not perform a linear sweep like the one
shown in Figure 5a, but a succession of small steps in a staircase,” as shown in Figure 5b. The
theory for cyclic voltammetry is based on voltage ramps and not on voltage steps; therefore, it
is crucial that the step potential (which is the height of the step) is small enough so the two

approaches are nearly equivalent.

The result of a CV is a plot of current, I, measured between the working electrode and the
counter electrode, versus applied potential, E, measured between the working electrode and the
reference electrode. Such plot is known as voltammogram. Figure 6 shows the voltammogram
of a reversible reaction with only one electron transfer. When the potential sweep goes from
positive to negative values, the reduction process is taking place and the peak obtained is called
cathodic. On the contrary, when the sweep goes from negative to positive values, the oxidation
is occurring and the obtained peak is called anodic. For a reversible reaction, the ratio between
the maximum current (height) of the cathodic peak, Icp, and the height of the anodic peak, Iap,
should be 1.5



Spectro-electrochemical studies of the 15
reduction Tc(VII) / Tc(IV)

Iap-——————————---—-————-:*——I—--'

—
Reduction

1 (A)

—_
Oxidation

Tepl o |

E(V)
Figure 6. Typical voltammogram of a reversible reaction. 1., and E. correspond to the maximum
current and the potential of the cathodic peak. 1., and E, are the maximum current and the

potential of the anodic peak. E; is the half~wave potential.

The half-wave potential, Ei.2, is defined in Eq. [12], where Ea and Ec are the potential of the
anodic and cathodic peaks, respectively (see Figure 6). Eq. [12] can be used in combination to
the Nernst equation (Eq. [13], where E is the potential of the electrochemical cell in V, E°’ is
the potential in V of the reaction at a temperature T in K, R is the universal gas constant in J
mol™! K!, n the number of transferred electrons, [Ox] is the molar concentration of the oxidized
species and [Red] the molar concentration of the reduced species) to determine directly the
potential E°’ of the redox reaction at the working temperature. This is possible because for E1.2,
[Red] = [Ox] at the electrode surface, and, therefore, E12= E°’. In the same way, with a known

E°’ it would be possible to determine the number of electrons transferred in an electrochemical

reaction.

Eg+E.
E1/2 = > [ 1 2]
E=E"+ % p 1% [13]

n
nF [Red]

Unfortunately, in most of the cases the plots obtained from CV are not similar to Figure 6, as
factors like multiple electron transfer or irreversibility of the reaction hinder the data treatment.
Therefore, voltammograms like the ones depicted in Figure 7 are more common. For such
reactions, CV is a useful preliminary essay to determine the potential window at which the

experiment should be carried out and to identify sorption phenomena like the one shown in
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Figure 7b, where the loop showed in the insert of the voltammogram indicates the deposition of
the analyte on the electrode.’® However, in these cases the use of CV for the determination of
the reaction potential or the number of electrons transferred is not feasible and other methods

like the rotating disk electrode must be used.

)

I(A)
1 (A)

E (V) EV)
Figure 7. Cyclic voltammograms of complex systems. a) Cyclic voltammogram of a multielectron

transfer. b) Cyclic voltammogram of an analyte being deposited on the working electrode.

b) The Randles-Sevcik equation and the Levich equation

According to the IUPAC, the diffusion layer (DL) is “the region in the vicinity of an electrode
where the concentrations are different from their value in the bulk solution.”” From Figure 8 it
can be inferred that the definition of the thickness of the diffusion layer, 9, is arbitrary because
the concentration of the analyte on the surface, c*, approaches asymptotically to the

concentration in the bulk solution, c.

Bulk solution

S,

cla—ni SR

O
o]
o
=
|5}
O
p—
e

[
S =

— — — Extrapolated concentration profile

Real concentration profile

Figure 8. Schematic representation of the diffusion layer. c is the concentration of the analyte in

the bulk solution; c* is the concentration in the diffusion layer. Modified from reference '
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In general, the thickness of the diffusion layer depends on the diffusion coefficient of the analyte
in the solvent. More specifically for voltammetric measurements, it depends on the scan rate of
the experiment: the slower the scan rate, the thicker the diffusion layer, which affects directly
the peak current, Ip. The relationship between the scan rate and the peak current is described by
the Randles-Sevcik equation, Eq. [14] that at 25 °C becomes Eq. [15].

nFuD) 1/2 [14]

I, = 0.4463nFAc (“2-

I, = 2.69 - 105n3/2AcD'/?y1/2 [15]

where n is the number of electrons transferred, F the Faraday constant in C mol!, A the area of
the electrode in cm?, ¢ the analyte concentration in mol cm™, D the diffusion coefficient in cm?
s”!, T the temperature in K and v the scan rate in V s”'. For a Randles-Sevcik analysis, several
cyclic voltammetries of the same analyte solution are performed at different scan rates, as shown

12 known as a Randles-Sevcik plot (Figure 9b), and

in Figure 9a. The I, is then plotted against v
from the slope of such plot D or n can be determined. However, for this work with technetium,

both n and D are unknown and, therefore, another equation is required to solve the system.

a) b)

< <
= a
—5mV/s
— 10 mV/s
—15mV/s
—20mV/s
—25mV/s

Figure 9. Randles-Sevcik analysis. a) Cyclic voltammetries at different scan rates. b) Randles-

Sevcik plot.

During a cyclic voltammetry, the mass transport of the analyte is controlled only by diffusion
because it is a stationary process, i.e. no convection is taking place as no agitation should be

performed during the experiment. There is also an inexhaustible supply of fresh analyte due to
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the fact that the volume on the diffusion layer is negligible compared to the volume of the bulk
solution. In this case, if the redox reaction is prolonged in time, the thickness of the DL will
increase indefinitely, which will result in non-steady-state current density, meaning that the

current density changes with time.

The rotating disk electrode (RDE) is an instrumental design feature to stir the solution due to its
rotation. This drags some of the solution to the spinning disk while the centrifugal force removes
it away from the center of the electrode, as shown in Figure 10. This results in a constant laminar
flow of the solution across and towards the electrode. Such flow fixes the thickness of the
diffusion layer leading to a steady-state current density that, contrary to the cyclic voltammetry,
is not limited by the diffusion of the analyte in the solution. In this scenario, while the thickness
of the diffusion layer will be controlled by the solution flow, i.e. convection, the transport rate
of the analyte will be controlled by its diffusion through the DL.

——>Electrode isolater
—> Metal wire

— Electrode

N

Figure 10. Schematic representation of the rotating disk electrode and the flux of the solution.

The solution flow can be controlled by the electrode rotation and the behavior of the current in
a RDE experiment can be modelled by Eq. [16], which is the Levich equation, where n is the
number of electrons transferred, F the Faraday constant in C mol!, A the area of the electrode

2

in cm?, v the kinematic viscosity in cm? s°!, D the diffusion coefficient in cm? s™!, ¢ the analyte

concentration in mol cm™ and o the angular velocity of the RDE in rad s\
I, = (0.620)nFAv—1/6p2/3¢c1/? [16]

The peak current obtained in a CV will become a plateau-like region when using an RDE. This

plateau is the limiting current, Ir, depicted in Figure 11a, and when it is plotted vs ©"? (Levich
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plot, Figure 11b) it can be used to determine D or n, like with the Randles-Sevcik equation (Eq.
[15]).

a)

100 rpm
=400 rpm
900 rpm
= 1600 rpm
2500 rpm
3000 rpm

E (V)
03'”2 (rad/s)'”2

Figure 11. Levich analysis. a) Potential sweeps at different angular velocities. b) Levich plot.

In order to determine the reduction mechanism for technetium in this work, both equations have

been combined as shown below.

Being X the slope of the Levich plot and Y the slope of the Randles-Sevcik plot, two equations
(Eq. [17] and [18]) are given for two unknown variables (D and n):

X = 0.620FAv=1/6CD2%/3n [17]
Y =2.69-1054Cn3/2D1/2 [18]

After solving the equation system, the Eq. [19] and [20] are derived for D and n respectively:

- (2
- _r [20]
a D3/2

where @ = 0.620FAv~'/6C, § = 2.69-10°AC and E = (Y/B)3/2.
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¢) Chronoamperometry coupled with ultraviolet—visible spectroscopy (CA/UV-
vis)

In chronoamperometry, the current generated after an applied potential step is measured as a
function of time. This technique is also known as potentiostatic coulometry and, in summary, is
a controlled-potential bulk electrolysis. Figure 12 shows the typical plot obtained, called

chronoamperogram.

Ia

v

\ 4

Figure 12. Chronoamperogram.

Like in voltammetry, chronoamperometry produces two types of currents: the capacitive
current, which decays exponentially with time, and the faradaic current that is a result of the

electron transfer and decays with time as described by the Cottrell equation (Eq. [21]).

__ nFAcVD [21]
~ Vnmt

where I is the current (A), n the number of electrons involved, F the Faraday constant (C mol
1, A the area of the electrode (cm?), ¢ the initial concentration of the electroactive analyte (mol

cm™), D is the diffusion coefficient of the analyte (cm? s™!) and t the time (s).

As the capacitive currents are not involved in the redox process, in order to use the Cottrell
equation, only the second part of the chronoamperogram, colored in blue in Figure 12, must be

used in the data analysis, which can yield the number of electrons involved in the redox process.

If the diffusion coefficient of the analyte in the solvent is known, the information of the number

of electrons can be used to characterize the reaction products. However, this information will
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be obtained by means of the RDE and, for this reason, the chronoamperometry will mainly be
used in this work for the controlled-potential bulk electrolysis after determining the potential of
intermediary oxidation states appearing within CV. The electrolysis will be monitored by UV-

vis aiming at the identification of the oxidation state of technetium.

As its name indicates, ultraviolet—visible spectroscopy works in the ultraviolet and the adjacent
visible spectral wavelength regions (190 — 750 nm). Its working principle is based on the fact
that molecules can absorb energy of this region of the electromagnetic spectrum to excite
electrons from their basal state to higher anti-bonding molecular orbitals. Such electrons might
be non-bonding, called n-electrons, or bonding, ¢ and n-electrons. The measure of how radiation
is attenuated when it passes through the sample is called absorbance, A, and it depends on the
sample concentration as described by the Beer-Lambert law, Eq. [22], where ¢ is the sample

concentration, d the path length and ¢ the extinction coefficient of the analyte.

A=cdeg [22]

Different molecules absorb radiation of different wavelengths. The absorption spectrum shows
a number of absorption bands corresponding to functional groups within the molecule. Even
though UV-vis spectroscopy cannot elucidate alone the structure of a compound, some
compounds of technetium intermediary oxidation states have characteristic UV-vis bands, as

mentioned before, which could be used for their identification.
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1.2. Reduction of T¢(VII) in NaClOy4

The results presented in this section are part of the paper “Exploring the reduction mechanism
of ®T¢(VII) in NaClO4: A spectro-electrochemical approach” in preparation for Inorganic

Chemistry.
1.2.1. Cyclic voltammetry

The cyclic voltammetries of the 0.5 mM Tc solutions in 2M NaClO4 and of the pure background
solution at five different pH values are shown in Figure 13. As it was mentioned before, NaClO4
was selected as background electrolyte because it does not form complexes with technetium.
The voltammograms of NaClOs4 clearly indicate no electrochemical changes in the potential
window used for this study (Figure 13b). Therefore, the electrochemical behavior of Tc

solutions depicted in the CVs of Figure 13a can be attributed only to technetium in water.

a)| b)
20
< 0 —= —
2
-20+ ——pH 20 | pH 2.0
——pH 4.0 -4+ ——pH 4.0
——pH 6.0 ——pH 6.0
pH 8.0 pH 8.0
'40 T T — pH 10|0 '6 T T — pH 190
-1 0 1 -1 0 1
EvsAg/AgCl (V) EvsAg/AgCl (V)

Figure 13. Cyclic voltammetries of a) 0.5 mM Tc solutions in 2M NaClOy at different pH values and b)
Cyclic voltammetries of 2 M NaClOy solutions at different pH values. Scan rate: 10 mV s™.

For the technetium solutions considerable changes in voltammograms at different pH values are
observed. At pH 2.0, the CV suggests the brief formation of an intermediary oxidation state at
—534 mV during the reduction. This behavior would be in good agreement with the Latimer
diagram of technetium under acidic conditions>® (Figure 3) according to which the reduction
from Tc(VID) to Tc(IV) would have Tc(VI) as intermediary. Nevertheless, several authors
suggest that Tc(VI) would be too unstable in water and it would rapidly disproportionate to
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Te(VII) and Te(V),2%3738 which increases probability that the oxidation state of the intermediary
shown in Figure 13a is Tc(V). A second cathodic peak (CP) is formed around —620 mV and
may correspond to the formation of Tc(IV). At pH > 4, Figure 13a shows that the reduction of
Tc(VID) is direct since only one CP around —780 mV is obtained during the CV. This peak is
tentatively assigned to the formation of Tc(IV) and it is shifted with respected to the second
cathodic peak at pH 2.0 due to the change on the reduction mechanism. As it was already
discussed in section 1.1.1, under alkaline conditions the conflicting reports on the mechanism
hindered the construction of a proper Latimer diagram for technetium.?® It is not even clear if
the reduction takes place with intermediaries or in one single step: On one hand, some
authors®®*° propose the reduction from Tc(VII) to Te(III) passing through Tc(IV), while others
suggest that the final product would be Tc(IV) with Tc(V) as an intermediary step.’®*!*? On the
other hand, Grassi et al.*” propose the reduction from Tc(VII) to Tc(IV) with the direct transfer
of three electrons. However, it must be remarked that all these previous studies used ions like
CI as background electrolytes that are well known to form complexes with technetium,* clearly
interfering with its reduction in water. The data presented in Figure 13a is more reliable with

respect to the mechanism determination in water as ClO4~ will not coordinate technetium.

1.2.2. Rotating disk electrode
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Figure 14. Reduction curves of 0.5 mM Tc solutions in 2M NaClO,. a) First cathodic peak at pH 2.0.
b) Second cathodic peak at pH 2.0. a) Cathodic peak at pH 10.0. Scan rate: 10 mV s™.

The CVs depicted in Figure 13a gave an idea of the reduction mechanism of Tc(VII). However,
they cannot be used for the determination of the amount of electrons transferred during the
process and, in consequence, the rotating disk electrode was employed. Since the behavior of
technetium in the perchlorate media at pH > 4.0 is almost independent of the pH, the systems at

pH 2.0 and pH 10.0 were selected to perform the experiments with the RDE. The reduction
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curves of 0.5 mM Tc in 2 M NaClOs4 at pH 2.0 and 10.0 are presented in Figure 14, where the

first CP at pH 2.0 makes reference to the intermediary species found around —534 mV in the
CV.
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Figure 15. Levich plots of 0.5 mM Tc solutions in 2M NaClO,. a) First cathodic peak at pH 2.0. b)
Second cathodic peak at pH 2.0. a) Cathodic peak at pH 10.0. X is the Levich slope (Eq. [17]).

While the Lim are clearly proportional to the square root of the angular velocity at both pH values
(Figure 15), the Randles-Sevcik plots presented in Figure 16 show that the I, also have a linear
correlation with the square root of the scan rate, making the data presented here valid for the
mathematical treatment of section 1.1.2b). For solving Eq. [19] and [20] the viscosity of the
system was assumed as the kinematic viscosity of 2 M NaClOs in water (8.90x107 cm? s71)*
because the concentration of the electrolyte is high enough compared to the concentration of the
analyte (0.5 mM Tc) to assume that the viscosity will only be governed by the salt.
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At pH 2.0, the diffusion coefficient in 2 M NaClOs4 for the electroactive species responsible of
the first cathodic peak was 4.28x10”° cm? s™! whereas for the second it was 2.63x10™* cm? s,
At pH 10.0, the electroactive species has a diffusion coefficient of 5.75x10% cm? s'in 2 M
NaClOs4. Since the starting species at both pH values is Tc(VII) in the form of TcO47, it is clear
that TcO4™ is the electroactive species of the first CP at both pH 2.0 and pH 10.0. Unfortunately,
previous studies on Tc diffusion coefficients are extremely limited and most of them deal with
its diffusion in clays like bentonite.® However, for the sake of comparison, it is possible to see
in these studies that the diffusion coefficient of pertechnetate decreases as the pH increases,
which is also the case in this work in 2 M NaClOa.
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Figure 16. Randles-Sevcik plots of 0.5 mM Tc solutions in 2M NaClOy. a) First cathodic peak at pH
2.0. b) Second cathodic peak at pH 2.0. a) Cathodic peak at pH 10.0. Y is the Randles-Sevcik slope
(Eq. [18]).
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Lastly, using the diffusion coefficients, it was found that at pH 2.0 the reduction of Tc(VII)
begins with the transfer of 2.1 + 0.3 electrons yielding Tc(V) as an intermediary oxidation state
that afterwards, with the pass of 1.3 £ 0.3 electrons, becomes Tc(IV). At pH 10.0, the reduction
of Tc(VI) is direct with the transfer of 3.2 = 0.3 to produce Tc(IV). The results found for the
reduction of Tc(VII) in NaClO4 with the RDE are summarized in Table 1.

Table 1. Reduction mechanism of Tc(VII) in NaClOy4 at pH 2.0 and 10.0 in their respective cathodic

peaks (CP).
cp —~PH 2.0 10.0
| Te(VID) +2.1+0.3 ¢ > Te(V) Te(VID) +3.2+0.3 e =2 Te(IV)
D=4.28x10"cm’s™! D=5.75x10%cm? s™!

Te(V) + 1.3 %03 ¢ > Te(IV)
D=2.63x10*cm? s’

1.2.3. Spectro-electrochemical measurements

Figure 17 shows the UV-vis data collected during chronoamperometry in the spectro-
electrochemical cell. At the beginning of the spectro-electrochemical experiment only Tc(VII)
is present as the UV-vis spectra presents two signals at 247 and 289 nm that are characteristic
of TcO4~." Upon stepwise reducing the potential to —1000 mV, these Tc(VII) features are
clearly reduced in intensity and finally disappear at the end of the experiment, i.e. Tc(VII) was
fully reduced.

0.8—ﬂ

0.6 1

0.4+

Intensity (a.u.)
Intensity (a.u.)

0.2+

0.0

200 250 300 350 400 200 250 300 35 400
Wavelenght (nm) Wavelenght (nm)
Figure 17. UV-vis spectra of 0.5 mM Tc solutions in 2M NaClOs measured during the
chronoamperometry. a) pH 2.0. b) pH 10.0.
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In contrast to CV, the spectral data at pH 2.0 and pH 10.0 are equal, meaning that at pH 2.0 no
changes are detected that could be attributed to the intermediary species. The present data give
hints that intermediary and final species are inactive in the UV-vis range or that the reduction

from the intermediary species Tc(V) to Tc(IV) is too fast to be detected by the used set-up.

After the total reduction of Tc(VII) at both pH values, a black solid was deposited on the glassy
carbon electrode. According to the electrochemical analysis, this solid should be Tc(IV) which
explains why no signal of this oxidation state was found by UV-vis. The solid easily detached
itself from the electrode as soon as it got dry, meaning that no irreversible sorption of technetium
took place on the electrode. For further molecular characterization the solid was studied by

Raman microscopy and *Tc NMR.
1.2.4. Solid analysis

Figure 18 shows the Raman spectra of the solids obtained after the complete reduction of
Tc(VIID) in 2 M NaClOs at pH 2.0 and 10.0.
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Figure 18. Raman spectra of the black solid obtained after the total reduction of 0.5 mM Tc(VII) in 2M
NaClOq at pH 2.0 and 10.0 during the spectro-electrochemical essays. The Raman spectra of KTcOy

and NaClOq have been added for comparison. The red doted lines highlight the unidentified bands that
correspond only to the black solid.
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By comparing the spectra, it is clear that the chemical identity of the solids at both pH values is
the same, confirming partially the reduction mechanisms proposed after the measurements with
the RDE, since both of them yield Tc(IV) as the final reduction product. The bands at 458, 632,
666 and 960 cm™! present in the samples can be attributed to NaClO4 that was recrystallized
along with the technetium solid after the electrode got dry. The bands at 333, 885 and 913 cm™!
could be identified as the TcO4™ structure and they would correspond to Tc-O vibrations.®!62
After the assignment of the bands matching NaClO4 and TcO4~, two unidentified bands at 374
and 1107 cm™ remain, corresponding to Tc(IV) species suggested by the electrochemical

analysis. So far, no Raman reference has been published for Tc(IV).

Since the resulting solids have the same chemical identity independent of the initial pH, it was
decided to produce a second batch of the solid at pH 2.0 for NMR because at this pH the
reduction was faster. Thus, the solid was dissolved in deuterated dimethyl sulfoxide (DMSO)
(for more details, see section I in the experimental methods). The obtained **Tc-NMR spectrum
shows a very broad (>10 kHz line width) feature at —1251 ppm. The latter is considered an
authentic signal instead of artifacts from, e.g., rolling baseline, as it could be reproduced for
varied acquisition parameters. The signals around -866 and -976 ppm in Figure 19 are

considered artefacts as they were not reproducible throughout the experiment.

Intensity (a.u.)
o & & &

o
1

800  -1200  -1600  -2000
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Figure 19. NMR spectrum of the black solid obtained after the total reduction of 0.5 mM Tc(VII) in 2M
NaClOy at pH 2.0. Chemical shifts are reported relative to 1 mM aqueous NH,;TcO,.

The odd oxidation states of technetium (I, III, V and VII) are diamagnetic and, therefore, they
have specific chemical shift ranges among which they can be found (see Table 2)®%* The even

oxidation states (I, IV and VI) are paramagnetic and, in consequence, their *Tc NMR signals
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appear at different chemical shifts depending on the compound structure. The signal presented
in Figure 19 does not appear in the range expected for any of the odd oxidation states and, since
Tc(II) and Tc(VI) are too unstable to exist as solid phases with no complexing agent stabilizing
them, it is safe to conclude that the solid produced after the total reduction of Tc(VII) was
Tc(IV), whose Raman spectrum is reported for the first time in this work, and confirms the

reaction mechanisms found with the RDE.

Table 2. Tc chemical shift ranges of the Tc odd oxidation states.**

Tc oxidation state Tc chemical shift range (ppm)
0 -2477
I -1460 to -3517
1 -78 to -1229
v 5500 to 806

VII 396t0 0
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1.3. Summary

The reduction mechanism of Tc(VII) in 2 M NaClOs was studied by combining electrochemical
and spectroscopic methods. Since NaClOs is inert in the potential window used and it does not
form complexes with technetium, the findings presented here show the behavior of technetium
in water. The cyclic voltammetries demonstrated that the reduction mechanism depends on the
pH showing the formation of an intermediary oxidation state at pH 2.0 whereas at pH > 4.0 the
reduction occurred in one step. The combination of the Levich and the Randles-Sevcik analysis
showed that at pH 2.0 the reduction of Tc(VII) begins with the transfer of 2.1 £ 0.3 electrons to
produce Tc(V) that rapidly gains 1.3 £ 0.3 electrons to finally form Tc(IV). At pH > 4.0 the
reduction is direct from Tc(VII) to Tc(IV) after the transfer of 3.2 + 0.3 electrons. A schematic

representation of the reduction mechanisms is presented in Figure 20.

Te(VI) —FE——Tc(V) le o Te(IV)

Figure 20. Schematic representation of the Tc(VII) reduction mechanism. Blue arrows correspond to

pH 2.0 while the green arrow represents pH > 4.0.

The spectro-electrochemical analysis was not able to detect the intermediary Tc(V) that should
have been formed between —530 and —540 mV at pH 2.0. This might be explained by a fast
conversion to Tc(IV) that is more stable, a low extinction coefficient combined with small
concentrations of Tc(V) that made it undetectable, or simply because the Tc(V) species formed
in the reduction does not absorb light in the UV-vis region. Nevertheless, the reduction at both
pH 2.0 and 10.0 was complete since the two characteristic UV-vis bands of Tc(VII) at 247 and
289 nm fully disappeared after the application of the reductive potential. At the end of the
spectro-electrochemical experiments a black solid was deposited on the glassy carbon electrode
regardless of the initial pH. The Raman spectra of the two solids (one obtained at pH 2.0 and
the other at pH 10.0) showed that their chemical identity was the same. Two bands at 374 and
1107 cm! are tentatively to Tc(IV), since they were not observed in the spectral data of Tc(VII)
nor NaClO4. The **Tc-NMR spectra showed a chemical shift at —1251 ppm that could only
correspond to the even oxidation states of technetium among which the only stable one under
the working conditions is Tc(IV). Therefore, the solids obtained after the complete reduction of
Tc(VII) consisted in Tc(IV), confirming thus the findings of the Levich and the Randles-Sevcik

analysis.



Chapter 2.
Reductive immobilization of

technetium by iron sulfide (FeS:)

Under repository conditions, iron sulfide will be formed as both pyrite (cubic FeS2) and the
metastable marcasite (orthorhombic FeS2) due to corrosion processes and microbial action.®
Moreover, both iron sulfide polymorphs are accessory minerals in crystalline and clay rocks,
which are considered potential host rocks for nuclear waste repositories.®®®’ Bearing this in
mind, previous works have studied Tc(VII) removal by pyrite in presence®® and absence of
humic substances,?®?” finding that it scavenges Tc(VII) from solution by triggering its reduction
to Tc(IV). However, several issues have not been addressed in these studies: 1) The pH effect
on this removal is not clear as the authors have worked in a rather narrow pH range from 4 to 7
even though pyrite possesses an extensive pH stability range from 2 to 10.% ii) The molecular
mechanisms involved have not been determined yet, which constitutes a large gap in the
knowledge required to design and optimize a sustainable and efficient retardation strategy for
Tc contamination. iii) The marcasite (commonly misidentified and confused with pyrite®®)
reactivity has not been addressed, even though under repository conditions it will be formed
along pyrite and, most probably, it will affect the Tc redox chemistry. iv) Even though the re-
oxidation from Tc(IV) to Tc(VII) is very fast, no studies have been performed to check the

extent of Tc re-mobilization from the pyrite surface into water as potential migration medium.

This chapter deals with the reductive immobilization of Tc(VII) by pure pyrite and a synthetic

mixture marcasite-pyrite 60:40 in water and in 0.1 M NaCl. It combines batch experiments
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performed under a wide variation of important parameters such as pH, contact time and Tc
concentration with the application of several advanced spectroscopies, namely Raman
microscopy, XPS and XAS, in order to gain a comprehensive molecular level understanding on

the interaction between technetium and pyrite and the effect of marcasite in the Tc removal from
solution.
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2.1. Theoretical background

2.1.1. Geochemical barriers

Geochemical barriers have been used historically to prevent or to remediate water pollution.
They should be built in zones of the Earth's crust with sharp physical or chemical gradients in
order to control contaminant migration.® Depending on whether they let water flow or not, they
can be classified as permeable or confining barriers.’® Confining barriers are designed to prevent
pollutant migration by acting like shields that inhibit water flow so the contaminants could only
leave the barrier through diffusion.®®° In contrast, in a permeable barrier additional material is
placed in the near field to prevent break-through of a plume of contaminated ground water.”!
Water can flow freely while the contaminant is filtered by the barrier through processes like
degradation (chemical or biological processes that transform the pollutants into harmless
compounds), precipitation (formation of insoluble compounds of the pollutant that cannot
migrate with water) and adsorption (formation of complexes between the barrier material and
the pollutant). In general, the materials used for the construction of permeable reactive barriers
should possess the ability of changing the pH or redox potential, cause precipitation, have high
sorption capacity, and/or release nutrients to promote the biological degradation of the

contaminants.”?

According to the International Atomic Energy Agency (IAEA), a cumulative volume of
8.3x10° m® of high-level and 7.3x10° m? of low and intermediate-level radioactive waste have
been produced worldwide until the early 2000s.”> While several measures have been taken to
properly discard low and intermediate-level waste and a significant portion of such pollutants is
already stored in disposal sites,” the 2020s decade has started with no final repository for high-
level radioactive waste in operation. Despite several concepts are considered for the nuclear
waste management, such as deep boreholes or deep geological repositories (DGR), all of them
consist of storing the nuclear waste underground in geological stable emplacements. However,
the internationally most accepted concept is the DGR because its mechanical, chemical and
physical properties have been widely studied since the 1960s and it is considered the safest
option up to date.!®* Therefore, the research is focused in the design and construction of mined
repositories building multi-barrier systems capable of isolating the waste from the biosphere
over long periods of time up to one million years,'* when the radioactivity of the spent nuclear
fuel products has fallen below the natural radioactivity levels of the original uranium ore used

to produce the nuclear fuel.
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An example of a sophisticated approach specifically designed for crystalline host rock is the
KBS-3 concept developed by the Swedish Nuclear Fuel and Waste Management Co as presented
in Figure 21. The fuel pellets are assembled in rods and packed into gas-tight canisters made of
copper and cast iron. Then the final canisters are enclosed with bentonite clay and they are lastly
deposited underground surrounded by the bedrock. In the worst-case scenario, if water
trespasses the confining barrier, reaches and corrodes the canisters, the released soluble

radionuclides should be retarded by the natural permeable barriers surrounding the repository.

and tunnel backfill

fuel assembly insert

Fuel pellet Fuel rod and Canister Copper Bentonite buffer 400-500 meters of bedrock
overpack

|

Figure 21. Scheme of the KBS-3 concept (developed by Swedish Nuclear Fuel and Waste Management

Co). Taken from reference .

As several chemical and physical processes can take place at the same time, a proper
understanding of the interactions between the barriers and the long-lived radionuclides, as well
as the chemical environment expected inside the repository are crucial for the design of such
structures. For starting, it is important to bear in mind that a relatively short period under oxygen
atmosphere is to be expected due to the oxygen occluded in the closed repository. After such
time, the limited amounts of underground oxygen and the combination of reducing minerals like
sulfides and ferrous materials with the engineered barriers (containing, for example, steel

1% These conditions reduce

canisters) should have reached a long-lasting reducing environment
the migration of most RNs whose immobility is favored when they are in lower oxidation state.
That would be the case of technetium, whose interactions with different materials (especially

with iron minerals) will be summarized in the next sections.

2.1.2. Technetium geochemistry

As it has already been mentioned, technetium distribution in the environment depends strongly

on its speciation and the overall redox conditions. Under aerobic atmosphere, technetium is
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found mainly as pertechnetate (TcO4"), a highly soluble anion that exhibits low sorption into the
constituent minerals of soils and rocks. Such low sorption can be explained due to the fact that
the surface charge of most minerals is dependent on the pH. Under acidic conditions it is positive
while under alkaline conditions it is negative.”®’” The pH at which the surface charge is neutral
is called point of zero charge and for most soil and rock forming minerals it is lower than the
pH of the groundwater, so the surface charge is negative and it repels anions like pertechnetate,
hindering even more its immobilization as TcO4~ is already inert per se.!> As a consequence,
technetium is transported to (and into) the subsurface almost at the same velocity as
groundwater. Although Tc was used as an excellent tracer of oceanic currents,'! this behavior is
alarming in case of Tc transport through the biosphere from contaminated areas and for the

safety case of repositories for high-level nuclear waste.

For typical agricultural and horticultural soils, the Eh ranges from 100 to 600 mV and the pH is
located between 4 and 8. According to a Pourbaix diagram of technetium in low carbonate,
sulfate and halide systems (Figure 22), under pH neutral values, Tc(VII) is reduced between 200
and 100 mV to Tc(IV), whose main form, TcO2xnH20, has a low solubility in water (Log Ks =
8.17 + 0.05'%) and, in consequence, less mobile than pertechnetate. Under acidic conditions
pertechnetate formation is favored between 100 and 600 mV. However, reduced species of
technetium have been found under these conditions due to the availability of reducing agents.
For example, in wet soils at pH 7 iron(Il) formation starts around 150 mV, while sulfate and

sulfide formation commences at —50 mV.!'"8

Figure 22. Pourbaix diagram of technetium in low carbonate, sulfate and halide systems. Taken from

reference .
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The presence of reduced technetium species under Eh conditions that should favor pertechnetate
formation was also found by several studies of Tc uptake by plants.””®! Due to the reduced
mobility of Tc under the optimal conditions for plant growth (5.5 <pH < 7.5 and 100 mV < Eh
< 600 mV) that clearly promotes TcO4~, the authors suggest technetium biological fixation

involving reducing bacteria, or reduction caused by the presence of organic matter.

In contrast, Tc(VII) has been found in scenarios where its reduction is expected. For example,

1 82,83

Cuieta showed that in the presence of relatively high concentrations of Fe(Il) in solution,

the reduction from Tc(VII) to Tc(IV), thermodynamically feasible under such conditions,
exhibits a very low reaction-rate. On the contrary, works on the heterogeneous reduction®* 8
have found that the kinetics of the reaction increase significantly when the Fe(II) is a part of the
structure of a mineral, like FeS:2 for example, and is maximal when the iron is pre-sorbed onto

a mineral surface.

In summary, technetium mobility in the environment is governed not only by the Eh of the
system, but also by two other factors: i) The availability of reducing agents, especially iron and

sulfide and ii) The presence of iron, nitrate and sulfate reducing bacteria and organic matter.

a) Mechanisms involved in technetium removal by mineral phases

Besides precipitation and incorporation, adsorption on mineral surfaces is the main mechanism
for the removal of contaminants from aqueous systems. It is defined as any process by which

mass transfer of a chemical species from solution to solid surfaces occurs.”®

The adsorption capacity of a material depends on its surface properties, such as specific surface
area, type, presence and concentration of reactive sites and charge. The strength of the
interaction between the surface (sorbent) and the dissolved species (sorbate) is determined by
the sorption mechanism and the chemical conditions, therefore, adsorption experiments must
analyze several variables like contact time, pH, ionic strength, and the mineral and pollutant
concentration. The overall redox conditions of the system are also an important parameter for
this study since Tc(VII) is not significantly adsorbed on most surfaces while Tc(IV) adsorbs

reasonably well onto a variety of materials.

There are two main adsorption mechanisms: i) anionic or cationic exchange (Figure 23) and ii)
surface complexation. In the case of pertechnetate interactions with iron sulfide, the ionic

exchange is not possible, as the mineral has no exchangeable sites.
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Figure 23. Schematic representation of the cation exchange.

Surface complexation (Figure 24) takes place when the reactive sorption sites interact with the
pollutant in the interphase mineral/aqueous phase. The interaction of the mineral and the
pollutant is ruled by the charge of the mineral and the aqueous speciation. Thus, the surface
complexation depends on the parameters such as pH, Eh, ionic strength, presence of ions and
dissolved gas (such as CO2).%? Depending on their nature, surface complexes can be classified

as inner- and outer-sphere complexes.

Bidentate Outer-sphere complex
inner-sphere complex /

Monodentate
inner-sphere complex

Figure 24. Schematic representation of surface complexation. Modified from reference *°.

Inner-sphere complexes occur when chemical reactions take place between the functional
surface sites and the pollutant (Figure 24). Such interactions lead in the case of (hydr)oxides to
the formation of a metal-oxygen-ligand (M-O-L) complex whose reversibility is low. Due to
this irreversibility, the pollutant retention via inner-sphere complexation is less dependent on
the ionic strength, which can be used to identify this type of sorption with batch experiments.
Outer-sphere complexation (Figure 24) occurs when the pollutant has mostly electrostatic
interactions with the mineral surface or when the adsorption involves water molecules or inert

ligands, which means that the process is non-specific and depends on the ionic strength.



18 Technetium environmental chemistry:

Mechanisms for the surface-mediated reduction of Tc(VII)

Therefore, its activation energy is lower compared to inner-sphere sorption and, consequently,

the reversibility of the outer-sphere complexation is much higher.

Even though adsorption is considered the main mechanism for pollutants removal at the
mineral-water interface, other processes like surface precipitation, incorporation and surface
mediated redox reactions are significantly relevant on the technetium uptake by mineral
systems.”"*? The reduction from Tc(VII) to Te(IV) generally results in the formation of products
like TcO2 or TcSx whose solubility is very low compared to that of pertechnetate, leading,
therefore, to technetium immobilization. However, it is worth mentioning that the re-oxidation
from Tc(IV) to Tc(VII) is very fast and the mere precipitation of Tc(IV) solids is not an ideal
remediation method, since the exposure to an aerobic environment would most probably result
in Tc(VII) re-mobilization. The same problem arises when technetium is immobilized by the
formation of an outer-sphere complex with the surface of the mineral. Because of the weaker
nature of the interaction, such sorption complex will not be able to resist re-oxidation,”*® nor

overall changes in the chemical conditions, such as pH or ionic strength.

A more sustainable retention mechanism is co-precipitation, a process by which simultaneous
precipitation of a solid (or host) with a trace of one or more elements by any mechanism at any
rate occurs, as shown in Figure 25.°7 If the atomic structure of the host and the trace is very
different, they will occur together as morphologically distinct solids. This process is known as
co-precipitation by inclusion. When there is some structural compatibility, a mixture of the two
solids can be produced at the mineral surface by a co-precipitation involving sorption. Co-
precipitation is more likely to stabilize technetium under aerobic conditions because the
interaction of the mineral with the pollutant is stronger. In the case of inner-sphere
complexation, the tracer is “buried” under the host, i.e. it is protected against the oxidation and

further mobilization.

Furthermore, if the structural compatibility between the tracer and the host is very high, that is,
if the ionic radius of the tracer is within 15 % of that of one of the constituents of the host, the
coordination number is similar, and the charge within the crystal lattice remains balanced,’® the
tracer pollutant becomes a part of the crystal structure of the mineral phase. This can occur with
or without co-precipitation and is also known as incorporation or solid solution formation.?”-8
An alternative way to form such solid solutions is through in-diffusion. The stabilization of

technetium by the mineral structure would prevent its re-oxidation.”
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Figure 25. Co-precipitation.

In summary, technetium immobilization by minerals is based on the reduction from Tc(VII) to
Tc(IV) followed by adsorption, precipitation or incorporation. In order to avoid re-oxidation
(and, therefore, re-mobilization) mechanisms involving strong interaction between Tc and the
mineral phase like incorporation, inner-sphere complexation and co-precipitation are the most

efficient.

b) Technetium removal by iron minerals

Iron minerals have shown a remarkable ability to immobilize technetium as they trigger its
reduction, decreasing its mobility by incorporating, sorbing or precipitating Tc(IV).2!-24100
Both, Fe(II) and Fe(III) bearing minerals (sulfides, oxyhydroxides, oxides, carbonates, silicates)
are quite abundant in soils, sediments and crystalline rocks. Additionally, they are expected to
be present in a nuclear waste repository as corrosion products from the steel canister. In
consequence, there is an extensive amount of works using different iron minerals for the
reductive immobilization of technetium, that have been summarized in several

reviews, +11:34.101,102

Among this variety of minerals, magnetite (Fe3Oa4) is one of the most widely investigated iron
phase because it presents a very high efficiency for Tc(VII) reduction. It has an inverse spinel
structure, (Fe(III)tetrahedralF€(11T)octahedral—Fe(I1)octahedral)204, that allows the incorporation of
Tc(IV) by substituting the Fe(Ill) in the octahedral site because Fe(Ill)octahedral in six-fold
coordination has a crystal radius (0.785 A) similar to Tc(IV).!% It is worth remembering that
among all the retention mechanisms, incorporation of Tc into the mineral structure is the most
desirable to prevent Tc re-oxidation and, therefore, re-mobilization.

The laboratory and quantum-mechanical approaches concluded that after the reduction of

Tc(VID) by Fe(Il), the most favored scenario is Tc(IV) incorporation into magnetite. Other
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scenarios involve co-precipitation of TcO: like species, as well as the formation of sorption

complexes on the surface, depending on the precedence and stability of the magnetite.>*

Another interesting iron mineral for Tc removal is goethite (a-FeO(OH)), a very stable mineral
phase that can also incorporate Tc(IV) into its lattice for the same reason as magnetite. Quantum-
mechanical calculations suggest two mechanisms for such incorporation: the direct substitution
of Fe(III) by Tc(IV) into a site next to H to provide charge compensation or an Fe(III) vacancy
created by the substitution of three Tc(IV) atoms for four Fe(III) atoms.'* As with magnetite,
experimental works show that after Tc reduction, achieved with the use of reducing agents like
FeCla, co-precipitation of Tc with goethite followed. The products of the immobilization go

from Tc(IV) incorporated into goethite to Tc(IV)-dimers sorbed onto its surface.>*

Hematite (a-Fe203) is another ubiquitous iron mineral studied as a prominent candidate for
technetium immobilization. In contrast to magnetite and goethite, hematite exhibits a very low
capacity for Tc(IV) incorporation as such process is extremely unfavorable according to
theoretical calculations.'® Experimentally, after the reduction from Tc(VII) in the presence of

hematite, Tc(IV) species are sorbed on the mineral surface, like on goethite.**

Other examples of Fe minerals with a high ability of immobilizing Tc are ferrihydrite
(Fe203%0.5H20), green rust and siderite (FeCO3),** and apart from them there are hundreds of
works dealing with the potential Tc removal by iron phases. It is clear that the presence of Fe(Il)
favors the reduction of technetium and Tc(IV) will be precipitated, adsorbed or incorporated

into the iron mineral structure.

Fe-bearing minerals have low to no detrimental impact in the environment and they are simple
and inexpensive to produce or they are already present as ubiquitous minerals in different
environmental systems. For this reason, they are widely investigated and will be probably

continue to be relevant candidates for technetium (and other pollutants) remediation.

¢) Technetium removal by iron sulfides

Minerals containing iron and sulfides have two types of functional groups on their surfaces:
FeOH and FeSH!% showing amphoteric behavior and their charge depends on the pH. Below
pH 10.0, the sulfide sites dominate over the hydroxyl sites and they will protonate to FeSH2*
and Fe3SHa*, which charges the surface positively'®” and, therefore, the TcO4~ will be attracted

to it and its reduction will be enhanced.
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Mackinawite (FeS) removes Tc(VII) up to 98% from ultrapure water. XAS showed that initially
Tc(VID) forms a species resembling TcS2 under anoxic conditions.? Afterwards, due to the
oxidation of the FeS to goethite, TcO: is formed and Tc(IV) can be incorporated into the goethite
lattice, which gives the additional advantage that even under aerobic conditions the technetium

will remain immobilized.

Bruggeman et al.® found that pyrite is a good sorbent for Tc(IV). They determined that the
solubility of Tc(IV) in water is higher in the presence of humic substances and the addition of
FeS» increased the Kp value from 933 mL g! to 31,622 mL g! with increasing concentration of
the mineral. Using a Langmuir isotherm model they suggested that the affinity of pyrite for
Tc(IV) is high, however there is no proof that adsorption is the only mechanism involved in the

Tc-removal by pyrite.

More recently, Huo et al.2¢ synthesized pyrite nanoparticles to study the Tc(VII) immobilization
from ground water and soil. According to their results, at a dosage of 0.28 g L', the pyrite
nanoparticles were able to rapidly and completely remove 4.88x107” M of Tc(VII) by converting
it to insoluble Tc(IV). However, the pH range was limited (from 4 to 7) and they did not provide

any conclusions on the chemical structure of the Tc(IV) after its interaction with pyrite.
2.1.3. Technetium detection and quantification in this work

a) Liquid scintillation counting

Liquid scintillation counting (LSC) is a technique used to determine the radioactivity of samples
containing o or B particles. When ionizing radiation interacts with the organics present in the
scintillation cocktail, many chemical reactions like neutralization, free radical formation and
decomposition can occur along with physical processes such as X-ray emission, fluorescence,
phosphorescence and energy migration.!® The products of these interactions are excited
molecules that will emit photons. Cascading this effect and shifting subsequently the energy of
the re-emitted photons to lower energy (and thus higher wavelengths) finally allows detection
by a photon multiplier tube, which will convert them into an electrical pulse recorded as a count.
Each molecule can only emit one photon, so the total amount of energy depends directly on the

number of excited molecules produced by the ionizing particle.!%®

One Becquerel (Bq) is equal to one disintegration per second and can be related to the

radionuclide concentration using Eq. [23]:
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I*tq )2 [23]
N 4+In (2)

Where n are the moles and ti2 the half-life of the radionuclide in s, I the intensity in Bq, and Na

Avogadro’s number.

b) Scanning electron microscopy

Scanning electron microscopy (SEM) produces images of a sample by scanning the surface with
a focused beam of electrons, giving information about the surface topography of the sample

with a resolution better than one nanometer.

Image formation is achieved with a scanning principle: the primary electrons are focused into a
probe with short diameter that is scanned across the sample. The direction of the beam is
changed by electrostatic or magnetic fields. The scan is performed in two perpendicular
directions (raster scanning) and it covers a rectangular area of specimen. The image of the

sample is formed from the secondary electrons released from each local area.!”

SEM microscopes can be coupled with Energy Dispersive X-ray Spectroscopy (EDX or EDS),
an X-ray micro-analytical technique that then also provides information on the chemical

composition of a sample for elements with atomic number Z > 3

The energy transferred from the electron beam to the sample can expel the atomic electrons
from the atom or excite them into an electronic level with higher energy. When this occurs, a
positively charged hole is left behind with the ability of attracting other electrons from higher-
energy shells. The transition of an electron from a higher-energy shell to fill the hole of the
lower-energy shell produces an X-ray with an energy characteristic of the energy difference
between the two shells. This energy depends on the atomic number and, therefore, it can be used

to identify elements present in the sample, such as Tc, S and Fe.!'?

¢) Raman microscopy

Raman microscopy couples standard optical microscopy with Raman spectroscopy to
characterize local components of a heterogeneous sample. In general, a Raman microscope
consists of a microscope coupled with an excitation laser, lenses, a monochromator and a

detector like a photomultiplier tube or a charge-coupled device to produce the Raman spectra.!!!
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The microscope is used to identify regions of interest on the sample surface, that will then be

investigated by Raman spectroscopy.

Raman spectroscopy is commonly used in chemistry to identify the components of a sample by
providing a structural fingerprint of molecules based on their vibrational modes. A source of
monochromatic light (like the laser coupled with a microscope) interacts with the molecules
exciting them and resulting in the energy of the laser photons being shifted up or down. The
shift in energy gives information about the vibrational modes in the system that can be related

to the chemical identity of the sample.!'?

d) X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique used to
determine the elements present at the sample surface and the nature of their chemical bonds.
When a sample is irradiated with X-rays of sufficient energy, electrons in specific ground states
are excited. As explained before, the transitions between energy shells have energies
characteristic of every element that can uniquely identify the composition of the sample.
Moreover, the photo-ejected electrons from core levels have slight shifts depending on the outer-
valence configuration of the material examined. This allows XPS to determine the oxidation

states of the elements and characterize the chemical bonds between them.!'

The photo-ejected electrons are collected by an electron analyzer that measures their kinetic
energy and produces an energy spectrum of intensity (number of photo-ejected electrons as a
function of time) versus binding energy (the energy of the electrons before leaving the atom).
Each energy peak on the spectrum corresponds to a specific element. The area of the peak is
proportional to the number of atoms present, so integrating the peaks will yield the chemical
composition of the sample, while the energy of each peak can determine the bond order and the

oxidation state.'!?

e) X-ray absorption spectroscopy

X-ray absorption spectroscopy covers a variety of techniques used for the determination of the
local geometric and/or electronic structure of an element in a sample. It measures the transitions
from the core electronic state of the absorbing element to the lowest unoccupied molecular
orbital (LUMO, the excited electronic state) and to the continuum. XAS is a non-destructive,

specific technique, meaning that no interference from absorption by the sample matrix will be
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detected because the absorption at a specific X-ray photon energy is characteristic for each
element.!'* The increase of the absorption at certain X-ray photon energy is called absorption
edge and corresponds to the energy needed for the transition of an electron into the LUMO or
to the continuum. The principal quantum numbers n = 1, 2, and 3, correspond to the K-, L-, and
M-edges, respectively.

Figure 26''* shows the Mn K-edge spectra along with two commonly used types of XAS
spectroscopy: X-ray absorption near-edge structure (XANES) and Extended X-Ray Absorption
Fine Structure (EXAFS). XANES provides detailed information about the oxidation state of the
metal atoms while EXAFS yields the coordination number, type, and distance to ligands and

neighboring atoms from the absorbing element.!!*
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2.2. Technetium immobilization by pure pyrite

Most of the results presented in this section can be found in Rodriguez et al., Environ. Sci.
Technol. 54 (2020) 2678 (DOI: 10.1021/acs.est.9b05341).

2.2.1. Pyrite characterization

Figure 27 shows the characterization experiments of the pyrite. The X-ray diffraction pattern
(XRD) in Figure 27a compares the sample with the references of pure pyrite (R050190) and
pure marcasite (R060882) provided by the RRUFF™ database.'!® The diffractogram of the
sample matches to nearly 100% with the pyrite reference, making clear that there is no detectable
marcasite contamination in the solid and, therefore, the solid was identified as pure pyrite with

an acceptable crystallinity degree, inferred from the sharpness of the peaks.
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Figure 27. Pyrite characterization experiments. a) Powder XRD b) (-potential measurements. The

references were taken from the RRUFF™ database.'"

The isoelectric point (pHiep) of the pyrite was determined as 7.9 by (-potential measurements
shown in Figure 27b. The pHiep of pyrite highly depends on its origin (whether it is natural or
synthetic) and the pre-treatment used.!'!® The value obtained here is in good agreement with that
reported by Bonnissel et al.!'’ that studied the surface composition by XPS, ruling out the
presence of sulfurs or polysulfides that could lead to lower pHiep values due to negative charges
on the surface. According to Bonnissel, the pHiep of 7.9 indicates that the pyrite surface was
initially oxidized (meaning it presented Fe(III) moieties before the Tc addition). However, no

initial acid washing was performed because natural pyrite surface shows Fe(Ill) moieties as
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well.!'® Lastly, the Brunauer—Emmett—Teller (BET) surface area of pyrite was determined as
2.0 m? g, which is very low and suggests that physical sorption will not play a significant role

in the Tc uptake.
2.2.2. Technetium removal from solution: Batch experiments

In this section, the Tc(VII) removal by pure synthetic pyrite studied with batch experiments will
be presented. The initial technetium concentration for the kinetics and pH effect experiments
was 5x10° M and the average final concentration of technetium was around 5x108 M. It is
worth mentioning that even though technetium can be found in the atmosphere and in several
marine and terrestrial environments, at concentrations rarely exceeding 1x10 M,!%!'? which
are very low compared with the initial concentration used in this study. Nevertheless, the
isotherms in Figure 28 show that the lower the Tc concentration, the higher its relative removal

by pyrite, meaning that the results presented in this section are valid in more realistic scenarios.
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Figure 28. Isotherms of the Tc immobilization by pyrite at pH 6.0 and 10.0.

The pH effect on the Tc retention by pyrite is shown in Figure 29a, where it can be seen that at
pH >5.597 - 100% Tc removal from solution is reached after 1 day. At pH < 5.5, complete Tc
retention was achieved only after 35 days, i.e. the reaction kinetics are significantly lower under
acidic conditions. Figure 29b shows the Eh — pH diagram of the system Tc + pyrite in water
after 14 days in contact. It can be seen that most of these values lie in the stability region of
Tc(IV), suggesting that the Tc(VII)/Tc(IV) reduction is directly related to the Tc immobilization

by pyrite.
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Figure 29. a) pH effect on the Tc(VII) uptake by pyrite for 42 days. b). Eh — pH diagram of the system

Tc + pyrite in water after 14 days of contact and calculated equilibrium line between TcO4 and TcO:.

¢) Pyrite solubility measured as Fe concentration as a function of pH. d). Effect of 0.1 M NaCl on the
Te(VID) uptake by pyrite after 14 days in contact.

When the contact time is shorter than 35 days, the amount of technetium retained by pyrite is
lower at pH 4.5 than at any other pH value, which was attributed to pyrite dissolution. To test
this, several suspensions of pyrite in water were prepared at different pH values and the iron
concentration in solution was determined by ICP-MS, as shown in Figure 29c. It was found that
the highest concentration of Fe in solution was reached at pH 4.5, becoming drastically lower

1,'"” who concluded

as the pH rises. The result is in good agreement with the work of Bonnisse
that when the pH is higher than 4, Fe(Ill)(hydr)oxides are formed on the pyrite surface,
preventing its dissolution. It has been found that the homogeneous reduction of technetium by
Fe?" is not favorable due to its very slow kinetics.®® In contrast, when the Fe?*is part of a mineral

structure, like in the case of pyrite, or when it is pre-adsorbed on another mineral phase like
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alumina,®” the reduction rate increases drastically.?6338¢120 Such kinetic considerations
combined with the pyrite dissolution results account for the low removal of Tc by pyrite at pH
4.5.

Figure 29d shows the effect of 0.1 M NaCl on the Tc uptake by pyrite after 14 days in contact.
In the presence of NaCl, the Tc removal at pH < 6.5 slightly decreases, which suggests the
formation of an outer-sphere sorption complex as the removal appears to depend on the ionic
strength. However, at pH > 6.5 the percentage of Tc scavenged by pyrite is nearly the same in
water and in aqueous NaCl, ruling out the outer-sphere sorption. The decrease of Tc retention
by pyrite under acidic pH values in the presence of NaCl could be explained by the increase of

h,121,122

TcOz2 solubility with rising ionic strengt as it is possible that a small amount of this

insoluble oxide has been formed after Tc reduction.

The re-oxidation of two samples at pH 6.0 and 10.0 is presented in Figure 30. Using the pyrite
oxidation rates reported by Williamson et al.,'? it was calculated that the 0.065 g of pyrite used
for these experiments should have been completely oxidized only after 50 days. However, as it
was mentioned before (section 2.2.1), the pyrite presented some Fe(III) moieties in the surface
and, therefore, it was expected that the oxygen interacted more favorably with the Tc(IV) than

with the mineral.

According to Figure 30a, the technetium concentration in solution after the exposure to ambient
atmosphere remained lower than 1 uM at both pH values during the 60 days of the experiment.
Figure 30b presents the percentage of Tc remaining in solution (%Tcsol) calculated on the basis
that the initial Tc concentration (5 uM) is 100% of the Tc that might be re-mobilized if re-
oxidation occurred in contact with Oz, so the Tc in solution (determined with LSC) is a
percentage of this initial Tc concentration at each time. %Tcsol can be used to observe slight
differences among the two pH values. The maximum %Tcso1 at pH 10.0 (11%) is found after
seven days of exposure to ambient atmosphere, subsequently it decreases and remains constant
under 5% for the rest of the experiment. For pH 6.0, the %Tcsoi remains below 7% for the first

40 days and then the maximum %Tcso1 (13.5%) is reached at the end of the experiment.

It can be concluded that at pH 10.0 some re-oxidation of Tc(IV) takes place after seven days
under ambient atmosphere. This small amount of Tc(VII) is reduced again by pyrite, whose
surface remains active even after the formation of a layer of iron(IlI)(hydr)oxides, meaning it is
not passivated against further oxidation.''”"!?* A previous study with Tc(IV) incorporated into

magnetite'>> showed that after 60 days in contact with water containing dissolved Oz, around
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10% of technetium was re-oxidized and released from the pure magnetite structure, contrary to
the results presented here where the magnetite is formed on the pyrite surface at pH 10.0.
Therefore, the role of pyrite in the immobilization is not only to provide the Fe?" for the

reduction but also to sustain a dynamic surface that will maintain the Tc as Tc(IV).
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Figure 30. Re-oxidation experiments at pH 6.0 and 10.0 for 2 months. a) Tc concentration in solution

b) Percentage of technetium remaining in solution Dashed lines are shown to guide the eye.

A similar behavior might be occurring at pH 6.0; however, the increase of %Tcsol after 57 days
under ambient atmosphere is significantly higher at pH 6.0 than at pH 10.0 and it even suggests
that at pH 6.0 the immobilizing effect of pyrite is lost. Nevertheless, it is important to take into
account that both Figure 30a and Figure 30b do not show a clear trend of the amount of Tc
remaining in solution with respect to time. Moreover, it is possible that a further reduction of
the newly produced Tc(VII) could take place again as it happened at pH 10.0 after seven days.

Therefore, it is not possible to predict if the %Tcsol will increase or decrease and studies at
significantly longer time scales are needed.

2.2.3. Morphology of pyrite studied by SEM and Raman microscopy

The changes on the morphology of pyrite after the interaction with technetium were studied by
SEM and the micrographs are presented in Figure 31. The surface of the pure mineral at pH 6.0
and 10.0 is very similar although at pH 10.0 a higher amount of small particles (highlighted with

the red squares in Figure 31a and Figure 31d) is present. Such small particles could be the Fe(III)
initial moieties that have been already mentioned before (section 2.2.1).
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Figure 31. SEM micrographs of pyrite in water. a) at pH 6.0 b) containing 600 ppm Tc load at pH 6.0.

¢) containing 1000 ppm Tc load at pH 6.0. d) at pH 10.0. e) containing 600 ppm Tc load at pH 10.0. f)

containing Tc 1000 ppm Tc load at pH 10.0. Highlighted in red: a) and d): small particles suggesting
new iron minerals formation. c) Possible hematite highlighted in green. f) Possible magnetite

highlighted in orange. Contact time with Tc: 1 month.

A very drastic change on the mineral can be detected after the interaction with technetium. The
pyrite surface becomes smoother: the highlighted small particles disappear the higher the
concentration of technetium becomes, which is a result of the redox reaction. On Figure 31c and
Figure 31f (pyrite + 1000 ppm Tc), a clear difference between the surface at pH 6.0 and pH 10.0
can be observed, suggesting that the new iron phases formed on the surface after the interaction
with Tc at each pH differ. A visual comparison with the micrographs reported by Taitel-
Goldman'?® for hematite formed by recrystallization of large cubic pyrite crystals and
synthesized magnetite at 70°C, pH 9.4 and a solution of 4 M NaCl, suggested that those minerals
were formed on the pyrite surface at pH 6.0 and pH 10.0 respectively. No EDX analysis of the

samples is presented because technetium could not be detected due to its low concentration.

In order to identify the new minerals, Raman microscopy was performed on the Tc-loaded solids
at pH 6.0 and 10.0. The identification of hematite at pH 6.0 was possible after comparing the
Raman spectra of the sample with the hematite reference R050300 of the RRUFF™ database, !>



Reductive immobilization of technetium 51
by iron sulfide (FeS>)

shown in Figure 32. At pH 10.0, no mineral apart from pyrite was found. A reason might be,
that Raman microscopy consists in targeting several regions of the sample obtaining one
spectrum per region aiming to find a different species throughout a heterogeneous sample.
Therefore, it is necessary to repeat the measurement several times until the new mineral
(produced in a low concentration since pyrite was present in excess with respect to technetium)
is found. For pH 10.0, as it will be seen in the next section, magnetite was easily identified by
EXAFS as a reaction product and, therefore, it was not necessary to invest so much time in the

Raman experiment.
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Figure 32. Raman spectra of pyrite before and after contact with Tc (1000 ppm Tc) at pH 6.0
compared with the hematite reference R050300 of the RRUFF™ database.'"

2.2.4. Spectroscopic determination of the Tc-removal mechanism

X-ray absorption spectroscopy, speciation calculations and X-ray photoelectron spectroscopy
were employed to determine the immobilization mechanism of Tc(VII) by pyrite. Figure 33
presents the Tc K-edge XAS spectra of the Tc-loaded pyrite samples (pyrite + 600 and 1000
ppm Tc at pH 6.0 and 10.0). Details on the samples are given in Table 3. The XANES spectra

of all samples in Figure 33a are identical and the comparison with the TcO2xnH2O reference
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spectra indicates that the samples contain Tc(IV). The absence of the pre-edge peak of Tc(VII)

in all samples implies that if any Tc(VII) is present it constitutes less than 2% of the sample.
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Figure 33. Tc-K edge XAS spectra of Tc sorbed on pyrite. a) XANES. b) EXAFS. c¢) Fourier Transform
Magnitude. The black lines are the experimental data, the red lines in b) and c) are the ITFA
reconstruction with two principal components; the blue lines are the reference spectra used for ITFA

The identities of the samples are given in Table 3.

Table 3. Species quantification by iterative transformation target test.

Species 1 Species 2

Sample No . Sum

(Te(IV) dimers)  (Structural Tc)
Pyrite + Tc 600 ppm pH 6.0 1 0.86 0.14 1.00
Pyrite + Tc 1000 ppm pH 6.0 2 1.00 0.00 1.00
Pyrite + Tc 600 ppm pH 10.0 3 0.08 0.92 1.00
Pyrite + Tc 1000 ppm pH 10.0 4 0.30 0.70 1.00
Magnetite structure 5 0.00 1.00 1.00
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The k*-weighted EXAFS spectra and corresponding Fourier transform magnitude (FTM), a
pseudo radial distribution function of atoms around Tc centers, are presented in Figure 33b and
31c. The comparison with the reference spectrum of the Tc(IV)Sx proves that technetium is
prevalently coordinated to oxygen and not to sulfur. Two additional references were added to

2l which is quite

the Figure 33c for comparison: one of Tc(IV) dimers sorbed on magnetite,
similar to the spectra at pH 6.0 (samples 1 and 2), and other of Tc(IV) incorporated into the
magnetite structure®! that resembles the spectra at pH 10.0 (samples 3 and 4), which can be
appreciated in Figure 33b and Figure 33c. According to the principal component analysis
performed with the Iterative Transformation Factor Analysis (ITFA) software,'?’ technetium
occurs only in two different local structures, i.e. the spectra of the four samples are the result of
the linear combination of two principal components (Species 1 and Species 2). An iterative
transformation target test was performed with ITFA in order to find the fraction of the two
components present in the spectra by setting the fraction of structural Tc equal to 1 (Table 3). It
could be concluded that the spectra at pH 6.0 were constituted by the Species 1 similar but not
identical to Tc(IV) dimers sorbed on magnetite. The spectra at pH 10.0 corresponded to the

Species 2, i.e. structural Tc.

The analysis was repeated adding available reference spectra®'?® and it was found that the
addition of TcO2xnH20, TcSx or Tc(IV) dimers sorbed on magnetite always resulted in the
increase of principal components, meaning that such species are not present in the samples.
However, the addition of Tc(IV) incorporated into magnetite by substituting Fe in octahedral
sites did not increase the number of components and it provided a good fit for the samples at pH

2122 is possible

10.0. The incorporation of Tc(IV) into magnetite, already reported in other works
because Tc*" and Fe** have similar crystal radii (0.785 A) in six-fold coordination!®* while Fe?"
provides a good charge compensation.'?%!2° Therefore, the Tc(VII) removal by pyrite at pH 10.0

is a result of its reduction to Tc(IV) and subsequent incorporation into magnetite.

For structural identification of Species 1, a shell fitting of the spectrum was performed. The first
step was the fit with one Tc-O and two Tc-Fe, as it was suggested by the appearance of the FTM
(Figure 33c). Such fit was not able to properly reconstruct the experimental spectra of samples
1 and 2 and, therefore, an additional Tc-Tc shell was added. As a result, a reliable match of the
spectrum of Species 1 was obtained and the structural parameters of this fit (Table 4) suggested
again the sorption of Tc(IV) dimers on an iron oxide. The first Tc-Fe distance of the sorption
complex corresponding to Species 1 is 0.05 A shorter than that of a Tc sorption complex formed
with magnetite while the second Tc-Fe distance is 0.03 A longer, confirming that the Tc(IV)

dimers are not sorbed on magnetite. According to the SEM and Raman results presented in
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section 2.3.3, the iron oxide on which the Tc(IV) dimers are sorbed is hematite, that has already

been probed to form surface complexes with Tc(IV) dimers, 4130131

Table 4. EXAFS-derived structural parameters for Tc in the pyrite samples.

Sample Path CNf R(A) 6}(A?) AE’(eV)  %R?
Species 1 Tc-O 5.8 2.00 0.0046 2.9 8.6
(sorbed Tc(IV)
. Tc-Tc 1.3 2.55 0.0100
dimers)
Tc-Fei 1.9 3.07 0.0098°¢
Tc-Fe 2.7 3.55 0.0098°¢
Species 2 Tc-O 6° 2.01 0.0043 3.0 6.1
(Structural Tc(IV)) Tc-Fei 6t 3.08 0.0113
Yalcintas®' Tc-Fez 6 3.49 0.0093

fCN (Coordination number), ¥R (Residual)
Fit errors: CN: + 25%; R: 0.01 A, 6% 0.002 A2, f: fixed, ¢: constrained

The XPS spectra of the samples at pH 6.0 and 10.0 are presented in Figure 34. There is no visible
change of the S 2p spectra (Figure 34a) due to the addition of 1000 ppm of technetium. In
contrast, the Fe 2p spectra (Figure 34b) show the formation of Fe(III) at both pH 6.0 and 10.0,
confirming the observation of the FTM that the redox active element is iron and not sulfur, i.e.
the technetium is coordinated with Fe and not with S. The Fe(Ill) increases with increasing pH

and Tc load (not shown).

It can be seen in the O 1s spectra (Figure 34c) that the [O?]/[OH] ratio depends on the pH of
the sample, as [OH] is more abundant at pH 6.0 while [0*] is favored at pH 10.0. Previous

WOI'kSl 17,132,133

have reported that an increase in pH results in the formation of
Fe(IIT)(hydr)oxides that cover the pyrite surface without passivating it against further oxidation.
Such a Fe(IlI) layer could promote the existence of O-H groups on the surface that would most
probably be involved in the inner-sphere complexation occurring at pH 6.0 between Tc(IV)

dimers and hematite, supporting the findings of EXAFS and Raman spectroscopy.

The Tc 3d spectra (Figure 34d) show a very interesting difference between the samples at pH
6.0 and 10.0: the peak around 254 eV is only found at pH 10.0 and it indicates the presence of
TcSx species. The concentration of such species is too low to be detected by XAS. However,
XPS showed that its concentration increases with increasing Tc load and its formation could be

more relevant the higher the pH gets. Indeed, works with mackinawite?! and microorganisms'**
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have found the formation of polysulfide species that prevent Tc migration due to their low
solubilities. Therefore, it is very relevant to study the removal of Tc by other sulfur minerals
like galena or chalcopyrite, as well as the FeS> polymorph, marcasite, since they could also be

alternatives for Tc remediation.
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Figure 34. XPS spectra of pyrite before and after the reaction with Tc(VII) ([Tc] = 1000 ppm) at pH
6.0 and pH 10.0. a) S 2p. b) Fe 2p. ¢) O 1s. d) Tc 3d. Tc 3d elemental lines are superposed by the
broad loss line of S 2s.

Lastly, the iron speciation under the experimental conditions ([Tc(VII)] = 5 uM,
[Fe? Jiotal = 20 uM) is presented in Figure 35. The model predicts the formation of hematite at
pH < 7.5 and magnetite at pH > 7.5 after the oxidation of Fe(II) due to the reduction of Tc(VII),
which explains the different removal mechanisms depending on the pH. In conclusion, the

removal of Tc(VII) by pyrite starts with its reduction to Tc(IV) promoted by the structural Fe(II)
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and it is followed by either the inner-sphere complexation of Tc(IV) dimers on hematite at pH
6.0, or the Tc(IV) incorporation into magnetite by replacing Fe(III) in octahedral position at pH
10.0.
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Figure 35. Iron speciation as a function of pH. Calculations have been performed considering the
initial presence of 20 uM Fe’* and 5 uM TcOy . The latest Fe *° and Tc*® thermodynamic databases

have been used.
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2.3. Tc immobilization by a mixture marcasite-pyrite

Most of the results presented in this section can be found in Rodriguez et al., Chemosphere. 281
(2021) 130904 (DOI: 10.1016/j.chemosphere.2021.130904).

2.3.1. Solid characterization

The synthesis described in section II of the experimental methods yielded a black matt powder
whose characterization is shown in Figure 36. The diffractogram (Figure 36a) identified the
solid as a mixture of marcasite (orthorhombic FeS2) and pyrite (cubic FeS2) by comparing the
sample with the references R060882 and R050190 available in the RRUFF™ database.'!®> The
data analysis software yielded a mineral distribution of 60% marcasite and 40% pyrite based on
the intensity of the peaks. Such proportion was very adequate to the aim of these experiments
because the changes of the technetium removal by this mixture with respect to pure pyrite

(section 2.2) can be attributed to the high proportion of marcasite present.
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Figure 36. Synthetic FeS: characterization. a) Powder XRD. b) {-potential measurements for the

determination of the isoelectric point.

The C-potential measurements (Figure 36b) determined the pHiep at 7.4. This indicates that the
surface of this synthetic FeS2 was partially oxidized, presenting some Fe(III) moieties.!!”-13® As
for pure pyrite (section 2.2.1) no acid pretreatment was used because in natural iron sulfide
surfaces the presence of Fe(Ill) is common.!'!'® Another similarity between this synthetic FeS>
and the pure pyrite is a low BET surface area of 5.3 m? g'!, which makes physical sorption less

feasible as a removal mechanism for technetium.
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2.3.2. Tc-removal by the synthetic FeS:: Batch experiments

The batch experiments of the removal of Tc(VII) by the synthetic FeS: are presented in Figure
37. The isotherm (Figure 37a) shows that the lower the concentration of technetium, the better
its removal by the synthetic FeSz, which validates these results for more environmental
scenarios, like with pure pyrite (section 2.2.2). The slope of the isotherm is 0.5, suggesting the
sorption of Tc on one site type only. Such a value indicates a low affinity between the mineral

and Tc'¥7 or the precipitation of Tc(IV), most likely as TcO2.2®
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Figure 37. Batch experiments of Tc(VII) removal by synthetic FeS.. a) Isotherm at pH 6.5 after 14 days
of contact b) Scavenging kinetics at pH 6.5. ¢) Pourbaix diagram of Tc in the presence of synthetic
FeS>in water and 0.1 M NaCl d) pH effect on water and 0.1 M NaCl after 14 days. Tc removal by pure
pyrite is shown for comparison (blue dots). Dashed lines in b and d are shown to guide the eye.
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Figure 37b presents the kinetics of the Tc removal at pH 6.5 by both synthetic FeS> and pure
pyrite. The Tc retention by the synthetic FeS2 becomes complete after seven days of contact and
after 45 days still no re-mobilization of the radionuclei was observed. When compared with pure
pyrite, it is clear that the presence of marcasite makes the overall process slower since pyrite

needs only one day for removing 95% of Tc from solution.

The Pourbaix diagram (Figure 37c) confirms the reduction from Tc(VII) to Tc(IV) at all the
working pH values in both water and 0.1 M NaCl. The pH edge experiments are presented in
Figure 37d where a complete retention of Tc is reached at 6.0 < pH <9.0. Alike pure pyrite, the
Tc removal under acidic conditions by the synthetic FeS: is less efficient and this can also be
attributed to a higher solubility of FeS2!3® that makes the Tc reduction less favorable, as it was
explained in section 2.2.2. More surprising is the low retention of Tc by the synthetic FeS: at
pH 10.0 (65% compared with 99% for pyrite at pH 10.0). This result could be an indication of
the formation of TcSx compounds that could passivate the surface preventing further Tc
reduction.!®! However, the chemical identity of the reaction products cannot be determined by
batch experiments alone and the only hint on the removal mechanism by synthetic FeS: is given
by the addition of 0.1 M NacCl to the system (Figure 37d). As a result, in the range of 6.0 < pH
< 9.0 no significant change in the retention is observed which rules out outer-sphere
complexation.”” The decreased Tc scavenging at pH < 6.0 can be attributed to either the
formation of an outer-sphere complex or by the increase of the solubility of the Tc(IV) new

species due to an increase in the ionic strength.!?!-122

2.3.3. Spectroscopic analysis of the Tc-loaded solids

The Raman spectra of the synthetic FeS2 loaded with Tc is presented in Figure 38. At pH 6.0
the formation of hematite as the FeSz oxidation product was confirmed by comparison with the
reference R050300 of the RRUFF database.'!® This result is very similar to the one obtained for
pure pyrite (section 2.2.3) and points to the formation of an inner-sphere complex between
Tc(IV) dimers and the hematite surface. Like in the batch experiments, the difference between
the synthetic FeSz and the pure pyrite is very significant at pH 10.0. Unlike with pyrite, the
Raman spectra show a band at 993 cm™! which indicates the presence of Fe(II)-sulfate-hydrate
minerals like rozenite (FeSO4x4H20), shown in Figure 38 for comparison. The formation of
sulfates indicates that the reduction of Tc(VII) at this pH is not triggered by the oxidation of
Fe?*, but of S*. This is also supported by the high spectral similarity between the synthetic FeS>
and the Tc-loaded synthetic FeSa. It is noteworthy to mention that the band at 478 cm™ present
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in the synthetic FeS: before and after the interaction with Tc can be attributed to the Fe(III)
moieties mentioned in section 2.3.1.!%
1
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Figure 38. Raman spectra of the solids obtained after 15 days of interaction of the synthetic FeS> with
Te(VID) at pH 6.0 and pH 10.0. The spectra of pure FeS» and reference spectra of hematite (reference
R050300) and rozenite (FeSO4x4H,0, reference R070187) are shown for comparison.'"

The Fe 2p, S 2p, O 1s, and Tc 3d XPS spectra are shown in Figure 39. The Fe 2p spectra (Figure
39a) illustrates that the formation of Fe(IIl) occurs only at pH 6.0 in a very small proportion
when compared with pure pyrite (section 2.2.4, Figure 34). At pH 10.0 no Fe(III) is observed,
which combined with the Raman spectra confirms that at this pH value the redox active species
of the synthetic FeS2 is S*" and not Fe?*. However, no formation of sulfate is detected in the S 2p
spectra (Figure 39b) while the Fe 2p32 and S 2p3»2 binding energies can be unequivocally
assigned to FeSz. This would be a consequence of the low concentration of sulfate present in
the sample as it is the product of the incomplete reduction of 5 uM Tc, which is below the XPS
detection limit. In contrast, Raman microscopy allows the identification of species that are

located only in specific spots of the sample, as it would be the case of sulfate since it is a product
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of the heteroreduction of technetium. Additionally, the low intensity of the band at 993 cm™ is

a confirmation of the low concentration of sulfate in the sample.
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Figure 39. XPS spectra of the synthetic FeS: mixture before and after the reaction with Tc(VII) ([Tc] =
1000 ppm) at pH 6.0 and pH 10.0. a) Fe 2p. b) S 2p. ¢) O Is. d) Tc 3d. Tc 3d elemental lines are
superposed by the broad loss line of S 2s.

The signal at 532.3 eV in the O 1s spectra of the pure synthetic FeS2 (Figure 39¢) can be assigned
to adsorbed water.'*” This signal disappears after the interaction with Tc at both pH values,
where the formation of similar proportions of OH™ and O*" can be observed. It is also possible
to confirm the presence of TcO: in both samples using the peak at 256.5 eV in the Tc 3d spectra
(Figure 39d). This Tc 3ds. signal is more intense at pH 6.0, indicating that the formation of
technetium oxide is favored at this pH value. Another Tc 3ds» peak was found at 253.8 eV at

both pH values, although the peak intensity is higher at pH 10.0. This peak can be related to the
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formation of TcSx compounds that were not detected in the S 2p spectra due to their low

concentration, like in the case of sulfate.

Speciation diagrams for Tc(VII) reduction in the presence of Fe** and/or S** are presented in
Figure 40. A quantitative reduction from Tc(VII) to TcO: is predicted throughout the working
pH range (pH 4.5 — 10.5). When the reduction is promoted only by Fe?" (Figure 40a) the main
species of Fe(Il) in solution are Fe?" at pH < 7.0 and Fe(OH)" and Fe(OH)2 at pH > 7.0, whereas
the main species of Fe(Ill) are hematite at pH < 6.5 and magnetite at pH > 6.5. In case the
reduction is promoted only by S*~ (Figure 40b) HS™ is the main S(-II) species in the entire pH
range and the sulfur oxidation products are elemental sulfur S at pH < 5.0 and SO4?~ at pH >
5.0.

When the Tc(VII) reduction is triggered by both Fe** and S** (Figure 40c) the formation of solid
pyrite and mackinawite as well as the presence of aqueous Fe?*, FeOH" and HS™ is favored
while Fe(Ill) and oxidized sulfur species are present in low concentrations. This is a
consequence of the excess of Fe?" and S* with respect to Tc(VII), as they have concentrations
20 and 40 times higher than the radionuclei, respectively. Consequently, the amount of iron and
sulfur fully oxidized products is smaller in comparison to the formation of the Fe(Il) and S(-1T)
main species found in the speciation. It is noteworthy to mention that the set-up conditions of
the calculations might be less realistic. This is because the Tc homoreduction by Fe*" and S*
was assumed, which was clearly not the case in these experiments. However, it has been reported
that when Fe?** and SO4>~ are together in solution at pH > 7.0, the formation of FeSOs is
favored.'*! Even though the speciation patterns presented here need to be carefully evaluated,

they support the findings of the Raman spectra.

In conclusion, the removal of Tc by the synthetic FeS: starts with the reduction from Tc(VII) to
Tc(IV) promoted by Fe** at pH 6.0 and, surprisingly by S* at pH 10.0. The reactions products
would be hematite at pH 6.0 and Fe(I1)SO4 and TcSx at pH 10.0.
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20 uM Fe** and 5 uM TcO,~. The latest Fe'> and Tc* thermodynamic databases have been used.
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2.3.4. Re-oxidation essays

Figure 41 shows the batch experiments of the re-oxidation essays. Like in the case of pure pyrite
(section 2.2.2), the oxygen concentration needed to oxidize the mineral was rapidly reached due
to the stirring of the samples under ambient atmosphere and the subsequent openings of the
tubes for pH adjustment and sampling. Figure 41 shows that the initial Tc concentration at pH
10.0 was 1.13 uM and it decreased after the exposure to ambient atmosphere to 0.48 uM. This
is a result of the high reactivity of marcasite rapidly forming H2SO4, when exposed to oxidizing
conditions.'*? It explains why the pH values always turned acidic when the samples were
exposed to ambient atmosphere (for more details, see section II in the experimental methods).
The production of H2SO4 reduces the remaining Tc(VII) in solution at pHinitiat 10.0 and can be

also the reason why the Tc concentration remained lower than 1 uM for 50 days in both samples.

Similar to pure pyrite, in the last point of the experiments (64 days) the re-oxidation apparently
begins and is faster in the sample with pHinitiat 6.0. This indicates a stronger interaction of the
Tc(IV)-species with the mineral at pH 10.0 and suggests the formation of an inner-sphere
complex at pH 6.0 and co-precipitation or incorporation at pH 10.0. It is also important to bear
in mind the higher proportion of TcO: at pH 6.0 indicated by XPS (section 2.3.3) that also

explains a faster re-oxidation of technetium at this initial pH value.
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Figure 41. Tc concentration in suspension for 64 days in ambient atmosphere at different pH values
(PHniias = 6.0 and 10.0; pH after exposure to ambient atmosphere was 3.0 and 2.8, respectively).

Dashed lines are shown to guide the eye.
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The Raman spectra of the Tc-loaded synthetic FeS: after 50 days under ambient atmosphere are
presented in Figure 42a. Both samples have the same chemical identity, i.e. a mixture of the
initial synthetic FeS2 and solid elemental sulfur. This was also confirmed by XRD (Figure 42b)
and the speciation calculations (Figure 40b) supporting the formation of S(er) at low pH values.
It can be derived that the initial pH of the sample does not play a role for the speciation after the
exposure to ambient Oz, which is most probably related to the production of H2SOa4. These
results suggest that the re-oxidation of Tc, and thus its re-mobilization, could only start after all
the marcasite present has been consumed, which would limit the technetium distribution within

the repository near and far field.

1—a) Sample pH 6.0 (3.0)
> H A A
% 1 Sample pH 10.0 (2.8)
IS
o
2 [Suifur
©
ISy
g 1//\____JL__,_A \M
04 ‘ ‘ :
200 300 400 500 600
Raman shift (cm'1)
1 [Sample pH 6.0 (3.0)
2>
I
c
pcz 0
£ 1 |Sample pH 10.0 (2.8)
o
N
£ 0
= 1 Sulfur
4
04 y 2 : ; : |
10 20 30 40 50 60
20 (deg)

Figure 42. a) From top to bottom: Raman spectra of the solids at pHuiia 6.0 and 10.0 after 50 days of
exposition to ambient atmosphere. The Raman spectra of sulfur (reference R040135) and of the
synthetic FeS, mixture are shown as reference.''> b) From top to bottom: XRD of the solids at pHiiia1 6
and 10 after 50 days of exposition to ambient atmosphere. The XRD sulfur (reference R040135) is

shown as reference.'®
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2.4. Summary

The *Tc(VII) retention by pure pyrite and by a mixture marcasite-pyrite 60:40 (synthetic FeS2)
was studied in a broad pH range by combining batch sorption experiments and several
spectroscopic techniques, as well as diffraction, microscopy and speciation modelling. Even
though the Tc initial concentration used in this work (5 uM) is several orders of magnitude
higher than the usual Tc concentration in the environment (1x10 M!%!1%)_the isotherms of both
systems showed that the lower the Tc concentration, the higher its removal, making the results

presented here valid for more realistic environmental scenarios.

It was found that at all pH values Tc(VII) was reduced to Tc(IV) after the interaction with the
minerals. The Tc removal by both solids presents slow kinetics at acidic pH values as a
consequence of the increase of the solubility of FeS: at pH < 5.0, which makes the Tc(VII)
reduction less efficient. At pH > 5.5 pyrite was able to remove almost 100% of technetium from
solution within one day. The presence of marcasite makes the process slower and less efficient,
since the synthetic FeS2 needed seven days to quantitatively scavenge Tc from solution at 6.0 <
pH <9.0. At pH 10.0 only 64% of technetium was retained after 14 days.

The combination of XAS, XPS and Raman microscopy identified two different mechanisms for
the Tc removal by pyrite depending on the pH, which was supported by the speciation of iron
under the working conditions that predicted the formation of hematite at pH < 7.5 and magnetite
at pH > 7.5 on the pyrite surface. Thus, at pH 6.0 the inner-sphere complexation between Tc(I'V)-
dimers and hematite was observed, while at pH 10.0 the incorporation of Tc(IV) into magnetite

by replacing an Fe(II) in octahedral position was found.

In the presence of marcasite the formation of hematite at pH 6.0 was also observed by Raman
microscopy, which suggests that the removal mechanism is the same as in the case of pure pyrite.
However, at pH 10.0 the surprising formation of a Fe(I)SOas-like mineral was observed by
Raman microscopy and supported by the speciation calculations. This implies that, contrary to
what was expected from pure pyrite, at this pH value the species responsible for the Tc(VII)
reduction is S* and not Fe?*. The change of the predominant redox active element at pH 10.0
would be responsible for the slower and less effective Tc uptake and can be explained by a
higher reactivity of marcasite that results in the formation of H2SO4 after its oxidation. The
formation of sulfate after the reduction of Tc(VII) has never been reported before, which reflects

the poor understanding available so far on the interaction between sulfur and technetium,
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highlighting the importance of more works in this matter. Despite the differences between the
Tc interaction with pure pyrite and the synthetic FeSz at pH 10.0, there is a common point for
the two solids: the formation of TcSx compounds found by XPS, which is in good agreement
with previous studies of the Tc retention by mackinawite’! and in the presence of
microorganisms.'%! The role of these TcSx compounds in the overall retention mechanism is not
clear because they could either passivate the mineral against further reduction, precipitate or
simply be transient phases in the total redox process.

A schematic representation of the Tc(VII) removal by FeS: is given in Figure 43.

Tc(IV) incorporated in Tc(lV) dimers sorbed on TcSxcompounds

magnetite hematite

Figure 43. Schematic representation of the reductive immobilization of Tc(VII) by FeS». Blue arrows
represent pH 6.0; green arrows represent pH 10.0.

The re-oxidation essays showed that both solids are able to keep Tc as Tc(IV) for at least two
months. Interestingly, in the case of marcasite the production of H2SO4 was independent of the
initial pH of the samples and it promoted the reduction of the Tc(VII) still present in solution.
The higher stability of pyrite kept the surface available for the reduction of any re-oxidized
Tc(VII) moiety. Studies on a longer time scale (probably months) should be carried out to
determine at which point the minerals lose the ability to inhibit Tc(IV) re-oxidation.
Nevertheless, the fast kinetics of the Tc removal by pyrite and the relatively long time along
which it retains technetium under aerobic conditions make it a good candidate for remediation
of contaminated waters, as it will be able to uptake technetium (and possible other pollutants)
in the same way that activated charcoal does with organic impurities. This could also be
considered even in the presence of marcasite, although it would require more time to reach Tc

full removal.
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Concluding remarks, environmental

significance and perspectives

A comprehensive study on the mechanisms for the surface-mediated reduction of Tc(VII) has
been performed. As a first approach, spectro-electrochemical methods were employed to
determine that in a non-complexing medium, i.e. 2 M NaClOs4, the reduction follows two
different mechanisms depending on the pH: at pH 2.0, Tc(VII) gains 2.1 £ 0.3 electrons to
produce Tc(V) that rapidly reduces to Tc(IV) with the transfer of 1.3 + 0.3 electrons. At pH >
4.0 a direct transfer of 3.2 £ 0.3 electrons yields Tc(IV). For the first time, the reduction
mechanism of Tc¢(VII) in non-complexing media has been approved by using spectro-
electrochemical methods, closing finally a knowledge gap in the understanding of basic
technetium aqueous chemistry. Furthermore, this study provided not only an accurate
determination of the electrons transferred in the system depending on the pH but also the Raman
features found at 374 and 1107 cm™! assigned to Tc(IV) will probably be of great use for the
identification of Tc(IV)O: in more applied fields, which, until now, was only possible by more

expensive spectroscopies like XAS or XPS.

As a second approach, a combination of batch experiments and spectroscopic methods was used
to study the interactions of technetium with pyrite and marcasite. Both iron sulfides promote the
reduction from Tc(VII) to Tc(IV). The overall process is faster and more efficient in pure pyrite,
that quantitatively removes Tc from solution by forming an inner-sphere complex between
Tc(IV) dimers and surficial hematite at pH 6.0 or incorporating it into surficial magnetite
structure at pH 10.0. The presence of marcasite makes the process slower but complete at pH

6.0, where the formation of hematite suggests that the removal mechanism is the same as with
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pure pyrite, and incomplete at pH 10.0, where the surprising formation of Fe(II) sulfate minerals
was found, which has never been observed before. Hence, while for pyrite at pH 6.0 and 10.0
and in the presence of marcasite at pH 6.0 the redox active species was Fe?" as expected, at pH
10.0, due to the fast oxidation of marcasite, the redox active species is S*. Moreover, the
interaction with both iron sulfides delays the re-oxidation of Tc(IV) for at least two months of
exposition to ambient atmosphere. Additionally, this work has proven that even in the “do
nothing” option, natural attenuation of the technetium mobility is to be expected in the near and
far field of nuclear waste repositories like Yucca Mountain in the USA, Onkalo in Finland or
£ 32143144

the Forsmark site in Sweden, where pyrite and probably marcasite are abundan or in

repositories that use materials like bentonite as host-rock and backfill material, where iron

sulfide will be found as accessory material.*?

The results presented here have closed several gaps in our general knowledge of the Tc(VII)
reduction in water. This is crucial for real engineered and natural environments with high
radioecological interest: the interaction of technetium with ubiquitous materials like iron sulfide,
that is found in a variety of geological formations like sedimentary deposits, hydrothermal veins
and metamorphic rocks. This also applies for several proposed nuclear waste repositories, either
due to the soil composition or due to its presence as accessory mineral in host rocks or backfill
materials or even corrosion products encountered in the near field. Regardless of the amount of
results, it is very common that every study ends up generating new research questions. It is the
case also with this work, which has given new perspectives for further studies that will be

described below:

For starting, the formation of Tc(V) in aqueous solution did not play any role on the technetium
retention by FeSz. However, in the US-Hanford site several reports of non-pertechnetate species
with exotic oxidation stated like Tc(I) and Tc(II) have been issued since 2004.'*1%° Such
species are stabilized by carbonyl and nitrosyl ligands and it is possible that the Tc(V) unstable
in water can be also stabilized by other inorganic or organic ligands present in e.g. the minerals
or humic substances. In this sense, the spectro-electrochemical methodology applied for the
basic system 0.5 mM Tc in 2 M NaClOs4 can also be applied in the presence of complexing
ligands like NOs~, HCO3™, or glycolate that are more relevant from the environmental point of
view. This approach would be useful to understand the mechanistic implication of the
complexation on the reduction but can also be used to determine formation constants of relevant

Tc-complexes.
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. 71
and perspectives

The surprising formation of iron sulfate minerals after the reduction of Tc(VII) in the presence
of marcasite, as well as the finding of TcSx by XPS in both mineral systems stress the importance
of sulfur in the Tc(VII) reduction and open the door to further studies on the interaction between
Tc and S in other sulfur minerals like galena (PbS) or chalcopyrite (CuFeSz). Furthermore, the
clear impact of marcasite on the retention of technetium by pyrite highlights the role of
polymorphism on the scavenging ability of minerals and, in consequence, further studies
comparing Tc-removal by other polymorphs, like hematite (a-Fe203) and maghemite (y-Fe203)
should be performed.



72

Technetium environmental chemistry:

Mechanisms for the surface-mediated reduction of Tc(VII)




Experimental methods

Radiation safety. *Tc is a B-particle emitter with a long half-life (2.14x10° years) and

must be handled only in a dedicated radiochemistry laboratory with specific radiation safety

measurements in place.

I. Spectro-electrochemical experiments

Sample preparation

K»TcO4 was provided by the Institute of Radiopharmaceutical Cancer Research from
Helmholtz-Zentrum Dresden-Rossendorf. NaClO4-H20 (purity > 98%, PanReac AppliChem
ITW Reagents). All solutions were prepared with Milli-Q water (resistivity of 18.2 MQ-cm,
Water Purified®). In general, 7 mL of 0.5 mM Tc solutions were prepared in 2 M NaClO4 at
different pH values. The pH was adjusted by adding small amounts (less than 10 pL) of HCIO4

or NaOH, so changes in ionic strength or viscosity were negligible.

Cyclic voltammetry and RDE

The cyclic voltammetry and the experiments with the RDE were performed with the 884
Professional VA instrument from Metrohm using a three-electrode set-up of the same brand.
The working electrode was a glassy carbon disk with 2.0 £ 0.1 mm of diameter used in stationary
mode for CV and in hydrodynamic mode for RDE. The electroactive area of the electrode was
determined as 0.035 = 0.001 cm? with a Randles-Sevcik analysis of 10 mM K3Fe(CN)s in 1.0 M
KNO:s."*° Pt was used as counter electrode and Ag/AgCl (3M KClI) as reference electrode. This
device was used under normal atmosphere at 25°C. The solutions were always purged with N2

for 20 minutes before any measurement.

Spectro-electrochemical cell

Figure 44 presents the diagram of the in-house-build spectro-electrochemical cell. The orange-
colored line represents the glovebox (GS Glovebox-System GS050912; < 1 ppm O2) used to
ensure inert atmosphere. The experiments were performed at 21°C, which is the glovebox
temperature. The cell holder was printed with a 3D printer 3DWOX 1, Sindoh). The three-
electrodes cell (dimensions: wide 20 x depth 10 x height 30 mm) was made of quartz with a
path length of 0.5 cm. The electrodes used were a glassy carbon rod (ALS Japan) as working
electrode, Ag/AgCl as reference electrode (ALS Japan) and Pt as counter electrode (ALS Japan).
The electrodes were connected to a potentiostat (PGSTAT 101, Metrohm) located outside the
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glovebox. Both the lamp (AvaLight-DH-S-BAL, Avantes) and the spectrometer (AvaSpec-
ULS2048 StarLine, Avantes) were located outside the glovebox and they were connected to the

cell holder via fiber optics.

Glovebox (< 1 ppm 0,)

A

O
Q,
L7

Cell holder

Fiber optics Stirrer

Detector

Figure 44. Schematic representation of the in-house-build spectro-electrochemical cell.

In general, the Tc solution was placed in the quartz cell and agitated throughout the entire
experiment with a 0.5 cm magnetic stirrer. A potential staircase of 10 mV steps was applied
while UV-vis spectra were continuously recorded in the range from 200 to 1100 nm with an
integration time of 10 ms. For pH 2.0 the potential staircase started at -490 mV, while for pH
10.0 it started at -620 mV; for both pH values the potential staircase ended at -1000 mV. Each
potential was applied for 4 minutes, in parallel one spectrum was recorded every 30 seconds,

yielding 8 spectra per potential value that were afterwards averaged to reduce the noise.

Solid analysis

After the reduction of Tc(VII) in the spectro-electrochemical cell, a black solid was deposited
on the working electrode. The solid detached immediately when the electrode was taken out of
the solution to dry. It was collected and placed on a cell containing two CaF> Raman quality
windows®’ and after the solid got dried under N2 atmosphere, the cell was sealed to avoid the

contact with oxygen during the experiment. The Raman spectra were measured outside the
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glovebox with a Raman microscope (Aramis, Horiba) using a He — Ne Laser with a 10-fold

objective with a D 0.3 filter, a pin-hole of 500 um and a slit of 600 pm.

A second batch of the solid was produced and it was dissolved in deuterated dimethyl sulfoxide
(DMSO-ds, 99.8% D, Deutero GmbH Germany) and, inside a glovebox, transferred into a gas-
tight 5 mm NMR sample tube equipped with a low-pressure PTFE valve. The sample was heated
up to 60 °C in order to improve solubility. Tc-NMR spectra were obtained on a 14.1 T Agilent
DD2-600 NMR system operating at a corresponding *°Tc resonance frequency of 134.8 MHz,
using a 5 mm oneNMR™ probe. Owing to the large chemical shift range (6000 ppm =
800 kHz), sufficient excitation was assured by sweep-range partitioning. The depicted spectrum
is the sum of 600,000 accumulations obtained after a 15 us m/2 single-pulse excitation, an
acquisition time of 150 ms and a relaxation delay of 500 ms. Chemical shifts are reported

relative to 1 mM aqueous NH4TcOa.

II. Tc scavenging experiments

General notes.

a) The majority of the preparations were performed under N2 atmosphere inside a glovebox
(GS Glovebox-System GS050912; < 1 ppm Oz2) at 21°C. Unless indicated otherwise,
experiments were performed under inert atmosphere.

b) The Milli-Q water (resistivity of 18.2 MQ-cm, Water Purified®) used for the experiments
was boiled for two hours for degassing, sealed and cooled down to room temperature
before its use inside the glovebox.

¢) The pH was adjusted by adding either NaOH or HCI. A pH meter pH3110 from WTW
was used with a pH electrode from SI Analytics Blue Line (calibration with pH buffers
4.0006, 6.865 and 9.180). For both solids the pH was adjusted at least twice a week
through the duration of the experiments. The amounts of acid or base added were never
higher than 10 pL in order to ensure that the variation on Tc concentration and ionic
strength was small enough to be neglected as the total volume of the sample was 32 mL.

d) The Eh was measured with no agitation during 30 minutes. An Eh electrode from Mettler
Toledo calibrated with a redox buffer solution (220 mV / pH 7) was used.

Solids and synthesis

The pure synthetic pyrite was purchased from Alfa Aesar (REF: 12842). The mixture marcasite-
pyrite 60:40 (hereafter referred to simply as synthetic FeSz) was synthesized following the
procedure described by Huo et al.:?® First, 200 mL of 0.1 M FeCls (Merck, purity > 99%) and
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200 mL of 0.2 M NaHS (Acros Organics, purity > 99%) were prepared and purged with N2 for
30 minutes. Then, the solutions were mixed in a round flask of 500 mL and left under N>
atmosphere for other 30 minutes. Finally, the mixture was sealed and aged for 24 hours in a
stove at 60°C. The black powder obtained was separated by ultracentrifugation and dried by
lyophilization.

The Brunauer-Emmett-Teller (BET) specific surface area of both solids was determined by

isotherm experiments with N2 at 77 K (Multipoint Beckman Coulter surface analyzer SA 3100).

Solid characterization

a) X-Ray powder diffraction (XRD)

Both solids were analyzed by XRD (MiniFlex 600 powder XRD, by Rigaku) using Cu Ka
(A = 1.54184 A) as X-ray source, that has an X-ray generation of 40 kV / 15 mA (600 W).
The spectrum was recorded in a scan continuous mode. The sample preparation was carried
out inside a N2 glovebox (GS Glovebox-System GS050912; < 1 ppm Oz), where the solid
was homogenized with an agate mortar and then mounted on an airtight sample holder
(Rigaku) to ensure the inert conditions during the measurement. The data analysis software

used was PDXL: integrated x-ray powder diffraction software, Version 2.8.1.1, Rigaku.

b) Scanning electron microscopy (SEM)

The micrographs of both solids were obtained by using a FEI Quanta 650 FEG
environmental scanning electron microscope. Both the sample preparation and the SEM
were carried under anoxic atmosphere. SEM-ED spectra of selected areas were acquired by
use of a Thermo Scientific UltraDry, i.e. Peltier cooled, silicon drift X-ray detector and the

NORAN System7 microanalysis system, software version 3.3

¢) {(-potential measurements

0.05 g L' solid suspensions were prepared in 0.1 M NaCl between pH 3.0 and pH 10.0 inside
the glovebox and the aliquots of the suspensions were transferred into disposable cuvettes
(DTS1070, Malvern). The cuvettes were taken outside of the glovebox, where the
C-potential measurements were rapidly performed (Zetasizer Nano Series Nano-ZS,
Malvern Instruments) at 25 °C. Five different scans of 30 seconds were carried out for every
sample. The presented values are calculated as an average of the five independent

measurements.
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d) Pyrite solubility

Eight suspensions of pyrite in water (1.3 g L") were prepared in the pH range from 3.5 to
10.5. The samples were equilibrated under horizontal shaking for 3 weeks adjusted the pH
as it was mentioned in section 2.2.6. Afterwards, they were centrifuged (600 % g for one
hour) and an aliquot of 1 mL from the supernatants was acidified with 10 pL of concentrated
HNOs. The Fe** concentration was measured by inductively coupled plasma mass
spectroscopy, ICP-MS (NexION 350x, Perkin Elmer).

Batch experiments

Table 5 summarizes the conditions of the batch experiments. A general procedure started with
the preparation of a suspension of 1.3 + 0.2 g L! of the mineral (pyrite or synthetic FeS>) in
water or in 0.1 M NaCl (NaCl(s) from Merck, purity > 99%) depending on the experiment. The
required volume of a KTcOs stock solution (9.22x107 M) was added and the pH was adjusted

to the required value.

Table 5. General conditions of the batch experiments carried out with the pyrite and the
synthetic FeS>at 1.3+02gL™".

Experiment Kinetics pH effect Isotherm
[Te(VID]o (M) 5.0x10°¢ 5.0x10°¢ 2x107 - 2x1073
pH 3.5-10.5 3.5-10.5 6.0 and 10.0
Contact time (days) 1 -42 1-42 14

Subsequently, the suspensions were agitated for hours or days on a horizontal shaker. After the
distinct contact time, pH and Eh were measured. The mineral phase was separated from the
suspension by ultracentrifugation (2.4x10° x g for 1 hour). 0.25 mL of supernatant were mixed
with 5 mL of scintillation cocktail (Ultima GoldTM, Perkin Elmer) and placed in the liquid
scintillation counter (1414 LSC Winspectral o/f Wallac, Perkin Elmer; detection limit: 25 cpm;
measuring time: 10 minutes) to determine the remaining Tc concentration in solution. Using Eq.

[24] the cpm of the sample are converted to Bq mL"!.

(BqmL™ Y sampre = ——o— [24]

60 s *0.25 mL

The percentage of technetium removed is given by Eq. [25].

o%T _ ((Bq mL_l)Initial_ (Bq mL_l)Sample)*loo [25]
0% Cremoved = (Bq mL™Ymitial
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For the construction of the isotherms, the activity of the sample was converted from Bq mL™! to
mol L! to obtain the amount of Tc in solution, Tcsol. Tcsorbed Was found with Eq. [26].

T¢initial — TCsol [26]
Solid concentration

Tc¢sorpea =

Where Tcinitial is 510 mol L' and the solid (pyrite or synthetic FeS2) concentration is
1.3gL"

Re-oxidation essays

Suspensions of the minerals (1.3 = 0.2 g L") were prepared and the necessary amount of the
K*’TcOs stock solution used in the batch experiments was added to reach 5.0x10° M Tc. The
pH values were adjusted to 6.0 or 10.0 depending on the sample and the final volume was 35
mL stored in 50 mL polypropylene tubes. They were kept under constant agitation for 5 days
for pyrite and 14 days for the synthetic FeSa, after which the complete removal of Tc from
solution was confirmed by LSC as described before. Afterwards, the tubes were opened outside
the glovebox under ambient atmosphere for one hour with constant agitation. Then they were
closed and left on a horizontal shaker for 60 days outside the glovebox, during which the pH
was adjusted twice a week as in the batch experiments for pyrite. In the case of the synthetic
FeS», despite the initial pH (6.0 or 10.0), the pH became acidic after few hours, due to the
production of H2SOs after the marcasite oxidation. The pH was adjusted every day for two
weeks but the desired values were never sustained. Therefore, it was decided not to adjust the
pH any further and leave it at the stable value reached after the exposure to ambient atmosphere
(pH = 3.0 instead of 6.0 and 2.8 instead of 10.0). The suspensions were regularly sampled by
taking 5 mL aliquots to quantify the Tc concentration in the supernatant by LSC as described

before.

Sample preparation for spectroscopy

0.140 g of the mineral were mixed with 50 mL of water and the necessary amount of the K*TcO4
stock solution used in the batch experiments was added to obtain = 1000 and 600 ppm of Tc
load in the final solid. The pH was adjusted to 6.0 and 10.0 and the samples were left under
constant agitation for one month along which the pH was adjusted twice a week, like in the
batch experiments. Afterwards, the solid was separated by ultracentrifugation (2.4x10° x g for
1 hour) and distributed for separate analysis SEM, XPS, XAS (XANES and EXAFS) and Raman
microscopy for pyrite and XPS and Raman microscopy for the synthetic FeS2. Two blanks of

mineral suspensions in water (1.3 g L") were prepared at pH 6.0 and 10.0, left in horizontal
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agitating for one month, adjusting the pH occasionally. They were measured at the same

conditions as the Tc-containing samples.

XPS

The wet paste was re-dissolved in approximately 1 mL of water inside polypropylene vials that
were closed and introduced in a sealed container inside the glovebox and transported to the
Karlsruhe Institute of Technology, KIT, for the measurements. In general, one drop of
suspension was dried on an indium foil. This was mounted onto a sample holder and moved into
the XPS system PHI 5000 VersaProbe II (ULVAC-PHI Inc.) using a transfer vessel without air
contact. The XPS system is equipped with a scanning microprobe X-ray source (monochromatic
Al Ka (1486.7 eV) X-rays). An X-ray source power of 32 W was used to record the survey
scans of the conductive samples and to pass energy of the analyzer of 187.85 eV. Narrow scans
of the elemental lines were recorded at 23.5 eV pass energy, which yields an energy resolution
0of 0.67 eV FWHM at the Ag 3ds2 elemental line of pure silver.

The calibration of the binding energy scale of the spectrometer was performed using binding
energies of elemental lines of pure metals (monochromatic Al Kq: Cu 2p32 at 932.62 eV,

Au 4f7 at 83.96 eV). The error of binding energies of elemental lines is estimated to be +
0.2eV.

XAS

The sample preparation and data treatment here presented corresponds only to the pure synthetic
pyrite loaded with Tc. The synthetic FeS2 was not analyzed by XAS because the presence of
both iron sulfides would have complicated the data treatment, i.e. assign the signals to either

pyrite or marcasite.

The wet pastes for XAS were mounted on doubled sealed plastic sample holders inside the
glovebox. Afterwards, they were taken outside the glovebox, immediately flash-frozen with
liquid nitrogen and then stored in a liquid nitrogen container for transportation to the Karlsruhe
Institute of Technology (KIT).

Spectra were acquired at the KARA Synchrotron Radiation Source at KIT in fluorescence mode
at the Tc-K edge (21044 eV) in steps of 0.5 eV for XANES and 0.05 A! steps for EXAFS up
to 12.5 A!. The measurements were performed at 15 K in a He cryostat. The energy of the
Si(111) double-crystal monochromator was calibrated using a Mo-foil (K-edge at 20 000 eV).
In order to collimate the beam into the monochromator crystal reject higher-order harmonics,
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two Rh-coated crystals were used. The spectra were acquired with a 13-element, high-purity,
solid-state Ge detector (Canberra) with digital spectrometer (XIA XMAP). Spectral processing
included normalization, transformation from energy into k-space, subtraction of a spline
background. Shell fits were performed with WinXAS following standard procedures.'! All fits
were done in R-space (1 to 3.5 A) of k> —weighted spectra (2.0 to 11.5 A™! providing a shell
resolution of 0.17 A) using theoretical backscattering amplitudes and phase shifts calculated
with FEFF 8.2!'% on clusters (Rmax = 8 A) derived from magnetite'>* and TcO2'3 structures.
Under such conditions, Tc was placed into the central 6-coordinated Fe position to i. produce
Tc-doped magnetite and ii. replace the part of backscattering Tc atoms by Fe for the latter
structure to produce a model for Tc-Tc dimers sorption complexes. Debye-Waller factor were
restricted to float between 0.002 A! and 0.012 A"!. Furthermore, spectra were analyzed by the
ITFA software package.?!"'?”!5° Briefly, three factors are used to determine the number of
spectral components: 1) the minimum of the Malinowski, which is an indicator value calculated
for all principal components, ii) a visual inspection of the principal components to discriminate
the ones containing the EXAFS signal by discriminating the background and the noise and iii)
the reconstruction of the experimental data by a minimum number of components. Varimax
rotation and iterative transformation target test modules are then used to identify the spectral

endmembers and to extract their EXAFS spectra.

Raman microscopy

10 pL of the re-suspension from the XPS samples were deposited on a Raman cell containing
CaF2 window.?” Once the solid was dried, the cell was sealed and placed in a Raman microscope
(Horiba, model Aramis) using a He — Ne Laser with a 10-fold objective with a D 0.3 filter, a
pin-hole of 500 um and a slit of 600 um.

Speciation calculations

Calculations were performed using the code Chess V2.4.!3 The most recent thermodynamic
databases for Fe'** and Tc* were used combined with their recommended S thermodynamic
data. In the case of marcasite, it was assumed for the calculations that the Tc(VII) was promoted
either by dissolved Fe?" or S* coming from the complete dissolution of 1.3 g L' FeSa.
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