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Abstract

7Se and ®Tc are two long-lived fission productions with high levels of toxicity. Se(IV)
and Tc(VII) are present in vitrified high-level radioactive waste (HLW) in highly mobile
forms. The potential release of these elements from the repository poses a significant threat
to the biosphere. Therefore, it is imperative to employ the clay engineered backfill materials
to impede the migration of Se(IV) and Tc(VII) towards the biosphere. Considering the
extremely low solubility of reduced Se and Tc, reduction of Se(IV) and Tc(VII) stands out
as one of the most effective approaches to slow down their migration. Clay minerals,
primary components of bentonite, the chosen engineered backfill material, naturally contain
structural Fe(III) which readily undergoes reduction to Fe(II) in the reducing environment
of the repository. This transformation facilitates its role as a reductant for Se(IV) and
Tc(VID). As such, this thesis primarily aims to investigate the pivotal role of Fe within the
clay mineral, and to quantitatively assess its impact on the retention of Se and Tc.

In the first step of the study, it is essential to reduce the structural Fe(III) present in the
native clay mineral to Fe(Il), thus establishing a reducing potential. This thesis employed
three distinct types of 2:1 dioctahedral clay minerals, namely Texas montmorillonite STx-
1, Wyoming montmorillonite SWy-2, and nontronite clay NAu-2. These clays were chosen
due to their varying Fe content, which leads to different ratios of Fe(Il)/Fe(Ill) and diverse
Fe distributions within the octahedral sheet. Consequently, the reduced clay exhibits varying
redox potentials. Following reduction, comprehensive characterization of the modified clay
minerals was performed, including assessments of their structure, morphology, cation
exchange capacity, and the accessibility of sorption edge sites. The results of this
characterization demonstrated negligible alterations in structural integrity and sorption
properties of the reduced clay minerals when compared to their native counterparts.

In the second step, batch sorption experiments were systematically conducted, varying
parameters including pH levels, Se and Tc concentrations, reaction durations, and the use of
reduced clay samples with different Fe(I) content and redox potential. Following these
sorption experiments, spectroscopic techniques, X-ray Absorption Near Edge Spectroscopy
(XANES) and Extended X-ray Absorption Fine Structure (EXAFS), were applied to discern
the reduction products and ascertain the local structure of Se and Tc.

The sorption experiments revealed that all reduced clay minerals possess the capacity
to effectively impede the migration of Se and Tc. Se(IV) exhibited sorption via an inner-

sphere surface complex, followed by reduction, resulting in the formation of red Se(0)
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initially, which gradually transformed into grey Se(0) as insoluble solids. In contrast, the
retention mechanism for Tc(VII) involved its reduction to Tc(IV), leading to the formation
of TcO2nH>O precipitate, with no detectable adsorbed Tc species observed. Despite the
differences in the retention mechanisms, both Se and Tc retention efficiency were found to
be directly proportional to the structural Fe(II) content. Furthermore, the presence of surface
adsorbed Fe?*,q was found to enhance the retention of Tc.

The findings presented in this thesis provide compelling evidence that Fe(Il)/Fe(I1I)-
bearing clay minerals hold significant promise for immobilizing Se and Tc within the
engineered barriers of a repository. Moreover, the sorption data generated enriches the
geochemical sorption modeling database, further enhancing our understanding of these
retention processes. The insights gained from this thesis make a substantial contribution to

the risk assessment of repository systems.
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Chapter 1: Introduction



1.1 Background

Deep geological repository is considered as the safest option for a long-term disposal
of spent nuclear fuel (SF) and vitrified high-level radioactive waste (HLW) (IAEA, 2003).
In September 2022, National Cooperative for the Disposal of Radioactive Waste (Nagra)
announced the intention to submit the general license application for construction of the
Swiss radioactive waste repository in “Nordlich Lagern” region using Opalinus clay as the
host rock. In the Swiss concept of deep geological repository (Figure 1.1), SF and HLW
sealed in steel canisters are disposed in tunnels and back-filled with highly compacted
bentonite clays as an engineered barrier (Nagra, 2002). In the initial stage of the repository,
oxygen entrapped in the pores of multi-barrier system may be consumed gradually by
corrosion of steel canister within less than 100 years. After consumption of oxygen, anoxic
corrosion of steel canister (Fe” + 2 H,O «> Fe?* + H, + 2 OH") produces large amount of H»
and ferrous (Fe(Il)) iron phases like magnetite, siderite, pyrite, iron oxides, and green rust.
The repository maintains an anoxic reducing condition. The redox potential (Eh) of the
repository is estimated to range between -0.1 V and -0.3 V (SHE) (Wersin et al., 2003). Over
time, as the steel canisters corrode completely, radionuclides will be released. The
engineered and natural barriers are designed to retard the migration of radionuclides over an
extended period of time, isolating them from the biosphere and ensuring that any residual
radionuclides reaching the biosphere will have radioactivity levels similar to the natural
background (Vuori, 1995).

In Switzerland, HLW refers to the vitrified highly active residue resulting from the
reprocessing of spent nuclear fuel, which contains a majority of the radioactive fission
products recovered by reprocessing of spent nuclear fuel (Nagra, 2002). According to the
safety assessment calculations, the main long-term dose determining radionuclides present
in HLW include '*C, %I, Tc, "Se, '3°Cs, and *°Cl, etc. (McGinnes, 2002). Specifically,
this thesis will focus on studying the two redox-sensitive radionuclides "°Se and *Tc.
Although Se occurs in the -II oxidation state in spent nuclear fuel (Curti et al., 2015), it is
present in IV oxidation state in simulated vitrified waste (Curti et al., 2013). Tc is present as
a mixture of Tc(IV)/Tc(VII) in the glass after vitrification (Childs et al., 2018). When the
canister is fully corroded, Se and Tc in these oxidation states will be released to the near
filed. There is a strong interplay between the mobility and bioavailability of Tc and Se and
their respective oxidation states (Fernandez-Martinez and Charlet, 2009; Meena and Arai,

2017). Se(IV) and Tc(VII) are highly soluble and mobile. When reduced to lower oxidation
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states such as elemental Se(0) and Tc(IV), they become insoluble and immobile, thus leading
to effective retention. Therefore, the reducing environment within the repository, coupled
with the formation of redox-sensitive Fe(Il)/Fe(Ill) phases and the pH level of the pore
water, exerts a significant influence on the retention and transport of Tc and Se when
released from canister. Given their long half-life and elevated toxicity, it is crucial to gain a
comprehensive understanding of the migration behavior of Tc and Se in order to ensure an

accurate safety assessment of the repository.

Host rock
(Opalinus Clay)

500 - 1000 m

l
"1
|

7 g . f'i:—'f"?
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Disposal tunnel SF/HLW Disposal tunnel ILW

Figure 1.1. Possible View of the Swiss concept of deep geological repository for radioactive
waste SF/HLW/ILW. SF: spent fuel; HLW: high-level waste; ILW: intermediate-level
waste. (Nagra, 2002)

1.2 Fe-bearing clay minerals
Bentonite is considered as backfill material due to its diverse physical and chemical
properties: low hydraulic permeability/conductivity, swelling pressure accompanied with
self-sealing ability, high sorption capacity, and long-term durability of properties (Pusch,
2006; Sellin and Leupin, 2013; Wagner, 2013).
e Low hydraulic permeability/conductivity:
Bentonite has a very fine particle size, which results in a densely packed structure
with extremely small pores. It is able to sustain significant hydraulic pressure
gradient, giving it low hydraulic permeability. In other words, it acts as an effective

barrier against the flow of water.



o  Swelling pressure and self-sealing ability:
When hydrated, bentonite has the ability to swell and expand. This property is
particularly important in scenarios where the backfill material is exposed to water.
The swelling pressure exerted by bentonite helps it conform to the surrounding
environment, filling any gaps or voids that may exist. In addition, this self-sealing
ability ensures the reducing environment inside of the repository.

e High sorption capacity:
Bentonite possesses a high capacity to absorb and retain metal ions (Ifeoma Mary
and Onyedikachi Anthony, 2019; Liu et al., 2022; Tournassat et al., 2015). This
property is crucial in a repository context because it allows bentonite to immobilize

radionuclides, preventing them from migrating through the backfill material.

Bentonite consists of montmorillonite, while Opalinus clay is composed mainly of illite
and illite/smectite mixed layer minerals (Bradbury et al., 2014). Both montmorillonite and
illite are 2:1 dioctahedral clay minerals with a TOT layer structure, including an alumina
octahedral (O) sheet sandwiched between two silica tetrahedral (T) sheets (Bergaya and
Lagaly, 2006), as shown in Figure 1.2. Clay mineral exhibits a permanent negative charge,
due to isomorphous substitution by lower valence cations in either the octahedral sheet (i.e.
substitution of Mg?*, Fe?*, or Mn** for AI**) or the tetrahedral sheet (i.e. substitution of AI**
or rarely Fe** for Si*"). The permanent negative charge is compensated by the electrostatic
adsorption of hydrated exchangeable cations in the interlayer (Liu et al., 2022). Edge sites
of clay minerals, characterized by surface hydroxyl groups (=S—OH), are the primary sites
to form surface sorption complexes. The surface hydroxyl is amphoteric and can undergo
both protonation and deprotonation reactions, as demonstrated below:

Protonation: =S—OH + H" & =S—OH>"
Deprotonation: =S—OH = =S-O" + H"



‘ Outer-sphere complex
at basal plane
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Figure 1.2. Sketch of a 2:1 dioctahedral clay mineral with an alumina octahedral sheet

sandwiched between two silica tetrahedral sheets, and inner-sphere and outer-sphere

complex with the clay mineral (modified from Soltermann (2014)).

Clay mineral is a charged particle with a high specific surface area, making it well-
known for its sorption properties. There are two major sorption mechanisms on clay
minerals: cation exchange and surface complexation. Hydrated exchangeable cations can
form outer-sphere complexes with the clay minerals in the interlayer and basal planes
through electrostatic forces and be exchanged by other metal cations (Tournassat et al.,
2015). The cation exchange reaction of a metal B, of valence z3, exchanging with a metal
A, of valence z4, on a clay mineral in the A-form, can be written as:

zgA?A —clay + z,B?B 2 z4,B?B — clay + zgA®A
The surface complexation at the edge site is pH-dependent due to the protonation and
deprotonation of the hydroxyl group, which can establish chemical bonds with the adsorbed
ions forming inner-sphere sorption complexes (Stumm, 1995). If aqueous speciation does
not change, cation adsorption generally increases as pH increases (Baeyens and Marques
Fernandes, 2018). With the exception of the alkaline and alkaline-earth metals, most metals
ions such as transition metals, lanthanides and actinides form surface complexes at the edge

sites of clay minerals. Surface complexation reactions on generic edge sites can be written



as:
=S—-OH + M? + yH,0 = =S—OM(OH),*®*V + (y+1)H"
where M is a metal with valence z, and y is an integer. For y = 0 the surface complex is
=SOMZ%!, For anions, the adsorption decreases as pH increases, such as Cr(VI) (Joe-Wong
etal., 2017; Rai et al., 1989; Zachara et al., 1988), Se(IV) (Missana et al., 2009), and As(V)
(Goldberg, 2002; Lin and Puls, 2000; Mohapatra et al., 2007). Anion adsorption onto =SOH
sites can be described in the low pH range with reactions below:
=S—-OH + H" +M?% 2 =S—0OH,M?

Iron is the fourth most abundant elements in the earth’s crust and is ubiquitous in clay
minerals. Fe is naturally incorporated into the clay structure and can be found mostly in the
octahedral sheets of the clay mineral. The content of structural Fe varies among different
clay minerals, such as approximately 3 wt% in montmorillonite and 20 wt% in nontronite
(Stucki, 2006). Additionally, as a result of steel canister corrosion, dissolved Fe** in uM
concentration will be adsorbed onto the surface of clay minerals. Consequently, Fe-bearing
clay minerals in the geological repository can exist in several forms (Nagra, 2013):

(1) Structural Fe (Fe(Il)sr) mostly located in the octahedral sheets of the clay
minerals;

(11) Fe?* adsorbed (Fe(II)ad) onto the surface of the clay minerals;

(i)  Fe precipitated as ferrous iron containing minerals including ferrous oxides,
sulfides, and carbonates on the surface of clay minerals.

The retention of Tc (Fan et al., 2013; Liu et al., 2012; Pearce et al., 2014; Pepper et al.,
2003; Wharton et al., 2000) and Se (Charlet et al., 2012; Jordan et al., 2009; Myneni et al.,
1997; Scheinost and Charlet, 2008) on ferrous iron containing minerals (iii) have been
intensively studied. In this study, only Fe-bearing clay mineral form (i) and (ii) were
discussed.

Fe is a redox-sensitive element, and its redox couple Fe(II)/Fe(Ill) has an important
impact on the redox reactivity of the clay mineral. In terms of form (i) Fe(Il)s, the structural
arrangement of Fe in the clay mineral is intimately connected to its redox reactivity. The
location of structural Fe in the octahedral sheet can be either random or clustered, leading
to different chemical properties of clay minerals. When the Fe atoms are too far apart to
interact with one another, intervalence electron transfer may not occur, impacting the redox
activity of the structural Fe (Komadel et al., 2006; Schuette et al., 2000). Dioctahedral clay

minerals indicate that two-thirds of the octahedral sites are occupied by trivalent cations
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such as Fe** and A1**, while one-third of the octahedral sites remain vacant. The distribution
of these vacant sites has been studied extensively. The vacancy with hydroxyl groups located
on the opposite side is labelled a trans-vacancy, while the one on the same side is labelled
as a cis-vacancy. Initial proposals suggested a shift in Fe coordination from six-fold to five-
fold via dehydration after the chemical reduction of clay minerals (Drits and Manceau, 2000;
Stucki and Roth, 1977). The chemical reactions are shown below:
mFe.*t + me” — mFe"
2n(OH)e” — nOZ + n(H20).
nO + nHs" — n(OH).

where m and n are stoichiometric parameters, and subscripts ¢ and s are species from the
crystal structure and solution, respectively. However, years later, Manceau et al. observed
that the octahedral Fe(III) in dioctahedral smectite remains in six-fold coordination as it was
reduced to octahedral Fe(Il). Meanwhile, the octahedral Fe(II) cations migrate from cis-sites
to neighboring empty trans-sites and possibly form Fe clusters in the smectite structure
(Manceau et al., 2000). It is widely accepted that changes in the structural Fe(Il) content
through clay reduction may cause a rearrangement of Fe and vacant sites, consequently
affecting electron transfer and the corresponding redox properties (Charlet et al., 2022;
Manceau et al., 2000; Neumann et al., 2011). Trioctahedral clay minerals have octahedral
sites fully occupied by divalent cations without any vacant sites and are not discussed in this
thesis.

Regarding the form (ii) Fe(II).4, it can be adsorbed on the clay surface at different sites
described by the two site protolysis non electrostatic surface complexation and cation
exchange (2SPNE SC/CE) sorption model (Bradbury and Baeyens, 1997). Based on the
sorption edge of Fe(Il) on Na-STx-1, it was observed that before reaching a pH of 4, Fe(Il)
was adsorbed at interlayer sites through cation exchange, while predominantly binding at
edge sites via surface complexation between pH 4 and 9 (Soltermann et al., 2014a). Due to
the clay dissolution equilibrium, Fe?*,q also exists in the clay suspension. These various
Fe(II) species of the clay mineral, Fe(Il)sr, Fe(Il)ag, and Fe**aq, display distinct levels of
reactivity in sorption-redox reactions. Among them, Fe(Il).q is the most reactive one, Fe(II)s
is less reactive than Fe(Il)a.qd due to its spatial inaccessibility and bonding environment, and
Fe(I)aq 1s least reactive species (Jaisi et al., 2008a).

The presence of the Fe(Il)/Fe(Ill) couple in clay minerals gives rise to their redox

potential (Eh), a crucial factor in redox reactions. Eh depends on various factors, including



clay structure, Fe content, Fe(II)/Fe(III) ratio, and solution pH, and is commonly determined
through electrochemical methods. However, measuring redox potential can be challenging.
The conventional approach employs an Eh electrode with an Eh meter, but achieving
equilibrium between the electrode and clay suspension within the experimental timeframe
can be difficult due to slow electron transfer (Sander et al., 2015). To overcome this
limitation, Gorski et al. introduced a method known as mediated electrochemical reduction
(MER) and oxidation (MEO) (Figure 1.3) (Gorski et al., 2012b). This technique involves
the addition of mediators—redox-active organic radicals that facilitate electron transfer
between the working electrode and clay minerals. By applying an external potential, the
redox potential of the clay mineral can be accurately measured, and the redox-active Fe
content as well as the Fe(Il) and Fe(IlI) content within the clay mineral can be quantified
(Gorski et al., 2012a; Gorski et al., 2013; Gorski et al., 2012b). The MER/MEO method
offers significant advantages in accurately determining the redox potential of clay minerals

and provides valuable insights into their redox behavior.
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Figure 1.3. Schematic representation of mediated electrochemical reduction (MER) and
oxidation (MEO) (Images from Gorski et al. (Gorski et al., 2013; Gorski et al., 2012b))

1.3 Redox reaction between Fe-bearing clay minerals and Se and Tc

In this study, two redox-sensitive radionuclides Se and Tc were studied. Both Se and
Tc are fission products characterized by high toxicity and long half-lives (**Tc: 2.1x10°
years and ’Se: 3.8x10° years). Consequently, a comprehensive understanding of their
migration within the multi-barrier system of the repository is of high importance. The
migration of Se and Tc in the backfill clay minerals is closely linked to their solubility in
the pore water. This solubility is determined by their oxidation states, which can be altered

by redox reactions. As a result, redox reactions play a significant role in influencing the
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migration and retention of Se and Tc on the clay minerals.

The oxidation state of Se varies from -II to VI. Oxidized species, Se(VI) and Se(IV),
remain stable under oxidizing conditions, while reduced species, Se(0), Se(-I), and Se(-1I),
are stable under reducing conditions (Figure 1.4). Oxidized species are highly soluble and
mobile, while reduced species are relatively insoluble and thus immobile. Se presents in the
-IT oxidation state in the spent nuclear fuel (Curti et al., 2015), but exists in IV oxidation
state in simulated vitrified waste (Curti et al., 2013). After the complete corrosion of
canister, soluble anions selenite (SeOs%) is consequently released into the near field.
Although selenite does not adsorb significantly, when it interacts with Fe(II)-bearing clay
minerals, it can be reduced by Fe(Il) to an insoluble reduced form, thereby effectively

retaining it on the clay minerals.

S —— - ——
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Figure 1.4. Eh-pH diagram of Se-O-H system ([Se] =10 M) and Tc-O-H system ([Tc] =10
6 M) at 25°C, plotted by PhreePlot using PSI Chemical Thermodynamic Database 2020. (W.
Hummel, 2023)

Tc exists in several oxidation states ranging from -I to VII, with IV and VII being the
most common and stable states (Heinze, 2004; Sattelberger et al., 2005). In an oxidizing
environment, Tc exists as the highly soluble pertechnetate TcO4”, while under reducing
conditions, it is reduced and precipitates as the insoluble tetravalent hydrous oxide
TcO2nH20 (Figure 1.4). In spent nuclear fuel, 99Tc¢ is associated in metallic form with the
€ phase (Poineau et al., 2013). In vitrified HLW, Tc is present as a mixture of Tc(IV) and
Tc(VIID) within the glass matrix, and the released aqueous solution contains TcO4 anion

(Childs et al., 2018; Muller et al., 2014). TcO4™ anions do not significantly adsorb onto clay
9



minerals due to the repulsion force between the anions and negatively charged clay surfaces.
However, extensive studies have demonstrated that Fe(Il)-bearing clay minerals can
effectively reduce Tc(VII) to Tc(IV), leading to its retention on the clay minerals (Jaisi et
al., 2009; Peretyazhko et al., 2008a; Peretyazhko et al., 2008b; Zachara et al., 2007).
Therefore, more research needs to be carried out to understand the mechanism of the Tc
redox reaction.

In these redox reactions, Fe(II) of clay minerals acts as the reducing agent, providing
the driving force for the reduction of Se and Tc. As Fe(Il) undergoes oxidation to Fe(III)
(Schaefer et al., 2011; Soltermann et al., 2014c¢), Se(IV) and Tc(VII) are reduced to lower
oxidations (Jaisi et al., 2009; Scheinost and Charlet, 2008; Scheinost et al., 2008), thus,
electron transfer occurs between the clay and the radionuclides across the interface. Electron
transfer mechanism in the redox reactions can be generally divided into two groups: inner-
sphere mechanism and outer-sphere mechanism (Chandra, 1999; Hynes, 1986). Inner-
sphere mechanisms involve electron transfer between the reductant and oxidant through
bridging chemical bonds, which entails the breaking and formation of bonds (Stumm, 1995).
On the other hand, the outer-sphere mechanism denotes electron transfer in redox reactions
without the occurrence of bond breaking or formation (Clegg et al., 2004; Rosso and Rustad,
2000; Rosso and Morgan, 2002). However, the outer-sphere mechanism is less understood.
To unravel the detailed mechanism of the redox reactions between Fe-bearing clay minerals
and the oxyanions of Se(IV) and Tc(VII), a good understanding of each component is
essential, including Fe(Il) as the reductant, electron transfer across the interface as the

mediator, and the role of oxyanions of Se(IV) and Tc(VII) as the oxidizing agent.

1.4 Objectives of the thesis

The present PhD project focus on investigating the retention of redox-sensitive Se and
Tc on Fe(Il)/Fe(Ill)-bearing clay minerals coupled with adsorption and electron transfer
interface reaction. Previous studies have revealed that structural Fe(Il) in the clay minerals
is redox active (Brigatti et al., 2000), and surface-bond Fe(II) on the clay edge sites is also
redox active (Charlet et al., 2007). TcO4 does not adsorb onto Fe-bearing clay minerals, but
reduction of Tc(VII) to Tc(IV) has been observed in Fe-bearing clay systems (Peretyazhko
et al., 2008b). However, the mechanism by which electrons are transferred from Fe-clay
minerals to TcO4 remains unclear. In contrast, Se(IV) sorption has been observed as outer-

sphere and inner-sphere sorption complexes on Fe(Il)/Fe(Ill)-bearing clay minerals
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(Fernandez-Martinez and Charlet, 2009). Reduced species of Se(IV) have been reported as
red and gray elemental Se(0), as well as two iron selenides with structures similar to Fe;Ses
and FeSe (Scheinost et al 2008). However, the factors determining the formation of reduced
species remain unknown. Further investigations are needed to unravel the details of these
retention processes. Therefore, the objectives of this thesis focus are list below.

(1) Characterize Fe(Il)/Fe(Ill)-bearing clay minerals, including redox active Fe content,
Fe(Il) and Fe(Ill) content, redox potential of clay minerals, and clay structural
integrity after chemical reduction.

(11) Study the role of structural Fe(Il) in Se and Tc¢ retention.

(111) Quantify and characterize the influence of the redox reaction on Se and Tc retention,
induced by Fe(II)/Fe(III) associated to clay minerals.

(iv) Investigate the relationship between Se(IV) reduction kinetics and reduced species.

In this project, 2:1 dioctahedral smectite clays with varying structural Fe content were
used, Texas montmorillonite STx-1 (0.5 wt% Fe), Wyoming montmorillonite SWy-2 (2.6
wt% Fe), and nontronite clay NAu-2 (20.3 wt% Fe). Clays were reduced chemically by
Citrate-Bicarbonate-Dithionite (CBD) method following Stucki et al. to obtain different
Fe(Il) content (Stucki et al., 1984b). The reduced clays underwent comprehensive
characterization, including analysis of mineralogical composition, morphology, structure,
Fe(IT)/Fe(Ill) content, redox potential, cation exchange capacity (CEC), and edge sites.
Various techniques were employed for these characterizations, such as X-ray diffraction
(XRD), transmission electron microscopy (TEM), Mdssbauer spectrometry, extended X-ray
absorption fine structure (EXAFS) combined with X-ray absorption near edge structure
(XANES), mediated electrochemical reduction (MER) and oxidation (MEQO), as well as
cation *Ni and '>’Eu sorption experiments. These characterization results provide deep
insights into the properties and behaviors of the reduced clays in relation to their
Fe(II)/Fe(IIT) content, redox state, and sorption capabilities, and provide reliable reference
guidelines for measurements in other clay minerals. Batch sorption experiments were
conducted under anoxic condition, and XANES and EXAFS analyses were employed to
identify the reduced species. The obtained sorption results for Se and Tc retention on
Fe(Il)/Fe(Ill)-bearing clay minerals will enrich the data available for thermodynamic
sorption models used in safety analysis. Moreover, the insight gained from molecular-scale

surface speciation will lead to a more comprehensive understanding of the interaction
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between Se, Tc, and the clay surface, thereby contributing to a more accurate prediction of

Se and Tc retention in the deep geological repository.

1.5 Outline of the thesis

This PhD thesis consists of six chapters. The introduction provides an overview of the
entire project, while the main content delves into the objectives in a comprehensive manner.
The conclusion summarizes the crucial findings and their significance within the project,
also offering insights into potential avenues for future research.
Chapter 1: Introduction. It provides an overview of the background, relevant theoretical
knowledge, and the main objectives.
Chapter 2: Oxidation state and structure of Fe in nontronite: from oxidizing to
reducing redox conditions. The preparation and characterization of nontronite, as a
representative of the Fe-bearing clay samples, are described in detail. This chapter provides
a basis for the study of redox reactions of Se and Tc in the following chapters. The results
of this study have been published in ACS Earth and Space Chemistry (Qian et al., 2023).
Chapter 3: Influence of structural Fe content in clay minerals on selenite redox
reactions: Kinetics and structural transformations. Various reduced species were
observed in the selenite sorption experiments at different time intervals, which indicates a
complex relationship between kinetics and the sorption-reduction mechanism. Initially,
selenite kinetics experiments were conducted on reduced STx-1, reduced SWy-2, as well as
low and high-level reduced NAu-2. Subsequently, the reduced species were identified using
EXAFS spectroscopy. The study describes the relationships between the reduced species of
selenite and the degree of clay reduction, as well as the reaction time. This chapter has been
submitted to Geochimica et Cosmochimica Acta.
Chapter 4: The retention of technetium by Fe-bearing clay minerals. Pertechnetate
sorption experiments were performed on reduced STx-1, reduced SWy-2, as well as low and
high-level reduced NAu-2. Samples of varying Fe(Il) content, different Fe(II) location
(structural and surface adsorbed), solution pH, and pertechnetate concentration were
measured with EXAFS spectroscopy. The study aims to investigate the molecular-scale
reduced species at different experiment conditions and understand the reduction mechanism

of pertechnetate. This chapter is in preparation for publication.
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Chapter 5: Comparison of the retention of Se and Tc. The retention of Se and Tc were
described separately in chapter 3 and chapter 4. This chapter aims to compare the similarities
and differences among the major findings concerning the retention of Se and Tec.

Chapter 6: Conclusions and outlook — provides a summary of the main works conducted
and their findings within the entire project, as well as proposing potential research topics for

the future.
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Abstract

The redox reaction between natural Fe-containing clay minerals and its sorbates is a
fundamental process controlling the cycles of many elements such as carbon, nutrients,
redox-sensitive metals, and metalloids (e.g., Co, Mn, As, Se), and inorganic as well as
organic pollutants in Earth’s critical zone. While the structure of natural clay minerals under
oxic conditions is well known, less is known about their behavior under anoxic and reducing
conditions, thereby impeding a full understanding of the mechanisms of clay-driven
reduction and oxidation (redox) reactions especially under reducing conditions. Here we
investigate the structure of a ferruginous natural clay smectite, nontronite, under different

redox conditions, and compare several methods for the determination of iron redox states.
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Iron in nontronite was gradually reduced chemically with the Citrate-Bicarbonate-Dithionite
(CBD) method. °"Fe Mdssbauer spectrometry, X-ray Photoelectron Spectroscopy (XPS), X-
ray Absorption Near Edge Structure (XANES) spectroscopy including its pre-edge,
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, and Mediated
Electrochemical Oxidation and Reduction (MEO/MER), provided consistent Fe(II)/Fe(III)
ratios. By combining X-Ray Diffraction (XRD) and Transmission Electron Microscopy
(TEM), we show that the long-range structure of nontronite at the highest obtained reduction
degree of 44% Fe(Il) is not different from that of fully oxidized nontronite except for a slight
basal plane dissolution on the external surfaces. The short-range order probed by EXAFS
spectroscopy suggests, however, an increasing structural disorder and Fe clustering with

increasing reduction of structural Fe.

Keywords: Nontronite; Iron reduction; Structure; Fe redox state; Quantitative spectroscopy

measurement

2.1 Introduction

In the critical zone, Fe(hydr)oxide minerals and Fe-bearing phyllosilicates play a
fundamental role in controlling the mobility and bioavailability of several elements and
molecules. ' While alternating redox conditions induced e.g. by fluctuations in the water
table or by cycles of organic matter input/degradation often cause the (complete) dissolution
and re-precipitation of Fe(hydr)oxides, structural Fe in phyllosilicate may change its
oxidation state repeatedly while maintaining essentially the structural integrity of its host
phase. > Thereby, Fe-bearing clay minerals act as redox batteries, playing important roles
e.g. in the natural carbon cycle, for nutrient availability, and for the mobility and toxicity of
organic and inorganic pollutants. *“ Ferric iron in minerals potentially limits organic matter

mineralization in floodplains and thus sustains the ecosystem. > ¢ Fe-bearing clay minerals

9,10 11-13

efficiently retain pesticides, "% phosphates, > '° organic contaminants, and heavy metals.

1417 Fe-bearing clay minerals used as engineered barriers and backfill in radioactive waste

repositories are critical for immobilizing redox sensitive radionuclides, such as uranium, '*-

2528 and selenium. 2> 3° Tron redox reactions are involved in

22 peptunium, 2> 2* technetium,
all these processes. The Fe(II)/Fe(Ill) ratio in clay minerals, its structural position and the
ability to participate in redox-reactions are the key parameters necessary for the

understanding and the modelling the redox-controlled retention processes. ! In contrast to
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iron (hydr)oxides, the geochemical behavior of natural Fe-bearing clay minerals is much
less understood due to their diversity in composition and structure. In this study, we combine
several microscopic and spectroscopic techniques to shed light on the behavior of iron in a
typical Fe-rich smectite clay mineral, nontronite, under varying redox conditions.
Nontronite has a 2:1 layer structure and each layer is composed of an octahedral (O)
sheet sandwiched between two tetrahedral (T) sheets, known as the TOT layer. In
dioctahedral clays, two-thirds of the octahedral sites are occupied by mostly trivalent
cations, while in trioctahedral clays, all octahedral sites are occupied by mostly divalent
cations. Octahedra with hydroxyl groups on opposing sides are labelled trans (M1) sites,
while octahedra with hydroxyl groups on the same sides are labelled cis (M2) sites.
Nontronite belongs to the dioctahedral group of Fe-bearing clay minerals, > hence one-third
of the cation sites in the octahedral sheets are vacant. The distribution of octahedral cations
and vacancies in these sheets generates different octahedral orderings and thus different
physical and chemical properties of the clay minerals. >* Therefore, a well-defined clay
structure is the basis for any clay relevant research. While the octahedral ordering has been
studied in the past, it is still debated because of the difficulty to obtain accurate structural
configurations by experimental methods like TEM and XRD due to nanoscale particle size
and the turbostratic stacking of the layers of these swelling clays. Based on °’Fe Mdssbauer,

34-41 and

infrared and X-ray absorption spectroscopies, as well as X-ray diffraction,
theoretical simulation, *? it has been established that octahedral sheets of Fe-rich clays are
trans-vacant (M1 vacant or centrosymmetric structure), while the octahedral sheets of Fe-
poor clays are cis-vacant (M2 vacant or non-centrosymmetric structure). >

In addition to octahedral ordering, Fe reduction in the clay requires charge
compensation mechanisms to balance the decreased positive charge, which may lead to
additional structural changes. Stucki et al. proposed a structural dehydroxylation induced by
the pH-buffered dithionite reduction method* and observed Fe, Si, and Al dissolution
during clay reduction. ** Manceau et al. stated that Fe remains in six-fold coordination as it
is reduced to Fe(II) and that the Fe(II) cations migrate from cis-sites to neighboring empty
trans-sites and possibly form trioctahedral clusters in the otherwise dioctahedral nontronite
structure. ¥ The mechanisms have been linked to local structure instabilities followed by
structural rearrangements. Such structural change is likely to alter octahedral ordering, but

no direct evidence of the structural transformation has yet been reported and little is known

about the influence of the degree of clay reduction on clay surfaces and structures.
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Powerful structural characterization methods are a prerequisite to investigate such
structural alterations. Powder X-ray diffraction (XRD) provides structural, textural, and
morphological information on mineral phases. Due to the presence of turbostratism, XRD
patterns of swelling clays show only 00/ and unresolved 4k reflections. While this can be
quantitatively accounted for in powder XRD, this is less easy in single crystal XRD. In
contrast to the long-range order sensitivity of XRD, Extended X-ray Absorption Fine
Structure (EXAFS) spectroscopy probes the short-range order around the absorbing element
within a few Angstrom distance. Extended Transmission Electron Microscopy (TEM) is
used to visualize the morphology and microstructure in clay minerals. Due to advances in
resolution and sample preparation methods, *° it is now possible to acquire direct information
on the structure of clay minerals at an atomic level. *’ In addition to structural information
and morphology, there is also a great demand for accurate and quantitative measurements
of Fe(Il) and Fe(IIl) content, especially for the studies of redox reactions. Currently,
Maossbauer spectrometry, X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption Near
Edge Structure (XANES) spectroscopy, and Mediated Electrochemical Oxidation and
Reduction (MEO/MER) have been developed for this purpose. Mdssbauer spectroscopy
probes the core of Fe, while XAS probes excitations from core to valence bands. The
analysis by XPS is surface sensitive since restricted to the topmost 2-10 nm of a sample,
while the hard X-rays employed for XANES and EXAFS penetrate even at the relatively
low energy of the Fe K-edge (7.112 keV) tens of microns thereby probing rather the bulk of
a sample; MEO/MER measures the electron donating and accepting capacities of the sample
through chemical reactions. Each method has its strengths and limitations, but a direct
benchmarking of the different methods for Fe(Il)/Fe(Ill) quantification has to the best of our
knowledge never been performed.

In this study, we conducted clay reduction experiments in the aqueous phase and
applied XRD, TEM, Mossbauer spectrometry, XPS, XANES, EXAFS and MEO/MER to 1)
study the clay dissolution in the reduction process, 2) reveal the structure of nontronite and
3) compare the results of four spectroscopic and one chemical method for the measurement
of the Fe redox state as a function of increasing reduction by CBD. Based on this analysis
we provide a reliable structural characterization of nontronite and provide reference

guidelines for the redox state measurements of iron in clay minerals.
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2.2 Materials and methods

All clay preparation and reduction steps as well as the preparation of samples for the
different analytical methods were conducted in an anoxic glovebox under controlled N>
atmosphere (O2 < 0.1 ppm).
2.2.1 Clays and clay reduction by Citrate-Bicarbonate-Dithionite

The nontronite clay NAu-2 was obtained from the Clay Source Repository of the Clay
Minerals Society (Purdue University, West Lafayette, IN). The chemical composition in wt.-
% of NAu-2 raw material given by the clay mineral society is: Si02 56.99, Al,03 3.4, Fe2O3
37.42, MgO 0.34, CaO 2.67, Na,O 0.11, K;O 0.02, and its chemical formula is
(M"0.97)[Si7.57Alo.01Fe0 42][Alo.s2 Fes 320 Mgo7]020(0H)4*® According to several sources, the
Fe content varies between 21 and 38 wt%.* In our study, the Fe content of native NAu-2 is
22 wt% as determined by X-Ray Fluorescence (XRF). The raw clay was subjected to
washing, purification and sedimentation treatments to obtain a homogeneous, single-phased
Na-form clay suspension with < 0.5 um Stokes diameter. The treatment includes the
following steps: peptisation with deionised water, cation exchange with 1 M NaCl to obtain
the Na form, pre-equilibriation in the respective clay-water, centrifugation to obtain particles
with a Stokes radius < 0.5 pm, flocculation with 1 M NaCl, removal of acid soluble
impurities by an acid treatment at pH=3, and finally conversion to 0.1 M NaCl background
electrolyte. This treatment largely follows the method published by Baeyens et al. except
for replacing NaClO4 by NaCl. *°

Clay dissolution experiment. The purified nontronite was reduced by the Citrate-
Bicarbonate-Dithionite (CBD) method essentially following Stucki et al., however without
heating. 3! Different degrees of reduction were obtained by adding different amounts of
dithionite, while all other experimental conditions were kept the same. 7 mL of nontronite
clay suspension (dry weight: 20.29 g/L) were first mixed with a citrate-bicarbonate (CB)
buffer solution (0.4 ml of 0.5 M Na3zCsHs07:2H>0 and 5.6 ml of 1 M NaHCO3) in centrifuge
tubes for about an hour. A total of fourteen samples with varying degree of reduction were
obtained by adding the following amounts of dithionite (Na2S204): 0 g, 0.01 g, 0.02 g, 0.05
g,0.1¢g,0.15g,02¢g,0.25¢,0.3g,0.35¢g,043¢g,0.55¢,0.8¢g,1.0g. The tubes were filled
with degassed 0.1 M NaCl solution up to 24 ml. The reduction process took about 24 hours
under continuous upside-down shaking. The clay suspensions were then centrifuged without
additional washing step to separate the clay fraction from the supernatant, which was

collected for ICP-OES measurement at neutral pH. The absolute amount of element X
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dissolved (Xdis) (umol/g) was calculated according to equation 2.1. The percentage of
normalized element X released (Xo) (%) was calculated with equation 2.2.

Xdis = Cx'V/Mx/m 2.1

Xo, = Cx*V/(M*nx)*100 (2.2)
where Cx (ppm or mg/L) is the concentration of dissolved element X in the supernatant
measured by ICP-OES; V (L) is the volume of the solution; M (kg/mol) is the molar mass
of X; m (g) is the mass of the clay mineral; nx is the total mole amount (umol) of X in
nontronite.

Low-reduced and high-reduced NAu-2 samples. Larger quantities were prepared at
only two degrees of reduction for the different characterization methods, following the same
reduction method as before. °! Two air-tight glass bottles with 500 ml nontronite clay
suspension (dry weight: 18.09 g/L, 9 g clay in total, 0.03 mol Fe) were first mixed with a
CB-buffer solution (12 ml of 0.5 M Na3;Ce¢Hs07:2H,0 and 163 ml of 1 M NaHCO3) for
about an hour. After equilibrium with CB-buffer, the dithionite powder was added to the
clay suspension. For the “high-reduced” sample (high-red NAu-2), we added 27 g of
dithionite, which represents three times the mass of clay, corresponding to a molar ratio S/Fe
of 10. For the “low-reduced” sample (low-red NAu-2), we added 1.3 g of dithionite, which
corresponds to a molar ratio S/Fe = 0.5. The bottles were then filled with degassed 0.1 M
NacCl solution to a volume of 700 ml. The clay suspensions were stirred for one day. After
the reduction step, the clay suspensions were transferred into dialysis bags and washed first
with 1 M NaCl at pH 4 to remove the added chemicals and dissolved elements which could
be re-adsorbed onto the clay surface, and then with 0.1 M NaCl without pH adjustment to
bring the clay suspension to a 0.1 M NaCl matrix. The washing process was considered to
be complete when the concentration of citrate and bicarbonate in the conditioning solution
were lower than 10 mol/L. Reduced clay suspensions were stored in air-tight glass bottles
covered by aluminum foil in the glove box. High-red NAu-2 was blue-green and low-red
NAu-2 was green after reduction (Figure S1). Even though the glovebox atmosphere
contained still up to 0.1 ppm O2, the limited headspace of the bottles would restrict re-
oxidation of structural Fe in the clay to 2.4:107%.

2.2.2 X-ray diffraction

All the sample preparation steps were conducted in the glovebox. The clay suspensions

were filtered (cut-off diameter of 0.1 um), washed with ethanol and crushed with a mortar

to produce a powder of dry material that was inserted in a polyimide capillary (internal
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diameter: 1.47 mm; wall thickness: 0.05 mm) and the capillary was sealed on both sides
using wax. The airtight capillary was then taken out of the glove box and loaded into a
Bruker D8 Advance diffractometer equipped with a Mo anode (A=0.7107 A) and a LynxEye
SE detector. Diffraction data were collected in the 4-130° 20 range, in continuous scan
mode, and averaged every 0.03° 20. Total collection time was 23 h. No color change was
observed between the initial and final sample, confirming the conservation of the original
Fe oxidation state during the measurement. To further check that the sample preparation did
not lead to partial sample oxidation, the same procedure was applied to a green rust samples
with very fast oxidation kinetics, even at low Po2, and no change in color and XRD pattern
was observed between the initial sample and the same after this sample collection procedure

(data not shown).

2.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) experiments were performed using a Philips
CM 20 operated at 200 kV. The clay suspensions were filtered in the glovebox (cut-off
diameter of 0.1 um), washed with ethanol and crushed with a mortar to produce a powder
of dry material, which was embedded in resin (Agar 100) and left for polymerization at 60
°C for 1-2 days, under anoxic conditions. The hardened resin was then sliced to produce 60-
80 nm thick sections that were mounted on lacey carbon films loaded on Cu grids. This
procedure was previously applied to study samples prone to Fe oxidation (feitknechite, 32

green rust>). In these studies, no trace of oxidation was observed.

2.2.4 57Fe Mossbauer spectrometry

Mossbauer spectra were recorded at 300 K and 77 K, using a constant acceleration
spectrometer (driving unit supplied by WissEl GmbH, Germany), a °’Co source dispersed
in a Rh matrix and a bath cryostat. The velocity of the spectrometer was calibrated using an
a-Fe foil at 300K. The Mé&ssbauer sample, consisting of a thin layer containing 5 mg/cm?
Fe, was prepared in the glove box and the holder then sealed for transport to the instrumental
facilities. The sample holder was under He gas at 77 K and in vacuum at 300 K during the
measurement. Identical spectra were obtained during repeated measurements, hence sample
oxidation during the measurements can be excluded. The values of the hyperfine parameters
were refined using a least squares fitting procedure (MOSFIT, unpublished software, Le
Mans Université, France) with independent quadrupole doublets composed of Lorentzian
lines. Isomer shift (I.S.) are reported relative to that of an a-Fe spectrum obtained at RT.

Since the f-Lamb-Mdssbauer factors, which correspond to the fraction of gamma rays
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emitted and absorbed without recoil, are assumed to be identical for the different phases
present in the samples and for the different Fe species present in the same phase, the

proportions of each Fe species are proportional to the relative spectral area.

2.2.5 X-ray photoelectron spectroscopy

XPS measurements were performed in an ESCALAB Xi+ X-ray photoelectron
spectrometer (ThermoScientific) employing a monochromated Al Ka Xray source (hv =
1486.6 eV). High-resolution spectra were collected using an analysis area of 650 x 650 pm?
and a 20 eV pass energy. The C(1s) level (284.8 eV) was taken as the reference binding
energy. The sample was prepared by suspending an aliquot of the nontronite sample in ~1
mL bi-distilled water inside the glove box, agitated by hand, and then pipetting an aliquot
of 0.5 mL of the suspension onto a carbon sample holder. The suspension was then dried at
35 °C in an oven in the glovebox. The dried sample was sealed in an air-tight jar, itself
sealed in an air-tight aluminum bag. It was then taken out of the glove box, and opened just
before being positioned in the measurement apparatus, where it was immediately subjected
to vacuum conditions. A charge neutralizer was used for data collection, being monitored
using the C(1s) signal corresponding to adventitious carbon. 3* 3 C(1s), Fe(2p), O(1s),
Si(2p) spectra were collected and fitted using the Avantage software (ThermoScientific) via
a Lorentzian-Gaussian peak with a default value of 30% Lorentzian contribution, and a

smart background removal was used for all spectra.

2.2.6 XANES and EXAFS sample preparation and spectra collection

The Fe-K XANES main and pre-edge were recorded to determine directly the Fe
oxidation state, while Fe-K EXAFS was measured to determine the short-range structure
around Fe. For this, the clay suspension after reduction was centrifuged, the wet clay pastes
were placed into a HDPE double-confined sample holder in the glovebox (O2 < 0.1 ppm),
and the holder was then heat-sealed. Once removed from the glovebox, the holders were
immediately dropped into LN for flash freezing. The samples were stored and transported
in a LN>-filled Dewar and transferred in frozen state within less than 5 min into the He-
cryostat at the beamline for measurements.

The measurements were carried out at the Rossendorf Beamline (ROBL) BM20 of the
European Synchrotron Radiation Facility (ESRF), France. > The storage ring was operated
at 6 GeV in top-up mode with a ring current of 200 mA. The X-ray beam was
monochromatized by a Si(111) double-crystal monochromator. Higher harmonics were

suppressed by using two, 1.4 and 1.2 m long silicon mirrors with a grazing incidence angle
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of 2.5 mrad. Up to 8 samples were loaded at the same time in the closed-cycle He-cryostat
(CryoVac) running at 10-15 K. The energy of the monochromator was calibrated with an Fe
foil (7112 eV). The Fe K-edge XAS spectra were collected in fluorescence mode with an
18-discrete-elements Ge-detector (Mirion) equipped with a Falcon-X (XIA) electronic
spectrometer using energy steps of 0.5 eV across the XANES region. The recorded raw data
were first averaged in Sixpack®’ and then processed in WinXAS?® using standard procedures
for normalization, conversion into k-space by using the first inflexion point of the main edge,
and spline background removal with the auto-spline functionality of WinXAS. EXAFS
spectra were extracted with k-weight = 3 and k-range = 2-12 A. The EXAFS shell fitting
was carried out in WinXAS in Fourier-transformed R space (k-range = 2-12 A"!; Bessel
window; R-range = 1 — 5.5 A). Theoretical EXAFS paths for shell fitting were calculated
self-consistently using FEFF9.6.4, > based on the Garfield nontronite structural model. ®
The pre-edge region of the Fe K-edge was analyzed with Origin software. A cubic
spline interpolation was extended several eV before and after the pre-edge to subtract the
background from the normalized XANES spectra. *! The such-derived, normalized pre-edge
spectra were deconvoluted with two Voigt functions without any constraints. The centroid

position is calculated according to equation 2.3. ¢?

area 1 area 2

Centroid = peak 1 - + peak 2 - (2.3)

total area total area

Principal component analysis (PCA) of XANES spectra was conducted with the
Iterative Target transformation Factor Analysis (ITFA) software package. ® Linear

combination fits (LCF) were performed with Athena. %

2.2.7 Mediated electrochemical oxidation and reduction

Electron donating and accepting capacities (EDC and EAC) were measured to
determine the redox-active Fe in the NAu-2 samples. For this, an electrochemical set-up was
used as described in Gorski et al. ® The whole experiment was performed in the glovebox.
The electrolyte in all experiments consisted of 0.1 M NaCl, buffered to pH 7 by 0.01 M
MOPS (3-(N-morpholino)propanesulfonic acid). To facilitate the transfer of electrons
between the clay particles and the working electrode, dissolved one-electron transfer
mediators were added to the electrochemical cell. The maximum EDC was measured at an
applied potential of 0.6 V vs SHE using ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) as mediator, and the maximum EAC was measured at an applied potential
of-0.6 V vs SHE with TQ (1,1'-trimethylene-2,2'-bipyridyl) as mediator. After equilibration

of the mediator with the electrochemical cell at a specific applied potential, a small quantity
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of NAu-2 suspension (0.02 mL of ~14 g/L) was added and the current monitored. The
oxidative and reductive current peaks, caused by oxidation or reduction of redox-active Fe
in the clay mineral, were integrated resulting in the EDC or EAC in moles of electrons per
gram of sample. Since only the redox active Fe is assessed by MEO/MER, the total Fe was
determined by Total Reflection X-Ray Fluorescence (TXRF) (S2 PICOFOX, Bruker). A
drop of the clay suspension together with an added internal standard (Se and Ge) was

evaporated on a glass carrier disk which was then inserted in and measured by the TXRF.

2.3 Results and discussion

2.3.1 Reduction

Clay dissolution is widely observed during the CBD reduction process. *+ 3! % We
performed here a series of reduction experiments without washing process in order to
investigate the relationship between the degree of reduction and eventual dissolution of the
clay by the reduction procedure. A blank experiment without adding dithionite is considered
to represent the dissolution equilibrium of nontronite in 0.1 M NaCl matrix, with 0.8 umol/g
Al, 6.4 umol/g Fe, and 16.1 pmol/g Si in the supernatant. The amount of Fe, Si, and Al
released as a function of dithionite is illustrated in Figure 2.1. The dissolution of all three
elements generally increases with dithionite indicating that the CBD treatment causes
additional clay dissolution as already reported in previous studies. > ® The released
concentration of Si, Al, and Fe are in the same order of magnitude as the ones reported by
Jaisi et al. ® At the highest amount of dithionite added, 42 g/L, the released concentration
of Si, Fe, and Al are 322.1 pmol/g, 228.6 umol/g, and 17.0 pmol/g, respectively,
corresponding to 3.7%, 5.8%, and 2.5% dissolution with respect to their contents in NAu-2.
Above 20 g/L dithionite, the release of Fe is increasing faster than that of Si and Al (Figure
2.1b), indicating a slight preferential dissolution of Fe up to 5.8% possibly due to a structural
reorganization. This suggests that the reduced clay layer structure may not be representative
anymore of the initial nontronite layer structure after harsher CBD treatments. This is in line
with the work by Hadi et al., ” where the negative layer charge of nontronite increased with
the degree of reduction (Fe(III) to Fe(Il)) at a lower reduction level, but then dropped rapidly
at a higher reduction level due to structural reorganization. Jaisi et al. observed similar
findings, whereby the stability of the NAu-2 structure remained intact when the reduction
degree was below 30%, however, the stability decreased without affecting the structural

integrity as the reduction degree increased to 49% indicated by a consistent 001 peak
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position in XRD patterns, and ultimately, the NAu-2 structure transitioned into an
amorphous state after reaching a Fe(Ill) reduction degree of 71%.%¢ Although no direct
structural information can be derived from dissolution experiments, our results suggest that
the structure of our two samples used for more detailed analyses, i.e. low-red NAu-2 (0.7%
Fe dissolution, 19% Fe(Ill) reduction degree, Table 2.1) and high-red NAu-2 (2.8% Fe
dissolution, 44% Fe(IIl) reduction degree, Table 2.1), remains identical to that of the initial

nontronite NAu-2.4
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Figure 2.1. Si (blue circle), Fe (red square), and Al (black diamond) released from nontronite
by CBD reduction as a function of increasing amounts of dithionite (Errors are smaller than
symbol size). Arrows mark the values for the two bulk samples low-red NAu-2 and high-
red NAu-2 used for detailed analyses. (a) Absolute element release in pmol/g; (b) Relative
element release in percent.
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2.3.2 X-ray diffraction

Samples of native NAu-2, washed low-red and high-red NAu-2 were collected for
XRD measurements (Figure 2.2). The XRD pattern of sample NAu-2 is characteristic for
nontronite, with the main reflection being 00/ reflections and asymmetrical 4k reflections
due to turbostratic stacking, for example the (11, 02) and (20, 13) reflections at ~1.41 A
and ~2.47 A'. With increasing reduction degree, additional reflections (black arrows)
emerge for example at 2.23 Al 3.15 A, and 3.86 A’!, and are attributed to a phase
structurally similar to KFeO, (ICDD Card #83-2153). The KFeO»-like phase was not
observed in the as-prepared reduced NAu-2 suspension, strongly suggesting that it
precipitates during the drying procedure, in spite of using a drying procedure optimized to
avoid the possible precipitation of secondary phases. Besides this, the two reduced samples

show the typical nontronite pattern, demonstrating the structural integrity after the two CBD

treatments.
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Figure 2.2. XRD patterns of native NAu-2, low-red NAu-2, and high-red NAu-2. Additional
lines corresponding to KFeO; are marked with arrows.

2.3.3 Transmission electron microscopy
TEM allows studying the morphology and structure of clay minerals, including layer

stacking, atomic arrangements, and surface site defects. With the specific sample
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preparation method employed here, the clay platelets where preferentially lying
perpendicular to the electron beam (i.e. most particles had the ab plane perpendicular to the
beam), which eased the imaging of the layer plane structure. Furthermore, this unified
orientation allowed us to minimize exposure time, while longer exposition times would have
been required if the sample had to be tilted to obtain an adequate observation angle. Finally,
this preparation procedure allowed us to obtain numerous particles having the same
orientation and about the same depth within the resin. Therefore, the acquisition parameters
could be optimized first with a trial particle, before moving to a particle used for analysis.
The layer structure of nontronite was observed in all three clay samples (Figure 2.3), and no
other solids were detected (note that the two reduced samples were prepared with an
additional acid wash after reduction to remove any impurities that have the potential to re-
absorb to the clay mineral or remain as precipitates in the clay suspension). As highlighted
by the yellow lines, the layer-to-layer distance is 10 — 12 A, which agrees well with the
theoretical layer-to-layer distance in smectite, derived by XRD of oriented clay films. %
Again, the reduced NAu-2 has the same layer structure and a similar layer-to-layer distance
as the native sample, showing that the clay structure is stable and well preserved after the
CBD treatment. Nevertheless, a slight dissolution of the basal planes is noticeable on the
external surfaces, but not in the bulk structure (see areas defined with red dotted lines in
Figure 2.3b and Figure 2.3c¢). The structure images obtained by TEM, therefore, corroborate
the results of the reduction experiment (Figure 2.1) and XRD (Figure 2.2) in that the
observed 2.8% dissolution affects only the external basal plane surfaces and not affect the
bulk structure of nontronite.

In addition, another distance of 4.5 A was observed in all three nontronite samples. In
the TOT layer, a lattice fringe with a distance of 4.5 A is clearly visible along each layer.
The same value could also be obtained by applying the Fast Fourier Transform (FFT)
method to the structure area of the selected layer in Figure 2.3c, to transfer the image in the
selected region to the frequency domain. The reciprocal value of the frequency 2.19 1/nm is
about 4.5 A, and this distance exists throughout the whole image. This distance corresponds
to trans-vacant octahedra in the [100] and [001] axis, where the lattice fringes of 4.5 A and
10 A are perpendicular (Figure 2.3a, 2.3c, 2.3e, 2.31), or in the [110] axis with inclined lattice
fringes (Figure 2.3b, 2.3g), where Fe and Si are located in the solid line region and only O
occupies the area delineated by dashed lines. In contrast to the trans-vacant case, Fe and Si

would be evenly distributed throughout the cis-vacant octahedra (Figure 2.3d, 2.3f, 2.3h);
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the resulting cation separation distance of ~1.5 A would be too small to be resolved at the
available TEM settings. Only with a TEM resolution better than 1.5 A, both cis-vacant and
trans-vacant octahedra would be discernible.

In previous work, it was proposed that iron moves from cis to trans sites during
reduction and forms trioctahedral domains and large vacancies in the octahedral sheets. *!*
45,6970 We could not confirm this for the low-red NAu-2 and high-red NAu-2 samples.
Either these phenomena are irregular on a small scale and hence difficult to capture by TEM,
or our relatively mild CBD treatment did not cause such a reorganization of the octahedral
sheets. Note that the degree of reduction of nontronite was more than 99% in the work of

Manceau et al., °

while it is less than 44% in our study. According to Figure 2.1, a reduction
degree of more than 44 % (> 20 g/L dithionite) can cause preferential dissolution of Fe in
the octahedral sheet, which may result in further iron migration and structural
reorganization. ® Therefore, the relationship between structural reorganization and

reduction degree beyond ~40% reduction should be studied in more detail in future work.
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trans-vacant [100] trans-vacant [110] trans-vacant [001]

Figure 2.3 TEM image of (a) native NAu-2, (b) low-red NAu-2, (c) high-red NAu-2.
Nontronite structure of (d) cis-vacant octahedra [100], (e) trans-vacant octahedra [100], (f)
cis-vacant octahedra [110], (g) trans-vacant octahedra [110], (h) cis-vacant octahedra [001],
(g) trans-vacant octahedra [001].

2.3.4 Mossbauer spectrometry

The measurements were first carried out with a large velocity scale to check for the
presence of additional lines, i.e. magnetic sextets attributed to certain magnetic Fe oxides.
Then, the measurements were repeated with a more appropriate velocity scale to optimize
the resolution of the hyperfine structures in the region of interest. Only the Mdssbauer
spectra registered at 77 K (low velocity scale) are presented in Figure 2.4, and their refined
values of the hyperfine parameters are listed in Table 2.1. The spectrum of the native NAu-

2 required decomposition by at least two quadrupolar components, but a third component
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can be considered, further improving the fit. Another fitting model can be obtained by
considering the presence of a certain degree of preferential orientation, in agreement with
the previous results of X-ray diffraction in this study, with asymmetric quadrupolar
components. These different models are characterized by two different values of the isomer
shift which are attributed to High Spin (HS) Fe(III) species located in cis- and trans-
octahedral sites, as previously observed in the literature. ’! It is also important to note that
the presence of HS Fe(III) species in the tetrahedral site, if any, would not exceed 2% (limit
of detection). The spectra obtained on low-red and high-red NAu-2 differ from the
unreduced, native NAu-2 with the appearance of an additional broad line, whose intensity
increases with the degree of reduction. Different fitting models were considered involving
between two and six different quadrupolar components, associated or not with some
preferential orientation, as previously mentioned in the XRD analysis. They lead to two sub-
spectra, as shown in Figure 2.4, and the corresponding refined mean values of the hyperfine
parameters are given in Table 2.1. They are unambiguously attributed to the presence of HS
Fe(IIT) and HS Fe(II) species, the second component increasing with the degree of reduction.
It is also important to note that the different fitting models do not allow us to confirm the
presence of cis and trans HS Fe(III) located in octahedral units. According to these fits, the
fraction of Fe(Il) is 0 in native NAu-2, 0.19 in low-red NAu-2, and 0.44 in high-red NAu-2

(see a comparison of Fe(II) fractions obtained by all methods below).
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Figure 2.4. Mssbauer spectra of native NAu-2, low-red NAu-2, and high-red NAu-2 at 77
K (see Table 2.1 for the colors).
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Table 2.1. Refined hyperfine parameters for the different components of the 77K Mdossbauer
spectra (see Figure 2.4 for the color of spectral components).

0 (mm/s) QS (mm/s) % (%) Fe site Color
+ 0.01 +0.02 + 2 (see Figure 2.4)
Native NAu-2 0.52 1.17 24 Fe(III) Green
0.47 0.27 76 Fe(III) Magenta
Low-red 0.47 0.41 81 Fe(III) Blue
NAu-2 <1.23> <2.73> 19 Fe(Il) Red
High-red 0.47 0.45 56 Fe(III) Blue
NAu-2 <1.22> <2.86> 44 Fe(I) Red

2.3.5 X-ray photoelectron spectroscopy

XPS spectra were used to further probe the Fe redox state of nontronite samples. As
shown in Figure 2.5, Fe(II) fractions in native NAu-2, low-red NAu-2, and high-red NAu-2
are 0.07, 0.24, 0.46, respectively, hence 5 to 10% higher than the values derived by
Mossbauer spectrometry (Table 2.1). Such slightly higher Fe(Il) fractions in nontronite
derived by XPS have been explained by Yuan et al. with an accumulation of Fe(II) at the
surface through electron transfer, % which is selectively probed by the surface-sensitive XPS
method. 7* Since a reduction of U(VI) to U(IV) by X-ray irradiation in XPS measurement
was observed, * 7% of Fe(Il) in native NAu-2 could also result from X-ray irradiation of
Fe(IlI). The effect of X-ray irradiation is hard to avoid, therefore, caution has to be taken in

interpreting XPS data quantitatively.

(a) Native NAu-2 (b) Low-red NAu-2 &R

1 (c) High-red NAu-2
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Figure 2.5. XPS spectra of (a) Native NAu-2; (b) Low-red NAu-2; (¢) High-red NAu-2. The
binding energy, full width at half-maximum (FWHM), area, and percentage of each Fe
species are shown in Table S2.1.
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2.3.6 Fe K-edge XAFS
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Figure 2.6. Fe K-edge XAFS spectra of native NAu-2, low-red NAu-2, high-red NAu-2, and
red SWy-2. The spectrum of red SWy-2 is from Soltermann et al.,”* where the complete
reduction of Fe was confirmed by Mdssbauer spectrometry. (a) normalized absorbance
(XANES); the insert shows the pre-edge peak (solid line) of native NAu-2 with background
(dot line) and the separated pre-edge peak (dash line). (b) normalized Fe K pre-edge peaks.
(c) k>-weighted EXAFS chi function. (d) k*-weighted EXAFS Fourier transform magnitude.

Figure 2.6a shows the Fe K-edge XANES spectra. Assuming that Fe resides
prevailingly in octahedral sites, the main absorption edge is shifted towards higher energy
with increasing oxidation state because of the increasing shielding of the core electron.
Accordingly, the edge of the clay samples increases as expected from the (fully reduced)
SWy-2 to high-red NAu-2, low-red NAu-2, to the (fully oxidized) native NAu-2. To
quantify the Fe(II) fraction, we first applied classical linear combination fit of the XANES
spectra. As first endmember we employed native NAu-2, where Mdossbauer spectrometry

and the Fe-O distance from EXAFS shell fitting (see below) confirmed 100% structural
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Fe(Ill). As second endmember we tested first the XANES spectrum of an Fe(Il) aquo
complex, which provided only a poor reconstruction of the spectrum of high-red NAu-2, in
spite of an assumed octahedral coordination to water molecules. A much better
reconstruction was obtained by using the spectrum of red-SWy-2 from Soltermann et al. as
endmember, '* where the much lower content of structural Fe (2.9 wt%) permitted a
complete Fe reduction as confirmed by Mdssbauer spectrometry (Table S2.2 & Figure S2.2).
The such obtained Fe(II) fraction of 0.14 for low-red NAu-2 and 0.48 for high-redNAu-2
are very similar to the Mdssbauer values of 0.19 and 0.44 considering the intrinsic error of
both methods (Table 2.1). For comparison, we analyzed the set of spectra also with the
Iterative Transformation Factor Analysis (ITFA) package, which offers a more thorough
statistical approach with respect to the number of spectral components present, as well as an
improved noise filtering in comparison to linear combination fitting. °* Principal component
analysis and the Malinoswki indicator confirmed that indeed only two components are
present in the data set. Second, VARIMAX rotation and iterative target test transformation
was applied to derive the fraction of Fe(Il) in the samples. In spite of the presumably more
robust procedure and the improved noise filtering of this method’” the results were identical
to conventional LCF (Table S2.2).

Since the XANES edge is not only influenced by the oxidation state, but due to multiple
scattering phenomena also by the local coordination geometry, we analyzed also the pre-
edge which gives directly the energy of the 1s to 3d electronic transitions and is hence a
more direct approach for determining the oxidation state of Fe. ’® For this, we extracted the
pre-edge peak from the normalized XANES by subtracting a spline background (Figure 2.6a
demonstrates the procedure and Figure 2.6b shows the extracted pre-edge peaks). As
expected, the peaks shift to higher energy with decreasing Fe(II) fraction. A more refined
analysis was conducted following the approach of Wilke et al. by fitting two Voigt functions
to the pre-edge peaks (Figure S2.3) and calculating the centroid position (Table S2.3). %
When plotting the centroid position versus the Mossbauer-derived Fe(Ill) fraction, we
obtained a linear relationship (Figure S2.4) following the regression equation y = 586.7x -
4173. Note that the normalized pre-edge height of tetrahedral Fe is >0.2, > hence one order
of magnitude higher than that of the NAu-2 samples, confirming that both Fe(II) and Fe(III)
reside prevalently (>90%) in octahedral sites. We conclude that both the main XANES edge
as well as its pre-edge provide reliable measurements for the Fe(Il)/Fe(Ill) ratio in the

nontronite samples, since the local Fe coordination remains octahedral.
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Using Fe K-edge EXAFS spectroscopy, which provides the short range order around
the X-ray absorbing Fe atoms, we studied the structural changes induced in nontronite by
the different redox steps. The k>-weighted EXAFS spectra (Figure 2.6¢) as well as their
Fourier Transform Magnitudes (FTM) (Figure 2.6d), which can be considered as statistical
(pseudo-) radial distribution functions around the X-ray absorbing Fe atoms, show changes
of the oxygen coordination sphere (1% FTM peak at about 1.7 A), the nearest cation
neighbors such as octahedral Fe or Al and tetrahedral Si (2™ FTM peaks at about 2.8 A),
and next nearest cation neighbors octahedral Fe or Al and tetrahedral Si (3™ FTM peaks at
about 4.9 A, all uncorrected for phase shift). Since Fe(II) and Fe(Ill) have different ionic
radii (0.78 versus 0.65 A for six-coordinated cations in high-spin configuration’’), the length
of the Fe-O bond commonly decreases from e.g. 2.14 A in Fe(OH), to about 2.00 A in
common Fe(Ill) (hydr)oxides. Note that the EXAFS resolution of 0.16 A as given by the
chi-range of 2 to 12 A™! did not allow us to fit the shells corresponding to octahedral Fe(I),
Fe(IlI), and potentially mixed Fe(ILIII) sites individually. Table 2.2 shows hence only the
average distance determined by fitting one Fe-O shell. The fully oxidized standard for
structural Fe(III), native NAu-2, has an Fe-O distance of 2.01 A, close to that of Fe(III)
(hydr-)oxides. The fully reduced standard for structural Fe(Il), red SWy-2, has an Fe-O
distance of 2.10 A, hence 0.02 to 0.04 A shorter than common Fe(II)-O coordinated
structures, most likely due to constraints of the clay structure. Low-red NAu-2 has a distance
of 2.02 A and high-red NAu-2 2.05 A (Table 2.2). Assuming a linear relationship between
Fe oxidation state and Fe-O bond length within the octahedral clay sites, we obtain based
on the two endmembers y=10.99x-22.09 (y: fraction of Fe(Il), x: Fe-O bond length), and
hence 11% Fe(Il) for low reduced NAu-2 and 44% for high reduced NAu-2, in excellent
agreement with the XANES result. Therefore, also EXAFS fitting of the Fe-O coordination
shell can be used to derive the Fe oxidation state in nontronite and similar dioctahedral
clays.

Even more importantly, EXAFS shell fitting allowed us to study the structural changes
induced by the reduction within radial distances up to 6 A from the Fe centers. In native
NAu-2, 73% of octahedral positions are occupied by Fe, and the remaining 27% by Al and
Mg, as indicated by the structural equation (M%097)[Si7s57Alo01Fe042][Alos2 Fes s
Mgo.7]020(0H)4.*® To reflect this situation during our EXAFS shell fits, we fitted first and
second metal shells using both Fe-Fe and Fe-Al paths (note that both Al and Mg produce

almost identical backscattering functions and hence cannot be distinguished). To reduce the
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large number of fitting parameters, which would necessarily lead to strong collinearity
effects, we correlated distances and Debye-Waller factors for both elements and limited the
sum of the coordination numbers to their crystallographic values of the dioctahedral
structure, i.e. 3 for the first and 6 for the second metal shell (Table 2.2). The such derived
first metal shell coordination numbers of 2.1 for Fe and 0.9 for Al/Mg correspond to
octahedral occupancies of 70% Fe (2.1/3.0%100) and 30% Al/Mg (0.9/3.0%100), thereby
nicely confirming the independently derived structural equation of nontronite in spite of the
rather high error for EXAFS-derived coordination numbers.

For the two reduced samples, the coordination numbers of the two Fe-Fe shells
increase, while those of the Fe-Al shells decrease. For the first metal shell, we thereby obtain
a Fe occupancy of 83% (2.5/3*100), and correspondingly of 17% for A/Mg (Table 2.2).
These changes suggest the formation of Fe clusters by the clay reduction, in line with
previous results by Manceau et al., who proposed a migration of Fe cations to neighboring
sites after the reduction of Fe(Ill) to Fe(Il). *° These authors also suggested that this
clustering of Fe(II) sites is accompanied by formation of a local tri-octahedral structure. Due
to model overparametrization problems (see above), we were not able to adjust our EXAFS
fitting scheme to allow for such a transition, which would require an fitted increase of the
summed coordination number of the first Fe-Fe, Al shell to a range from 3 to 6. Note that the
fitted So? values of the clay samples are with 0.56 rather small due to fluorescence self-
absorption effects because of the rather high Fe concentrations, but they did not influence
the coordination numbers, which were fixed according to the crystallographic nontronite
model.

The obtained distances of native NAu-2 are well in line with the nontronite structure.
For high-red NAu-2, the nearest Fe-Fe,Al and Fe-Si shells show a slight increase of 0.01 to
0.02 A, probably an effect of the average increase of Fe-O coordination distances due to an
increase of the Fe(II) fraction. Note, however, that this tendency is not confirmed for longer
distances. The Debye-Waller factors of all shells reveal an increasing static disorder of the
shells with increasing Fe(II)/Fe(IIl) ratio. This is coherent with an increasing degree of

structural constraints in the layers due to isomorphous substitution of Fe(III) by Fe(II).
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Table 2.1. Fe K-edge EXAFS shell fitting results

Sample Shell CN? R[A]PP o?[A’]° AEq[eV] So>  Residual
Native Fe-O 6* 2.01 0.0042 10.1 0.57 9.7
NAu-2 Fe-Fe 2.14 3.04¢  0.0010¢

Fe-AlY  0.9¢ 3.04¢  0.0010¢

Fe-Si 4% 3.28 0.0010

Fe-Si 4% 4.46 0.0046

Fe-Fe 4.5 5.26°  0.0042¢

Fe-AlY  1.5¢ 5.26°  0.0042¢

Fe-Si g* 5.54 0.0066
Low-red Fe-O 6* 2.02 0.0039 5.8 0.56 6.2
NAu-2 Fe-Fe 2.54 3.04¢  0.0012¢

Fe-AlY  0.5¢ 3.04¢  0.0012¢

Fe-Si 4% 3.28 0.0010

Fe-Si 4% 4.48 0.0028

Fe-Fe 5.5¢ 5.25°  0.0042¢

Fe-AlY  0.5¢ 5.25°  0.0042¢

Fe-Si g* 5.52 0.0044
High-red  Fe-O 6* 2.05 0.0066 6.4 0.56 7.8
NAu-2 Fe-Fe 2.54 3.05¢  0.0039¢

Fe-AlY  0.5¢ 3.05¢  0.0039¢

Fe-Si 4% 3.30 0.0029

Fe-Si 4% 4.46 0.0039

Fe-Fe 5.5¢ 5.23°  0.0081¢

Fe-AlY  0.5¢ 5.23°  0.0081¢

Fe-Si g* 5.49 0.0091
Red SWy-2  Fe-O 6* 2.10 0.0031 6.64 0.70 4.6

a: Error of coordination number (CN) + 25%

b: Error of radial distance (R) £ 0.01 A

c: Error of Debye-Waller factor (c%) = 0.002 A
*: CN fixed according to the structural model of Garfield nontronite *°.

d: For the fits of the two nearest Feoc: and Aloc paths, the sum of both CNs was fixed at 3,
while both their R and o2 values were correlated.
e: For the fits of the next nearest Feoct and Aloct paths, the sum of both CNs was fixed at 6,

while both their R and 6? values were correlated.
§: Fe-Al represents Fe-(Al+Mg). Al and Mg cannot be differentiated by EXAFS due to their

similar electron densities.

Fitted spectra are shown in Figure S2.5.

2.3.7 Mediated electrochemical oxidation and reduction

In the clay sample, Fe(Il) can be transformed to Fe(IIl) and vise versa by applying

oxidizing and reducing potential, respectively. Mediators are used to facilitate the electron

transfer in the redox reaction between structural Fe in the clay minerals and working

electrode. When an potential is applied, the amount of electrons transferred can be calculated
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by integration of the generated current peak so as to get the amount of Fe(Il) or Fe(IIl) in
the clay mineral. Table 2.3 shows that the Fe(I1)% of native, low-red, and high-red NAu-2
are 0.1%, 19%, and 58%. Moreover, the sum of EDC and EAC indicates the amount of
redox-active Fe in the clay structure. In both native and reduced NAu-2 samples, around
30% of total structural Fe is not redox-active when measured by MEO/MER. The fact that
20% of total structural Fe in nontronite is not redox-active has also been reported before by

Gorski et al. ¢

Table 2.2. EDC and EAC of nontronite clay samples measured by MEO/MER

Sample Total Fe® EDC* EAC* EDC EAC
(mmol/gclay) (mmole/gclay)  (mMmole/gelay)  (%Fewt)  (%Feior)
Native NAu-2 3.9 0.00 2.94 0.1 75
Low-red NAu-2 3.8 0.74 1.72 19 45
High-red NAu-2 3.8 2.19 0.45 58 12

*: Electron donating capacity (EDC, mmole./gclay) and electron accepting capacity (EAC,
mmole./gclay) are the amount of Fe(Il) and Fe(IIl) normalized with the mass of clay mineral,
respectively.

§: The total Fe amount was corresponding to 31 wt% Fe>Os in the clay structure.

2.3.8 Fe redox state identification

Different methods were applied to measure the Fe redox state in nontronite. XAS
demonstrates relatively lower Fe(Il) fractions on low-red NAu-2 comparing with the results
of MEO/MER and Méssbauer; the Fe(Il) fractions of high-red NAu-2 is between the results
of Mossbauer and MEO/MER; meanwhile, XPS shows slightly higher Fe(Il) fractions on
both reduced samples comparing with Mossbauer result (Table 2.4). First of all, the sample
preparation of each method has been conducted with uttermost care to keep the original
oxidation state. Schaefer et al. suggested that Mossbauer spectra measured at RT and even
at 77 K may significantly underestimate Fe(II); ’® we cannot confirm this, since our data
collected at 77 K agree well with that of the other techniques. X-ray irradiation induced Fe
reduction in XPS was evident since 0.07 of Fe(Il) fraction was detected in native NAu-2
which in fact should be fully oxidized. Sorption of cation mediators on montmorillonite has
been reported owing to the high surface charge density of clay minerals and the increase of
the current peak in MEO/MER measurement was substantial, 7 nevertheless, ABTS is a
anion mediator, of which sorption is not an issue in the measurement. Little has been known
so far concerning the stability of mediators and the high Fe(Il) fraction 0.58 in high-red
NAu-2 in MEO/MER measurement. Both XANES and EXAFS as independent
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measurements of prevalently electronic and short-range structure, respectively, show good
consistency of Fe(II) fractions. The results confirm the reliability of the different analyses
of XANES and EXAFS, however, they are also highly dependent on the calibration curve
given by standards.®>% Initially, Fe**.q was utilized as a reference for Fe(Il) standard;
however, it exhibited an approximately 8% difference in Fe(II) fraction owing to dissimilar
structures compared to smectite clays. Hence, careful consideration is necessary when
selecting standards to establish a precise calibration curve before determining Fe(Il)
fractions. Overall, the Mdssbauer measurement maintains its rank as currently most reliable

stand-alone method to determine Fe(Il) fraction in clay minerals.

Table 2.3. Comparison of Fe(Il) fractions in the three NAu-2 samples obtained by different
measurements. Note that for the XANES centroid and EXAFS Fe-O methods, native NAu-
2 was used as the standard for pure Fe(Ill), hence Fe(Il) fractions of this sample are
necessarily 0, while Mdssbauer, XPS, and MEO/MER provide the Fe(Il) fraction of native
NAu-2 independently.

XAS
Mossbauer XPS XANES XANES XANES EXAFS MEO/MER
at 77K centroid ITFA LCF Fe-O

Native NAu-2 0.00 0.07 0.00 0.00 0.00 0.00 0.00
Low-red NAu-

2 0.19 0.24 0.16 0.15 0.14 0.11 0.19
High-red NAu-

2 0.44 0.46 0.50 0.51 0.48 0.44 0.58

2.4 Conclusions

In this study, we demonstrate the structure of our native and reduced nontronite
samples, and the structural integrity is ensured after CBD reduction. Quantitative Fe redox
state measurements including Maossbauer spectrometry, XPS, XANES, EXAFS, and
MEO/MER are compared to exhibit the difference between each method. All methods
provide errors of only a few percent relative to a mean value, and this is most likely because
of the large precautions to conserve the Fe oxidation state from clay reduction to final
analysis. The consistent results indicate that these methods have great potential to be applied
to other clay samples.

Fe-bearing clay minerals are one of the main components in soil. Variation of redox
potential induced by Fe-bearing clay minerals under alternate flooding-drining condition is

expected in different soils and can cause significant changes in soil functioning, plant
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response, soil bacterial community, N and P removal efficiency, organic matter
decomposition, nutrient cycling, etc. 8!8 Therefore, comprehensive characterization
methods of structural Fe redox state associated with redox potential are of particular
importance in monitoring and predicting the biogeochemical processes in natural
environment. Moreover, Fe-bearing clay mineral also has a strong influence on the fate of
contaminants in the environment. Especially in deep geological repositories, Fe-bearing clay
minerals play an important role in controlling and immobilizing the radionuclides in
radioactive waste by reducing them to a lower and less soluble valence state. A thorough
comprehension of these redox processes can significantly contribute to the safety
assessment. > 8 Such a complete picture of nontronite structure, reduction, and Fe redox
state identification builds up a strong basis for studies on resemble Fe-bearing clay minerals

and provides references on methods of Fe redox state measurement.
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2.6 Supporting information

Figure S2.1. Photographs of nontronite clay suspensions stored in infusion bottles in the
glovebox. (a) Native NAu-2, (b) high-red NAu-2, (c) low-red NAu-2.

Table S2.1. XPS fitting results of native NAu-2, low-red NAu-2, and high-red NAu-2.

Sample Fe2psn Binding FWHM Area Atomic %
species energy (eV) (eV) (cps-eV)
Native NAu-2  Fe(I)-Ol 708.7 1.50 388 1.31
Fe(1I)-02 709.5 1.70 545 1.85
Fe(I11)-03 711.1 1.70 264 0.89
Fe(I)-O4 711.9 2.82 724 2.46
Fe(I)-O5 715.2 2.30 137 0.46
Fe(I11T)-O1 711.6 1.75 12629 42.84
Fe(11I)-O2 712.8 1.95 8448 28.67
Fe(11I)-O3 713.8 1.95 4224 14.34
Fe(111)-O4 715.0 1.95 2112 7.17
Low-red NAu-2  Fe(I)-Ol 708.9 1.50 2601 4.58
Fe(I11)-02 709.5 1.70 3653 6.43
Fe(I11)-03 711.1 1.70 1768 3.11
Fe(I)-O4 711.9 2.82 4854 8.55
Fe(I)-O5 715.2 2.30 917 1.62
Fe(I11I)-O1 712.0 1.75 19791 34.87
Fe(I1I)-O2 713.1 1.95 13238 23.33
Fe(11I)-O3 714.2 1.95 6619 11.67
Fe(I111)-O4 715.1 1.95 3310 5.84
High-red NAu-  Fe(I)-Ol1 708.7 1.50 4908 8.67

2 Fe(1I)-02 709.9 1.70 6895 12.19
Fe(I1)-03 711.1 1.70 3336 5.90
Fe(I1)-O4 711.9 2.82 9161 16.20
Fe(I)-O5 715.2 2.30 1730 3.06
Fe(I1)-O1 711.6 1.75 14054 24.86
Fe(I11)-O2 712.8 1.95 9401 16.64
Fe(11I)-O3 713.8 1.95 4700 8.32
Fe(I111)-O4 714.8 1.95 2350 4.16
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Table S2.2. Fitting results of the Fe-K main-edge in Figure 6a by ITFA (non-normalized to
unity) and by linear combination fitting (LCF, normalized to unity) using native NAu-2 as
standard for Fe(IIl) and red SWy-2 as standard for Fe(II).

Sample ITFA LCF
Fe(III) Fe(Il) Fe(III) Fe(Il) R factor
Native NAu-2 1.00 0.00 1.00 0.00
Low-red NAu-2 0.86 0.15 0.86 0.14 0.0005
High-red NAu- 0.47 0.51 0.52 0.48 0.0051
2
1.6 I I I Llow—red NAu—2I spectrum 1.6 I I I —I-I|igh-red NAu-I2 spectrum -
——LCF ——LCF
1.4 4 Residual 4 1.4 4 Residual -
= = Native NAu-2 spectrum = = Native NAu-2 spectrum
8 1.2 = = Red SWy-2 spectrum 8 124 = = Red SWy-2 spectrum
2 2
_02 T T T T T _02 T T T T T
7100 7120 7140 7160 7180 7200 7100 7120 7140 7160 7180 7200
Energy (eV) Energy (eV)

Figure S2.2. Linear combinination fit of (a) low-red NAu-2 and (b) high-red NAu-2 spectra
using the XANES spectra of native NAu-2 and red SWy-2 as standards for structural Fe(III)
and Fe(Il), respectively.
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Table S2.3. Voigt deconvolution of normalized Fe-K pre-edge peaks.

Normalized pre-edge

= Experiment spectra
«+e« Fit Peak 1
«+<« Fit Peak 2
—— Cumulative Fit Peak

Native NAu-2

Low-red NAu-2

High-red NAu-2

Red SWy-2

7.410 7115
Energy (keV)

7.120

Figure S2.3. Voigt deconvolution of normalized pre-edg.

Sample Peak FWHM Area Total area  Centroid R?
position (keV) (keV)
(keV)
Native NAu-2  7.11407  0.00293  1.12E-04 1.12E-04 7.11407  0.9964
Low-red NAu-  7.11338  0.00308  7.19E-05 1.12E-04 7.11380  0.9975
2 7.11456  0.00231  3.99E-05
High-red NAu-  7.11261  0.00295 5.12E-05 8.13E-05 7.11323  0.9971
2 7.11429  0.00217  3.01E-05
Red SWy-2 7.11240  0.00258 4.58E-05 3.08E-05 7.11240  0.9391
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Abstract

Redox reactions control the environmental fate of selenium, an element of concern due
to its small gap between beneficial and detrimental effects on human health and due to the
longevity of the radionuclide ’Se produced in nuclear reactors. Fe-bearing clay minerals
are major redox-active ingredients of Earth’s critical zone and constitute an important
component of the barrier in (radioactive and other) waste repositories. Here we
systematically investigate selenite (Se(IV)Os?") sorption and reduction by Fe-bearing clay
minerals of the smectite group, using batch experiments and X-ray absorption fine structure
(XAFS) spectroscopy to elucidate reaction mechanisms and kinetics up to 720 or 3600 h.
We found a linear relationship between structural Fe(Il) content and selenite reduction rate.

Selenite reduction depends also on redox potential and pH, with pH 7 showing a slower
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reduction rate as compared to pH 5. Selenite first sorbed to clay edge sites by forming an
inner-sphere sorption complex, before being reduced to Se(0). The first redox product was
amorphous (red) Se(0), which gradually transformed into trigonal (grey) Se(0). Despite an
Fe?*aq concentration of up to 6x10*M in the clay suspension depending on the pH and on
the Fe content of the clay, we did not observe formation of iron selenides. This insight into
the selenite reduction mechanism provides valuable information for the development of

effective approaches for selenite immobilization.

3.1 Introduction

Selenium (Se) is a rare element in the earth’s crust (0.05 mg/kg) and an important
micronutrient for humans, having impact on cell function, antioxidant and immune systems
(Titov et al., 2022). The gap between deficiency (<40 pg/day) and toxicity (>400 ug/day)
of Se is very narrow (Winkel et al., 2012). Se deficiency can cause a series of health issues
including hormonal imbalance in the thyroid, growth retardation, poor immune function,
cancer, and increased mortality (Moreno-Reyes et al., 2001; Rayman, 2012). Endemic Se
deficiency has been reported in China (Li et al., 2012) and Russia (Volfson et al., 2010). A
daily dietary Se supplement of ~200 pg/day is recommended to prevent health issues
(Hammouh et al., 2021). In contrast to Se deficiency, excess Se leads to Se poisoning
symptoms such as garlic odor breath, discoloration of the skin, hair loss, fatigue, nausea,
vomiting, and neurodegeneration (MacFarquhar et al., 2010).

Se is emitted into the ecosystem through both natural sources and anthropogenic
activities. In terms of natural sources, Se is primarily found in sedimentary rocks and marine
shale deposits, where it commonly exists as metal selenides and forms a minor part of metal-
sulfur minerals. The weathering of these seleniferous rocks leads to Se oxidation and release
into the environment (Fernandez-Martinez and Charlet, 2009). Furthermore, volatilization
by plants, bacteria and volcanic eruptions contribute to the natural release of Se in the gas
phase. As for anthropogenic sources, Se originates from activities such as coal and oil
combustion facilities, selenium refining plants, base metal smelting and refining plants,
mining and milling operations, as well as various end-product manufacturers (e.g., glass,
semiconductors, and photovoltaic cells) (Fordyce, 2013; Tan et al., 2018). Besides the stable
Se isotopes, radioactive ’Se is a long-lived (ti2 = 3.27-10° years) fission product present in
nuclear fuel (Bingham et al., 2011; Frechou et al., 2007). While Se occurs in the -II oxidation

state in spent nuclear fuel (Curti et al., 2015), it is present in IV oxidation state in simulated
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vitrified waste (Curti et al., 2013).

Se deficiency and excess are highly influenced by the bioavailability of Se species in
the environment, which in turn depends on the Se oxidation state. Se exists in five oxidation
states: -1I (selenide, Se?*") , -I (diselenide), O (elemental selenium), IV (selenite, SeO3>), and
VI (selenate, SeO4%) (Ma et al., 2019). Selenate and selenite predominate at relatively high
redox potential and are very soluble and mobile. Selenic (H>SeOs) and selenous (H2SeO3)
acid are diprotic acids (Zoroufchi Benis et al., 2022) and the presence of their oxyanions
HSeOs", HSeOs", SeO3% depends on the solution pH (Séby et al., 2001). Elemental Se(0) is
present at mild reducing redox potential as a stable non-soluble form, which can exhibit both
amorphous and crystalline solids: red amorphous Se(0), and crystalline deep-red monoclinic
and grey trigonal Se(0) (Ferndndez-Martinez and Charlet, 2009). Se(-I) and Se(-1I) exist in
reducing environment depending on pH as HxSe, HSe", Se*, polyselenides Ses>, and as
poorly soluble metal selenides (Rojo et al., 2018; Scheinost and Charlet, 2008; Scheinost et
al., 2008; W. Hummel, 2023). In contrast to the HSe™ anion (which is stable only in Fe-free
systems), FeSex species have a low solubility (log K(FeSe2) =-13.4, log K(FeSe) =-0.4 (W.
Hummel, 2023)), so in general, reduction is an efficient way to immobilize soluble Se.

Reduction of Se has been observed biotically and abiotically. Various bacteria carry
out dissimilatory reduction to elemental Se(0) by using oxidized Se as electron acceptors to
oxidize organic matter (Oremland and Stolz, 2000). Moreover, Se is also reduced abiotically
by Fe minerals including magnetite (Jordan et al., 2009), mackinawite (Scheinost et al.,
2008), and siderite (Scheinost and Charlet, 2008), green rust (Myneni et al., 1997), pyrite
(Charlet et al., 2012; Curti et al., 2013; Rodriguez et al., 2020), troilite (Breynaert et al.,
2008), Fe sorbed clay (Charlet et al., 2007), and zerovalent Fe(0) (Olegario et al., 2010). In
the presence of above Fe(Il)-bearing minerals, Se can be reduced to mostly red and grey
elemental Se(0) and sometimes various iron selenides (FeSe) (Scheinost and Charlet, 2008)
but rarely the most thermodynamically stable ferroselite (FeSe2) (Charlet et al., 2012). The
reduction is thought to proceed through a combined adsorption and redox process, since
aqueous Fe?" has little tendency to reduce selenite and selenate (Bérsig et al., 2017; Charlet
et al., 2012; Frasca et al., 2014). Selenite can be adsorbed through inner-sphere and outer-
sphere complexation, depending on adsorbent and pH (Fernandez-Martinez and Charlet,
2009; Jordan et al., 2014; Jordan et al., 2013). The reduction process and the final reduced
Se species are governed by several factors such as pH, redox potential, kinetics, Se

concentration, mineralogical composition of the environment, and biological interactions.
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Details about the reduction mechanism with respect to the electron transfer process and the
control on the reduced species remain still vague, especially for the abiotic, mineral-surface-
driven systems. Since batch sorption experiments are rarely sufficient to derive reduction
mechanism, spectroscopic investigations such as X-ray absorption fine structure (XAFS)
spectroscopy, including X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS), are now commonly used to elucidate both oxidation state
and local structure of intermediate and final Se species. Furthermore, the reduction processes
of selenite and to an even larger extent of selenate are slow and the reduced species may
vary over time (Poulain et al., 2022). Therefore, long-term kinetic studies are needed to gain
a better understanding of the reduction process from the early transient to long-term
equilibrium states.

In this study, we investigate the role of structural Fe in clay minerals on the selenite
reduction mechanism. Depending on its redox state, structural iron in clay minerals affects
the physicochemical properties of clay minerals and is known to oxidize or reduce elements
at their surface (by acting either as an electron donor or acceptor) thus altering their mobility
and/or (bio)availability (Huang et al., 2021). We focus here on swelling clays of the smectite
group, using reference samples provided by the Clay Source Repository of the Clay Minerals
Society (Van Olphen et al., 1979), namely two natural montmorillonites (SWy-2 from
Wyoming and STx-1 from Texas) because of their relevance for engineered barrier systems
for radioactive waste repositories, and in addition a nontronite (NAu-2 from Australia), a
natural Fe rich smectite, because of the abundant literature and datasets concerning its redox
reactivity. We perform sorption experiments on these clay minerals reduced to different
Fe(Il)/Fe(Ill) ratios, to quantify the sorption and sorption kinetics of selenite on clay
minerals. By applying XAFS, we would like to (1) to follow the selenite reduction process,
(2) identify the structure of sorbed species, and (3) elucidate the role of aqueous solution
chemistry including pH and redox potential, to contribute to a wider understanding of Se

immobilization in the environment.

3.2 Materials and methods

3.2.1 Clays
Three dioctahedral smectite clays with different Fe content, Texas montmorillonite
STx-1, Wyoming montmorillonite SWy-2, and south Australian nontronite NAu-2, were

purchased from the Clay Source Repository of the Clay Minerals Society (Purdue
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University, West Lafayette, IN). The chemical composition, structure, and Fe content of the
raw material as provided by the Clay Mineral Society are listed in Table 3.1. The as-received
clay materials were washed and purified to a homogeneous Na-form clay suspension in 0.1
M NaCl electrolyte. The detailed procedures are described in previous work (Qian et al.,

2023).

Table 3.1. Chemical composition and structure of STx-1, SWy-2, and NAu-2 provided by
the Clay Minerals Society (Van Olphen et al., 1979)

Clay Chemical formula. The first round bracket denominates the charge-compensating
interlayer cations, the first square bracket the octahedrally coordinated cations, and the

second square bracket the tetrahedrally coordinated cations of the TOT layers

STx-1  (Cag.27Nag.04Ko.01)[Alz.41Fe(I11)0.00MneMgo.71Ti0.03][Sis.00]O20(0H )4
SWy-2  (Cag.12Nag.32Ko.5)[Alz.01Fe(I11)o.41Mno.01Mgo.54T10.02][ Si7.98Al0.02]O20(OH)4

NAu-2  (M%97)[Algs2Fes 32 Mgo.7][Siz.57Al0.01Fe0.42] O20(0OH)4

3.2.2 Preparation of reduced clay suspensions

The three clay minerals were chemically reduced to obtain different Fe(Il) contents
associated with different redox potential (Eh) (Gorski et al., 2013). The reduction was
conducted by the Citrate-Bicarbonate-Dithionite (CBD) method following Stucki et al.
(Stucki et al., 1984a) yet without heating. Purified clay suspensions were degassed with
nitrogen gas (N2) for two hours before transferring them into a N>-atmosphere controlled
anoxic glovebox (O2 < 0.1 ppm). The complete reduction process was conducted in the
glovebox. For STx-1, 500 mL clay suspension (22.18 g/L) were first mixed with a citrate-
bicarbonate (CB) buffer solution (12 mL of 0.5 M NazCsHs07-2H>0 and 164 mL of 1 M
NaHCO3) in an infusion bottle for about an hour stirring. Afterwards, 2 g dithionite
(Na2S204) and 24 mL 0.1 M NaCl were added to a total volume of 700 mL. For SWy-2, the
same procedures were carried out with 1 L clay suspension (14.32 g/L), 500 mL of 1 M
NazCsHs07-2H20, 250 mL of 1 M NaHCO3, and 34.52 g Na>S>04 with a total volume of
1700 mL. The clay suspensions were stirred for about one day after adding dithionite. After
reduction, clay suspensions were washed in dialysis bags first with 1 M NaCl at pH 4 to
remove added chemicals and dissolved elements, and then with 0.1 M NaCl without pH

adjustment until the concentration of citrate and bicarbonate were less than 10 M. For NAu-
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2, two reduction degrees (low-red. NAu-2 and high-red. NAu-2) were prepared, and the
details are described in previous work (Qian et al., 2023). Finally, the suspension of reduced
clays in 0.1 M NaCl matrix were stored in the glovebox in infusion bottles covered with
aluminum foil to avoid photo oxidation. The chemical composition in weight percentage
(wt%) of the as prepared native and reduced samples were determined using X-Ray
Fluorescence (XRF) spectroscopy. The Fe(Il) wt% content was calculated based on the

reduction level of each clay and is presented in Table 3.2.

3.2.3 Cation exchange capacity and edge site availability

To ensure that the CBD treatment did not alter the sorption properties of the three clays,
their cation exchange capacity (CEC) and their surface complexation ability were quantified.
The CEC of native and reduced clays were directly quantified using the highly selective
divalent nickeltriethylenediamine (Ni-en) complex radiolabelled with *Ni (Peigneur, 1976
). At sufficiently high concentration, this index cation is expected to completely displace
and replace all the cations present on the exchange sites of clay minerals. The whole
experiment was carried out in the glovebox (O2 < 0.1 ppm) and all the solutions were
degassed with N2 before transferring into the glovebox. A Ni-en solution was prepared as a
mixture of nickel nitrate Ni(NOs)2 and ethylene diamine C.Ha(NH>). labelled with *Ni. The
clay suspension (~ 6 g/L) was mixed with ®**Ni-en solution (200 mL 0.02 M Ni-en solution
at pH 8 and 50 pL 4.5x10 M ®Ni tracer solution) in a centrifuge tube (Backman 26 mL)
to a total volume of 22 mL. After 4 hours continuously end-to-end shaking, the samples
were centrifuged at 40,000 g (Backman Coulter Optima™ L-100 XP Ultracentrifuge, 70 Ti
rotor) for one hour. The activity in the supernatant was measured using a beta liquid
scintillation counter (Tri-Carb 4910 TR), and the pH was determined using a Metrohm
electrode (model: 6.0232.100). The Ni-en adsorbed (Ni-enags) in meq/kg (equal to the CEC)
is calculated from the redistribution of the radiotracer between the solid and liquid phases

and is calculated from equation (3.1):

. A -A t .
Ni-enads = %'Nl-enin (3.1

where Ai, = initial ®*Ni activity (cpm), Aou = final ®*Ni activity (cpm), and Ni-eni = initial

amount of Ni-en (in meqg/kg).

The availability of the edge sites of native and reduced clays for cation surface
complexation was assessed by measuring the sorption of Eu(Ill) (Baeyens and Bradbury,

2004). This trivalent cation was chosen to avoid competitive sorption effects with Fe(IT) (M.
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Marques Fernandes and Baeyens, 2020; Soltermann et al., 2014b). Note that although the
reducing agents were washed away after reduction, Fe’" unavoidably dissolved from the
clay itself and established equilibrium with the clay suspension, potentially re-adsorbing
onto the clay surfaces depending on pH, which would result in a reduced sorption capacity
for other divalent cations, while trivalent cations like Eu(IlI) are less affected. The sorption
of Eu(Ill) on the samples was quantified by radiochemical assay using '>’Eu. Eu sorption
isotherms were measured at a series of Eu concentrations using both active '?Eu and stable
Eu (Eu(NO3)3-5H20) between 13107 M to 2x10* M at 2 g/L and pH ~7 in 0.1 M NaCl and
equilibrated for 7 days. Due to the high buffering capacity of reduced clays, the pH of the
suspensions was adjusted with HC1 and NaOH before sorption experiments. Afterwards, Eu
solution, clay suspension, pH buffer (2x10° M MOPS (3-(Nmorpholino) propanesulfonic
acid), and 0.1 M NaCl were combined in centrifuge tubes to a total volume of 22 mL and
sealed. After 7 days end-to-end continuous shaking, tubes were centrifuged at 40,000 g for
one hour to separate the clay and the supernatant. Two aliquots of the supernatant were taken
immediately for radiochemical assays of '>>Eu using a gamma counter (WIZARD?, 2480).
The pH of the supernatant was measured with Metrohm electrodes. Each experiment was

carried out in duplicate. The sorbed amount of Eu is calculated by equation (3.2).
Sorbed = [Ciye] ~[Ceq = (3.2)

Where Cinie: initial concentration of active and inactive Eu (M), Ceq: equilibrium
concentration of active and inactive Eu (M), V: total volume of the liquid phase (L), m: mass

of the solid phase (kg).

3.2.4 Se sorption Kkinetics

To quantify the sorption of Se, batch type sorption experiments were carried out in a
N> atmosphere controlled anoxic glovebox (O2 < 0.1 ppm) at room temperature and over
different time periods from 4 hours to 3600 hours. Red. SWy-2 and high-red. NAu-2 are up
to 3600 h, while red. STx-1 and low-red. NAu-2 are up to 720 h. A solid to liquid ratio of
2 g/ was used in all the experiments, allowing XAS measurements and sorption
quantification under the same conditions.

Sorption kinetics were conducted with a Na,SeOs concentration of 3x10° M at pH 5 in
0.1 M NaCl. This Se concentration was chosen to obtain sorption loadings sufficiently high
to be measured by XAFS spectroscopy. The pH of the clay suspensions was adjusted
accordingly before sampling experiment. Acetate pH buffer, 0.1 M NaCl, and Na;SeO3
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solution were added to a big infusion bottle. Slow end-to-end shaking was employed. At the
end of the different equilibration times, samples were transferred into centrifuge tubes and
centrifuged at 40,000 g for one hour to separate the clay from the supernatant. A portion of
the supernatant was sampled for Se concentration analysis using ICP-OES and for Fe**
concentration ([Fe**cqi]) analysis with phenanthroline (C12H9CIN,-H,0) through UV-VIS
spectrophotometry. The remaining supernatant was used to measure pH. The clay sediments
(wet pastes) were filled in High Density Polyethylene (HDPE) XAFS sample holders and
covered with Kapton tape. The sorption of Se is expressed by the logarithm of the solid-
liquid distribution coefficient Rq (mL/g) defined in equation (3.3).

[Cinit] {Ceql] V
Ry= — 4., .
d [Ceql  m (3-3)

Where Ciuie: initial concentration of Se (M), Ceqi: equilibrium concentration of Se (M), V:

total volume of the liquid phase (L), m: mass of the solid phase (kg).

3.2.5 X-ray absorption spectroscopy

Clay pastes for XAFS were transferred into a liquid N> Dewar for flash freezing right
after preparation in the glovebox, where they remained for storage and transport to the
beamline to conserve the chemical equilibrium at the sampling state and anoxic conditions.
At the beamline, they were quickly transferred to a closed-cycle He cryostat used for the
XAFS measurements, always maintaining a frozen state.

The XAFS measurements were conducted at the Rossendorf Beamline (ROBL) BM20
of the European Synchrotron Radiation Facility (ESRF), France (Scheinost et al., 2021). The
X-ray beam was monochromatized by a Si(111) double—crystal monochromator, and the
energy of monochromator was calibrated with an Au foil using the Au Ls-edge at 11919 eV.
8 samples were loaded at the same time on an automated sample holder and inserted into the
closed-cycle He-cryostat (CryoVac). Se-K edge XANES and EXAFS spectra were collected
in fluorescence mode at 15 K with an 18-element Ge-detector (Mirion) and a Falcon-X
(XTA) electronic spectrometer. Each sample was scanned repeatedly for several times to
obtain sufficient statistics. Energy correction and averaging of individual scans was
performed in Sixpack (Webb, 2005). The averaged spectra were then processed in WinXAS
(Ressler, 1998) using standard procedures. The spectra were normalized by 1% and 2" order
polynomial fits before and after the absorption edge, respectively. The energy threshold Eq
was determined by the first inflexion point of the absorption edge for conversion into k

space, and the EXAFS spectrum was then extracted by using a cubic-spline fit from 2 to 13
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Al at k¥ weight, using the AutoSpline functionality of WinXAS. Statistical analyses
(principal component analysis, VARIMAX rotation, iterative target test transformations)
were performed with the ITFA software package (Rossberg et al., 2003) for quantitative
speciation using both XANES and k3-weighted EXAFS spectra (note that only the latter data
are reported, but both methods yielded similar results). EXAFS shell fitting was conducted
in WinXAS in R space (k® weight, Bessel window, k range 2-12 A1),
3.2.6 Mediated electrochemical reduction and oxidation

Mediated electrochemical reduction (MER) and oxidation (MEQO) were performed at
TNO, Utrecht, to measure redox-active Fe in the clay mineral samples and to the derive their
apparent Eh using the method described by Gorski et al. (Gorski et al., 2012a; Gorski et al.,
2013). A three-electrode setup was used having a glassy carbon crucible working electrode,
a 3 M NaCl Ag/AgCl reference electrode and a platinum counter electrode separated from
the working electrode compartment by a porous glass frit (Hoving et al., 2017). All
experiments were carried out in a pH 7 buffered solution (0.1 M NaCl, 0.01 M MOPS buffer,
pKa = 7.2). The stability of the mediators at pH 5 could not be guaranteed, as there was a
color change in the buffer solution after measurements. Consequently, the Eh of the clays
was not measured at pH 5. A constant potential was applied on the electrochemical cell.
Subsequently, an electron transfer mediator was added to facilitate electron transfer between
the working electrode and Fe in the clay mineral. After equilibration of the mediator with
the applied potential, the clay mineral suspension was added to the cell. The extent of
structural Fe reduction or oxidation was determined by integrating the current peak response
(electron accepting capacity (EAC) and electron donating capacity (EDC)). Redox profiles
were constructed by measuring the EAC and EDC at a wide range of different applied
potentials. To ensure proper electron transfer, mediators were used at applied potentials
within £0.12 V of their Ex” —values (Gorski et al., 2013). The following mediators were
used: ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), ferri/ferro-cyanide
(Fe?3*(CN)), DCPIP (2,6-dichlorophenolindophenol), hexaammineruthenium
(Ru?"**(NHs)g), resorufin, riboflavin 5'-monophosphate, zwitterionic viologen (4,4’ -
bipyridinium-1,1 " -bis(2-ethylsulfonate)), and triquat (1,1 ' -trimethylene-2,2 ' -
bipyridyl). The resulting redox profiles of the various clay mineral samples were fitted using

a modified form of the Nernst equation (Eq. 2 in Gorski et al., 2013). From these fitted

curves the apparent reduction potential was derived.
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3.3 Results and discussion

3.3.1 Clay characterization

In a previous study, we compared the morphology of the native and CBD-reduced Fe-
bearing phyllosilicates and observed no significant change. Only a limited dissolution of the
external layers from the clay platelets could be identified (Qian et al., 2023). To assess the
potential impact of this slight external surface dissolution on the chemical properties of the
different clays, we measured the CEC with Ni-en and Eu(IIl) sorption isotherms to compare
the surface complexation on edge sites between the native and the reduced clays. The high
selectivity of the Ni-en complex for the cation exchange sites, allows us to assess the CECs
of the native and reduced clays (Table 3.2). No significant difference of CEC between native
and reduced clays were observed, indicating that the cation exchange sites of reduced clays

were not significantly affected by the reduction process.

Table 3.2. Clay characterization (Redox active and inactive Fe as measured by MEO/MER,
CEC as determined by the Ni-en method).

Clay Fe(II)/Fetot Fe(11D) Redox inactive Fe(II) Fe(1I) CEC

/Few Fe/Fetot wt% mmol/Kgelay meq/kg
High-red. NAu-2 0.58 0.12 0.30 11.4 2040 1125
Low-red. NAu-2 0.19 0.45 0.34 42 740 1137
Native NAu-2 0.00 0.75 0.25 0.0 0 1050
Red. SWy-2 1.00 0.00 0.00 2.5 450 1247
Native SWy-2 =¥ - - 0.0* 0 1239
Red. STx-1 0.89 0.00 0.11 0.6 100 1202
Native STx-1 - - - 0.0* 0 1247

*: The native SWy-2 and STx-1 were not measured by MEO/MER. All the existing Fe in the native SWy-2
and STx-1 is in Fe(IlI) state given by the Clay Minerals Society in Table 3.1.

Fig. 3.1 shows the sorption isotherms of trivalent Eu at around pH 7 for the different
native and reduced clays. The Eu sorption was predicted using the 2 site protolysis non-
electrostatic surface complexation and cation exchange (2SPNE SC/CE) model for
montmorillonite (Baeyens and Marques Fernandes, 2018) and is shown as black line in Fig.

3.1. Note the nonlinear shape indicating adsorption to both strong and weak sorption sites.
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Our sorption data for the different native and reduced clays agree well with this previously
determined model for montmorillonite. Except for a slightly higher Eu sorption (~0.5 log
units) on high-red. NAu-2, no significant variation in Eu sorption between native and
reduced clays could be identified. The slightly higher Eu sorption on high-red. NAu-2 is
likely due to the higher pH of this isotherm (7.3 compared to 7.0-7.1), since in 0.1 M NaCl
the sorption of positively charged cations adsorbing via surface complexation raises sharply
in the pH range 6-8 (Baeyens and Marques Fernandes, 2018; Jaisi et al., 2008b), hence our
conclusion is that Fe reduction by the CBD method did not affect sorption to the edge sites

of the clay.
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Fig. 3.1. Eu sorption isotherm on native and reduced NAu-2, SWy-2, and STx-1 in 0.1 M
NaCl, S/L of 2 g/L, and pH 7. The modelling curve is based on parameters taken from
(Baeyens and Marques Fernandes, 2018).
3.3.2 Sorption kinetics

Preliminary sorption studies (Fig. S3.1) showed that after 7 days, selenite uptake by
reduced clays was comparable to that obtained for non-reduced clays (Missana et al., 2009).
The sorption of selenite after 7 days (Fig. S3.1a) decreases as the pH increases from 4 to 8.
Missana et al. modelled the data with a simple one-site model (complexes with only weak
sites), assuming surface complexation pH < 8 (Missana et al., 2009). Due to the repulsion
of the selenite anion on the deprotonated clay surface, the sorption drops dramatically at pH
> 8. Previous studies have shown, however, that the Se reduction is kinetically controlled

(Charlet et al., 2007; Onoguchi et al., 2019; Pearce et al., 2008). Therefore, we investigated
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sorption kinetics on reduced clays up to several months. For these kinetics experiments, we
chose a pH of 5 (Fig. S3.1a) and an initial Se concentration of 3x10”> M to obtain sufficient
Se loadings (Fig. S3.1b) to be able to study their speciation with XAFS.

Fig. 3.2 shows the sorption kinetics of reduced clays from 4 hours to 3600 hours. The
sorption results are listed in Table 3.3. The sorption of selenite on reduced clays increases
with contact time, indicating a kinetically controlled uptake reaction, consistent with
previous observations (Charlet et al., 2007; Lopez de Arroyabe Loyo et al., 2008; Myneni
etal., 1997). High-red. NAu-2 which has with 11.4 wt% the highest amount of Fe(II), shows
also a significantly higher selenite uptake than the other reduced clays, achieving complete
sorption of selenite achieved after 720 h. Red. SWy-2 exhibited lower sorption, which
gradually increased over a period of 3600 h without reaching a plateau. Low-red. NAu-2
and red. STx-1 seem to show a similar behavior, although values of 1440 h, 2160 h, and
3600 h are not available due to contamination. Clearly, selenite sorption on reduced clays
requires considerably long equilibration time, suggesting that Se(IV) might be gradually
reduced after adsorption on the Fe(I)-bearing clays (Charlet et al., 2007). To further explore
the evolution of selenite uptake, presumably by reduction, we followed the sorption kinetics

with XAFS.
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Fig. 3.2. Selenite sorption kinetics on reduced clay samples at S/L of 2 g/L, [Se]init = 3%10°
> M, pH=5, and 0.1 M NaCl. If error bars are not visible, they are smaller than symbol sizes.
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3.3.3 Se K-edge XAFS measurements of Kinetic clay samples

To follow the kinetics of Se oxidation state, we performed Se K-edge XANES
spectroscopy. The temporal evolution of the four reduced clay samples is shown in Fig. 3.3-
3.6 (a) along with selenite (Se(IV)), red Se(0) and grey Se(0) reference spectra. The Se(IV)
reference is selenite sorbed to each respective native clay at pH 5, while red Se(0) and grey
Se(0) reference are retrieved from previous publications (Charlet et al., 2007; Scheinost and
Charlet, 2008; Scheinost et al., 2008). By looking at the two white line positions for Se(IV)
and Se(0) (marked by hatched lines), the XANES spectra allow to directly follow the
evolution of the oxidation state of selenium across time. Except for high-red. NAu-2, which
is already largely reduced at this stage, the samples of the shortest reaction time (4 h) show
the Se(IV) white line, which then gradually transform into Se(0) white lines.

While XANES alone would be sufficient to discriminate between Se at oxidation states
0 and IV, further details about the exact chemical structure of sorption complexes can be
derived by analyzing the EXAFS spectra (see k>-weighted EXAFS chi function in subfigures
(b) of Fig. 3.3-3.6, and their corresponding Fourier Transform Magnitudes (FTM) in
subfigures (c) of Fig. 3.3-3.6). The chi spectra of selenite are dominated by oscillations in
the low k-range arising from backscattering of the Se-O pairs of the selenite molecule,
whereas Se(0) spectra are dominated by oscillations in the high k-range arising from
backscattering of the (nearest neighbor) Se-Se pairs of elemental selenium.

In the FTM spectra, the peak at approximately 1.3 A (distance not corrected for phase
shift) represents the Se(IV)-O interaction. Red and grey Se(0) can easily be distinguished
since red Se(0) exhibits only one peak at around 2.0 A (uncorrected for phase shift)
representing the nearest Se-Se pairs, while grey Se(0) displays an additional peak at
approximately 3.1 A (uncorrected for phase shift) arising from next nearest Se-Se pairs and
hence representing the longer range order of crystalline, grey elemental Se. In fact, all three
FTM peaks occur in our set of clay samples with temporal evolution, indicating the presence
of selenite and of red and grey elemental selenium.

To further elucidate the presence of different chemical species and to retrieve their
statistical distribution among the different clay samples, we performed an in-depth analysis
using ITFA (Rossberg et al., 2003). The number and identity of representative species in
each kinetic clay series was based on principal component analysis, the Malinoswki
indicator, and the visual inspection of the reconstruction (red lines) of the experimental

spectra (black lines) (Fig. 3.3-3.6). More details of the procedure can be found e.g. in
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Yalgintas et al. (Yalcintas et al., 2016a). Using only the spectra of the Se reacted clays in
each series (i.e., without references), we identified either two or three spectral components
(i.e., chemical species) depending on the clay types. About 20 potential reference spectra
out of a database, including e.g. red Se(0), grey Se(0), ferroselite, FeSe, and polyselenide,
were then added step by step to reconstruct the experimental spectra and assess their
statistical contribution.

With one exception (spectrum 4 of red. STx-1), all spectra in each clay series were well
reconstructed with sorbed selenite plus either one or two of the elemental Se references (Fig.
3.3-3.6). While red. STx-1 and low-red. NAu-2 required only the addition of red Se(0), red.
SWy-2 and high-red. NAu-2 required also the addition of grey Se(0) to obtain a good
reconstruction of chi and FTM spectra. Note that the presence of grey Se(0) can also be
derived from XANES by a more articulated post-edge dip (at the position of the blue hatched
line marking the Se(IV) peak). In none of the samples was the formation of FeSe or FeSe>
observed.

While the XANES of spectrum 4 of red. STx-1 was accurately reconstructed,
differences primarily arose in the chi function. In the k range of 2 to 6 A™!, the oscillation
pattern matched that of Se(IV) but with lower amplitude, whereas in the 6-12 A ! range, the
oscillation pattern closely resembled that of red Se(0). No other Se species components
could be identified to match this spectrum, and the intensity of Se-O and Se-Se; peaks in the
Fourier transformation magnitude (FTM) aligned well with the trend of Se reduction. Hence,
the imperfect reconstruction of spectrum 4 may result from oscillation interference between

two Se components.
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Fig. 3.3. Se K-edge XAFS of selenite sorption kinetics on red. STx-1 at S/L of 2 g/L, [Se]init
=3x10° M, 0.1 M NaCl, and pH 5. Samples were chosen from the kinetics experiments
(Fig. 3.2) The black solid lines are the experimental data. The red solid lines represent the
reconstruction of the spectra with two components: Se(IV) and red Se(0), and the blue dash
line shows the position of each peak. (a) Normalized Se absorption edge (XANES), (b) k*-
weighted EXAFS chi function, (c) k>-weighted EXAFS Fourier transform magnitude.
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Fig. 3.4. Se K-edge XAFS of selenite sorption kinetics on red. SWy-2 at S/L of 2 g/L, [ Se]init
=3x10° M, 0.1 M NaCl, and pH 5. Samples were chosen from the kinetics experiments
(Fig. 3.2) The black solid lines are the experiment data. The red solid lines represent the
reconstruction of the spectra with three components: Se(IV), red Se(0), and grey Se(0), and
the blue dash line shows the position of each peak. (a) Normalized Se absorption edge
(XANES), (b) k’-weighted EXAFS chi function, (c) k*>-weighted EXAFS Fourier transform
magnitude.
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Fig. 3.5. Se K-edge XAFS of selenite sorption kinetics on low-red. NAu-2 at S/L of 2 g/L,
[Selmit = 3x10° M, 0.1 M NaCl, and pH 5. Samples were chosen from the kinetics
experiment (Fig. 3.2) The black solid lines are experiment data. The red solid lines represent
the reconstruction of the spectra with two components: Se(IV) and red Se(0), and the blue
dash line shows the position of each peak. (a) Normalized Se absorption edge (XANES), (b)
k*>-weighted EXAFS chi function, (c) k*>-weighted EXAFS Fourier transform magnitude.
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Fig. 3.6. Se K-edge XAFS of selenite sorption kinetics on high-red. NAu-2 at S/L of 2 g/L,
[Seimit = 3x10° M, 0.1 M NaCl, and pH 5. Samples were chosen from the kinetics
experiment (Fig. 3.2) The black solid lines are the experiment data. The red solid lines
represent the reconstruction of the spectra with three components: Se(IV), red Se(0), and
grey Se(0), and the blue dash line shows the position of each peak. (a) Normalized Se
absorption edge (XANES), (b) k’-weighted EXAFS chi function, (c) k’>-weighted EXAFS
Fourier transform magnitude.

3.3.4 Se reduction

The fraction of each component consisting of the EXAFS spectra was determined in
all clay samples by iterative target test (ITT) (Rossberg et al., 2003) (Fig. 3.7). In red. STx-
1, selenite gradually underwent reduction to red Se(0), without complete reduction or
observation of grey Se(0) within the examined time range. Red. SWy-2 displayed a faster
reduction of selenite compared to red. STx-1 and complete reduction was achieved. After
3600 h, red Se(0) was almost completely replaced by grey Se(0). In contrast to these clays

with lower Fe content, selenite reduction was (almost) instantaneous by both reduced NAu-
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2 samples, with the degree of Fe reduction influencing the final product. With low-red. NAu-
2, only red Se(0) formed, while with high-red. NAu-2, red Se(0) was formed initially, but
was then gradually replaced by grey Se(0). Based on the observed trends of reduction
behavior, the reduction kinetics of selenite appear to be correlated to the Fe(II) content of
the clays.

To further substantiate this observation, we plotted [Se(IV)]: against time and fitted a
linear regression between the initial Se(IV) fraction and the time when the lowest Se(IV)
fraction was first obtained. The slope of this regression line can be considered as an apparent
zero-order kinetics constant k of selenite reduction (Table 3.3). As already suggested by
visual inspection, reduction kinetics exhibit a linear positive relationship (R?>=0.97) with
Fe(II) content in clay (Fig. 3.8). In addition to the selenite reduction rate, the time of grey
Se(0) formation is probably also influenced by Fe(Il) content. Comparing the formation of
grey Se(0) in Fig. 3.7b and 3.7d, high-red. NAu-2 requires less time to form grey Se(0) than
red. SWy-2. The correlation between Fe(Il) content and grey Se(0) formation rate needs to
be further studied with more Fe(Il)-bearing clay samples and extended reaction time.

The decrease of red Se(0) and the increase of grey Se(0) at the same time indicated
transformation of red Se(0) to grey Se(0). Red Se(0) is a metastable form of elemental
selenium, existing as either an amorphous structure consisting of loosely stacked 8-rings, or
a crystalline, monoclinic configuration of 8-rings, while grey Se(0) is the stable state of
trigonal elemental selenium, characterized by spiral chains of Se atoms (Scheinost et al.,
2008). Formation of red Se(0) resulting from selenite reduction has been observed in various
minerals, including montmorillonite (Scheinost et al., 2008), siderite (Scheinost et al., 2008),
green rust (Myneni et al., 1997), pyrite (Breynaert et al., 2008), and Fe(Il)-sorbed calcite
(Chakraborty et al., 2010). Grey Se(0) has been reported on magnetite (Poulain et al., 2022)
and natural pyrite (Curti et al., 2013). Reaction conditions varied largely across these
selenite reduction reactions, which makes it difficult to derive the factors determining
formation of red or grey elemental Se. One notable observation is, however, that the
presence of both elemental Se(0) species was noted on pyrite around pH 8 with red Se(0)
forming after 3 weeks (Breynaert et al., 2008) and grey Se(0) forming after 8 months (Curti
et al., 2013). This is in agreement with our study, where formation of red Se(0) required less
time than that for grey Se(0) on the same clay mineral. And interesting question is the
possible mechanism leading to the observed transformation of solid-state red Se to solid-

state grey Se. Conventionally, the transformation of red Se(0) to grey Se(0) is achieved via
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high-pressure heating (Minaev et al., 2005; Wiberg and Wiberg, 2001). However, in this
experiment, conducted under ambient conditions, one of the key distinguishing factors is the
Fe(II) content within the clays. Note that owing to its additional Se-Se bond and structural
arrangement, crystalline grey Se(0) exhibits metallic conductivity (Greenwood and
Earnshaw, 2012). It is hence plausible that a continuous electron transfer facilitates the
sharing of electrons among adjacent atoms and thus prompts the formation of Se-Se bonds
(Persch et al., 2021). High-red. NAu-2, possessing a higher concentration of Fe atoms within
its structure, likely promotes faster electron transfer when compared to red. SWy-2 with
lower structural Fe content. As for the three types of dioctahedral smectite clays in this study,
Fe is predominantly located in the octahedral sheets (Van Olphen et al., 1979) (as opposed
to tetrahedral sheets which are occupied mostly by Si or Al). In addition to Fe(II) content,
the Fe distribution in the octahedral sheet may be also an important factor to the final reduced
species. According to Vantelon et al., SWy-2 displays an ordered distribution of Fe in the
octahedral sheet, while STx-1 displays extensive Fe clustering (Vantelon et al., 2003).
Hence, despite STx-1 having a low Fe(Il) content of 0.6 wt%, electron transfer remains
feasible for selenite reduction possibly due to this Fe clustering. Nonetheless, the precise
impact of electron transfer kinetics and Fe(Il) quantity on the structural transformation
between red and grey Se(0) species remains elusive. To address this, future studies could
employ clays with the same structure but varying reduction levels over extended reaction
times.

In addition to elemental Se(0) being the prevalent reduced species, several
investigations have documented formation of FeSe precipitates during selenite sorption onto
mackinawite, magnetite, green rust, pyrite, zerovalent iron, and iron hydroxides (Borsig et
al., 2018; Breynaert et al., 2008; Diener et al., 2012; Lépez de Arroyabe Loyo et al., 2008;
Olegario et al., 2010; Scheinost and Charlet, 2008; Scheinost et al., 2008). All these
investigations highlighted the correlation between iron selenide formation and selenite
reduction kinetics and presence of Fe*" (2.8 ~ 77x10* M in equilibrium). Fast selenite
reduction kinetics in the presence of Fe?" fosters the formation of FeSe; observation of FeSe
within 30 minutes up to several hours was reported in the literature. Moreover, reduction
kinetics are directly associated with the size and surface condition of the iron minerals.
Nanominerals (2 - 50 nm) possess a high specific surface area, which enhances reduction
kinetics. In addition, the iron sulfide mackinawite FeS contains not only Fe(II) but also S(-

II) in the system, acting as electron donor to reduce Se(IV). However, in our study, no FeSe
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or FeSe; was observed, and a slower reduction kinetics was observed, spanning from days
to months. In contrast to the literature reported equilibrium Fe?" concentration of 10~ M, the
results of this study reveal that the concentration of Fe?" in the supernatant of the sorption
experiment at both pH 5 and 7 (Table 3.3) is several orders of magnitude lower.
Additionally, the initial selenite concentration of 102 - 10* M is higher than the 3x10° M
used in this study. Moreover, compared to the nanomaterials (2 - 50 nm) mentioned in these
references, the clay minerals investigated here possess larger particle sizes (< 500 nm),
potentially leading to slower reduction kinetics. Notably, the surface conditions of reduced
clays displayed minimal alteration in terms of the cation exchange capacity (Table 3.2) and
the availability of surface complexation edge sites (Fig. 3.1) when compared to native clays.
Consequently, we observed exclusively elemental Se(0) as the selenite reduced species.
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Fig. 3.7. Fraction of selenite Se(IV) (black square lines), red Se(0) (red dot lines), and grey
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Table 3.3. Kinetics of selenite sorption and reduction; fraction of reduced species resulted
from ITT.

pH Time log Rd Se loading Se(IV) red Se(0) grey Se(0)
hour mL/g mmol/kg fraction  fraction fraction
Red. STx-1 (Fe(Il)s: 100 mmol/kg, [Fe* cq] = 2x10° M, k* = 0.00215 h™! at pH 5)
5 4 1.50 0.74 1.00 0.00 0.00
5 24 1.79 1.37 0.76 0.24 0.00
5 72 2.10 2.52 0.42 0.58 0.00
5 168 1.85 1.49 0.32 0.68 0.00
5 336 2.50 4.82 0.26 0.74 0.00
5 720 2.57 5.31 - - -
[Fe**eq] =1x10° M at pH 7
7 168 1.94 1.84 0.79 0.21 0.00
7 1440 2.79 6.84 0.11 0.77 0.12
Red. SWy-2 (Fe(IDs: 450 mmol/kg, [Fe?'eq] = 1x10° M, k* = 0.00576 h! at pH 5)
5 4 1.26 0.44 - - -
5 24 1.37 0.56 0.79 0.20 0.01
5 72 1.35 0.54 0.66 0.34 0.00
5 168 2.12 2.78 0.00 0.94 0.06
5 720 2.19 2.97 0.16 0.75 0.09
5 1440 2.86 7.34 0.10 0.83 0.07
5 2160 3.13 9.02 0.09 0.82 0.09
5 3600 3.81 11.47 0.00 0.01 0.99
[Fe*eq] = 3%x10° M at pH 7
7 168 1.58 0.86 0.58 0.36 0.06
7 1440 2.64 5.77 0.05 0.26 0.68
Low-red. NAu-2 (Fe(Il)s: 740 mmol/kg, [Fe* .q] = 5x105 M, k*= 0.04306 h™! at pH 5)
5 4 1.42 0.62 1.00 0.00 0.00
5 24 1.90 1.71 0.03 0.97 0.00
5 48 2.10 2.51 0.03 0.97 0.00
5 72 2.24 3.19 0.04 0.96 0.00
5 120 2.34 3.79 0.06 0.94 0.00
5 720 2.81 6.95 0.00 1.00 0.00
High-red. NAu-2 (Fe(Il)st: 2040 mmol/kg, [Fe*'eq] = 6x10* M, k*= 0.22679 h! at pH 5)
5 4 1.47 0.70 0.09 0.84 0.07
5 24 2.60 5.53 - - -
5 72 3.39 10.41 0.00 0.86 0.14
5 120 3.75 11.49 0.00 0.87 0.13
5 720 5.04 12.46 - - -
5 1440 5.04 12.46 0.00 0.18 0.82
5 2160 5.04 12.46 0.00 0.21 0.79
5 3600 5.04 12.46 0.00 0.14 0.86
[Fe2+eql] ~ 3x10-6 M at pH 7
7 168 2.16 2.62 0.95 0.05 0.00
7 1440 5.04 12.46 0.00 0.21 0.79

*: k represents the magnitude of the slope obtained from the linear regression of the Se(IV)
fraction between the initial point and the time when the lowest Se(IV) fraction is first
attained in Fig. 3.7.

t: Kinetic samples in Fig. 3.2 were not measured by XAFS due to limited beamtime and thus
not displayed in Fig. 3.3-3.6.

82



0.25 T T T T T T T T T
m Se(lV) reduction rate k -
Linear fit

_.0.20 1 -
<
X
2 0.15 1 :
©
c
iel
S 0.10 | .
e}
o
é0.0S — B
©
(%]

0.00 + E

0 ' 5(I)O ' 1 OIOO ' 1 5IOO ' 20IOO
Fe(ll) (mmol/kg)

Fig. 3.8. Correlation between Fe(II) content in the clay and Se(IV) reduction rate k (Table
3.3)
3.3.5 Structure of the initial selenite sorption complex

Since previous research has demonstrated that formation of a covalent bond between
adsorbed selenite and the clay edges is a prerequisite for its subsequent reduction (Charlet
et al., 2007), the structure of this intermediate sorption complex in our samples is of
substantial interest. Spectra 1 and 2 (Fig. 3.5), corresponding to adsorbed selenite, exhibit
an additional peak at 2.8 A (uncorrected for phase shift), which could point to backscattering
from a clay surface atom and hence towards formation of an inner-sphere sorption complex.
Fig. 3.9a compares the spectra of adsorbed selenite on native STx-1, SWy-2, and NAu-2.
Only NAu-2 displays a clear peak at 2.8 A (uncorrected for phase shift), while the peak is
less evident in STx-1 and SWy-2. The Fourier backtransform of this peak shown in Fig. 3.9b
has an envelope maximum at about 8 A! in line with backscattering from Fe, while the
maximum for Al would be about 2 A! lower. This was confirmed by a successful shell fit,
resulting in 2.7 O atoms at 1.69 A in line with the typical local coordination of selenite
(Scheinost et al., 2008), and 1.4 Fe atoms at 3.24 A indicative for the inner-sphere sorption
complex (Table 3.4). Previous studies (Borsig et al., 2021; Jordan et al., 2014; Manceau and
Charlet, 1994) have reported two Se-Fe distances at 2.9 A and 3.4 A on magnetite,
maghemite, and hydrous ferric oxide, corresponding to bidentate mononuclear edge-sharing
(ES) and bidentate binuclear corner-sharing (CS) inner-sphere surface complexes,
respectively. In our study, the Se-Fe peak does not show splitting, but rather exhibits a mean
bond length of 3.24 A, roughly in between the distances of 2.9 and 3.4 A expected for ES
and CS structures, thus probably pointing to a mixture of both ES and CS inner-sphere
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complexes at Fe-occupied octahedra of clay edges. As for selenite sorption on
montmorillonite, Peak et al. demonstrated bidentate binuclear inner-sphere complexation
with Se-Al distances at 3.16 A (Peak et al., 2006), while others only fitted with Se-O shell
(Charlet et al., 2007; Scheinost et al., 2008). The Se-Al distances fitted for the two clays
with lower Fe content (Table 3.4) are at 3.11 and 3.18 A, which aligns with the fitting results
of Peak et al. (Peak et al., 2006), and their CN of 1.2 and 0.8 point to the prevalence of ES
inner-sphere sorption complexes with Al-occupied octahedra. The spectroscopy results
corroborate the modelling of the Se sorption data with a surface complexation reaction by
Missana et al. (2009) . In addition, Zhang et al. have proposed a two-step selenite adsorption
mechanism on goethite involving the initial formation of outer-sphere surface complexes
followed by a ligand-exchange process to form inner-sphere surface complexes (Zhang and

Sparks, 1990).
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Fig. 3.9. (a) Comparison of Fourier transformation magnitude of Se(IV) sorption on native
STx-1, SWy-2, and NAu-2. (b) Backscattered Fourier transformation of the second peak (R:
2.3 -3.3 A) of native NAu-2. (c)-(e) Shell fitting of native NAu-2, SWy-2, and STx-1 in R
space; the fitted spectra in k space are inserted.
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Table 3.4. Se K-edge shell fitting results for selenite sorption complexes.

Sample Shell CN? R[A]P G2 [A% AEo So? Y Res
[eV]
Native Se-O 3.6 1.69 0.0054 13.7 0.9" 17.9
STx-1 Se-Al 0.8 3.18 0.0015
Native Se-O 2.6 1.69 0.0024 13.4 0.9" 15.5
SWy-2  Se-Al 1.2 3.11 0.0077
Native Se-O 2.7 1.69 0.0011 13.3 0.9" 17.2
NAu-2  Se-Fe 1.4 3.24 0.0046

a: Error of coordination number (CN) £ 25%
b: Error of radial distance (R) + 0.01 A

c: Error of Debye-Waller factor (6%) = 0.002 A
*: S fixed to 0.9

3.3.6 Redox potential of clays

Here we show the results of selected Se reduction kinetics performed at pH 7, with the
aim to separate the influence of redox potential from that of pH, as the redox potential for
selenite reduction decreases as pH increases. The redox potential plays a crucial role in
determining whether a redox reaction can occur (Masscheleyn et al., 1990). The Eh-pH
diagram of Se (Fig. 3.10) illustrates the Se species distribution as a function of Eh and pH.
The kinetics of selenite sorption at pH 7 are depicted in Fig. 3.11. After one week, selenite
shows no reduction on red. STx-1, partial reduction on red. SWy-2, and no reduction on
high-red. NAu-2. The unexpected non-reduction of selenite observed in high-red. NAu-2
after 7 days is intriguing, as it reduces selenite and forms gray Se(0) at the fastest rate at pH
5 and is anticipated to show a similar redox behavior at pH 7. As the reaction time extends
to 1440 h, selenite is reduced to red Se(0) on red. STx-1, transformed to grey Se(0) on red.
SWy-2, and also converted to grey Se(0) on high-red. NAu-2. This indicates that selenite
can still undergo reduction at pH 7, albeit at a much slower rate.

One notable difference is the amount of selenite sorption, which is generally lower at
pH 7 compared to pH 5 (Table 3.3). However, despite displaying a lower sorption amount
at pH 5 (0.70 mmol/kg, 4 h) compared to pH 7 (2.62 mmol/kg, 168 h), high-red. NAu-2 still
exhibits complete reduction at pH 5 and zero reduction at pH 7. Therefore, the selenite
sorption amount does not appear to be the primary factor driving the unexpected selenite
reduction behavior of high-red. NAu-2. The variation in the selenite reduction behavior at
different pH can be attributed to the disparity in the reducing potential required for selenite
to be reduced to Se(0) (Fig. 3.10). Specifically, at pH 7, a lower reducing potential is

necessary for the reduction of selenite to Se(0) as compared to pH 5.
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The redox potential of the reduced clays was determined by MEO/MER measurements
(Fig. 3.12). By applying the degree of reduction for each clay, the redox potential associated
with the clay can be inferred from the redox profile (Gorski et al., 2013). Both red. STx-1
(Fe(Il)/Few: 0.89) and red. SWy-2 (Fe(Il)/Few:: 1.0) exhibit a redox potential of
approximately -0.4 V, while both low-red. (Fe(Il)/Few: 0.19) and high-red. NAu-2
(Fe(IT)/Fetot: 0.58) have with about +0.05 V a significantly higher redox potential (Fig. 3.10).
The redox potentials of our reduced clays are similar to those reported by Gorski et al.
(Gorski et al., 2013). The redox potential of reduced NAu-2 is higher than that of red. STx-
1 and red. SWy-2. Hence, we suspect that selenite adsorbed on high-red. NAu-2 was not
reduced after one week due to the small potential difference between clay and selenite,
whereas red. SWy-2 exhibited easier initiation of selenite reduction owing to the larger
potential difference. However, as the contact time increased, with sufficient electron transfer
occurring from Fe(II) in high-red. NAu-2 to the adsorbed selenite, selenite was eventually
reduced. In the case of red. STx-1, despite the redox potential being sufficient to initiate
selenite reduction, selenite remained unreduced after one week. This could be attributed to
the relatively low Fe(Il) content in red. STx-1, which hinders efficient electron transfer
within a short period for selenite reduction. Nevertheless, with sufficient contact time,
selenite can still undergo reduction. At pH 5, the potential required to reduce selenite is
higher compared to that at pH 7. Therefore, it is likely that the redox potentials of the four
reduced clays are sufficient to initiate selenite reduction, indicating that it is not a limiting
factor for this process. Note that the Eh-pH diagram illustrates the Se aqueous species in
equilibrium, while the Eh measured by MEO/MER represents the initial redox potential of
the clay and can be used to assess the progress of a redox reaction. Consequently, the overall
reduction process is influenced not only by the redox potential of the clays, which initiates
the redox reaction, but also by the experimental condition like pH. Gorski et al. observed
that all smectites exhibited unique Fe(Il)/Few: — Eh relationship, which correlated with
structural properties of clays (Gorski et al., 2013). However, it is not yet clear how these
properties affect the redox potential of clays, but they may manifest in the redox reaction

under different experimental conditions and need further study.

86



—
Red STx-1

1.0 H O Red SWy-2 -
] <&  Low-red NAu-2 1
0.8 O High-red NAu-2

Eh (V vs. SHE)

T=25°C
1 [Se]=3x10% M, [Fe2']=3x10® M at pH 7

'1 O T T T T T T T T T T T T T T T T T

2 3 4 5 6 7 8 9 10 1

——
1 12 13 14

Fig. 3.10. Eh-pH diagram of Se-O-H system at 25°C, [Se]=3x10" M, and [Fe?"]=3x10M
([Fe*'] is Fe*"cq determined in sorption experiments at pH 7), plotted by PhreePlot using the
PSI Chemical Thermodynamic Database 2020 (W. Hummel, 2023). The redox potentials of
reduced clays measured by MEO & MER at pH 7 are also shown (green triangle: red. STx-
1, red circle: red. SWy-2, blue diamond: low-red. NAu-2, black square: high-red. NAu-2).
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Fig. 3.11. Se K-edge EXAFS of selenite sorption kinetics on red. STx-1, red. SWy-2, and
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experiment results of the samples were listed in Table 3.3. The experiment data is in black
solid line, the red solid line represents the reconstruction of the spectra with three
components: Se(IV), red Se(0), and grey Se(0), and the blue dash line shows the position of
each peak. (a) Normalized Se absorption edge (XANES), (b) k’-weighted EXAFS chi
function, (c) k’-weighted EXAFS Fourier transform magnitude.
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3.4 Conclusion

We systematically investigated the kinetics of selenite adsorption and reduction across
four reduced clay minerals, characterized by Fe(II) and Fe(IlI) contents and associated redox
potentials, under different pH conditions. We observed adsorption and reductive
precipitation in selenite sorption mechanism. Selenite reduction occurred on all the reduced
clays, initially forming amorphous or nanoparticle red Se(0) which gradually transformed
into thermodynamically more stable crystalline grey Se(0). No FeSe or FeSe, was detected
under an initial selenite concentration of 310 M and equilibrium Fe?* concentration of up
to 6x10* M at pH 5 within 3600 h. Selenite reduction rate is proportional to the structural
Fe(II) content in the clay minerals at pH 5. At pH 7, selenite reduction still took place, albeit
at a slower rate compared to pH 5, attributed to a narrower potential difference between
clays and selenite. Under current experiment conditions, the determining factor of selenite
reduction is the structural Fe(Il) content at pH 5, while it is redox potential of clays at pH 7.
Overall, the selenite reduction behavior is controlled by different factors, including redox
potential of the clays, electron transfer at the interface (e.g., inner-sphere or outer-sphere
surface complex), and experimental conditions (e.g. pH, [Se(IV)], time). The redox potential
of the clay is related to the total Fe content, redox active Fe, Fe(Il)/Fe(Ill) ratio, and Fe
distribution within the structure. Future research should concentrate on one specific clay
with varying reduction levels to investigate individual parameters more closely.
Furthermore, employing a higher selenite solution concentration can help ascertain whether
[Se(IV)] plays a decisive role in the formation of FeSe or FeSe:.

The reduc species elemental Se(0) is largely insoluble in water, with the solubility of
crystalline grey Se(0) with larger particle size being several orders of magnitude lower than
that of amorphous or nanoparticle red Se(0) (Gurunath et al., 2013). Since we observed a
trend towards the formation of grey Se with longer reaction time, our findings strongly
support the potential immobilization of selenite in selenium contaminated natural
environments, where natural sources or anthropogenic activities contribute to elevated
selenite concentrations, thereby safeguarding the surrounding ecosystems. Furthermore, in
the context of radioactive waste disposal scenarios, the release and migration of long-lived
and highly toxic "°Se after canister corrosion poses significant risks to the biosphere. By
immobilizing selenite, we can retard its migration, minimize the potential impact on
ecosystems, and ensure the long-term safety of waste disposal facilities. Additionally, the

utilization of clay minerals as sorbents in our selenite immobilization experiments enhances
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the reliability and applicability of laboratory findings when extrapolating to real-world
terrestrial environments and deep geological repositories, where clay minerals play a crucial
role. Overall, these results of selenite immobilization are highly relevant in the context of
environmental risk assessment associated with its bioavailability. It has implications for
ecosystem protection, human health, and the safe management of radioactive waste,
highlighting the importance of understanding and implementing effective strategies for

selenite immobilization.
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Abstract

A comprehensive understanding of technetium (Tc) retention on Fe-bearing clay
minerals is crucial for the safety assessment of deep geological repositories, given the long
half-life and radiotoxicity of Tc. Tc reductive retention is an effective method for impeding
its migration. Nevertheless, the precise retention mechanism remains unclear. This study
undertakes an examination of Tc(VII) retention on Fe-bearing clay minerals, with a specific
focus on the structural Fe(II) content in relation to redox potential, pH, and Tc concentration.
Batch sorption experiments of Tc(VII) on clays with different total Fe(Il) contents were
conducted to analyze the retention behavior. Molecular-scale interactions between Tc and
clay minerals were investigated using X-ray Absorption Fine Structure (XAFS)
spectroscopy, Scanning Electron Microscopy (SEM), and Transmission Electron
Microscopy (TEM). The findings revealed Tc retention on reduced clay minerals, whereas
native clay minerals confirmed no such retention. Additionally, Tc retention on reduced clay
minerals increases from log Rq of 0.5 L/kg to 2.0 L/kg as the structural Fe(II) content
increases from 0.6 wt% to 11.4 wt% and is normalized to a unified retention value (log Rq
~ 3.0 L/kg) by the amount of structural Fe(Il). Furthermore, Tc retention shows a linear
increase as a function of Tc equilibrium concentration up to 10> M, however, this behavior
diverges based on the structural Fe(II) content. TcO,'nH,O was identified as the sole
reducted species, and no surface-complexed (adsorbed) Tc(IV) species could be detected,
even at very low Tc loadings around 35 ppm. Consequently, an outer-sphere electron
transfer mechanism was hypothesized in Tc retention. This understanding of Tc retention

provides valuable insights for Tc remediation and risk assessment.

Keywords: pertechnetate retention, reductive sorption, Fe-bearing clay minerals,

TcO2'nH>0, hydrogen bond electron transfer.

4.1 Introduction
Technetium (Tc) is an artificial metal element without stable isotopes, originating from
the fission products of *°U and ?*°Pu in nuclear power plants (Newsome et al., 2014). In
spent nuclear fuel, 99Tc is associated in metallic form with the € phase (Poineau et al., 2013).
Within vitrified high-level waste (HLW), which results from reprocessed spent fuel and is
proposed to be stored in deep geological repositories, **Tc exists as a mixture of Tc(IV) and
Tc(VII) (Childs et al., 2018; Muller et al., 2014). The release of Tc from HLW into the
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geological environment definitely involves its oxidized heptavalent form as the anion TcO4
, which exhibits high solubility and mobility, presenting a potential for migration from the
backfill clay materials of the repository to the biosphere. However, in anoxic and reducing
environments, Tc(VII) has a tendency to be reduced to Tc(IV), which forms solids with
oxygen or sulfur coordination, or hydrous polymers, which occur either free or attached to
surfaces (Pearce et al., 2020; Peretyazhko et al., 2008b; Wildung et al., 2000; Zachara et al.,
2007). Given its long half-life (2.1x10° years) and high toxicity, a good understanding of
the migration mechanism and retention methods of Tc on the clay minerals is of significant
importance for ensuring an accurate safety assessment.

The migration and retention of Tc are closely linked to its solubility, which is
contingent upon its oxidation states. The oxidation states of Tc varies from —I to VII, with
IV and VII being the most stable states (Yu et al., 2022). Under oxidizing conditions, Tc
exists as pertechnetate (TcY""O47), which is highly soluble and mobile, leading to negligible
adsorption on clay minerals. Conversely, in reducing conditions, Tc is stable as Tc(IV). Due
to the remarkably low solubility of Tc(IV) (108 M) (Yalgintas et al., 2016c¢), it precipitates
as insoluble hydrous oxide TcO2nH>O (Cui and Eriksen, 1996a). For retaining mobile
Tc(VII) on clay minerals, reduction and subsequent precipitation as TcO>-nH>O have been
identified as an effective method (Siegel and Bryan, 2014). Clay minerals inherently contain
Fe in their structure, and possible adsorbed Fe on their surfaces resulted from steel canister
corrosion. In the anoxic condition of repositories, the Fe(Il)/Fe(Ill) redox couple of clay
minerals exhibits a reducing potential capable of reducing Tc. Consequently, the reduction
of Tc(VII) by Fe-bearing clay minerals, mediated by the Fe(IT)/Fe(III) couple, plays a pivotal
role in influencing the mobility and bioavailability of Tc.

The redox interactions between Tc(VII) and the Fe(IT)/Fe(IlI) couple are influenced by
various factors, including the Fe(II) content and distribution associated with clay minerals,
redox potential, pH, and Tc¢ concentration. Fe(Il) in the structure of clay minerals (Fe(Il)s)
has been shown to reduce Tc(VII) (Bishop et al., 2011; Cui and Eriksen, 1996b; Jaisi et al.,
2008a; Jaisi et al., 2009; Pearce et al., 2020; Peretyazhko et al., 2008b; Wildung et al., 2004;
Yang et al., 2012). Additionally, adsorbed Fe(Il) on mineral surfaces (Fe(Il).d) has been
identified as another agent for Tc(VII) reduction (Burke et al., 2005; Burke et al., 2006;
Fredrickson et al., 2004; McBeth et al., 2007; Pearce et al., 2020; Peretyazhko et al., 2008b;
Wildung et al., 2004; Zachara et al., 2007). Notably, the reactivity of different Fe(II)

species—namely Fe(Il)sr, Fe(ID)ad, and aqueous Fe’',q —varies in their ability to drive
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Tc(VID) reduction (Jaisi et al., 2008a). Among these species, Fe(Il)aq exhibits the highest
reactivity, followed by Fe(Il)sy, while Fe*',q displays the least reactivity. Cui et al.
highlighted that despite the thermodynamic feasibility of Tc(VII) reduction to Tc(IV) by
Fe?",q, the process is hindered kinetically. At pH values below 7.5, no observable reaction
occurred, and beyond this point, Fe**,q underwent gradual precipitation as a mixture of
FeCOs(s) and Fe(OH)2(s) (Cui and Eriksen, 1996b). Zachara et al. emphasized the pH
dependence of abiotic Tc(VII) reduction by Fe**,q, noting that reduction was evident at pH
7 and pH 8, but not at pH 6, even after a month's duration (Zachara et al., 2007). Given the
extensive studies into the homogeneous reduction of Tc(VII) by Fe?',q, this study will not
investigated further into this aspect. In addition to the varied Fe(Il) species, the content of
Fe(Il)sw, acting as an electron donor, also exerts an influence on the reduction of Tc(VII).
Furthermore, differing Fe(Il)s contents give rise to distinct Fe(Il)/Fe(IIl) couples, yielding
disparate redox potentials (Gorski et al., 2013; Qian et al., 2023). The impact of pH on the
Tc(VII) and clay-Fe(II) redox interaction has not been systematically investigated. Jaisi et
al. only compared three pH values 5.5, 7.0, and 8.5(Jaisi et al., 2009), while Peretyazhko et
al. solely presented data for pH 6 to 7 (Peretyazhko et al., 2008b). Similarly, a
comprehensive study regarding the influence of Tc(VII) concentration on its retention is yet
to be conducted. TcO> precipitation, resulting from the low solubility of Tc(IV), is
established as the main reduction product (Icenhower et al., 2010; Oliveira et al., 2022;
Yalgintas et al., 2016c). However, less is understood about whether the concentration of
Tc(VII) impacts the amount of Tc retention and thus affects the size and structural
configuration of TcO: precipitation. Clay minerals, characterized by their negatively
charged layer structures (Chorom and Rengasamy, 1995), exhibit strong cation adsorption
properties. Consequently, TcO4™ anions inducing repulsive forces lead to low and even
absent adsorption capacity (Wilmarth et al., 2011). This prompts the question: In cases
where TcO4 is not adsorbed onto clay minerals, how are then the electrons transferred from
structural or adsorbed Fe to Tc to induce the redox reaction? To study the redox interplay of
Tc(VII) and Fe(Il), X-ray Absorption Fine Structure (XAFS) analysis is commonly used for
characterizing the Tc reduction products. Due to the considerable quantity of Fe(Il)s: within
clay minerals compared to the limited Tc presence, the minute differences in Fe(Il)si pre-
and post-redox reaction prove challenging to discern via XAFS. It is important to investigate
a range of Tc concentrations and select a suitable Tc retention amount for XAFS analysis.

This approach is crucial for advancing our understanding of these intricate interfacial
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reactions.

In this study, we investigate systematically the redox reaction between Tc(VII) and
Fe(IT)/Fe(Ill) couple of clay minerals under different conditions of pH, Tc concentration,
and structural Fe(II) content in clay minerals associated with redox potentials. Three types
of 2:1 dioctahedral clay minerals, Texas montmorillonite STx-1, Wyoming montmorillonite
SWy-2, and nontronite clay NAu-2, were reduced to obtain different amounts of Fe(Il)s.
Sorption experiments on reduced clay minerals as a function of pH and Tc concentration
were conducted to evaluate and quantify Tc(VII) retention. XAFS, Scanning Electron
Microscopy (SEM), and Transmission Electron Microscopy (TEM) were applied to the Tc-
reacted clay samples to identify the speciation, structural configuration, and the distribution
of the Tc redox product, with the goal of investigating the relationship between the
Fe(II)/Fe(I1I) couple and Tc(VII) retention. Our study provides insight into Tc(VII) retention

from a macroscopic (batch sorption) and a molecular-scale view.

4.2 Materials and methods

4.2.1 Clay preparation and reduction

Three 2:1 dioctahedral clay minerals of different Fe content, Texas montmorillonite
STx-1, Wyoming montmorillonite SWy-2, and nontronite clay NAu-2, were obtained from
the Clay Source Repository of the Clay Minerals Society (Purdue University, West
Lafayette, IN). Clay powders were prepared to clay suspension, conditioned to Na-form,
and reduced chemically with Citrate-Bicarbonate-Dithionite (CBD) method (Stucki et al.,
1984a) to obtain varying Fe(Il)sy content as red STx-1, red SWy-2, low-red NAu-2, and
high-red NAu-2. The purified native clay suspension was initially mixed with Citrate-
Bicarbonate (CB) buffer solution (Na3CsHsO7-2H>O and NaHCO3), followed by the
addition of dithionite (Na2S204). In the case of red STx-1, red SWy-2, and high-red NAu-2,
the amount of added dithionite was three times the mass of the clay, corresponding to a
molar ratio of S/Fe of 10. For low-red NAu-2, 1.3 g of dithionite were added, resulting in a
molar ratio of S/Fe of 0.5. After overnight end-to-end shaking, the reduced clay suspensions
underwent washing in dialysis bags. Initially, they were washed with 1 M NaCl at pH 4
approximately ten times, followed by further washing with 0.1 M NaCl without pH
adjustment until the matrix of the clay suspension matched that of 0.1 M NacCl, as well as
the added chemicals were less than 10 M. The preparation processes and Fe(II) content

determination were described in detail in the previous work (Qian et al., 2023).
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4.2.2 Tc sorption experiments

Tc sorption edge and sorption isotherm experiments were conducted in 0.1 M NaCl at
2 g/ in duplication in an anoxic glovebox (O < 0.1 ppm). All the solutions in this
experiment were prepared with Milli-Q water (18 MQ cm!, Millipore) and degassed with
N2 before transferring into the glovebox to prevent introduction of oxygen and COs,.

Sorption edge batch experiments were conducted with *Tc trace concentration (1x10°
7 M) as a function of pH from 3 to 9. The stock solution of Tc was prepared by dissolving
NaTcO4 in 0.1 M HCI. Due to the big buffer capacity of reduced clays, the pH of reduced
clay suspensions was adjusted with HCI or NaOH accordingly before sorption experiments
to have a better pH interval. Afterwards, *Tc trace solution, 0.1 NaCl, pH buffer, and clay
suspension were added into a centrifuge tube (Backman 26 mL) to a total volume of 22 mL.
The pH buffers are HCI at pH 3, acetate (CH;COONa-3H>0) at pH 4 and 5, MES (2-(N-
morpholino)ethanesulfonic acid) at pH 6, MOPS (3-(Nmorpholino) propanesulfonic acid)
at pH 7, and TRIS (Tris(hydroxymethyl)aminomethane) at pH 8 and 9 at a concentration of
2x10° M (Bradbury and Baeyens, 2002). Yang et al. demonstrated that the equilibrium of
Tc(VII) reduction on reduced NAu-2 is achieved in about 50 hours (Yang et al., 2012),
thereby confirming the attainment of equilibrium after 7 days in this study. After 7 days of
continuous end-to-end shaking, centrifuge tubes were centrifuged at 40,000 g (Backman
Coulter Optima™ L-100 XP Ultracentrifuge, 70 Tirotor) for an hour. Two aliquots of the
supernatant were taken immediately for radiochemical assays of *Tc using a beta liquid
scintillation counter (Tri-Carb 4910 TR), and the pH was measured using a Metrohm pH
electrode. The sorption is expressed by the logarithm of the distribution coefficient, Rq,

defined in equation (4.1).

— [Cinit] 7[chl] . X
Ry= =2t (Lkg) (4.1)

where Cinit: initial concentration of *Tc (M), Ceqi: equilibrium concentration of ®Tc (M), V:
total volume of the liquid phase (L), m: mass of the solid phase (kg).

Sorption isotherm batch experiments were performed as a function of *Tc
concentration varying from 9x10 M to 3x10* M at pH 5 and 7. The experiment procedures
were the same as Tc sorption edge experiments. The sorption of Tc is displayed by the

logarithm of the element sorbed amount in equation (4.2).
\%
Sorbed = ([Cipi] [Ceq)- —  (mol/kg) (4.2)

Where Cinit: initial concentration of **Tc (M), Ceqi: equilibrium concentration of **Tc (M),
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V: total volume of the liquid phase (L), m: mass of the solid phase (kg).

4.2.3 X-ray absorption spectroscopy

The clay wet pastes after centrifugation were put into a High-Density Polyethylene
(HDPE) double-confinement sample holder, and the holder was then heat-sealed inside the
glovebox (O2 < 0.1 ppm). After being taken out of the glovebox, samples were immediately
flash-frozen in LN». The samples were preserved and transported to the beamline in a LN2
dewar and subsequently transferred to the He-cryostat of the beamline within less than 5
minutes to keep them frozen. Note that gamma spectrometry measurements for quantitative
radionuclide inventory and test for surface contamination were done both at the shipping
institution (PSI) as well at the receiving institution (ESRF) on dry ice, again to prevent the
thawing of the samples.

The measurements were carried out at the Rossendorf Beamline (ROBL) BM20 of the
European Synchrotron Radiation Facility (ESRF), France (Scheinost et al., 2021). The setup
for the beamline and experiments were described in detail in the previous work (Qian et al.,
2023). The energy of the incoming beam was calibrated with a Mo foil K-edge (20000 eV).
Tc K-edge spectra were collected in fluorescence mode at 15 K with an 18-element Ge-
detector (Mirion) at an energy step of 0.5 eV using a Si(111) double crystal monochromator.
Rejection of higher harmonics was obtained by using two Rh-coated mirrors at 2.5 mrad
grazing incidence. Each sample was subjected to multiple repeated measurements to ensure
a sufficiently low nosie level. The spectra were corrected for fluorescence deadtime and
averaged using Sixpack (Webb, 2005). Normalization, conversion into k-space and
background substraction were performed with WinXAS using the autospline function

(Ressler, 1998).

4.2.4 Transmission electron microscope

The TEM measurements were conducted at the Electron Microscopy Facility in PSI,
Switzerland. A drop of clay suspension were placed and dried on a Cu grid with lacey carbon
films loaded in the glovebox. Transmission electron microscopy (TEM) experiments were
performed at 200 keV using a NeoARM/JEM-ARM200F probe-corrected transmission
electron microscope from JEOL, equipped with a cold-FEG (field-emission gun) and a

JEOL-EDX system (energy dispersive X-ray spectroscopy).

104



4.3 Results and discussion

4.3.1 Tc sorption edge

In our earlier investigation, we conducted a comprehensive comparison of clay
properties between native and reduced clays (Qian et al., 2023). This included an assessment
of clay dissolution, morphology, structure, cation exchange capacity (CEC), and the
availability of surface edge sites. Our findings revealed no significant alterations in the
morphology and structure of reduced clays when compared to their counterparts in the native
state. Only a limited dissolution of the external layers of the clay platelets was discernible.
Moreover, no secondary mineral phases were detected in the reduced clays after rigorous
washing procedures. The CEC and surface edge sites of the reduced clays closely resembled
those of the native clays. Consequently, the surface properties of the reduced clays exhibit
negligible differences when compared to the native clays. The comprehensive understanding
of the clay structure and surface properties provides a good basis for investigating Tc
retention behavior.

Figure 4.1a illustrates the Tc sorption behavior as a function of pH. The kinetic study
of Tc(VII) reduction on reduced NAu-2 by Yang et al. (2012) revealed that equilibrium is
attained in approximately 50 hours , thus confirming that equilibrium is certainly reached
after 7 days in this study. Native clay SWy-2 exhibits negligible Tc retention across the
entire pH range. Chorom et al. (1995) have previously indicated that native smectite carries
a negative zeta potential at pH 2-10 (Brigatti et al., 2013), resulting in repulsion between the
native clay and pertechnetate anions, hence leading to negligible retention. Moreover, Tc is
a strong acid with low pKa (HTcOs 2 H" + TcOs, pKa=0.32) (Omori et al., 1995),
indicating that TcO4 has a low affinity to stay bound with protons. Conversely, all reduced
clays, regardless of the amount of Fe(Il)si- content, display Tc retention. A comparison with
sorption outcomes from native clay containing solely Fe(III) makes it evident that Fe(Il)
drives pertechnetate retardation.

Among all the reduced clay minerals, the retention of Tc varies, as depicted in Figure
4.1a. Red STx-1 (0.6 wt% Fe(Il)syr) exhibits the lowest Tc retention (log R¢ = 0.5 L/kg),
while red SWy-2 (2.5 wt% Fe(Il)sy) and low-red NAu-2 (4.2 wt% Fe(Il)s) display similar
levels of Tc retention (log Rq = 1.5 L/kg). High-red NAu-2 (11.4 wt% Fe(Il)syr) presents the
highest level of Tc retention (log Rq¢ = 2.0 L/kg) among the reduced clay minerals. Based on
the results, Tc retention increases with increasing Fe(Il)sw content in the reduced clay

minerals. When the Tc retention in Figure 4.1a is normalized by the Fe(I)s; content in each
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clay, a unified Tc retention value (log Rq = 3.0 L/kg) is obtained for all four reduced clay
minerals for pH < 8 in Figure 4.1b. However, for pH > 8, the retention of Tc drops to zero
(log Rq = 0 L/kg) for all clays.

From pH 3 to 8, the retention of Tc on red STx-1, red SWy-2, and low-red NAu-2 is
relatively constant. At low pH, Tc can approach the protonated edge site adequately,
facilitating an electron transfer. Conversely, as the pH exceeds 8, the increasing repulsion
between the deprotonated edge site and Tc anion becomes dominant, impeding any electron
transfer.

In Figure 4.1a, the high-red NAu-2 exhibits a significant rise (shadowed area) in Tc
retention between pH 6.5 and 7.5. High-red NAu-2, being a clay rich in iron, is expected to
have a higher concentration of Fe?*,q in the clay suspension due to the clay dissolution
equilibrium (~1.6x10* M). Literature has documented substantial Fe?*,q adsorption onto
clay surfaces between pH 6.5 and 7.5 (Jaisi et al., 2008a; Soltermann et al., 2014a;
Soltermann et al., 2014c). Therefore, in the pH range of > 6, Fe**,q gets adsorbed onto the
clay surface, leading to the formation of Fe(Il)a.q species. Among various Fe(Il) species,
Fe(Il)aq exhibits the highest reactivity (Jaisi et al., 2008a), because the Fe(Il).q acts as a
catalyst on the clay surface to facilitate the heterogeneous interface reaction between Tc near

the clay surface and Fe in the clay minerals. Therefore, Fe(Il).q reinforces the Tc retention.
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Figure 4.1. Tc retention on native SWy-2, red STx-1, red SWy-2, low-red NAu-2, and high-
red NAu-2 as a function of pH at S/L of 2 g/L, [TcJinit = 1x107 M, and 0.1 M NaCl after 7
days. (a) Rq per kg clay, (b) Rq per kg Fe(Il) in each type of reduced clay. See text for an
explanation of the data in the grey squares.

4.3.2 Tc sorption isotherm

Figure 4.2 illustrates Tc retention as a function of Tc concentration at both pH 5 and 7.
The influence of Fe(Il)aq is evident at pH 6.5 — 7.5 in Figure 4.1, hence, sorption isotherm
experiments were conducted at pH 5 to address essentially the effect of Fe(Il)sw on the
retention, while at pH 7, the joint effect of Fe(Il)sy and Fe(Il)aq on sorption behavior was
examined.

AtpH 5 (Figure 4.2a), Tc retention displays a linear increase with a slope of 1 (R?=0.99)

107



when the equilibrium concentration remains below 10> M. This linear sorption pattern
suggests that Tc retention occurs on the same clay site, with the slope value indicating the
retention ability at that specific site. For Tc equilibrium concentrations exceeding 107> M,
Tc retention behaves in different ways. High-red NAu-2 demonstrates very high Tc
retention, leading to low Tc concentration in the equilibrium suspension. As a result, the
high retention points are found in a low Tc equilibrium concentration. The rapid increase in
Tc retention with low Tc equilibrium concentration suggests noticeable precipitation. In
contrast, low-red NAu-2 and red SWy-2 exhibit no sign of precipitation but rather continue
with the increase and gradually move towards a plateau. Tc retention for red STx-1 also
tends toward a plateau immediately after reaching the Tc equilibrium concentration of 107
M, earlier than observed in low-red NAu-2 and red SWy-2. A plateau indicates the saturation
point of Tc retention, signifying the maximum retention capacity of the clay. The lower
plateau observed for red STx-1 aligns with its lower Fe(Il)s content, which results in a
smaller retention capacity compared to red SWy-2 and low-red NAu-2, possessing higher
Fe(Il)s« content.

At pH 7 (Figure 4.2b), there is no discernible difference in Tc retention among low-red
NAu-2, red SWy-2, and red STx-1 when compared to their retention behavior at pH 5. The
sole contrast lies with high-red NAu-2, which exhibits heightened Tc retention and a higher
slope at pH 7 relative to pH 5. This high Tc retention on high-red NAu-2 leads to a shift
towards the region of lower Tc concentrations. This difference in Tc retention isotherm
between pH 5 and 7 aligns with the retention behavior observed in sorption edge
experiments (Figure 4.1), where Fe(Il)ag on high-red NAu-2 contributes to elevated Tc
retention. Moreover, the increased slope might also be attributed to Fe(Il).d, thereby
enhancing the retention ability. While macroscopic sorption experiments allow to quantify
the Tc retention as a function of pH and Tc concentration., the need for spectroscopy
measurements remains paramount for a more profound molecular-level comprehension of

Tc retention.
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Figure 4.2. Tc retention as a function of Tc concentration at S/L of 2 g/L and 0.1 M NaCl
after 7 days. (a) At pH 5 - 5.5, (b) at pH 7.2 — 7.4. Samples marked with grey bullets were
measured with XAFS; the sample encircled with red hatched lines was measured with TEM.

4.3.3 Tc K-edge XAFS measurements of sorption isotherm clay samples

Samples with different Tc concentrations, amount of Tc retention, pH, and Fe(Il)s«

amount were measured by XAFS in order to gain a better understanding of the interface

reaction and reduced species. Samples containing Tc retention down to 30 ppm were

investigated. The sorption results of each sample are displayed in Table 4.1 and the XAFS

spectra are shown in Figure 4.3.

Figure 4.3a shows the Tc K-edge XANES spectra, where the XANES absorption edge
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is influenced by the oxidation state and local coordination geometry of Tc. Spectra #2 to #14
encompass samples subjected to various experimental conditions (black solid line). All
sample spectra appear to exhibit a similar absorption edge. To further ascertain the specific
reduced species, ITFA analysis of these spectra are conducted (Rossberg et al., 2003). First
of all, principal component analysis (PCA) is conducted on all sample spectra. The
Malinoswki indicator showes one component. TcO>-nH>0O, as the most possible reduced
species, is used to reconstruct the experimental spectra, represented by the red solid line. All
XANES spectra in Figure 4.3a are well reconstructed with TcO2-nH>O reference spectrum
#1. The white line of XANES spectra is marked with the blue dot line, corresponding to
Te(IV).

Figure 4.3b displays the chi spectra of TcO2-nH2O reference (#1) and samples (#2-14)
within the range of 2 to 12 A"!. It's noticeable that spectra with low Tc loadings appear
relatively noisy, while those with high Tc loadings exhibit better quality. Upon comparison,
no apparent distinction is discernible between the sample spectra and the TcO,nH>O
reference spectrum. All chi spectra are well reconstructed using the chi spectrum of
TcO2':nH>0 reference #1, although some spectra with low Tc loading displayed significant
noise.

Figure 4.3c exhibits the Fourier Transform Magnitude (FTM) of the chi spectra in
Figure 4.3b. The first peak at around 1.6 A marked by the blue dot line represents Tc-O
interaction, which was also documented by other researchers (Lukens et al., 2002; Oliveira
et al.,, 2022). The second peak at around 2.2 A can be Tc-Tc or Tc-Fe. Back Fourier
Transformation (BFT) was carried out the 2™ peak for all the samples to check the possible
elements. The electron density of Fe and Tc atom is different, hence, the oscillation of the
BFT also located at different k. Fe locates at 6 — 8 A"!, while Tc being heavier locates at 10
— 12 Al Nevertheless, no Tc-Fe was found in all the samples, even at the lowest Tc loading
sample (spectrum #7). The reconstruction of FTM is pretty good, while the reconstruction
quality of the low loading samples is not satisfying due to the big noise.

FTM spectra were fitted with Tc-O and Tc-Tc paths in the R range of 1 — 2.7 A. A
stable fit of sample spectra of TcO>'nH,O was obtained in Table 4.1 for all the samples
under different conditions. The structure of TcO2'-nH>O was already illustrated that Tc(IV)
was octahedrally coordinated with 6 O atoms (Lukens et al., 2002; Oliveira et al., 2022).
Therefore, 6 was fixed as coordination number (CN) of Tc-O path in the fitting of the 1%
peak. The 2"¢ peak was fitted with Tc-Tc path, the fitted CN relatively corresponds to the
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size of the reduced species. Samples with low Tc loading present low CNre-1c (€.g., spectra
#2 and #7), which is between monomer and dimer. When the CNrc.tc 1s around 2, the
TcO>-nH>O precipitates are in chain structure (Oliveira et al., 2022; Yalgintas et al., 2016b).

Based on the XAFS analysis of sorption isotherm clay samples in Figure 4.2, the Tc
retention species is essentially TcO2':nH>O and no surface complexed (adsorbed) Tc(IV)

species is observed even at low Tc loadings.
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Figure 4.3. Tc K-edge XAFS measurements on red SWy-2, low-red NAu-2, and high-red
NAu-2 at S/L of 2 g/L, pH 5 and 7, and 0.1 M NaCl. The samples correspond to the
shadowed data in Figure 4.2. The experiment data is in black solid lines, the red solid lines
represent the reconstruction of the spectra with one component: TcO», and the blue dot line
shows the position of each peak. (a) Normalized Tc absorption edge (XANES), (b) k*-
weighted EXAFS chi function, (c) k>-weighted EXAFS Fourier transform magnitude.
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Table 4.1. Tc sorption results and Tc k-edge shell fitting results of the samples in shadows
in Figure 4.2.

Tec Log Log (Tc

a b [ aQ 2
Sample retention  (Tce,) retention) Path CN g Ao: ) A}\ZIO So ARes
ppm mol/L mol/kg (Al (A7 eV
pH=5

2 Red SWy-2, low 36 -5.08 -3.38 Tc-O 6 2.05 0.0100 9.6 0.8 18.3
Te-Te 086  2.56  0.0057

3 Red SWy-2, med 292 -4.64 -2.54 Tc-O 6 2.01  0.0044 7.9 0.8 6.5
Te-Tc 1.60 2.57  0.0033

4 Red SWy-2, high 15318 -2.54 -0.81 Tc-O 6 2.0l  0.0039 1.9 0.8 11.4
Te-Tc 192  2.56  0.0030

5 Low-red NAu-2, low 130 -4.56 -2.86 Tc-O 6 2.05 0.0100 9.6 0.8 18.5
Te-Te .76 2.58  0.0100

6 Low-red NAu-2, med 800 -4.13 -2.10 Tc-O 6 2.02  0.0034 7.9 0.8 6.8
Te-Tc 1.34  2.58  0.0021

7 High-red NAu-2, low 30 -6.67 -3.55 Tc-O 6 2.00  0.0058 6.5 0.8 21.3
Te-Tc 0.5 2.57  0.0010

8 High-red NAu-2, med 310 -5.51 -2.50 Tc-O 6 2.01  0.0028 7.6 0.8 5.2
Tc-Tc 1.39 2,57 0.0010

pH=7

9 Red SWy-2, low 60 -5.77 -3.22 Tc-O 6 2.01  0.0039 6.2 0.8 10.8
Te-Te 252 258  0.0056

10 Red SWy-2, med 308 -4.65 -2.43 Tc-O 6 2.02  0.0022 7.1 0.8 5.7
Te-Tc 219 258  0.0031

11_Low-red NAu-2, low 35 -5.66 -3.46 Tc-O 6 2.03  0.0085 8.3 0.8 9.2
Te-Te 2.14  2.60  0.0090

12 Low-red NAu-2, med 1400 -4.22 -1.82 Tc-O 6 2.01  0.0025 7.6 0.8 5.8
Te-Te 1.34 258  0.0018

13 High-red NAu-2, low 38 -8.73 -3.05 Tc-O 6 2.02  0.0025 7.9 0.8 7.1
Te-Tc 132 257 0.0048

14 High-red NAu-2, med 352 -8.18 -2.45 Tc-O 6 2.01  0.0031 7.3 0.8 5.5

Tc-Tc 1.17  2.56  0.0013

a: Error of coordination number (CN) £ 25%. The CN of Tc-O is fixed to 6 according to the structure of
TCOz'HHzO.

b: Error of radial distance (R) + 0.01 A.

c: Error of Debye-Waller factor (62) = 0.002 A.

d: S¢? fixed to 0.8.

4.3.4 Tcretention by Fe(II) species

The retention species TcO2-nH2O indicates that TcO4™ is retarded on the reduced clay
minerals by being reduced to Tc(IV). Due to the low solubility of Tc(IV) around 10 M
(Yalgintas et al., 2016c¢), it precipitates as TcO>-nH>O solids and thus results in retardation.
This Tc reductive precipitation retention mechanism was also reported by previous works
(Bishop et al., 2011; Jaisi et al., 2009; Peretyazhko et al., 2008b).

Fe(Il)st in the reduced clay minerals as an electron donor plays a significant role in Tc
retention. The presence of Fe(Il)s generates a reducing potential within the clay minerals
(Gorski et al., 2013). Researchers have identified Fe(Il)-O-Fe(IlI) linkages as pathways for
electron transfer in clay minerals (Ilgen et al., 2019; Williams and Scherer, 2004; Yu et al.,
2023; Yuan et al., 2018). Consequently, the reducing potential and electron transfer
pathways in the reduced clay minerals provide a solid basis for TcO4 reduction and thus

result in retention. Figure 4.4 shows the Eh-pH diagram of Tc-O-H system under the initial
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Tc concentration of 1x1077 M between pH 2 and 14. Tc(VII)O4 exists at higher potential,
while Tc(IV) including TcO2(OH)2*>*, TcO(OH),, and Tc(OH);™ exists at lower potential.
The redox potentials of the reduced clay minerals are positioned within the TcO(OH), region
of the Eh-pH diagram of Tc. These positions signify that all four reduced clay minerals have
the capacity to initiate the reduction of TcO4.

Upon meeting the threshold potential for the reduction of TcOs", the extent of the redox
reaction becomes heavily reliant on the transferred electron quantity. Notably, the lowest
Fe(Il)sr content at 0.6 wt%, corresponding to 2x10™* M, can provide several orders of
magnitude greater number of electrons than needed for the complete reduction of all Tc(VII)
(1x107 M) to Tc(IV) in the sorption edge experiment. Hence, the reduction saturation of
TcO4 will not be reached in these sorption edge experiments in Figure 4.1. Tc retention
increases as the Fe(Il)s, content increases and can be normalized to the same Tc retention
value by the Fe(Il)s¢ content in each clay, therefore, the Fe(Il)s content appears as the
primary determinant influencing variations in Tc retention under the experimental condition
of Figure 4.1.

The Fe(Il)s content also significantly influences Tc retention at Tc equilibrium
concentration > in 10> M in Figure 4.2a. Fe(Il)sx content is directly proportional to the
number of electrons available for reducing Tc(VII) from the clay minerals. Therefore, the
behavior of Tc retention on different clay samples is evident: red STx-1, with the lowest
Fe(Il)sw content, possesses fewer electrons and consequently reaches a plateau at the lowest
Tc concentration. Subsequently, red SWy-2 and low-red NAu-2, having a moderate amount
of Fe(Il)st content, plateau at higher Tc concentrations compared with red STx-1. In
contrast, high-red NAu-2, with the highest Fe(Il)s; content, exhibits greater Tc retardation,
resulting potentially in the formation of Tc(IV) clusters characterized by high Tc retention
amount and low equilibrium Tc concentration. Therefore, at elevated Tc concentrations
(>10-> M) under pH 5, the retention of Tc exhibits a direct correlation with Fe(II)s content.

Regarding the impact of Fe(Il)aq on the rise in Tc retention observed between pH 6.5
and 7.5 in Figure 4.1, Fe(Il).¢ adsorbed on the clay mineral surface not only serves as
electron donor to reduce TcO4 but also facilitates the electron transfer as Fe(I1)/Fe(III) redox
couple between Fe in the clay structure and TcOs™ in proximity to the clay mineral surface
(Williams and Scherer, 2004). This increase in Tc retention attributed to Fe(Il).q is also
depicted in Figure 4.2b, where the Tc retention of high-red NAu-2 is notably higher

compared to that at pH 5, observed at the same Tc equilibrium concentration.
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Concerning the presence of dissolved Fe*',q in the clay suspension, despite the
thermodynamic feasibility of the homogeneous reduction of TcO4™ by Fe?"4q, previous study
demonstrated kinetic hindrance (Cui and Eriksen, 1996a; Zachara et al., 2007). Additionally,
among the three Fe(Il) species considered, Fe?",q exhibits the lowest reactivity (Jaisi et al.,
2008a). Given that the retention in this study reaches equilibrium relatively quickly, in less
than 50 hours (Yang et al., 2012), it seems improbable that homogeneous reduction of TcO4
by Fe?,q occurred here. Reported possibilities entail Fe?*,q forming solid phases like iron
hydroxides in alkaline condition, leading to heterogeneous reduction on the solid phase
(Zachara et al., 2007). However, in this study, no secondary iron phases were detected in the
clay suspension without CO; and O (Qian et al., 2023), thereby ruling out the likelihood of
TcOy4 reduction by Fe?*,q. Therefore, the retention of Tc by dissolved Fe?",q can be excluded

in this study.
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Figure 4.4. Eh-pH diagram of Tc-O-H system at 25°C, [Tc]=1x10"" M, plotted by PhreePlot
using PSI Chemical Thermodynamic Database 2020 (W. Hummel, 2023). The redox
potentials of reduced clays (green triangle: red STx-1, red circle: red SWy-2, blue diamond:
low-red NAu-2, black square: high-red NAu-2) were measured by MEO/MER at pH 7. The
MEO/MER measurements were displayed in Chapter 3.3.6.
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4.3.5 Tc(VII) reduction products

TcO2nH>0 reductive precipitation has been extensively documented (Jaisi et al., 2009;
Peretyazhko et al., 2008a; Peretyazhko et al., 2008b; Peretyazhko et al., 2012; Zachara et
al., 2007). Alongside the reduced species TcO>nH>O, Tc(IV) has also been reported to
adsorb (Tc-Fe pairs) onto iron minerals such as chukanovite, goethite, hematite, ferrihydrite,
and magnetite, and even integrate into their structural composition (Heald et al., 2007;
Saslow et al., 2017; Schmeide et al., 2021; Um et al., 2011; Yalgintas et al., 2016b).
Nevertheless, in this study, no discernible Tc-Fe peak could be observed or fitted.
Additionally, only one component was extracted in the PCA analysis, and no trace of Fe
was found in the back Fourier transform. Therefore, it is evident that TcO2'-nH>O was
predominantly the only reduced species observed in this study, irrespective of the varied
experimental conditions.

Quantifiable retention of Tc is observed on all the reduced clay minerals in the pH
range < 8. Although clay minerals have permanent negative charge (Brigatti et al., 2013;
Chorom and Rengasamy, 1995), the edge sites remain positively charged in this pH range
due to protonation and might allow Tc to approach the edge sites closely enough to enable
electron transfer from the sorbed/structural Fe(Il) to Tc(VII) without undergoing bonding.
When Tc(VII) is reduced to Tc(IV), which has a low solubility of around 10 M, Tc(IV)
precipitates as TcO2'nH>O.

TEM was utilized to investigate the morphology of the reduced Tc species at a
nanoscale. Figure 4.5a presents the TEM image of the Tc-retained high-red NAu-2 sample
captured in dark field mode. The image reveals variously sized particles in bright areas.
Comprehensive EDX analysis was performed on the entire image to discern the chemical
composition of these particles, encompassing Tc, Si, Fe, and Al. The intensities of these
elements are visually represented by the height of the peaks in Figure 4.5f, while their
distribution is depicted in Figures 4.5b-4.5¢. Si, Fe, and Al correspond to the constituents of
high-red NAu-2 clay particles. The biggest discrete Tc particles were identified
approximately 10 nm in size (Figure 4.5b), corresponding to the Tc(IV) precipitation
clusters observed in Figure 4.2a. This measured clay sample demonstrates the highest
quantity of retained Tc, as indicated in Figure 4.2a, yet barely manifests the Tc peak in
Figure 4.5f. Instances where Tc retention falls below this level will likely be below the
detection limit of EDX. Upon examining the distribution of Tc and high-red NAu-2, no

direct correlation between Tc and Fe was observed.
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Figure 4.5. TEM image of Tc retention (0.158 mol/kg) on high-red NAu-2, corresponding
to the samples encircled by the red dotted line in Figure 4.2a. (a) TEM image captured in
dark field mode. (b)-(e) The spatial distribution of Tc, Al, Si, and Fe elements analyzed
through EDX analysis of the entire TEM image mentioned in (a). The intensity of the dots
corresponds to the concentration of each element. (f) The counts obtained for each element
through EDX analysis on the TEM image in (a).

———— 30 nm SiKk ————30nm Fe K

4.3.6 Electron transfer in Tc retention by Fe(II) clay minerals

Tc(VII) does not adsorb onto the native clay mineral from pH 3 to 9, indicating the
absence of Tc surface complex at the edge sites. The reduced clay minerals retard Tc(VII)
by reductive precipitation process. However, EXAFS measurements reveal no surface
adsorbed Tc species (no Fe backscattering contribution). Therefore, the underlying
mechanism of electron transfer between structural/adsorbed Fe and Tc in this redox retention
process is not clear. One hypothesis considers a possibility of electron transfer between
outer-sphere complex and mineral surface. This assumption aligns with the Marcus theory
of outer-sphere electron transfer reactions (Marcus, 1956; Marcus and Sutin, 1985).
However, the details of electron transfer pathway remain unclear. Future studies on the
electron transfer pathway are necessary, for instance, calculation of electron transfer rate by
density functional theory (Rosso and Rustad, 2000; Rosso and Morgan, 2002) or

experimental investigation using high-speed channel electrode (Clegg et al., 2004).
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Moreover, Charlet et al. proposed that electrons generated from the oxidation of adsorbed
Fe(II) may be stored in surface H» species (Charlet et al., 2007). Additionally, TcO4™ exists
in a hydrated form where oxygen atoms establish hydrogen bonds with water molecules
(Ustynyuk et al., 2021), and the reduced species TcO>'nH2O is also hydrated. It has been
reported that anions can construct hydrogen bond with the surface of clay minerals (Li et
al., 2016) and a hydrogen bond conducts electrons more effectively than a covalent bond
(Nishino et al., 2013). Consequently, water molecules could possibly serve as the medium
for electron transfer between the clay and hydrated TcOs4". Future studies could concentrate
on in-situ experiments incorporating Fe isotope labeling into the clay mineral. This would
enable a thorough and quantifiable tracking of the transition between Fe(Il) and Fe(III),

thereby shedding light on the electron transfer mechanism.

4.4 Conclusion and outlook

We conducted a systematic investigation of Tc retention by Fe(Il)/Fe(Ill)-bearing clay
minerals with varying structural Fe(II) content and redox potential, in a wide range of pH
and TcO4 concentrations. We observed Tc retention exclusively on reduced clay minerals,
signifying that the redox potential governed by Fe(II) within the clays acts as the driving
force behind Tc retention. Moreover, Tc retention between pH 3 and 8 exhibited a direct
correlation with the structural Fe(II) content in the clay minerals. At low TcO4 concentration
< 10°° M, we observed consistent Tc retention behavior. However, at higher TcO4
concentration > 107> M, distinct retention behaviors emerged, namely nucleation-like
precipitation, retardation, or saturation. Our investigations identified TcO2'nH>O as the sole
reduced species, as no evidence of Tc-Fe pairs were detected, leaving the interfacial
interaction and electron transfer mechanism in the Tc(VII) reduction process unclear. We
hypothesize that an outer-sphere electron transfer mechanism is responsible for the Tc
retention process. Future studies on Tc retention could employ Fe isotope-labeled clay
minerals to gain a more comprehensive understanding of electron transfer via Fe atoms.
Additionally, spectroscopic techniques sensitive to changes in hydrogen bonds, such as
Fourier Transform Infrared Spectroscopy (FTIR), can be utilized to investigate the
interfacial reactions between clay minerals and TcO4™ anions.

The Tc retention parameters examined in this study are of high relevance for the Tc
geochemistry. The findings affirm the efficacy of Tc retention by Fe-bearing clay minerals,

resulting in the formation of insoluble TcO2'nH>O precipitates. Additionally, they furnish

117



essential data for thermodynamic calculations and models pertaining to Tc chemistry. These
results make a substantial contribution to enhancing the safety assessment of deep geological
repositories, providing substantial support to radioactive waste management efforts, as well

as informing the development of remediation strategies for Tc-contaminated sites.
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Chapter 5: Comparison of the retention of Se and Tc



Chapter 3 and 4 address the retention of Se and Tc on four reduced clay minerals,
respectively. In these two systems, various parameters were studied, including structural
Fe(II) content, redox potential, pH, concentration, kinetics, and reduced species. There are
many similarities and differences. In this chapter, systematic comparison of the retention of

Se and Tc on the four reduced clay minerals will be addressed.

5.1 Chemical properties

Both Se and Tc are redox-sensitive elements with oxidation states varying from —II to
VI for Se and -I to VII for Tc, respectively. Their oxidized forms are soluble and mobile,
whereas their reduced forms are insoluble and immobile, making reduction an effective
retention strategy for both elements. In their oxidized states, both Se and Tc exist as
oxyanions — selenite (Se(IV)03>) and pertechnetate (Tc(VII)Os’). However, selenite is a
weak acid that can exist as H2SeOs, HSeOs", or SeO3*, depending upon the pH of solution
(pKa1 = 2.70 and pKa» = 8.54) (Fernandez-Martinez and Charlet, 2009). Contrary,
pertechnetate is a strong acid ((pKa = 0.32) (Omori et al., 1995), predominantly existing as
the pertechnetate ion without any hydrolysis form in aqueous solutions. This distinct

difference in pK, values imparts varying affinities to these anions in the sorption process.

5.2 Retention mechanism

In the sorption edge experiments conducted with the native clay mineral, Se(IV)
adsorbs from pH 4 to 8, and the adsorption decreases as the pH increases. This variation in
adsorption is attributed to the protonation and deprotonation of hydroxyl groups on the edges
of clay mineral with changing pH. EXAFS measurements show backscattering from Fe in
the second coordination shell, indicating that Se(IV) adsorption takes place via surface
complexes. Contrarily, Tc(VII) does not exhibit adsorption of surface complexation on the
native clay mineral throughout the pH range of 4 to 8. The difference in adsorption behavior
is likely attributed to the chemical properties of Se and Tc. Se exists in the hydrolyzed form
as HSeO3” within the pH range of 4 to 8, displaying high pKa values, which indicate a strong
affinity of proton to selenite. Contrarily, Tc exists as unhydrolyzed TcO4 in this pH range,
characterized by a low pKa, suggesting a weaker affinity of protons to pertechnetate.
Consequently, Se adsorbes onto the edge sites of clay minerals, while Tc does not exhibit
such adsorption behavior. In summary, distinct adsorption behavior is observed for Se and
Tc on the native clay mineral.
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Concerning the four distinct reduced clay minerals varying in structural Fe(II) content
—red STx-1 (0.5 wt%), red SWy-2 (2.5 wt%), low-red NAu-2 (4.2 wt%), high-red NAu-2
(11.4 wt%), the retention of both Se and Tc is observed in all system. Fe(II) plays a critical
role due to its reducing potential, initiating the reduction of Se(VI) and Tc(VII). However,
besides Fe(Il) being associated with the reducing potential for this reduction, the retention
of Se and Tc is also influenced by other factors.

Kinetics is one of the sorption controlling parameters. Se reduction is kinetically
controlled and occurs relatively slow up to months (Charlet et al., 2007; Onoguchi et al.,
2019; Pearce et al., 2008). Initially, Se(IV) is adsorbed and subsequently undergoes a
gradual reduction, transitioning from red Se(0) to amorphous red Se(0) before finally
converting into crystalline grey Se(0). The rate of Se(IV) reduction is markedly linked to
the Fe(Il)si content, with higher Fe(Il)s content resulting in a faster reduction of Se(IV) to
red Se(0), hastening the conversion of red Se(0) to grey Se(0). This entire retention process
spans from days to several months. Conversely, the reduction of Tc(VII) occurs at a much
quicker rate, typically taking about 50 hours (Yang et al., 2012).

Due to the slow kinetics of Se retention, it remains unknown how much time is required
to achieve Se sorption equilibrium for low-red NAu-2, red SWy-2, and red STx-1. This is
because their sorption equilibrium is not reached within 3600 hours. Consequently, the
sorption edge and isotherm of Se are not examined in this study. The Se retention is rapid
within the 168 hours and then gradually slows down. Therefore, Se sorption occurs fast,
while the consequent steps of selenite reduction and structural conversion of red Se(0) to
grey Se(0) proceed slowly. In contrast, owing to the rapid kinetics of Tc retention, the Tc
sorption edge and isotherm have been studied after 7 days, ensuring the attainment of
equilibrium. The retention of Tc remains relatively constant between pH 4 and 8 as pH
increases. Moreover, the Tc retention increases proportionally with the increasing Fe(II)st
content and can be normalized to a unified value by the amount of Fe(Il)s: in each reduced
clay mineral.

In addition to Fe(Il)s content, Fe**5q play an important role in the retention process.
Fe?",q is present in the clay suspension due to partial clay dissolution. In both sorption
experiments of Se and Tc, no reduced Se or Tc species are formed directly from
homogeneous interaction with Fe?*,q. This observation is reasonable because Fe**,q has low
reactivity compared to Fe(Il)sy and Fe?",q adsorbed on a mineral phase (Jaisi et al., 2008a).

Thermodynamically feasible homogeneous reaction between Fe’'yq and Se or Tc is
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kinetically hindered (Cui and Eriksen, 1996a). According to previous studies, Fe*",q can be
adsorbed to the reduced clay mineral surface (Fe(Il).q) depending on the pH of the solution.
The sorption increases from pH of 4 to 7 and reaches maximum around pH 7 (Jaisi et al.,
2008a; Soltermann et al., 2014a). The role of Fe(Il)aq is not apparent in the current
experiments of Se retention, but is prominent in the case of Tc retention around pH 7. High-
red NAu-2 characterized by high Fe’",q demonstrates significantly greater Tc retention at
pH 7 compared to other pH values. Conversely, other reduced clay minerals, like low-red
NAu-2, red SWy-2, and red STx-1, having low Fe?*,q, do not exhibit increase in Tc retention
due to the absence of Fe(Il)aq.

Regarding the reduced species, Se(IV) undergoes an initial reduction to form
amorphous red Se(0), which gradually transitions into crystalline grey Se(0). Throughout
the Se sorption kinetics experiments under different Fe(Il)¢x content and Fe?yq
concentration, neither FeSe, or FeSe is detected. Under the same condition, Tc(VII) is
reduced to Tc(IV) after reaching equilibrium. Regardless of the different Fe(Il)s content,
redox potential, pH, and Tc concentration, TcO>-nH>O is the only reduction product, no Tc-
Fe pairs are detected even under very low Tc loading (35 ppm). Overall, in the retention
process, both Se and Tc undergo reduction to a lower oxidation state, leading to their
precipitation as solid phases due to the low solubility of their reduced species, thereby
immobilizing these elements.

Concerning the electron transfer in the retention process, Se and Tc display different
mechanisms. Se(IV) is initially adsorbed onto the reduced clay minerals as inner-sphere
surface complexes, forming a Se-Fe pair. Consequently, electrons can be transferred via an
inner-sphere mechanism. Contrarily, Tc(VII) does not adsorb onto the surface of reduced
clay minerals, implying that reduction is likely to occur through an outer-sphere electron
transfer mechanism (Marcus, 1956; Marcus and Sutin, 1985).

Many parameters affect the retention of Se and Tc, making it challenging to determine
a dominant factor. Fe(Il)se content at pH 5 is the prevailing factor in Se retention in the
kinetics experiments, while the redox potential becomes the controlling factor at pH 7. When
reduced clay minerals reach the redox potential threshold for Se(IV) reduction at pH 5,
progress of retention is by the amount of transferred electrons, which correlates with Fe(I)s«
content. However, at pH 7, a lower reduction potential is required to reduce Se(IV), thus the
redox potentials of clay minerals control the kinetic experiments. As the same samples are

used in the study of Tc retention, the redox potential of the reduced clay minerals is identical
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to that of the Se retention system. However, the redox potential does not limit Tc retention
neither at pH 5 nor 7, despite just meeting the threshold of Tc(VII) reduction at pH 7.
Although differences can be observed through retention experiments, a comprehensive

understanding of the reductive sorption mechanism of these elements needs further studies.
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Chapter 6: Conclusions and outlook



6.1 Conclusions

In this thesis, the retention of Se and Tc on Fe(Il)/Fe(Ill)-bearing clay minerals has
been investigated. The goal is to reveal the mechanism of coupled adsorption and the redox
interface reactions in the retention process using macroscopic sorption experiments and
molecular scale spectroscopic measurements. The focus is on the role of Fe in the clay
minerals, where Fe(Il)/Fe(Ill) and its associated redox potential serve as the driving force
behind the retention process. The experimental results demonstrate the role of Fe(II)/Fe(III)-
bearing clay minerals in retarding the anions of Se and Tc by converting the oxidized and
mobile anions into reduced and insoluble precipitates, and thus highlight the importance of
clay minerals as the engineered backfill materials in ensuring the secure disposal of HLW
in the deep geological repositories.

Initially, Fe(Il)/Fe(Ill)-bearing clay minerals were prepared through chemical
reduction of native clay minerals to varying degrees, resulting in different Fe(Il) content
levels of 0.6 wt%, 2.5 wt%, 4.2 wt%, and 11.4 wt%. Subsequently, the reduced clay minerals
underwent characterization to assess the impact of reduction on their structure. The clay
dissolution, structure, and morphology were examined using XRD and TEM. Through this
reduction method, the reduced clay minerals retained their layered structure over long
ranges. Only minor dissolution was observed on the external basal plane of the clay particles,
and no secondary iron phases were identified in the treated reduced clay suspension. The
local structure of Fe in the clay mineral was probed using Mdssbauer spectrometry, XPS,
XANES, EXAFS, and MEO/MER techniques. These analyses indicated an increase in
structural disorder and Fe clustering with increasing reduction of structural Fe, likely linked
to the variations in redox potential at different reduction levels. The cation exchange
capacity and the availability of sorption edge sites were examined by comparing the sorption
behavior between native and reduced clay minerals, revealing negligible differences.
Consequently, no substantial alterations were detected in the structure of the reduced clay
minerals, providing a foundation for the subsequent investigation of Se and Tc retention on
these reduced clay minerals.

In studying the retention of Se, kinetics experiments of selenite were conducted on the
reduced clay minerals at an initial selenite concentration of 3x10” M, a solid-liquid ratio of
2 g/L, pH levels of 5 and 7, and an electrolyte of 0.1 M NaCl, spanning a period of up to 5
months. The impact of structural Fe(Il) content was specifically examined at pH 5. Through

sorption experiments, the adsorption of selenite was observed, and inner-sphere surface
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complexes were identified using EXAFS measurements. This indicates that selenite
retention involves an initial adsorption step followed by reductive precipitation. The
reduction rate of selenite was found to increase with higher structural Fe(Il) content. Two
forms of reduced selenium, red Se(0) and grey Se(0), were observed, while no FeSe or FeSe»
species were detected under the experimental conditions. Initially, amorphous red Se(0)
appeared as the reduction product, gradually transitioning to crystalline grey Se(0) over time
as it represents the thermodynamically more stable phase. This transformation occurred at a
faster rate when the structural Fe(Il) content was higher. At pH 5, given sufficient redox
potential in the clay minerals to initiate selenite reduction, the structural Fe(Il) content,
corresponding to the quantity of electron donor, emerged as the controlling factor. On the
other hand, at pH 7, the reduction potential required to reduce selenite was lower than that
at pH 5, making the redox potential of the clay minerals the dominant factor in retention.
Despite a slower selenite reduction rate, the reaction still progressed over an extended
period, yielding the same reduced species as observed at pH 5. In summary, this study
examined four key parameters: structural Fe(Il) content, redox potential, pH, and reaction
time. The controlling parameter in selenite reduction varied depending on the specific
experimental conditions.

To investigate the retention of Tc, the same samples were utilized. Sorption edge
experiments, conducted at a TcO4™ concentration of 1x107" M, a solid-liquid ratio of 2 g/L,
an electrolyte of 0.1 M NaCl, and an equilibrium time of 7 days, revealed a retention of
TcO4 on reduced clay minerals, with no retention observed on native clay minerals. This
underscores the critical role of structural Fe(Il) as the driving force for TcO4 retention,
showing a proportional relationship with its content. Furthermore, the adsorption of Fe**yq
in the pH range of 6.5-7.5 onto the clay surface enhances TcOj4 retention. Sorption isotherm
experiments demonstrated that TcO4™ retention is directly proportional to its concentration
on all reduced clay minerals when the TcO4™ concentration is below 10 M. Above this
concentration, crystallization-like precipitation occurs on clay minerals with high structural
Fe(II) content (11.4 wt%), while retention saturation is reached on those with low structural
Fe(Il) content (0.6 wt%). Spectroscopic measurements identified only TcO2nH2O
precipitate as the reduced species, with no adsorbed Tc species detected. Given the absence
of adsorbed Tc surface complexes, outer-sphere electron transfer mechanism is
hypothesized.

The findings of this thesis unequivocally demonstrate the capability of Fe(II)/Fe(III)-
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bearing clay minerals to effectively immobilize Se and Tc. Despite both Se and Tc existing
as anionic species, their distinct chemical properties lead to differing retention mechanisms.
Selenite exhibits inner-sphere sorption complexes on reduced clay minerals, followed by a
redox reaction facilitated by the presence of Se-O-Fe bonds which enable an efficient
electron transfer and ultimately lead to precipitation of elemental Se(0). In contrast, TcO4
is not detected as adsorbed surface complexes on the reduced clays. However, it is still
susceptible to reduction under the redox potential of the reduced clay minerals, leaving the
electron transfer process as an uncharted territory in the redox reaction—a facet hitherto
unexplored in the existing literature. While an outer-sphere electron transfer mechanism is
speculated, further validation is needed.

The study examined the influence of various parameters, including the role of Fe in the
clay mineral, pH levels, and radionuclide concentrations, on the retention of Se and Tc. In
the context of a deep geological repository, the anoxic corrosion of the steel canister
generates hydrogen and a substantial amount of Fe(Il) (Wersin et al., 2003), which can
interact with the engineered backfill clay materials, leading to higher Fe(Il) content. The
findings in this thesis demonstrate a proportional relationship between the retentions of Se
and Tc and the presence of Fe(II). Therefore, conditions in the repository with an increased
amount of Fe(II) can bolster the retention of Se and Tc. Moreover, the release of Fe(Il) may
lead to a lower redox potential in the backfill clay materials, further enhancing the retention
of Se and Tc. These results from the sorption experiments contribute valuable data for
sorption modeling and risk assessment in the context of the repository.

Beyond applications in deep geological repositories, the findings of this thesis hold
promise for remediation efforts of Se- and Tc-contaminated sites. Some anthropogenic
activities such as coal and oil combustion facilities, selenium refining plants, mining and
milling operations, as well as various end-product manufacturers, may lead to the
contamination of water and soil by Se (Fordyce, 2013; Tan et al., 2018). Over time, Se
contamination in water can accumulate in the soil. In the US, leaking from waste tanks at
the Hanford Site has caused a large area of soil to become contaminated by Tc (Pearce et
al., 2018). These contaminated sites contain predominantly clay and clay-like minerals
(Fredrickson et al., 2004; Krumhansl et al., 2002; Kukkadapu et al., 2006). The natural redox
cycle in these environments can lead to the reduction of structural Fe(IIl) to Fe(Il) in the
clays through biological and natural processes (Corzo et al., 2018; Stucki et al., 2007).
Consequently, the findings of this thesis on the retention of Se and Tc by Fe(Il) in the clay
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minerals play a crucial role in the remediation of Se- and Tc-contaminated sites.

6.2 Outlook

Sorption of Se(IV) on native clay minerals has been previously studied and modeled
with a simple one-site model (surface complexes with only weak sites) (Missana et al.,
2009). The kinetics of Se(IV) sorption on reduced clay minerals were explored in this thesis,
revealing an exceedingly long reaction time to reach sorption equilibrium. For instance,
High-red NAu-2 with Fe(Il)s- of 11.4 wt% achieved equilibrium after 720 h, while red SWy-
2 with Fe(Il)sy of 2.5 wt% did not reach equilibrium even after 3600 h. Moreover, the impact
of Fe(Il)s content on the Se(IV) sorption kinetics has been studied at pH 5 and 7 under an
initial selenite concentration of 3x107> M. Furthermore, the influence of redox potentials of
reduced clay minerals has also been investigated at pH 5 and 7.

However, several aspects remain unexplored in the context of Se retention on
Fe(Il)/Fe(Ill)-bearing clay minerals: the influence of pH, Se concentration, and redox
potential at different pH. Future investigations could involve Se sorption edge and sorption
isotherm experiments on reduced clay minerals conducted over extended reaction times to
ensure reaching reaction equilibrium. This approach can quantify the Se sorption on reduced
clay minerals and shed light on the relationship between Se sorption and Fe(I)si- content.
Moreover, kinetics experiments could be carried out using clay minerals with higher Fe(Il)s«
content under elevated Se concentrations to probe the potential formation of FeSe, or FeSe
as reduced species. Additionally, introducing Fe*',q into kinetics experiments might reveal
insights into the significance of Fe*",q presence and concentration in the kinetics of reduced
species formation, along with the role of Fe(II).q¢ in Se retention. Further studies involving
kinetics experiments at various pH levels or employing reduced clay minerals with different
redox potentials would be valuable to elucidate how redox potential governs Se retention.

Studies have examined Tc(VII) sorption on both native and reduced clay minerals,
confirming that Fe(II) plays a pivotal role in Tc retention, with the amount of Fe(Il)s being
directly linked to Tc retention. The systematic investigation has included Tc sorption as a
function of pH and Tc concentration under four different Fe(Il)sx content and redox
potentials. EXAFS analysis of clay samples with various experimental conditions revealed
that TcO2'nH2O is the sole identified reduced species, indicating the absence of a Tc-Fe pair,
leaving the electron transfer mechanism in Tc retention uncertain.

However, in the realm of Tc retention on Fe(Il)/Fe(Ill)-bearing clay minerals, several
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key aspects have yet to be explored, including the solid to liquid ratio (S/L), Fe(II).q4, electron
transfer mechanism, and sorption reversibility remain. In the future, Tc sorption can be
performed at different S/L ratio to investigate the relevance between Tc retention and S/L
ratio. Additionally, due to the observed enhancement of Fe(Il).q to Tc retention around pH
7, further studies can involve Tc sorption on reduced clay minerals which are stabilized with
different amount of Fe** at pH 7, in order to quantify the impact of Fe(II).d to Tc retention.
Moreover, a proposed outer-sphere electron transfer mechanism in Tc retention could be
investigated further. To achieve a better understanding, numerical modelling utilizing the
Marcus theory to predicate the outer-sphere electron transfer rates (Rosso and Rustad, 2000;
Rosso and Morgan, 2002), coupled with kinetics experiments on Tc retention employing
High-Speed Channel Electrode methodologies (Clegg et al., 2004), might prove insightful.
Fe isotope-labeled clay minerals can be used to trace the electron transfer pathway via Fe
atoms. Upon suspecting the possibility of electron transfer by hydrogen bond between clay
mineral surface and hydrated TcO4™ anions, a hydrogen bond sensitive technique like Fourier
Transform Infrared Spectroscopy (FTIR) may be used to help validate our hypothesis.
Furthermore, conducting in-situ Tc retention experiments could provide valuable insights
into the interface reaction between Tc and Fe(II)/Fe(Ill)-bearing clay minerals. Additionally,
experiments examining the desorption or oxidation of retained Tc could aid in investigating

the reversibility of Tc retention and assessing the stability of the reduced species.
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