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1. Introduction

Selenium occurs in nature as trace element and as for

ABSTRACT

In this study, we investigated the interaction between selenite and either Fe',; or S&", in
solution, and the results were used to investigate the interaction between Se™’,; and FeS in
suspension. The reaction products were characterized by a combination of methods (SEM, XRD
and XAS) and the reaction mechanisms were identified. In a first experiment, Se(“’)acl was reduced
to Se(® by interaction with Fe(™,, which was oxidized to Fe"”, but the reaction was only partial.
Subsequently, some Fe™ produced akaganeite (3 FeOOH) and the release of proton during that
reaction decreased the pH. The pH decrease changed the Se speciation in solution which hindered
further Se™? reduction by Fe™,,. In a second experiment, Se™’,, was quantitatively reduced to
Set® by S, and the reaction was fast. Two sulfide species were needed to reduce one Se™”,
and the observed pH increase was due to a proton consumption. For both experiments,
experimental results are consistent with expectations based on the oxidation reduction potential
of the various species. Upon interaction with FeS, Se™,, was reduced to Se!® and minute
amounts of pyrite were detected, a consequence of partial mackinawite oxidation at surface sulfur
sites. These results are of prime importance with respect to safe deep disposal of nuclear waste
which contains the long lived radionuclide 7°Se. This study shows that after release of 79Se()
upon nuclear waste matrix corrosion, selenite can be reduced in the near field to low soluble Se(®
by interaction with Fe,; and/or S‘~V,, species. Because the solubility of Se'® species is
significantly lower than that of Se™, selenium will become much less (bio)available and its
migration out of deep HLW repositories may be drastically hindered.

toxicity (Ferndndez Martinez and Charlet, 2009) and are
considered more mobile in subsurface environments than the
reduced species (Masscheleyn et al., 1990). Additionally, the

many elements, it is an essential nutrient for animals and
humans, but is toxic at elevated concentrations
(Fernandez Martinez and Charlet, 2009). The chemical
speciation and thus the solubility of Se in natural systems
depend to a large extent on pH and E; conditions. Under
oxidizing conditions, Se occurs as mobile hexavalent
(Se027) and tetravalent (Se0%™) oxyanions, whereas it
forms low soluble Se(® and Se(=" solids under reducing
conditions. The oxidized species also show a higher chemical
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geochemistry of Se is also largely controlled by that of iron,
with which Se is closely affiliated in both oxidizing and
reducing environments (Hatten, 1977).

Selenium is also produced in nuclear power plants by
fission of 22°U. The long lived and radioactive isotope 79Se
(half life of 3.27 x 10° years (Jérg et al., 2010)) present in the
high level nuclear waste (HLW) is considered one of the dose
dominant nuclides in safety assessment calculations. Recent
studies showed that selenium is present in tetravalent
oxidation state in HLW glass (Dardenne et al.,, 2015). Upon
HLW glass corrosion by groundwater in deep repositories,
mobile selenite species may thus be released and possibly



migrate to the far field. However, reducing conditions are
expected to develop in e.g. clay based repository systems
(Gaucher et al., 2006) that may reduce Se™ to lower oxidation
state(s). The presence of reduced Fe™ and/or S~V species
as accessory minerals (e.g., pyrite) also buffers the redox
milieu.

Dissolved Fe™,, and S~V are expected to be present in
deep disposal sites and may have a capacity to reduce Se™’
similar to that of ‘™™ or Fe"” containing solids. The contact
of groundwater with canisters containing HLW will result in
steel corrosion, thereby releasing Fe(")élq species and producing
H,. Studies showed that Fe” bearing solids form as secondary
phases upon steel corrosion in the presence of clay or clay pore
water and that a significant fraction of Fe"),, migrates away
from the corroding surface (e.g., (Schlegel et al., 2014)). It was
also suggested that this Fe(")aq fraction could favor reduction
and immobilization of redox sensitive radionuclides. Further
more, the production of H, will also very likely improve the
conditions for microbial activity (Libert et al., 2011). Specifi
cally, H, will constitute an energetic substrate for anaerobic
bacterial communities and strongly stimulate reducing reac
tions involving e.g., sulfates (Libert et al., 2014). The presence of
reduced sulfur species (e.g., ‘") in repository surroundings
is thus very likely. Both ferrous iron and sulfide species may be
present in a HLW repository surrounding, and each species can
provide electrons to reduce Se""), thereby significantly lower
ing the selenium solubility and thus its migration. Reactions
involving only two reacting species, where only one can be
oxidized and only one can be reduced, can be investigated in
great detail more easily than reactions involving various
reduced species. Information obtained by investigating simple
systems can subsequently be used to study more complex
systems where more than one species (e.g., Fe™ and SV in
FeS) can reduce redox sensitive elements. Unfortunately, only
very few investigations have reported on the interaction of
Se®™) with either Fe™,, or S¢=',4

From a thermodynamic viewpoint, the standard reduction
potential of sulfides species are lower than that of selenite
species (Table 1), meaning that S~V can reduce Se'""), 4 in an
aqueous phase. For example, two sulfide species, each
providing two electrons, are needed to reduce one selenite
species to its elemental state. Pettine et al. (2012)) reported

Table 1
Table of selected aqueous species formal potentials (Cornell and Schwertmann,
1996; Bouroushian, 2010) and protonation constants (Olin et al., 2005).

Half-reaction Formal potential (V vs S.H.E.

at 25 °C)

Se0% + 6H +4e <> Se(s) + 3H,0 +0.875
HSeO; + 5H™ + 4e <> Se(s) + 3H,0 +0.778

Fe3t +e <« Fe?t +0.770

H,Se03 + 4H' + 4e <= Se(s) + 3H,0 +0.740

S(s) + 2H' + 2e <= HyS(aq) +0.141

S(s) + H" + 2e <« HS 0.065

S(s) + H,0 4+ 2e <« HS + OH 0.52

S(s) + 2e <« §? Available values range from

045to 0.58 V, most
probable close to  0.48 V.
Protonation constant
logio K° = 8.36 + 0.23
logio K° = 2.64 + 0.14

Protonation reaction
Se03 + H™ <« HSeO3
HSeO3; + H™ <« H,Se0s

rates for the reduction of Se) by sulfide, however without
structural characterization (i.e., XRD) of formed solid phases.
Depending on the chemical conditions, the formation of
selenium sulfide or a mixture of elemental selenium and
colloidal sulfur particles has also been reported (Geoffroy and
Demopoulos, 2011). Unfortunately, these reported studies
have been performed under aerobic conditions, and reduced
sulfur species can be readily oxidized by oxygen present in the
air. Because anoxic conditions will develop during the evolu
tion of a HLW disposal site, additional studies performed in the
absence of oxygen are needed in order to be useful for safety
performance calculations.

The reduction of Se",, by Fe"",, species is more complex.
The standard reduction potential of the Fe!™/Fe(" couple is
higher than that of sulfide (Table 1) and of comparable value
than that of the Se™? species. The ability of Fe” to reduce Se("")
is governed by the speciation in solution. For example, HSeO3
can be reduced by Fe!" but H,SeO5 cannot because of its lower
reduction potential. Also, four electrons are needed to reduce
one selenite species, i.e., four Fe!" species must each provide
one electron for the reduction of one Se™’ species. The
likelihood of such five species in close proximity in solution in
the absence of any mineral surface may be low and if the
reaction occurs, it may rapidly slow down because the Fe(")aq
concentration decreases four times faster than that of Se™’,,.
In fact, the ability of Fe(",,, to reduce Se"™’,, was questioned by
several authors. For example, Chen et al. (2009)) failed to
reduce Se™),, by ferrous iron in the absence of reactive surface
even though Fe“”aq was in large excess at pH < 5.6. Similarly,
Charlet et al. (2007)) failed to reduce Se™’ but observed the
formation of FeSeO3 by mixing Se!"),, and Fe("",, with a
molar ratio of 1:1 at pH 5. The formed solid phase was poorly
crystalline (no diffraction data shown); Mossbauer data
indicated that half of Fe"” was oxidized and based on XAS
data ~25% Se was reduced after 4 h. Spectroscopic data were
consistent with the formation of a nanoparticulate precip
itate where surface Fe atoms are oxidized while Se atoms
remain 4 fold coordinated by oxygen atoms as is typical for
selenite. In these studies, the presence of a mineral surface
acted like a catalyzer, meaning that Se") was reduced to
Se(® in the presence of either iron oxides (Chen et al., 2009)
or the clay mineral montmorillonite (Charlet et al., 2007). In
the present study, the reactivity of Se’ in the presence of
a large excess of Fe (Fe:Se molar ratio of 4:1) was
investigated under anoxic conditions and in the absence of
mineral phases.

At ambient temperature and pressure, mackinawite
(FeS) is the primary precipitate formed by reaction between
Fe",, and SV, (Rickard et al., 2006). Mackinawite is a
highly reactive phase and was used as a substrate in
adsorption studies of various actinides such as Np")
(Moyes et al., 2002) or Pu'¥) (Kirsch et al., 2011). Studies
on the interaction of Se") with mackinawite have also been
reported (Scheinost and Charlet, 2008; Scheinost et al.,
2008) and indicated an influence of the chemical conditions
on the nature of the formed Se species. However, in these
experiments, the contact time was at maximum 1 day and
for such rather short contact times kinetically slow reactions
can be easily overlooked. In the present study, Se"") was
contacted with pre formed mackinawite in suspension for
several days before spectroscopic analysis of the sample.



The goal of this study was to investigate the interaction
between Se",, and either Fe",, or S~ and to use these
results to identify the possible mechanism of interaction
between Se“")aq and FeS. The nature of the reaction products
was characterized by scanning electron microscopy (SEM) and
X ray diffraction (XRD), and information on the Se speciation
was provided by X ray absorption spectroscopy (XAS). We
performed investigations under defined conditions in the
laboratory to demonstrate that the reduction of Se!),, by
either Fe™,, or S, in solution can operate. Because the
presence of mineral surfaces is not expected to hinder the
reaction mechanism(s), it can be anticipated that similar
mechanism may operate in a HLW surrounding when the
same species are present.

2. Materials and methods
2.1. Sample preparation

All samples were prepared with ultra pure water (182 M
Q-cm, Milli Q system (Millipore)) and reagents of ACS grade or
higher. All experiments were performed under anoxic condi
tions, from sample preparation (in an Ar filled glove box) to
sample analysis. All solutions and suspensions were purged with
Ar for several hours before bringing them into the Ar filled glove
box where they were allowed to outgas for at least overnight
prior to use. Solutions of Fe™ and S(~™ were freshly prepared
before every experiment by dissolving Fe(NH4)2(SO4)-6H,0 or
Na,S-9H,0, and the source of Se!™) was Na,SeOs. pH and E,
were allowed to drift freely, and values were recorded in
suspension before samples were filtered (0.45 pum pore size
diameter) for analysis of the solid phases.

The sample SeFerrous was prepared by the addition of a
Se™) solution (adjusted to pH 5 by the addition of HCl) into a
Fe!" solution under stirring (molar ratio Se:Fe = 1:4). A solid
phase formed rapidly and red particles were present in
suspension after 4 days of reaction. Final pH and E, were
2.84(5) and +165(30) mV vs Ag/AgCl, respectively. Sample
SeSulfide was prepared by drop by drop addition of a Se(™
solution into a S~ solution under stirring (molar ratio
Se:S = 1:2). Red particles formed very rapidly. After 3 h of
reaction, the suspension was filtered and the supernatant was
pale yellow. Final pH and E, were 13.29(5) and —500(30) mV
vs Ag/AgCl, respectively. For the last sample (SeMack),
mackinawite was first precipitated by mixing Fe™ and s(~
solutions under stirring, filtered (0.45 pum pore size) after few
minutes and washed with water to remove excess ions, and re
suspended in water (at this stage, pH and E, were 7.25(5) and
—600(30) mV vs Ag/AgCl, respectively). A selenite solution
was added to the FeS suspension under stirring (m/V = 10 g/L
FeS, [Se™)] = 13 mmol/L). After 7 days of reaction, the
measured pH and E, were 11.50(5) and —570(30) mV vs Ag/
Ag(Cl, respectively.

2.2. Structural and spectroscopic characterizations

Solid phases were characterized by SEM and XRD.
Information on the size and morphology was obtained by
SEM (CamScan CS44FE). Samples were prepared in the Ar
filled glove box, transported under anoxic conditions
(closed vessel) and quickly positioned in the microscope

to minimize the exposure time to air. Solid phases were
identified by recording X ray diffractograms. A small
amount of sample slurry was allowed to dry on an air
tight sample holder in the Ar filled glove box and used to
record XRD data on a D8 Advance (Bruker) diffractometer
(Cu K, radiation) equipped with an energy dispersive
detector (Sol X). Phases were identified by comparison
with the PDF 2 database.

Information on the Se speciation was obtained by X ray
absorption spectroscopy (XAS). In the XANES region, the
edge energy increases with the formal oxidation state due to
increased effective nuclear charge as valence electrons are
removed. Additionally, the edge, formally assigned to a
1s — 4p transition, gains intensity as valence increases,
which is attributable to a decrease in population of the
valence 4p levels (Pickering et al., 1995). Information on the
local chemical environment was obtained by fits to the
EXAFS data. Selenium K edge XAS spectra were collected at
the INE Beamline (Rothe et al., 2012) for actinide science at
the synchrotron light source ANKA (Karlsruhe, Germany).
The storage ring energy was 2.5 GeV and the ring current
was 180 90 mA. Energy calibration was done by assigning
the first inflection point of the Se K edge of a Se foil at
12,658.0 eV and this reference was measured in parallel with
all samples. Samples were mounted in the Ar filled glove
box into an air tight cell allowing measurements under
anoxic conditions. Data were collected in transmission mode
or in fluorescence mode using a 5 element LEGe solid state
detector (Canberra Eurisys). Data were analyzed following
standard procedures by using Athena and Artemis interfaces
to the Ifeffit software (Ravel and Newville, 2005). EXAFS
spectra were extracted from the raw data and Fourier
transforms (FTs) were obtained from the k?-y(k) functions.
Data were fit in R space by using a combination of single
scattering paths where phase and amplitude functions
for each path were calculated separately with feff8.4
(Ankudinov et al., 1998). Uncertainties on coordination
numbers and bond distances are indicated in brackets in
Table 2. The fit quality was quantified by the Ry factor, as
reported in Finck et al. (2015), representing the absolute
misfit between theory and experimental data. Reference
XAS data were collected in transmission mode for FeSe, Se(®’
and Na,SeOs.

3. Results and discussion
3.1. Sample SeFerrous

The Se™? solution was adjusted to pH 5 before the addition of
Fe™ in order to avoid Fe(OH),(s) precipitation and thus the
interaction of selenite with this phase. This reaction was
investigated by Zingaro et al. (1997) who showed a reduction
of selenite and selenate to elemental Se. In the present study,
mixing Se™ and Fe™ solutions formed red particles shortly
after mixing, which hints at the rapid formation of Se(®.
The presence of Se!® was corroborated by XRD analysis
(Fig. 1), and the presence of additional Se(™) compounds
(Fe,(Se03)3-H,0 and Na,SeOs) indicates that the reduction
was only partial, despite the molar ratio of Se:Fe = 1:4. In
this system, Se™? can only be reduced by oxidation of Fe!'.
The oxidation of Fe") to Fe" is indicated by the presence of



Table 2

Se K-edge energy position of the XANES and results from EXAFS data fitting.

Sample E°
[eV]

Na,Se)03 12,662.4
Se(® trigonal 12,658.0
FeSet 12,657.2
SeFerrous 12,662.6
SeSulfide 12,657.9
SeMack 12,658.0

Coordination shells AE° Rr

N RIA] 0% [A7] [eV]

3.03) 0 1.71(2) 0.002 19.8 0.020
20(2) Se 237(2) 0.004 108 0.004
40(4) Se 3.40(3) 0.020

2.0(4) Se 3.71(3) 0013

19(2) Fe 2.39(2) 0.004 7.7 0.002
02(1) Se 2.78(2) 0.003

1.6(3) Se 371(2) 0.009

1.9(4) Se 3.97(3) 0.009

1.3(4) Fe 451(4) 0.009

3.0(2) 0 1.69(2) 0.001 12.4 0018
5.0(5) 0 330(2) 0.002

22(4) Fe 3.50(3) 0.002

52(19)0 3.69(4) 0.002

24(2) Se 238(2) 0.005 12.7 0.001
0.7(2) Se 3.36(2) 0.005

2.8(3) Se 2.36(2) 0.007 8.1 0.010
1.1(3) Se 330(2) 0.007

06(2) s 3.87(4) 0.002

E°: energy position of the XANES, N: coordination number, R: interatomic distance, 0 mean square displacement (“Debye-Waller” term), AE®: shift in ionization

energy, Ry: figure of merit of the fit.

akaganeite (3 FeOOH) and (NH,4)3Fe(SO4)s. The presence of formed during sample drying. SEM analysis indicates the

Fe"™ compound (Na,Fe(S04),-4H,0) corroborates that the presence of particles of various not well resolved shapes
reaction was not quantitative. Except Se'® and akaganeite, having sizes ranging from several hundreds of nanometers
the compounds identified in the diffractogram certainly up to one micrometer (Fig. 2).

1pm

Fig. 1. SEM picture of the samples SeFerrous (top) and SeSulfide (bottom).
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Fig. 2. X-ray diffractogram with peak identification for SeFerrous (left panel), SeSulfide (middle panel) and SeMack (right panel).

Information on the Se speciation was provided by probing
the K edge by XAS. Compared to the reference compounds, the
position and the height of the edge indicate the presence of
Se™ in SeFerrous (Fig. 3). This is also clearly seen from the
position of the first derivative (inset in Fig. 3). Additionally,
the presence of small amounts of Se(® is evidenced from a
maximum on the lower energy side of the first derivative. The
simultaneous presence of Se(® and Se species is consistent

with XRD data. According to the intensities of the maxima of
the first derivative, Se'®) represents only a minor amount of
total Se. In the EXAFS regime, the spectrum of SeFerrous looks
very similar to that of the Se™’ reference, in agreement with
XANES data. The FT contains a first peak at R + AR ~ 1.3 A and
two additional peaks centered around R + AR ~ 3 A (Fig. 3). A
good fit to the data was provided considering a first O shell at
Rse-o1 = 1.69(2) A containing No; = 3.0(2) atoms (Table 2).
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Fig. 3. Se K-edge XAS of the samples and of the reference compounds: XANES data in the left panel (insets show the first derivatives), experimental (solid black lines)
and modeled (dashed red lines) spectra in the middle panel and the corresponding Fourier transforms in the right panel. The metrical fit results are presented in Table 2.



These distance and coordination number are characteristics of a
selenite unit, which are consistent with the phases detected by
XRD (sodium and iron selenite). Additional O (Rse_o2 =
330(2) A and Rseo3 = 3.69(4) A) and Fe (Rse_pe1=
3.50(3) A) shells were used to fit higher distance peaks
(Table 2). The detected Fe and O shells are consistent with
reported crystallographic data of Fe,(SeOs)s-H,O (Giester,
1993), which was detected by XRD. XRD indicated the presence
of Set® but no neighboring Se could be detected by XAS. This
result is consistent with XANES data indicating that only a small
fraction of Se is present as Se®. Bond distances of Rse.g =
1.69 A and Rse_re = 3.35 A have been reported for FeSeO;
(Charlet et al., 2007). Compared to these reported values, the
oxygen shell is detected at similar distance, but the Fe shell is
located at larger distance in this study, ruling out the presence
of FeSeOs in SeFerrous. The absence of this phase is also
consistent with XRD data and can be explained by the initial
chemical conditions in this study differing from that in (Charlet
et al., 2007).

At the end of experiment, slightly oxidizing and acidic
conditions prevailed in suspension. XAS data indicate that some
selenite was reduced to Se'®, implying the oxidation of four Fe(
to Fe™. The following equation may explain the mechanism:
4Fe** + HSeO3 + 5HT — 4Fe®™ + Sel® + 30H™. However,
this reaction implies a consumption of protons and a production
of OH™ that would increase the pH, in contrast to observa
tions. Yet, the presence of akaganeite was indicated by XRD.
The presence of ClI~, from HCI used to adjust the pH,
certainly initiated the formation of akaganeite following:
Fe** + 2H,0 — FeOOH + 3H™ (Schwertmann and Cornell,
1991). In that reaction 3 protons are formed for one reacting
ferric iron and, consequently, the reduction of Se(“’)aq by
Fe(“)aq results in an overall pH decrease, which is consistent
with the experimental results. Additionally, some Fe"" also
formed Fe,(Se0Os3)5-H,0, as indicated by XRD and XAS data.

In acidic medium, selenite is protonated and present as
H,SeOs or HSeOs'. In SeFerrous, pH (2.84(5)) is close to pK,;
(pKa1 = 2.64 £ 0.16, Table 1) meaning that a large fraction of
Se is present as doubly protonated species and the remaining as
a singly protonated species. Furthermore, the reduction
potential of H,SeOs/Se (E° = +0.740 V) is lower than that of
FeM/Fe™ (E° = 4-0.770 V) indicating that the reduction is
thermodynamically not possible. In contrast, the reduction of
HSeO3 (E® = +0.778 V) is possible. Consequently, it is very
likely that the addition of Se™’ into Fe™ initially reduced
selenite to Se(® with a concomitant oxidation of Fe"” to Fe(",
Akaganeite formed rapidly and induced a decrease in pH which
in turn changed the Se speciation, inhibiting further Se(")
reduction. This explanation is consistent with the presence of
both Se™? and Se® compounds, as well as Fe™ and Fe(™
compounds. Additionally, the Fe content decreased four
times faster than Se(™), making the reaction less likely because
in dilute systems the probability of four Fe(")aq to come close
enough to enable Se(“’)aq reduction to take place is lower than
in systems with higher concentrations.

The prevalence of slightly oxidizing conditions (E, =
+165(30) mV vs Ag/AgCl) may be less easy to explain. The
reduction potential is determined by the transfer of electrons
between chemical species, that is, it represents how strong
electrons are transferred to or from species in solution. In
SeFerrous, no attempt was made to impose pH or Ep,, and thus

the Ej, value adjusted itself. It indicates only a weak tendency to
exchange electrons between chemical species.

The data show that Se"’,, can be reduced by Fe",,,
as long as the Se speciation does not render the reaction
thermodynamically impossible. In deep disposal sites, prevail
ing pH should be around neutral, and thus the Se speciation is
expected to be dominated by HSeO3’, at least before becoming
reducing due to radioactive decay. The presence of mineral
phases (e.g., clay minerals, quartz, iron oxides) will also
possibly mediate the reduction (Charlet et al., 2007; Chen
et al,, 2009) of selenite to Se(® by Fe!"™. Because Se(® is less
soluble, i.e., less mobile than selenite, it is very likely that
selenium will be immobilized in the near field and not migrate
out of the repository site.

3.2. Sample SeSulfide

Mixing selenite and sulfide solutions leads to a rapid Se™’
reduction to Se‘®. The reaction is thermodynamically possible
(Table 1) and the oxidation of sulfide provided the electrons
needed to reduce selenite. Trigonal selenium was detected as
main crystalline phase by XRD, and the small peak at ~28.5 °26
may possibly correspond to a minor mixed chalcogenide phase
of composition Se;3S47; (Weiss, 1977). The electron micro
graph of SeSulfide (Fig. 2) indicates the presence of aggregates
consisting of crystals of several micrometers in size.

The intensity and the position of the XANES both indicate
the presence of Se® (Fig. 3). No Se™ could be detected
indicating that the reaction was quantitative. The EXAFS
spectrum looks similar to that of the Se'® reference, consistent
with the XANES result. A good fit to the EXAFS data was
provided considering two neighboring Se shells at Rse_se; =
2.38(1) A and Rse_se> = 3.36(2) A, and containing ~2 atoms
and ~1 atom, respectively (Table 2). The Sel shell is within
uncertainty identical to the Se® reference and to reported
crystallographic data (2 atoms located at Rse_se; = 2.38 A
(Cherin and Unger, 1967)), and the Se2 shell is reasonably close
to reported data for trigonal Se (4 Se at Rse_se2 = 3.44 A). No
other backscatterer could be detected, meaning that if another
phase (crystalline or amorphous) is present, it only represents
a marginal amount.

Sulfide was oxidized and selenite was reduced, consis
tent with thermodynamic (Table 1) and XRD data. The most
plausible mechanism is the oxidation of S(™ to S(®
whereby two sulfide ions were used to reduce one Se(')
species. The reaction was also accompanied by a clear
increase in pH that may originate from a consumption of
proton and/or a formation of OH™. The following reaction
would be consistent with the experimental chemical condi
tions: HSeO3 + 252~ + 5HT — Se(® + 25(9 4 3H,0. The
presence of elemental selenium is corroborated by XRD and
XAS data. Unfortunately S(® could not be detected by XRD,
however it may prevail as a separate X ray amorphous phase
or it may be present as dissolved species in the filtrate. The
filtrate was not analyzed and thus the hypothesis of the presence
of dissolved or nanoparticulate S’ species cannot be corrobo
rated, but the yellow color is diagnostic of elemental sulfur.
Consequently, the equation accounts best for the experimental
results and thus the pH increase is due to a consumption of
protons. Additionally, the large difference in reduction potential
(Table 1) between selenite and sulfide species may explain that



the reaction was fast. Electrons were exchanged readily in that
sample, thus explaining that reducing conditions developed.
The data indicate a fast reaction between dissolved selenite
and sulfide, even in the absence of mineral surface. Only two
S(— species are needed to reduce one Se™) species and the
likelihood of having these three species close enough to react is
larger than the five species needed in SeFerrous. The outcomes
indicate that selenite can be reduced upon interaction with
sulfide in a disposal site, thus warranting Se immobilization.

3.3. Sample SeMack

Studies on the interaction between selenite and mackinawite
in suspension can be found in the literature (Scheinost and
Charlet, 2008; Scheinost et al., 2008). The main difference
between both studies was the sample preparation: in one
study the substrate was washed to establish a defined ionic
strength (Scheinost et al., 2008) whereas the substrate was not
conditioned in the second (Scheinost and Charlet, 2008). Based
on the sample preparation, the present study compares well
with the latter (Scheinost and Charlet, 2008). In this reported
study, the pH increased from 6.3 to 9.7 after one day of reaction
and only Se(® was detected. However, a much longer contact
time was considered in the present study (7 days).

The X ray diffractogram of the solid phase in SeMack is
noisy, but several phases can be identified. The substrate (FeS)
was identified as mackinawite mainly from the broad peaks at
~17.6 and 50.5 °26 (Lennie et al., 1995), and the diffractogram
also compares well with published data (Finck et al., 2012). The
width of the peaks indicates that FeS is of nanoparticulate size
and thus exhibits a large specific surface area. For similar
synthesis procedure, particle sizes of <10 nm have been
reported with a surface area of up to several hundreds m?/g
(Wolthers et al., 2003; Scheinost et al., 2008). Considering an
average of 4 sites/nm? (Wolthers et al., 2005), the monolayer
surface coverage was not reached in SeMack: 10 g/L FeS
considering 100 m?/g yield 0.4 mol/L surface sites, which is
much larger than the Se concentration of 13 mmol/L. Elemental
selenium (trigonal phase) was also identified on the X ray
diffractogram, and small amounts of pyrite (FeS;) (Brostigen
and Kjekshus, 1969) could be detected, mainly from the small
peaks at ~33.1 and 37.1 °26.

The XANES indicates that Se is present as Se'® and thus
Se™ was reduced. Though noisy, the EXAFS data look similar
to that of the Se'® reference compound. A good fit to the data
was provided considering Se backscatterers at 2.36(1) A and
3.30(2) A, and an additional possible S shell at Rse_s; =
3.87(4) A containing <1 atom (Table 2). The detected Se
backscatterers are consistent with the presence of Se(® and the
S shell can be interpreted as originating from the substrate
surface (FeS and/or FeS,). The formation of Se'® is consistent
with previous finding (Scheinost and Charlet, 2008), but no S
shell was detected in that study.

XAS data indicate that Se™’ was reduced, meaning that
Fe™ and/or S~V from the substrate was oxidized. XRD data
indicate that FeS and FeS, are present in the sample, pyrite
representing only a minor constituent. The presence of this
compound can be explained by a partial FeS oxidation at
the surface during the reductive immobilization of selenite.
Specifically, the oxidation state of sulfur likely increased from
—II to —1. At the beginning of the experiment, pH = 7.25 was

close to the reported point of zero charge (PZC) of ~7.5
(Wolthers et al., 2005). It was also proposed that the surface of
hydrated mackinawite can best be described at pH < ~10 by
mono coordinated (=FeS) and tri coordinated (=Fe,S)
sulfide functional groups, the former determining the acid
base properties at pH < PZC and the latter at higher pH.
Consequently, Se!™? interacted with the substrate at sulfide
sites, rather than at iron hydroxyl groups, and thus these
groups underwent oxidation to form FeS,, consistent with XRD
data. Additional evidence of the reduction at the sulfur sites
comes from the increase in pH, a variation similar to that
observed in SeSulfide, but not in SeFerrous. The oxidation of
surface Fe"" can neither be corroborated nor be excluded but it
has been suggested that Se’V) reduction to Se'” is due to the
oxidation of four Fe" surface groups, accompanied by a proton
consumption (Scheinost and Charlet, 2008). This mechanism
may only be marginal in the present study because it is not
consistent with the observed formation of pyrite. Based on
reported spectroscopic characterization of oxidized mackinawite
(Bourdoiseau et al., 2008), it may also be possible that electrons
needed to reduce Se®™’ were provided by Fe” from tetrahedral
sites connected to surface sulfide groups.

Overall, surface sulfide groups contributed to the reductive
immobilization Se"),,, as indicated by the detection of FeS,.
Even though the Se content was below the monolayer surface
coverage, Se(® was detected and indicates the formation
of nanoparticulate elemental Se. It is very likely that such
nanoparticles can be seen as “coating” and were only few
angstroms in size (thickness) at maximum because S atoms
were detected at 3.87(4) A. The participation of Fe™” in this
retention may be likely, but no experimental evidence supports
this hypothesis. Analysis of the sample by a surface sensitive
technique such as X ray photoelectron spectroscopy was not
attempted because of multiple overlaps of the binding energies
(e.g., S 2s and Se 3s, S 2p and Se 2p, Fe 3p and Se 3d). The
formation of solid solution like structure upon Se'"") interac
tion with FeS can be discarded because only elemental
selenium was detected and no Fe was detected in the Se first
coordination sphere.

The data show that Se™’ is reductively immobilized as
nanoparticulate Se'® at the surface of mackinawite upon
oxidation of surface groups. Because this phase can potentially
be present in the surrounding of HLW disposal sites, it may
contribute to preventing Se migrating out of the repository. The
data show that this may lead to the formation of pyrite, which
is the most stable Fe("” sulfide phase.

4. Conclusion

In this study selenite interacted with either Fe,, or
S(=10,, in solution. In both experiments, Se'® formed and the
reaction mechanism could be identified. Results were also
consistent with thermodynamic data. Selenite was also
reduced to Se(® upon interaction with FeS in suspension, and
this solid contains Fe" and S(=' sites that can reduce Se("V).
However, compared to reaction mechanisms determined for
systems where Se™) interacted with either ferrous iron or
sulfide, the data indicated that selenite was reduced by
mackinawite at surface sulfide sites, which is also consistent
with XRD data. All reduced species used in this study are
expected to be present or to form in a HLW disposal site, and



thus it is very likely that Se™ released from the waste matrix
will be reductively immobilized in such facilities, thereby
delaying the migration to the far field.

We could also show that investigations of systems involving
only one oxidized and one reduced species can be used to
identify reaction mechanisms for systems involving more than
one reduced species responsible for reductive immobilization
of redox sensitive pollutant. Depending on the reducing agent,
it can be anticipated that the reaction may be kinetically slower
because of the number of involved species. However, the
presence of a mineral surface mediating the reaction can
improve the rate of reaction e.g., by first retaining the reacting
species at the surface before reducing the pollutant.
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