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Abstract: The speciation of selenium (Se) in clay-rich host rocks is important within the framework of geo-
logical disposal of radioactive waste since it affects its migration. Removal of selenite from formation water
can be caused by reduction and adsorption. Reduction could potentially be inhibited or delayed by adsorption.
Here, the interplay of adsorption and reduction of selenite was investigated in batch experiments with Boom
Clay and its separated size fractions. In all experiments, dissolved Se concentrations (Se,q) showed a fast initial
decrease that was followed by a slower decline until removal was almost complete. X-ray absorption spectro-
scopy indicated that adsorption of selenite accounted for the fast removal of Se,, followed by slower selenite
reduction. Eventually, almost all solid-bound Se' became reduced to Se” in all experiments. The progress of
Se,q removal and Se'V reduction to Se” could be described by a kinetic model involving reversible adsorption on
clay minerals and reduction by pyrite. This implies that the reduction of selenite to Se” is not significantly hin-
dered or delayed by selenite adsorption on clay minerals. Pyrite is probably the most relevant reductant for
selenite in Boom Clay, although reduction by Fe"" structurally bound in clay minerals might provide an addi-
tional pathway for selenite reduction in clay rocks.

Supplementary Material: X-ray diffractograms of separated clay-size, silt-size and total BC material are avail-
able as Supplementary Material. Also provided are particle size distributions of all materials and extra informa-
tion on XANES and EXAFS results, Se concentrations through time for experiments with standard clay
minerals and figures of the sensitivity analysis of the kinetic model. The information is available at https://

doi.org/10.6084/m9.figshare.c.4363826

At the moment, disposal in deep geological forma-
tions is seen as the safest long-term solution for radio-
active waste (IAEA 2003; Rempe 2007). Many types
of geological formations are being investigated re-
garding their suitability to host a radioactive waste
repository, including granitic rocks, salt rocks and
clay formations (IAEA 2003). The geological forma-
tion should in a first instance act as a hydraulic barrier
to impede convective transport of radionuclides
potentially released from the engineered disposal
facility. Clay formations have the added benefit that
they can also retard radionuclide migration by chem-
ical interaction in the form of adsorption and redox
reactions (Yllera De Llano ef al. 1996; Maes et al.
2002; Bruggeman et al. 2005; Tsai et al. 2009).
The Boom Clay (BC), part of the Rupel Forma-
tion, in the Netherlands, is considered as a potential

host for radioactive waste repositories in Belgium
and the Netherlands (OPERA et al. 2011). One of
the radionuclides of specific interest for the perfor-
mance assessment is selenium-79 (°Se). "°Se is pre-
sent in spent nuclear fuel and in wastes resulting
from reprocessing this fuel. It is one of the long-lived
fission products with a half-life of 327 kyr (Jorg et al.
2010; PTB-Physikalisch-Technische-Bundesanstalt
2010). Since selenium has a tendency to bioaccumu-
late and has a high potential (radio)toxicity (Hamil-
ton 2004), it is critical that this radionuclide is
retained in the deep underground. In its most oxi-
dized forms, 6+ and 4+, selenium forms very soluble
oxyanions selenate (Se0,27) and selenite (Se0327),
respectively. Selenium in its reduced redox states,
with a valence of 0, —1 and -2, is expected to form
low-solubility phases such as elemental selenium
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(Se% and iron selenides (FeSe, or FeSe), respec-
tively, in Fe-rich environments (De Canniere et al.
2010). In BC, natural selenium is expected to occur
associated with pyrite or organic matter or in the
remains of calcifying organisms such as coccolitho-
phorids (De Canniere et al. 2010).

Selenium can occur in radioactive waste in differ-
ent redox states (De Canniere et al. 2010) and might
enter BC in the form of selenate and selenite (Brugge-
man et al. 2005). In experiments with BC and selen-
ate, no adsorption or reduction was observed and its
transport appeared to occur unretarded (Beauwens
et al. 2005; De Canniere et al. 2010). Selenite, on
the other hand, did interact with BC (Bruggeman
etal. 2005; Breynaert et al. 2010). Retention of selen-
ite can occur through adsorption on clay minerals
(Bar-Yosef & Meek 1987; Goldberg & Glaubig
1988; Bruggeman 2006; Peak et al. 2006; Missana
et al. 2009; Goldberg 2013; Ervanne et al. 2016),
but also through reduction by various minerals such
as pyrite and siderite (e.g. Breynaert er al. 2008;
Scheinost & Charlet 2008; Kang et al. 2011; Badaut
et al. 2012; Charlet et al. 2012). This study focusses
on selenite as it can react with BC constituents via
adsorption and reduction. To describe and predict
selenite migration in radioactive waste disposal the
underlying retention mechanisms need to be
known. For adsorption on clay minerals, solution
concentrations can be described using equilibrium
partitioning constants. When reduction is coupled to
precipitation, solution concentrations can become
solubility limited.

Redox active components present in BC that
could play a role in selenite reduction are pyrite
(FeS,) and siderite (FeCOs3), and possibly natural
organic matter and iron (Fe) on/in clay minerals.
Reduction of selenite by pyrite leads to poorly solu-
ble elemental Se® (Bruggeman et al. 2005; Breynaert
et al. 2008; Curti et al. 2013; Kang et al. 2013) or
possibly FeSe, (Charlet er al. 2012) and is seen as
the main reduction process in BC (Breynaert et al.
2010). However siderite and clay minerals contain-
ing Fe may also contribute to selenite reduction.
Studies on selenite reduction by siderite showed
that selenite is slowly reduced to Se® (Scheinost &
Charlet 2008; Scheinost er al. 2008; Badaut et al.
2012). Fe' adsorbed on clay minerals is also able
to reduce selenite to Se® (Charlet e al. 2007). Struc-
tural Fe™ in clay minerals and biotite has also been
shown to reduce the radionuclides Tc¥™ and UV
(Ilton et al. 2004; Jaisi et al. 2009; Peretyazhko
et al. 2009) and possibly might provide another path-
way for selenite reduction in BC.

The other major retention mechanism of selenite
is adsorption on clay minerals via the formation of
inner-sphere complexes (Bruggeman 2006; Peak
et al. 2006). The extent of selenite adsorption has
been shown to be independent of the ionic strength
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of the surrounding solution (Bruggeman 2006;
Ervanne et al. 2016). Therefore the higher salinity
of pore water in Dutch BC compared with Belgian
BC should not be of influence to selenite adsorption.
Selenite adsorption has been reported to depend on
pH, with highest adsorption under acidic conditions
and a decrease in adsorption towards more alkaline
conditions (Bar-Yosef & Meek 1987; Goldberg &
Glaubig 1988; Ervanne et al. 2016). pH values mea-
sured in BC vary between 7.3 and 8.6 (De Craen
et al. 2004; Behrends et al. 2016), at which K4 values
of around 100 ml g~" have been measured for pure
Na-smectite and Na-illite (Missana et al. 2009).

In BC, adsorption and reduction of selenite might
act simultaneously and adsorption might interfere
with reduction. Adsorption on clay minerals and
organic matter has been shown to hinder reduction
of selenite to Se” by pyrite (Bruggeman ez al.
2005). Inhibition or delay was also observed for
reduction of Tc™ to Tc!Y and UY to U™ by FeS or
FeS, in the presence of organic matter (Liu et al.
2008; Bruggeman & Maes 2010; Huo et al. 2017).
Selenite interaction with BC has been investigated
previously in Belgian BC (Bruggeman et al. 2005;
Breynaert et al. 2010) and effective removal of dis-
solved selenite was found, with reduction to Se by
pyrite as the dominant mechanism on time scales of
a month. However, the pyrite and clay mineral con-
tent in the Dutch BC can vary considerably (pyrite,
0-6.94 wt%; 2:1 clay, 7.24-63.13 wt%) (Koenen &
Griffioen 2016). Consequently, the potential for
selenite reduction by pyrite could also diverge, in par-
ticular when adsorption to clay minerals is interfering
with the interaction of selenite with pyrite. In this
study we therefore investigate the interplay and tem-
poral evolution of adsorption and reduction reac-
tions contributing to selenium immobilization. Three
approaches are combined to tackle the problem of
distinguishing between the processes of adsorption
and reduction: (1) investigating the kinetics of sele-
nium immobilization combined with kinetic model-
ling; (2) using different size fractions from the BC —
the clay fraction contains more clay minerals and,
hence, enhanced adsorption is expected, while the
silt fraction is enriched in pyrite (Delécaut 2004),
which is expected to promote reduction; and (3)
applying X-ray absorption spectroscopy (XAS) to
characterize solid-bound selenium. Combining these
approaches allowed us to delineate the relevance and
respective contribution of adsorption and reduction
to the retention of selenium in a reducing, clay-rich
formation.

Materials and methods

All operations involving BC material were per-
formed under anoxic conditions in a glove box
filled with either argon gas or a gas mixture of
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95%N,-5% H,. Materials used for the experiments
were autoclaved (Tuttnauer 3150EL). All solutions
were deoxygenized by degassing the hot (85°C) ster-
ilized solution under low pressure (0.2 bar) in the
antechamber of the glovebox (30 min).

Sediment material

BC sediments originated from a drilled core taken in
2011 in Zeeland, the Netherlands. Two different parts
of this core were available to us, KB103A-ST7
(78.72-79.25 m depth) and KB103-ST5 (75.34-
75.89 m depth) (detailed descriptions of location,
storage and treatment of the cores can be found in
Behrends et al. 2016). The cores were sliced inside
a glovebox and the slices were sterilized by
y-irradiation (30.6-39.1 kGy, Synergy Health, Ede,
Netherlands) to exclude any microbiological influ-
ence in the experiments. Reduction in BC is consid-
ered abiotic owing to the fine pore space limiting
microbial activity (Boivin-Jahns et al. 1996). How-
ever, upon suspension of BC the space and transport
limitations are cleared and microbes can become
active (Ortiz et al. 2002; Aerts et al. 2008; Jacops
et al. 2015). Since under in-situ conditions microbial
activity is expected to be of negligible influence, the
BC samples were sterilized in this study. Three slices
were used for the experiments: sample I (depth,
79.16-79.18 m), sample II (depth, 75.65-75.67 m)
and sample III (depth, 75.55-75.65 m).

Size separation of the sediment was achieved by
wet sieving, separating the sand-size fraction (mesh
size 50 um), and gravitational sedimentation, sepa-
rating the clay- and silt-size fractions. For the latter,
the clay—silt suspension was deflocculated by ultra-
sonic treatment, after which it was centrifuged at
484 g for 3 min. Subsequently, the clay-size contain-
ing supernatant was decanted and saved as the clay
fraction. The centrifuge tubes or buckets were
refilled with sterile, degassed ultra-pure water
(UHQ, 18.2 MQ cm, Purelab Ultra, Elga), and the
sediment was resuspended and centrifuged at 484 g
for 3 min. This cycle was repeated until the superna-
tants were clear, indicating that all clay-sized parti-
cles were removed. The remaining sediment on the
bottom of the tube was the silt-size fraction, in the
following referred to as Silt. About 5 ml of sterile
deoxygenated seawater was added to the suspension
containing the clay-size fraction to flocculate the
clay minerals. The clay-size fraction, in the follow-
ing referred to as Clay, was separated from solution
by centrifugation at 3200 g for 15 min.

The sediments were characterized by various
analyses, including X-ray diffraction (XRD, Co-
source; D2 PHASER from Bruker with a LIN-
XEYE™ detector), scanning electron microscopy
imaging (SEM, benchtop SEM, Jeol) and elemental
analysis by digestion in a heated mixture of HF,

HNO; and HCIO, measured by inductively coupled
plasma — optical emission spectroscopy (ICP-OES)
(Spectro Arcos; Reitz et al. 2004) or by total reflec-
tion X-ray fluorescence spectroscopy (TXRF, S2
Picofox, Bruker). The relative mineral content was
evaluated from the integrated intensity of the respec-
tive mineral peaks using the reference intensity
rations method in the software program EVA (Dif-
frac suite, Bruker). Particle size measurements
based on static light scattering (Mastersizer S long
bed version 2.18, Malvern Instruments Ltd) were
performed on sediment suspensions that were treated
beforehand in an ultrasonic bath (10 min) and with
the addition of ¢. 5ml/0.3 g peptization solution
(0.4M Na,CO5; and 9 mm NayP,O; decahydrate).
Studies comparing particle size distributions
obtained by static light scattering (vol%) and by sed-
imentation methods (wt%) demonstrate that static
light scattering yields larger particle radii compared
with sedimentation methods for identical suspen-
sions. A limit of <8 um (vol%) obtained by static
light scattering corresponds to a limit of <2 um (wt
%) for sedimentation methods (Konert & Vanden-
berghe 1997; Ramaswamy & Rao 2006), which is
the limit for clay size (international scale, ISO
14688-1:2002). The organic carbon content was
determined using an elemental analyser (Fison
Instruments, NA 1500 NCS) after removing carbon-
ates by repeated washing with 1 M HCL. To analyse
the main Fe-containing redox-active phases, the
samples were subjected to a sequential Fe extraction
(Claff et al. 2010; Hoving et al. 2017).

Batch experiments

Batch experiments of BC with selenite were per-
formed using the two size fractions, Clay and Silt,
and the Total sample. These sediments were sus-
pended to attain a solid loading of 50 g1~'. For
this, sterile, degassed, 1:1 diluted seawater of pH
8.3 was used since pore water in BC from Zeeland
has a composition close to that of dilute seawater
(Behrends et al. 2016). After 7 days of equilibration,
glass vials (Chromacol 27 ml clear Crimp Top Head-
space Vials) were filled with 20 ml suspension and
selenium (stock solution 50 mm Na,SeO3-5H,0)
was added, giving final concentrations of 50, 125
and 150 pwm, respectively. In general, selenium con-
centrations were selected based on selenium/solid
ratios used in previous experiments (Bruggeman
et al. 2005), but also in view of the requirements
for analysing Se by X-ray absorption spectroscopy
and monitoring selenium concentrations throughout
the experiments. The headspace of the vials was
flushed with argon to prevent any influence of H,
from the gas mixture in the glovebox, and the vials
were closed with rubber stopper and crimp cap.
The vials were put into heat-sealed PPT bags
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which were, in turn, packed into heat-sealed Ar-filled
PETP/Al/PE bags to ensure the exclusion of atmo-
spheric oxygen during agitation of the suspensions
outside the glove box on a shaker. At each time
step a set of vials was sacrificed and used for analy-
ses. These were centrifuged at 2800 g for 7 min and
supernatants were decanted and filtered through
a 0.2 um filter (nylon, Mfilter). The solution was
drawn off the solids by putting them on a filter
(Schleicher & Schuell 5893, cellulose). Subsamples
of the solids were smeared into slits of Teflon™
holders that were specifically made for measure-
ments at the European Synchrotron Radiation Facil-
ity (ESRF), Grenoble, France. The slits were closed
off with Kapton tape. All solids were stored anoxi-
cally at —20°C. For the first two sampling moments,
1 and 3 h, solids were frozen using liquid nitrogen in
order to quickly cease redox reactions of selenite
with BC. The water content of these samples was a
maximum of 30%, leading to, on average, 1% of
the total Se" within the wet sediment pastes origi-
nating from dissolved selenite. In the solids collected
after 1 h reaction time the dissolved selenium con-
centrations of the remaining solution were higher
and contributed to ¢. 6% of total Se' in the wet
pastes. In the 50 um Se experiment, procedures
were mostly identical; however, instead of small
27 ml vials, larger 100 ml Schott bottles were used
from which subsamples were taken at each time
step. All experiments were run in duplicate and the
corresponding sample codes can be found in Fig-
ure 1. Additional to experiments with BC, we con-
ducted batch experiments with 50 uM SeO;>~ and
two standard clay minerals, ferruginous smectite
(SWa-1, Grant County, Washington, USA; Clay
Minerals Society, Chantilly, USA) and Fithian illite
(Iinois, USA; Ward’s Natural Science Establish-
ment, Rochester, USA.). SWa-1 was used in both
its natural (oxidized) state as well as after chemical
reduction with dithionite (Hoving er al. 2017). The
experiments with clay mineral standards in both

Core |

/1N

Grain size fraction Clay  Silt Total
<5um 5-50pm sediment

Sein (kM) 50 50 50

Sample code C50 S50 T50

reduced and oxidized state were performed to com-
plement kinetic data on selenite adsorption in a sin-
gle mineral system. Since clay minerals in BC are
present in a reduced state; the standard clay mineral,
which is oxidized in its natural state, was chemically
reduced to analyse whether this results in different
adsorption behaviour. The experimental procedure
of the batch systems was the same as in the experi-
ments with BC.

Sample analyses

Se concentrations in the supernatant were measured
by ICP-OES (Spectro Arcos) or TXRF (S2 Picofox,
Bruker). For Se speciation, solids were subjected to
XAS measurements at BM26A, the Dutch—Belgian
Beamline (DUBBLE) at the ESRF (Borsboom
et al. 1998; Nikitenko et al. 2008). For measure-
ments, the holders were installed in a closed-cycle
He cryostat at 80 K and XAS measurements were
performed in fluorescence mode using the nine-
element Ge detector (Ortec). Five pelletized refer-
ence materials (Na,SeO5-5H,0, red Se® and grey
Seo, FeSe and FeSe,), were measured in transmission
mode. A sixth reference, selenite adsorbed to mont-
morillonite (IMt-1), was measured in fluorescence
mode. Here, 20 ml of 250 um selenite in 1:1 seawater
was equilibrated with 1 g of montmorillonite for 2
days. The sample was afterwards treated in the
same way as the BC samples. The energy calibration
was performed by assigning an energy of 13 035 eV
to the steepest part of the Pb—Ly;; edge. Details about
the design of the beamline are described in Nikitenko
et al. (2008) and Borsboom et al. (1998). The Athena
software package (Ravel & Newville 2005) was used
for merging and normalizing the spectra, removing
the background for analysing the extended X-ray
fine structures (EXAFS), and performing linear com-
bination fitting. Additionally, an iterative target test
factor analysis was performed on the X-ray absorp-
tion near edge structure (XANES) and EXAFS

RN /1N

Silt Tr?tal Clay  Silt Total
5-50um sediment <5um 5-50pum sediment

125 125 150 150 150

| | |

5125 T125 C150 S150 T150

Fig. 1. Sample scheme of batch experiment with BC and its separated grain size fractions with different amounts of

Se added.


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ at Universiteitsbibliotheek Utrecht on

February 5, 2020

KINETICS OF SELENITE INTERACTIONS WITH BOOM CLAY 229

spectra as an alternative approach to identify and
quantify different Se species in the spectra. More
details on the reference materials, acquisition of
data and analyses of the spectra can be found in the
Supplementary Material (S.4). Adsorbed selenium
from the experiments with standard clay minerals,
SWa-1 and Fithian illite, was extracted by shaking
the sediment sample with 0.1 m NaH,PO,-H,O for
12 h in a solid solution ratio of 1:25 (Bar-Yosef
1987; Chao & Sanzolone 1989; Dhillon & Dhillon
1999). Se concentrations in the extracts were quanti-
fied by TXRF (S2 Picofox, Bruker) with the addition
of Ga as internal standard.

Kinetic model

The kinetics of selenite adsorption on clay minerals
were modelled by a simple reversible adsorption—
desorption model (Zhang & Selim 2005). In this
model, the adsorption rate is dependent on the aque-
ous Sev (Se;;') concentration and the reactive sur-
face area of the clay mineral. The rate of desorption
depends on the concentration of Se adsorbed on the
clay mineral (Se;XS).

ds v
Cads klASeIV

P a — ko1Sely (1)

In equation (1), k; and k_; represent the rate
constants of the forward and backward reactions
(™" 1m™ and h™", respectively), A is the reactive
surface area of the clay minerals per volume of solu-
tion (m*17") and Sel¥ ads 1S the Se concentration of
adsorbed Se on the clay (mol 17h).

The reduction of Se by pyrite involves multiple
steps, but the overall rate is controlled by the electron
transfer from pyrite to Se’ (Kang ez al. 2011). Since
the reaction is far from equilibrium, there is no sig-
nificant back reaction. Therefore an irreversible
pseudo first-order rate law is used (equation 2).

Se?

% = kpASely 2
where Se? 1s the concentration of Se reduced by
pyrlte (moll 1, k, represents the rate constant
(h™! m™2), ¢is time (h) and A is the reactive surface
area of pyrite per solution volume (m?17"). The
kinetics of Se!V reaction with pyrite are pH depen-
dent (Kang et al. 2011). It is assumed that the pH
is constant and hence the reaction constant is condi-
tional for pH around 8.

The time evolution of Se speciation was mod-
elled by simultaneously integrating equations (1)
and (2) coupled to the Se mass balance (equation
3) using an numerical (Euler) approach:

Seor = Sey (1) + S () + Sepi () (3)

Setot is the total amount of Se in the system
(mol 171, SeIV at time O h was set at the initial Se
concentration of the batch (mol 1™ l) and Se,qs and
Sepyr were assumed to be 0 mol I™" at 0 h. The rate
constants ky, k_; and k, were obtained by fitting
the model results s1mu1taneously to all experimental
BC Se results (Seads, Se® from combining XAS and
Se,q measurements) using the least squares method.
For the surface area of pyrite in BC in equation (2),
values from Pugh ez al. (1981) were used. They mea-
sured surface areas for framboidal pyrite, the main
form of pyrite in BC (De Craen et al. 1998), of
2.3m? g~ for framboids with a mean diameter of
12.5um and 4 m*g~" for framboids of 2-5 pm.
Wei & Osseo-Asare (1997) also found a surface area
of 4.1 m* g~! for pyrite microcrystalites of 1.5 um.
For the model, the surface area of pyrite in the silt
fraction was set to 2.3 m? g~! and that of pyrite in
the clay fraction and total sample to 4 m* g~'. For
clay minerals, Se' sorption takes place on the
edges of clay minerals, by exchange of structural
OH groups (Bergaya er al. 2006; Bruggeman
2006). The BET surface area cannot serve as a
proxy for the reactive edge surface area (Metz
et al. 2005). Here, the clay mineral content in combi-
nation with averaged reported values for specific
edge surface areas was used to estimate the reactive
surface area of the clay minerals (Supplementary
Material, Table S.4). Edge surface areas of clay min-
erals vary from 5.6 0.4 to 29.5+8.7m* g~ for
illite (Sayed Hassan er al. 2006; Macht et al
2011), from4.9+0.7to 15+ 2 m2 -1 for smectites
(Metz et al. 2005; Macht et al. 201 1) and from 2.5 +
0.4 t0 6.3 +3.5m? g~! for kaolinite (Sayed Hassan
et al. 2006). Two different model scenarios were
tested. In the first scenario (Ml) both pyrite and
clay minerals interact with Sel¥ simultaneously:
interaction with pyrite results in ge formation and
interaction with clay minerals leads to the formation
of Sezg The second scenario (M2) is similar to M1,
but includes the possibility of Se'" reduction by clay
as an extra reduction step reducing Sel to SeClay

dSeCla
Ty - kgs Cads “

The rate constant for this reduction step (h™") was
obtained by fitting the model results to the experi-
mental BC Se results using the least squares method.

A sensitivity analysis was performed to evaluate
potential correlations between model parameters and
the time window in which each parameter is impor-
tant. For this a Monte Carlo simulation using latin
hypercube sampling was used. An uncertainty factor
of 3 was used around the fitted k-values. In the case
of the model including parameter k3, two sets of cal-
culations were performed, one with a low k5 value,
107*h~", and one with a higher k5 value of 1073h"
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Results and discussion

Characterization of the BC samples and
their separated size fractions

Results from particle size analysis, sequential extrac-
tions and XRD can be found in Figure 2, Table 1 and
the Supplementary Material (S.1 and S.2). The clay-
size fraction samples (Clay) consisted predominantly
of particles <5um with mostly clay minerals
(smectite, illite and kaolinite) and minor amounts
of quartz and pyrite. The silt-size fraction samples
(Silt) contained particles of between 1 and 50 pm
with quartz, feldspars, micas (illite or muscovite),
pyrite and calcite. The diffractogram of the total sedi-
ment (Total) was very similar to that of Silt but with
relatively lower feldspar and quartz peaks and
slightly broader, more pronounced clay mineral
peaks. The content of clay minerals was more than
twice as large in Clay samples compared with Silt
and Total samples (Fig. 2 and Table 1). Pyrite con-
centrations were lowest in the Clay samples and
were highest in the Silt samples. The Clay samples
were enriched in clay minerals but still contained
trace amounts of micrometre-sized pyrite particles
(SEM imaging, Supplementary Material, Fig. S.3).
Iron extracted by 1 m HCI, was also detected in the
samples and could represent siderite. However,
iron from clay minerals such as chlorite can also dis-
solve in this extractant, which makes exact determi-
nation of the siderite concentrations impossible.

Maossbauer spectroscopy analysis from neighbouring
samples taken from core part I did reveal the pres-
ence of small amounts of siderite (Hoving er al.
2017).

Besides mineralogical variation between differ-
ent size fractions, there were also differences
between samples of the same size fraction. For the
silt-size fraction, the aluminium content of S125
(core slice II), representing clay minerals and feld-
spars, was about 2.5 times lower compared with
S50 and S150. Pyrite content in samples S125 and
T125 (core slice II) was about 2.3 times lower
than for samples S50, S150 and T50, T150 (core
slices I and III), respectively. Small, centimetre-
scale variability of more silty and clayey sediment
has been observed in BC cores from Belgium,
which can explain the variations in the neighbouring
slices observed here.

The organic matter content (Cog) of the Total
sediment samples was 0.59 wt% C for TS50,
0.39 wt% C for T150 and 0.33 wt% C for T125.
For the separated size fractions, Cory Was only mea-
sured in the experiment with core slice III. Organic
matter was predominantly associated with the clay-
size fraction with C150 having 0.89 wt% C,,. The
silt-size fraction contained 0.41 wt% Copg.

Time evolution of aqueous Se

Figure 3 shows the normalized aqueous selenium
concentrations (Se,q/Se) in the batch experiments
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Fig. 2. Particle size distribution of the separated clay, silt and sand fraction and the total sediment of BC core

slice II1.
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Table 1. Overview of sample characterization by particle size analysis, Fe sequential extraction, elemental

analysis (Al), and mineralogical analysis

Sample Core <8 pum* 8-63 pm* >63 um* FeHC]T FeHNo; Al Qutmz§ Feldspars§ Clay minerals/
micas
vol% vol% vol% wt% wt%  wt%  wt% wt% wt%
Clay
C50 1 40 57 3 0.42 0.26 9.6 30 2 60
C125 1T 67 23 10 0.68 0.37 8.7 21 1 70
C150 I 94 6 0 0.62 0.36 9.9 12 0 79
Silt
S50 1 23 72 5 0.28 0.88 8.1 40 19 36
S125 I 25 71 4 0.18 0.37 34 54 13 25
S150 I 42 56 0 0.29 0.99 6.4 45 21 28
Total
TS50 1 30 49 21 0.39 0.88 8.2 43 13 36
T125 1I 31 41 28 0.26 0.45 6.4 47 14 32
T150 I 32 47 21 0.48 1.14 6.7 44 12 35

*Particle size fractions in volume percentage coinciding with the clay-size fraction (<8 um), the silt-size fraction (8-63 pum) and the sand-size

fraction (>63 um).

Fe extracted in a sequential extraction. Feycy is Fe' extracted by 1 M HCI (step 2 in Claff er al. 2010), which in these samples probably
represents Fe from siderite. Feynos is Fe extracted using concentrated HNO; (step 5 in Claff er al. 2010) and represents Fe from pyrite.
*Aluminium is measured by ICP-OES in a solution from sediment digested by HF, HNO3, HCI and HCIO,.

SWeight percentages from semi-quantitative analysis of XRD spectra with an error of around 5 wt%.

over time. For all samples, between 10 and 60% of
Se, was removed in the first 3 h, which was fol-
lowed by a slower, gradual decline. The existence
of at least two kinetic stages can be explained by
the involvement of two or more processes contri-
buting to Se,q removal. The initial fast removal
could be assigned to fast adsorption of selenite while
the slower, gradual removal may reflect selenite
reduction proceeding with slower kinetics. After 23
days, Se,q concentrations reached steady state. The
apparent Ky values for selenium, irrespective of its
oxidation state, after 35 days reaction time ranged
between 1700 and 9000 ml g~' for Total, between
650 and 2300 ml g~' for Silt and between 2000
and 10000 ml g~ for Clay. These values exceed
by far K4 values reported for selenite adsorption to
different types of pure clay minerals at pH 8,
which range between 10 and 200 ml g~' (Brugge-
man 2006; Missana et al. 2009; Ervanne et al.
2016). This implies that the removal of Se,q cannot
be ascribed solely to selenite adsorption on clay min-
erals. The steady-state Se,q concentrations for the
experiment with Total were between 0.3 and
1.0 um. These concentrations are comparable with
the steady-state Se,q concentration of 0.26 um
found by Bruggeman er al. (2005), who performed
batch experiments with BC and selenite with the
same sediment load but lower selenite concentra-
tions (5 um). For Silt and Clay the Se,q concentra-
tions at steady state were 1-3 and 0.3-0.5 um,
respectively. The solubility of Se® under conditions

representative for BC was measured to be between
0.0017 and 0.3 um (De Canniere et al. 2010). Thus,
the measured steady-state concentrations exceed
the solubility of Se’. Bruggeman ez al. (2005) also
observed that in BC batch systems a considerable
amount of Se,q was associated with dissolved
humic substances causing higher Se concentrations
in solution. Dissolved organic carbon concentra-
tions, measured in the supernatants of our ex;i)eri—
ments, were 0.08 g C ™! for Total, 0.20 g C 1™ for
Silt and 0.36 g C I™! for Clay. The final Se,q concen-
trations are therefore probably a consequence of sub-
stantial reduction of Se™ to Se” in combination with
equilibrium partitioning of the remaining Se'v
between solid and solution and possibly Se associ-
ated with dissolved humic substances.

In general Se,q removal proceeded faster in
experiments with Clay fraction and Total samples
than in experiments with the Silt fraction (Fig. 3).
This general trend follows the differences in reactive
surface area which is expected to control the rates
of heterogeneous reactions. However, the kinetics
of Se,q consumption vary considerably between
experiments within the same grain size classes.
Although these variations in consumption rates
might be caused by the differences in initial selenium
concentrations, they appear to be more related to
mineralogical differences between samples. Samples
S50 and S125 exhibit similar consumption rates even
though their initial selenium concentrations were
almost 3-fold different. On the other hand, S125
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Fig. 3. Time evolution of Se concentrations in solution divided by initial Se concentration plotted for experiments
with clay-size fraction (left), silt-size fraction (middle) and Total BC sample (right). Error bars represent the range of
duplicate experiments. Different markers represent experiments with different initial Se concentrations. Experimental
conditions: pH ~8, I ~ 0.35 M and a solid to liquid ratio 50 g I™'. Results from kinetic model M2 are presented as

dashed lines.

and S150 have more similar initial Se concentrations
but have very different consumption rates. The
amount of particles in the <8 um size fraction was
almost twice as high in S150 as in S50. The higher
surface area of S150, and possibly larger amount
of clay minerals, can explain why Se,, removal
was faster than in the experiment with S50. Although
less pronounced, the difference in kinetics between
the two clay fraction samples and also between the
Total samples appears to be related to a higher clay
mineral content. The influence of pyrite content on
the kinetics of selenite consumption appears to be
limited, as can be observed from the similar kinetic
behaviours of samples T125 and T150, which have
very different pyrite contents.
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Speciation of solid-bound Se through time

In order to better constrain the contributions of
adsorption and reduction to the removal of Se,q,
the speciation of the solid-bound Se was investigated
by analysing its XANES and extended EXAFS of its
X-ray absorption spectra. XANES analysis revealed
a progressing reduction of selenite. That is, the peak
at 12 656 eV, which is characteristic for adsorbed
selenite, decreased as the peak at 12 652.5 eV, char-
acteristic for red Se’, increased (Fig. 4). In the
EXAFS spectra, the reduction of selenite is reflected
by a diminishing contribution of the Se—O scattering
path, dominating the EXAFS spectrum of adsorbed
selenite, which is replaced by Se-Se scattering in

Fig. 4. Selenium K-edge XANES (a) and EXAFS (b) spectra of Se on BC samples (T150) reacted for different time
periods and of two standards, selenite adsorbed on montmorillonite and Se?ed. Circles represent measured data, solid
lines represent the results of the linear combination of the spectra from the two standards.
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elemental selenium. The corresponding contribution
to the EXAFS spectrum is characterized by oscilla-
tions of higher frequencies and a maximum ampli-
tude at higher k-values compared with the first
shell Se-O scatting path. The EXAFS spectrum of
Se after reaction with the Total sample can be
explained by Se-Se scattering paths with lengths
and coordination numbers which are typical for
Se” bound in Seg rings. The EXAFS spectra of
samples containing adsorbed selenite are dominated
by the resonance features of the three oxygen
atoms surrounding the Se in selenite at a distance
that has been previously reported for selenite
adsorbed onto montmorillonite (Peak et al. 2006;
see Supplementary Material for details of EXAFS
fitting).
All XANES and EXAFS spectra could be
reproduced very well by linear combination fitting
using two standards selenite adsorbed onto mont-
morillonite (Se ¢) and red elemental Se (Se ). The
corresponding fractlons for Se® and Sel, ads Obtained
from EXAFS and from XANES spectra were similar
(Supplementary Material, S.4, Table S.2). The
results from linear combination fitting are in agree-
ment with those obtained by a more elaborated

233

analysis, combining component analysis, varimax
rotation and iterative target testing (Supplementary
Material, S.4, Table S.2).

Relative concentrations of solid-bound Se?,; and
SelY. and the distribution of Se?; and Sel, relative to
Seyo at different reaction times are presented in Fig-
ure 5. For Clay and Total, initially (at 1.5 h) ¢. 60%
of the solid-bound Se was in the form of Seads For
the silt-size fraction, the percentage of Sel¥ was
much lower, namely 40%. Through time the relative
Sel, concentrations increased while the relative
SelY. concentrations decreased. After 30 days, 98%
of solid-bound Se was present as Sered in all investi-
gated samples and only 1.8% as Sely . These results
support the interpretation of the Se,q dynamics that
the initial fast removal of Se,q in contact with
Clay and Total (Fig. 3) can be predominantly attrib-
uted to adsorption of SeV. Although the relative con-

centrations of Sel, s decreased with time, the absolute
concentrations of Sely. increased in the first 1.5 h,
after which they remained approximately constant
up to about 24-72h and decreased afterwards.
This implies that after fast, initial adsorption the
increase in solid-bound selenium was dominated
by reduction of selenite to Se” while the pool of
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Fig. 5. Top: relative amounts of solid-bound Se species, Sedd\ (red bar) and Se° (black bar), in the clay, silt and total
sediment samp]e (C150 S125, S150, T125 and T150) at different time steps. Bottom: time evolution of solid Se (Se/

Seyor) species, Sely

(red triangles) and Se° (black squares). Samples with Se,, 125 um are represented by open

markers and with Sey,, 150 um by closed markers. The lines represent the results from the kinetic model (M1,
adsorption by clay minerals and reduction by pyrite; M1*, same as M1 but with k, fixed and the surface area of pyrite
fitted; M2, adsorption by clay minerals and reduction by pyrite and by clay minerals).
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Sel¥. remained practically at a constant level. How-
ever, towards the end of the experrment when Seyq
had largely been consumed, Seald also vanished
and eventually ended up as Se? in all experiments.

The quality of the EXAFS spectra is insufficient
to unravel the detailed coordination environment of
Sel¥. beyond the first oxygen shell. Hence, neither
the sorbent nor the specific mechanism for selenite
adsorption in these BC samples could be discerned
from the spectroscopic results. Furthermore, reduc-
tion of selenite by pyrite is considered to be preceded
by adsorption of selenite which is then followed by
electron transfer reactions, ultimately leading to the
formation of Sered, grey Se” or FeSe, (Bruggeman
et al. 2005; Kang et al. 2011, 2013; Curti et al.
2013). Consequently, selenite adsorbed onto pyrite
might account for a part of Sely.. For BC, the amount
of clay minerals in Clay, Silt and Total samples is
much higher (>10 times) than that of pyrite. Further-
more, the reactive surface area is probably higher for
the clay minerals than for the pyrite particles; the sur-
face areas of edge sites of various clay minerals range
between 5 and 30 m? g~! (Metz et al. 2005; Sayed
Hassan et al. 2006; Macht et al. 2011), while the
surface areas of pyrite particles range between 2.3
and 4 m* g~ for the smallest framboids <12.5 pm
(Pugh et al. 1981; Wei & Osseo-Asare 1997). This
suggests that selenite adsorption on clay minerals is
probably dommatlng SelV . This assumption is sup-
ported by Sely and Se® concentrations for Total,
T125and T150 (Supplementary Material, Table S.3).
These have very similar Seadg concentrations at each
measured time step, coinciding with their very simi-
lar clay mineral contents, whereas their pyrite content
varies by a factor 3. The higher Sel concentrations
in Clay compared with Silt and Total also supports
the conclusion that most of the Sely, is bound to
clay minerals.

When assuming that all Se,q is 1n the form of Se'"
the concentration of dissolved Se' can be used in
combination with the contents of Sely. to calculate
and monitor apparent Ky values for selenite through-
out the course of the experiments. After a reaction
time of 3.5 h, the apparent Ky values for selenite
stayed virtually constant until almost all solid-bound
selenium (<3.5% Se,,) had been reduced and the
uncertainty of determining Se;)j/S concentrations
became large. This indicates that sorption processes
are fast enough to maintain equilibrium despite the
perturbation of the equilibrium owing to removal of
Se™ by reduction. When normalizing the apparent
K4 values to the clay content, comparable values of
¢. 6.5ml g~ were obtained for the various experi-
ments despite different Se,, concentrations and
clay mineral contents (Supplementary Material,
Fig. S.6). The latter further confirms that clay miner-
als are the dominant sorbent for selenite. This Ky
value is low compared with reported Ky values for
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selenite adsorption on standard (oxic) clay minerals
(100-200 ml g, e.g. Missana ez al. 2009). Studies
have shown that, upon reduction, the properties of
clay minerals, such as surface area and CEC, can
change dramatically (Stucki er al. 1984; Kostka
et al. 1999). In reduced clay minerals, a lower spe-
cific surface area and a higher surface charge density
were observed, which may explain the observed
lower affinity of selenite to the clay minerals in BC.
Furthermore, it might be possible that part of the
selenite adsorbed on clay minerals is directly reduced
to Se” (see next paragraph). However, if pyrite is the
main reductant for selenite, the partial adsorption
equilibrium implies that desorption is fast enough
to keep up with reduction of selenite by replenishing
the pool of dissolved selenite for reaction with pyrite.
This, in turn, means that adsorption of selenite on
clay minerals does not significantly interfere with
reduction of selenite by pyrite. In order to quantita-
tively elucidate the interplay of adsorption and reduc-
tion, the kinetic model was developed.

Kinetic model of selenite interaction with BC

The results from fitting the kinetic model to the
observed data are shown in Figure 5 and the corre-
sponding rate constants are listed in Table 2. Input
parameters for Clay, Silt and Total samples are pre-
sented in the Supplementary Material (Table S.4).
The sensitivity analysis showed that in the first
20 h k; and k_, are most influential on the Se,q con-
centrations and that parameter k, takes over after 40
h. Sensitivity curves of k, and k5 are very similar,
which indicates that it is hard to distinguish the
two reduction processes.

The kinetic model, M1, which includes adsorp-
tion and desorption of selenite on clay minerals
and reduction of selenite to Se® by pyrite is able to
reproduce the time evolution of SelY, in all experi-
ments. Se® production is reproduced Well in experi-
ments with S150 and Total but is underestimated
for experiments with Clay fraction samples with
rates being 2-fold lower. To evaluate the fitted rate
constants we compared them with rate constants
from experiments with selenite and individual clay
minerals and pyrite. These were not directly avail-
able from the literature, but could be obtained by fit-
ting literature data from selenite experiments with
clay minerals and with pyrite using integrated ver-
sions of equations (1) and (2) (Supplementary Mate-
rial, S.6), respectively (clay minerals — Bar-Yosef &
Meek 1987; Bruggeman 2006; Missana et al. 2009;
and pyrite — Bruggeman er al. 2005; Kang et al.
2011; see Supplementary Material S.7).

The values for k; and k_; obtained from our
experiments with BC for Se" adsorption (0.0002 h™"
L m~2and 0.3 h™!) lie within the range of derived k;
and k_; values of Se'" adsorption on clay minerals
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Table 2. Rate constants obtained by fitting data of aqueous Se'” removal due to sorption to clay minerals (top of table) and pyrite (middle of table) using equation

(1) and (2) respectively. k'1 is the fitted, conditional, pseudo first-order rate constant which has been converted in to k; and k_; based on the equilibrium distribution
coefficient, K, and the properties of the solids. In the bottom part of the table the rate constants obtained by fitting the kinetic model (equation (1), (2) and (3)) for Se'
adsorption to and reduction by Boom Clay are displayed

Mineral Solid/solution Seor A1 k' ky k_y Ky k> ks R?
(g™ (mol 171 @™ 10PLh'm™® @) @mlgh) J0PLhT'm™) (7
Clay minerals
Illite du Puy* 3 4E-8 17-89 0.06 0.7-3.6 0.19 105" 0.98
Illite du Puy* 0.5 1E-8 2.8-15 0.08 5.6-29.2 1.26 130 0.88
Fithian Illite (this study) 15.5 SE-5  87-457 0.8 1.7-9.2 0.24 215 0.85
Smecite FEBEX* 0.5 1E-8 2.5-75 0.02 2.6-8.1 0.19 212 0.68
Smectite SWa-1 (this study) 26.8 SE-5  131-402 0.11 0.3-0.8 0.02 195 0.77
Smectite SWa-1, reduced 15 5E-5  74-225 0.02 0.09-0.3 0.03 39 0.72
(this study) )
Kaolinite Georgia® 10 1.6E-6  25-63 0.2 3.2-8.0 0.07 285 0.86
Pyrite
Bruggeman et al. (2005) 25 SE-6 2.2 0.28 0.94
Bruggeman et al. (2005) 2.5 1E-6 22 0.67 0.95
Bruggeman et al. (2005) 10 SE-6 8.8 0.68 0.96
Bruggeman et al. (2005) 10 1E-6 8.8 2.6 0.93
Kang et al. (2011) 7.5 1.35E-3  0.83 0.29 0.53
Kang et al. (2011) 7.5 448E-3  0.83 0.78 0.96
Boom Clay SA,,lm? g™
M1 50 SE-5 C4,S:23T:23 0.2 0.3 7.14 53 0.85
M1* (fixed k, fit SA) 50 SE-5  C:23, S1251 0.2 0.3 7.14 2.6 0.96
S$150:2.314.6
T125IT150:613
M2 50 SE-5 C4,S:23T:23 0.2 0.3 7.14 24 0.042 093

*Bruggeman (20006).

"The selenite adsorption onto Illite du Puy by Bruggeman (2006) consisted of two phases, adsorption and possibly occlusion. Here, the k-values and the K, are calculated for the first, fast phase.

#Missana et al. (2009).
SBar-Yosef & Meek (1987).
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(Table 2). The k, value, however, is about 8 times
larger than the average k, value derived from selenite
reduction experiments with pure pyrite. One reason
for this deviation could be that the specific surface
area of pyrite in the BC samples was underestimated,
leading to an overestimation of k, values. When
using the highest k, value obtained from literature
data and fitting the surface area (M 1%*), the followin%
optimized surface areas were obtained: 4.2 m*> g~
for pyrite in Total; 4.9 m* g~ for pyrite in Silt frac-
tion samples; and 21 m* g~' for pyrite in Clay frac-
tion samples. Using this procedure led to a better
agreement between the modelled and determined
Se? concentrations. The fitted pyrite surface area in
Clay is comparable with the BET surface area of
microwave synthesized pyrite (15.9 m* g~ (Kim &
Batchelor 2009) but by far exceeds the specific sur-
face area of 4 m? g~' reported for both framboidal
pyrite of 2-5pum and pyrite microcrystalites of
1.5um (Pugh et al. 1981; Wei & Osseo-Asare
1997), which are typical sizes and forms of pyrite
observed in the SEM micrographs of our BC samples
(Supplementary Material, Fig. S.3)

Direct reduction of Se'” by reduced clay minerals
as a parallel pathway for Se® production in BC pro-
vides an alternative explanation for the faster reduc-
tion of Se' than expected based on the content and
properties of pyrite and reported reduction kinetics.
The possibility of Se'” reduction by adsorbed Fe"
on clay minerals has been reported (Charlet et al.
2007) and reduction of Cr¥" and Tc¥"™ by reduced
clay minerals has been demonstrated (Peretyazhko
et al. 2009; Taylor et al. 2000; Yang et al. 2012;
Bishop et al. 2014). This could also be an explana-
tion for the low K, values found for clay minerals
in BC, with adsorbed Se' constantly being reduced
to Se’. The electron donating capacity of clay miner-
als/natural organic matter in BC, measured by medi-
ated electrochemistry, is ¢. 40 umol e~ g~' (Hoving
et al. 2017), which exceeds the required electron
donating capacity for reducing all Se'” to Se® by
1040 times. An extended model including a first-
order reduction term for SelY. (Model M2 Fig. 5,
solid line) was able to reproduce the kinetics of
Se™ reduction in all experiment with k, value and
pyrite surface area in the expected ranges. In this
scenario, reduction by clay minerals accounted for
about 40% (Total and Silt) to 90% (Clay) of Se’ pro-
duction. However, additional experiments with
isolated, reduced clay minerals are necessary to con-
firm that Se" reduction by structurally bound Fe" in
clay minerals occurs within the time frame of these
experiments. In any case, the capability of the mod-
els M1* and M2 to reproduce the measured trends in
experiments with different initial concentrations sup-
ports the adequacy of the kinetic model by conceiv-
ing adsorption and reduction as first order with
respect of dissolved selenite.

A. L. HOVING ET AL.

Conclusions

Irrespective of whether or not reduction of selenite by
clay minerals contributes to the Se? reduction, our
results demonstrate that adsorption of selenite to
clay minerals does not prevent quantitative reduction
of selenite within the timescale of the experiments. In
case that pyrite is the dominant reductant for selenite,
desorption of selenite adsorbed to clay minerals is fast
enough to replenish the pool of dissolved selenite, a
prerequisite for the reaction with pyrite. The main
final product is Se” which means that in the long
term, solubility of Se® will likely constrain Se mobil-
ity. The reductive capacity of clay sediments for
selenite might be higher than anticipated when based
on pyrite alone, due to the potential pathway of selen-
ite reduction by reduced clay minerals. The adsorp-
tive capacity for reduced clays may however be
overestimated when literature Kj-values, based on
selenite adsorption onto oxic clay minerals, are used.

Supporting information

X-ray diffractograms of separated clay-size, silt-size
and total BC material are available as supplementary
information. Also provided are particle size distribu-
tions of all materials and extra information on
XANES and EXAFS results, Se concentrations
through time for experiments with standard clay
minerals and figures of the sensitivity analysis of
the kinetic model.
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