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Abstract Geologic repositories for spent nuclear
fuel use bentonite as a buffer to protect the metal-
lic containers confining the radioactive material.
Sulfate-reducing bacteria, which may be present
in groundwater, at the bentonite—host rock inter-
face or eventually within the bentonite may produce
sulfide, representing a potential threat for the metal-
lic canisters, particularly copper. Bentonites can act
as potential sulfide scavengers. Little is yet known,
however, regarding the underlying mechanisms, the
maximum extent of sulfide consumption, and the
potential impacts on bentonite structure under reposi-
tory conditions. In the current study, concentrated
(4-150 mM) sulfide solutions were reacted in batch
experiments with six natural Fe-bearing bentonites,
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with various purified Fe-bearing components of ben-
tonite (a series of purified montmorillonites and three
iron (oxyhydr)oxides), and with one synthetic mix-
ture, for up to 1.5 months at pH values ranging from
7 to 13. The solutions were analyzed by colorimetry
to determine sulfide and polysulfide concentrations
and the solids were analyzed by >’Fe Mossbauer
spectrometry to determine iron speciation. Impor-
tant sulfide consumption coupled with a reduction of
structural Fe in the clay samples was observed. Not
all clay structural Fe was reactive toward sulfide;
the proportion of active structural Fe depended on
the clay structure and pH. In the presence of excess
sulfide in solution regarding Fe in the solid sample,
the clay structural Fe was found to be the main reac-
tant while the reaction with iron (oxyhydr)oxides was
largely inhibited. Three bentonite groups were distin-
guished, based on the sulfide oxidation capacity of
their main clayey component.

Keywords Bentonite - Iron - Iron (oxyhydr)oxides -
Montmorillonite - Redox - Sulfide

Introduction

In current geologic-repository concepts, high-level
spent nuclear fuel will be placed in metallic can-
isters, separated from the host rock by compacted
bentonite (i.e. a type of swelling clay) referred to
as a ‘buffer’. Copper was chosen in the Finnish and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42860-023-00254-4&domain=pdf
http://orcid.org/0000-0003-4802-4805
https://doi.org/10.1007/s42860-023-00254-4
https://doi.org/10.1007/s42860-023-00254-4
https://doi.org/10.1007/s42860-023-00254-4

578

Clays Clay Miner. (2023) 71:577-599

Swedish concepts for the outer shell of the spent
fuel canisters because of its high resistance to cor-
rosion under anaerobic conditions (King & Lilja,
2014; Nagra, 2002). Nevertheless, this material is
sensitive to corrosion by sulfide ions (Kong et al.,
2017). Sulfate reduction by sulfate-reducing bac-
teria is generally considered to be the main source
for sulfide. Sulfide production can occur in ground-
water, at the interface of the high density (com-
pacted) clay with the host rock or within the host
rock (Bengtsson & Pedersen, 2016), or even within
the bentonite barrier if the density is low enough
(Grigoryan et al., 2018; Masurat et al., 2010a; Ped-
ersen et al., 2017). The production of sulfide in the
vicinity of the canisters or the transport of sulfide
from adjacent groundwater to canisters may induce
significant sulfide fluxes to the canisters, thereby
decreasing their lifetime. Such production has been
shown to be possible, although limited by compac-
tion of the bentonite buffer material (Bengtsson &
Pedersen, 2016, 2017; Grigoryan et al., 2018; Mas-
urat & Pedersen, 2004; Masurat et al., 2010b; Ped-
ersen et al., 2000). Furthermore, bentonites have
also been found to react to some extent with sulfide,
and an immobilization capacity of 30-40 mmol kg™
of bentonite has been estimated recently (Pedersen
et al., 2017; Svensson et al., 2017).

Bentonites have been used as H,S gas scrubbers in
various industrial and mining applications for>30 y
(Stepova et al., 2009). The immobilization of sulfide
by bentonite involves a redox interaction with iron
present in smectite (structural Fe, Fe ) and also in Fe
(oxyhydr)oxides, present as accessory minerals. On
the one hand, the interaction between Fe (oxyhydr)
oxides and sulfide has been studied for the last four
decades (Dos Santos Afonso & Stumm, 1992; Pei-
ffer et al., 2015; Poulton et al., 2004; Rickard, 1974).
On the other hand, the ability of reduced sulfur-bear-
ing species to reduce Feg, in clays has been known
for>50 y, and has been used widely in research on
the redox properties of Feg, (Stucki, 2006a). The vast
majority of these studies have focused on the impact
of the redox process on the clay sample (rarely on
the sulfidic reducer) and also generally used dithion-
ite instead of sulfide. Despite the numerous studies
devoted to this topic, little is known about the under-
lying reduction process and its limitations, the iden-
tity of the oxidized sulfur-bearing species, and the
global effect on clay properties.

@ Springer

https://doi.org/10.1007/s42860-023-00254-4 Published online by Cambridge University Press

To date, only one study has reported one data point
on one sample relative to the extent of Fe . reduction
achieved in an Fe-rich pure clay (nontronite SWa-1)
using a concentrated sodium sulfide solution (Gan
et al., 1992). This previous study inferred a sulfide
immobilization capacity of at least 180 mmol kg™' for
this nontronite. No data are available for montmoril-
lonites (the main Fe constituent in most bentonites),
or for commercial bentonites. The few studies of
sulfide-bentonite interaction under repository condi-
tions published so far (Pedersen et al., 2017; Svensson
et al.,, 2017) employed low-sulfide concentrations,
which generally resulted in complete consumption of
sulfide. The disadvantage of these studies is that the
concentrations of oxidation products and the impact
on the clay material were too low to be quantified or
even detected in some cases.

The goal of the present study was to overcome
these issues by employing significantly higher sulfide
concentrations in the batch experiments. Exces-
sive sulfide concentrations (relative to available Fe
pools) were used to measure residual concentrations
of sulfide after interaction with the samples. The aim
was also to maximize the impact on the bentonites
and determine the maximum extent of sulfide con-
sumption. Investigated samples included six natu-
ral bentonites with a range of composition, purified
Fe-bearing components commonly found in those
bentonites (mainly montmorillonite and accessory
Fe (oxyhydr)oxides), and a synthetic blend of pure
montmorillonite and goethite. These various series
of samples were in contact with concentrated solu-
tions for periods of 1 h to 1.5 months under anaerobic
conditions and at pH conditions between 7 and 13.
Sulfide concentration was measured colorimetrically.
The major detectable product in solution (polysulfide)
was also determined colorimetrically. The impact on
the solid sample regarding iron speciation (i.e. the
extent of reduction of Fe and structural localization)
was determined by ’Fe transmission Mossbauer
spectrometry.

Materials and Methods
Anaerobic Conditions

All experiments were prepared and sampled in a
glovebag with a 95:5 N,:H, atmosphere equipped
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with two palladium catalyst scrubbers (Coy Labora-
tory Products Inc., Grass Lake, Michigan, USA). The
ultrapure Milli-Q® water was degassed by bubbling
with N, for a minimum of 2 h and then exposed to the
atmosphere of the anaerobic chamber for a minimum
of 1 day. The materials studied were also exposed to
the atmosphere of the anaerobic chamber for a few
weeks prior to use.

Materials Studied and Chemicals

All samples studied and chemicals used are listed
in Supplementary Material Table S1. Fe (oxy-
hydr)oxides (Sigma Aldrich, St. Louis, Missouri,
USA) and two pure montmorillonite samples (PGV
and PGN, Nanocor Inc., Aberdeen, Mississipi, USA)
were used as purchased. The other montmorillonite
samples were first fractionated to<2 pm by the elu-
triation technique (Yamamoto, 2000), either Na- or
Ca-saturated, and freeze-dried before use. The min-
eralogical purity of the clay samples was checked
by X-ray diffraction (XRD, data not shown), X-ray
fluorescence (XRF, Table S2), and Mdssbauer spec-
trometry (all data given in the Supporting Informa-
tion document). Only the montmorillonite GeM
(purified by the author from bentonite GeoB sup-
plied by A-Insintorit Oy, Tampere, Finland) still
contained detectable Fe-bearing impurities (account-
ing for 7-9% of total Fe, i.e. <0.2 wt.%) which could
not be identified clearly (Fig. S8 and Table S8). The
montmorillonite SWy (CMS Source Clays, Chan-
tilly, Virginia, USA) was also deemed to contain a
greater proportion of illitic layers than the other sam-
ples, mainly based on its initially large proportion of
structural Fe?* and interlayer potassium (Meunier &
Velde, 2004). On the basis on their structural formula
(Table S3, derived from XRF analysis), the montmo-
rillonites studied can be classified into two catego-
ries: ‘Wyoming’ versus ‘Chambers’ montmorillonites
(according to the classifications of Grim and Kulbicki
(1961) and Schultz (1969), based on octahedral com-
position, with similar Fe content in both types, but
larger Mg content in the Chambers type).

The natural bentonites studied (supplied either by
A-Insindorit Oy or by SKB, Solna, Sweden) are from
the Czech Republic (CzeB), India (IndB), Italy (ItaB),
Georgia (GeoB), Greece (GreB) and USA (WyoB).
The bentonite samples were crushed by hand in an
agate mortar and sieved (500 um). One synthetic
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bentonite was produced by mixing 20 g of puri-
fied SWy with 200 mg of goethite. Raw bentonites
showed contrasting mineralogical composition, espe-
cially regarding Fe-bearing phases (Table S4). The
two Fe-richest bentonites (Czeb and IndB) contain
about equivalent proportions of Fe in both clay struc-
ture (Fey,) and in accessory minerals (Fe,., mainly
goethite with some hematite). ItaB contains a smaller
but still notable proportion of Fe,.. (mainly hematite).
A variety of Fe-bearing accessory minerals was also
found in the Fe-poorer WyoB using SEM and Raman
spectroscopy (Hadi et al., 2017; Wersin et al., 2021),
but Mossbauer and XRD data showed that those min-
erals are present only as traces. This may also be true
of GreB, but no SEM or Raman data are available to
confirm this. GeoB displays a composition similar to
GreB, with a moderate Fe content and a large smec-
tite content. The clay component is probably similar
in GreB and GeoB (similar color, clay composition,
and cation exchange capacity (CEC)). Still, a small
portion of a superparamagnetic Fe (oxyhydr)oxide
could also be detected in GeoB with Mdssbauer spec-
trometry (2-5%, Fig. S23 and Table S17).

Batch Experiments

All experiments were carried out in 35 mL polysul-
fone (PSF) centrifuge tubes (Nalgene™ Oak Ridge
centrifuge tube, Thermo Fisher Scientific, Basel,
Switzerland). The liquid-to-solid (L/S) ratio was set
in order to operate with sufficient mass of both the
solid sample and solution for final collection and
characterization. The starting sulfide concentration
was adjusted according to the total amount of iron
present in the reaction tube in order to, ideally, have
twice as much sulfide as required to reduce all the Fe,
assuming two electron transfers (Half-cell redox reac-
tions Eqgs. 1 and 2).

Fe’* + ¢ o Fe?* €))

HS™ +20H™ & 1/8S¢ +2¢~ + 2H,0 )

In the case of clay, Fe, was expected to remain in
the clay octahedral structure (Hadi et al., 2013; Stucki
et al.,, 1984). An analogous mechanism was envi-
sioned in the case of Fe (oxyhydr)oxides (following
Dos Santos Afonso & Stumm (1992), Poulton et al.
(2004), and Peiffer et al. (2015)), where one mole of

@ Springer


https://doi.org/10.1007/s42860-023-00254-4

580

Clays Clay Miner. (2023) 71:577-599

sulfide would reduce two moles of Fe**, but would
also be accompanied by dissolution of the sample,
release of Fe?*, and possible further precipitation as
FeS- bearing compounds, such as mackinawite and/or
recrystallization of the Fe (oxyhydr)oxide substrate.

Concentrated reacting solutions of 4-250 mM
Na,S were first prepared. NaCl was also added to
establish similar ionic strengths in all experiments
(100 mM or 250 mM total Na in experiments with
clays or Fe (oxyhydr)oxides and Fe-rich bentonites,
respectively). A few experiments used unbuffered
sulfide solutions (basic pH, i.e. pH> 13). Otherwise,
the pH was adjusted to ~8 through the dropwise addi-
tion of a dilute 0.6 mM HCI solution. All experi-
ments were prepared gravimetrically. The solid sam-
ple was first introduced into a tared tube. The volume
of reacting solution was then adjusted to obtain the
desired L/S ratio. The tubes were stirred using a rotat-
ing shaker. After a given reaction time, solutions
were centrifuged (8—15 min at 28,408 X g) outside the
anaerobic chamber and reintroduced carefully into the
anaerobic chamber. The supernatants were collected
(half the volume filtered to 0.2 um, and the remain-
ing part kept unfiltered). The solid was freeze dried
outside of the anaerobic chamber. Anaerobic condi-
tions during transfer between the anaerobic chamber
and the vacuum freeze-drying chamber were ensured
by placing the sample in a vacuum sealable jar. Most
investigated bentonites samples were reacted in two
batch experiments lasting 24 h and 1 month. Two
bentonite samples (WyoB and Syn-Mix) were reacted
in a more time-resolved manner (ten experiments per
material, lasting for 1, 2, 4, 12, 24, 48 h, and 1, 2, 3,
4 weeks).

Sulfide Analysis

Sulfide analyses were carried out using a modified
methylene blue (MB) colorimetric method (Cline,
1969; Reese et al., 2011). The diamine reagent was
prepared outside the anaerobic chamber by dissolv-
ing 100 mM of FeCl; first and then 100 mM N-N-
dimethyl-p-phenylenediamine sulfate in 6 N HCI.
This solution was then introduced into the anaerobic
chamber and exposed to its atmosphere for 1 h while
stirring. All samples were treated in the same way as
the standard solutions. The first step of dilution was
carried out in the glove box. The amount of sample
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(0.44-5 mL) was determined gravimetrically by intro-
ducing it into a 50 mL flask half filled with deionized
water (placed on a scale). Then a fixed volume (5 mL)
of diamine reagent was added, the flask was filled to
the volume mark with pure water and closed. At least
30 min after color development, a second dilution of
60-65 pL of sample in 4 mL of pure water was per-
formed gravimetrically outside the glove box. This
sample was then analyzed by colorimetry (absorb-
ing wavelength 671 nm), and its pH was measured.
The sample and standard preparation were carried out
so that narrow ranges of pH (2.00-2.20) and probe
concentrations were achieved following the two-step
dilution, and thus within a small absorbance range
(0.70-0.85). Along with each series of measured sam-
ples, a 90 mM Na,S solution at high pH (pH~13) was
used as a control sample for the duration of the study
(1 y). Measurements were considered valid when the
uncertainty in the determination of its concentration
was + 2% of the nominal value (Fig. S2).

Polysulfide Analysis

Elemental sulfur is produced as a result of the oxi-
dation of sulfide (Peiffer et al., 1992; Poulton, 2003;
Poulton et al., 2004; Pyzik & Sommer, 1981) (Egs. 1
and 2), and, it can react further with sulfide to form
polysulfide (Steudel, 2003) which yields a strong yel-
low coloration to solutions (Eq. 3).

HS™ + (7 —1)/8Sy + OH™ < S + H,0n>2  (3)

A simple, direct colorimetric method was applied
to the analysis of polysulfide (Giggenbach, 1972;
Pyzik & Sommer, 1981). The calibration of the
method was based on the sulfide consumption meas-
ured in synthetic solutions of sulfide and elemental
sulfur produced under conditions similar to those
observed in the experiments (excess sulfide, pH
between 8 and 13, see Supporting Information). An
aliquot of the supernatant of the final sample was
diluted with pure deoxygenated water inside the
anaerobic chamber. The diluted solution was then
placed in a cuvette, which was capped (Elkay Labora-
tory Products Ltd, Basingstoke, UK) prior to be being
removed from the anaerobic chamber. The solution
was analyzed within 20 min, scanning the entire visi-
ble spectrum. The absorbance at 371 nm was used for
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quantification, using the calibration curve established
at pH 8-9 (Fig. S2).

5"Fe Mossbauer Spectrometry

Sample preparation was performed in the anaerobic
chamber. An aliquot (80—400 mg depending on the
iron content) was sealed in a small poly(methyl meth-
acrylate) (PMMA) cup, using degassed araldite resin.
The Mossbauer spectra were recorded at room tem-
perature (RT, 300 K) and in many cases also at 77 K,
using a constant acceleration spectrometer (driving
unit supplied by WissEl GmbH, Starnberg, Germany)
and a 3’Co source diffused in a rhodium matrix. The
transducer was calibrated using an a-Fe foil at RT. The
values of the hyperfine parameters were refined using
the unpublished MOSFIT least-squares fitting proce-
dure (by Varret & Teillet, Le Mans Université, France)
with a discrete number of independent quadrupole
doublets and magnetic sextets composed of Lorentz-
ian line shapes. The values of isomer shift (IS) are
quoted relative to that of the a-Fe spectrum obtained
at RT. The relative proportions of each Fe species were
derived from their relative spectral area. Indeed, the
f-Lamb-Mossbauer factors (recoil-free fraction), which
corresponded to the fraction of gamma rays emitted
and absorbed without recoil, were assumed to be the
same for the various phases present in the samples and
for the different Fe species present in the same phase
(Giitlich et al., 2011; Mdssbauer, 1958; Tzara, 1961).
All quadrupole doublets observed corresponded to
high-spin octahedral Fe paramagnetic species (further
referred to as ‘para-Fe’) that were interpreted in most
cases as clay structural Fe (Feg,) in the present study.
All magnetic sextets represent magnetically ordered
species (also in octahedral coordination) interpreted as
Fe in accessory minerals (Fe,..). Depending on the sam-
ple type, up to three different spectra were collected. In
the case of purified clay samples, which showed only
a paramagnetic quadrupole doublet corresponding to
structural Fe, Mdossbauer spectra at 300 K were col-
lected, using a low-velocity range (+4 mm s™') which
displays a higher resolution, particularly on the quadru-
pole components. In the case of a clay sample (GeM),
the presence of Fe (oxyhydr)oxide impurities required
the systematic collection of spectra at lower tempera-
ture and at a higher velocity range (77 K, + 12 mm s™)
to improve the sensitivity toward magnetic impurities.
In this case, room temperature data at a high velocity
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range were also collected to confirm the 77 K data. In
the absence of Fe (oxyhydr)oxides, room temperature
data at lower velocity range were further collected to
improve the resolution of data. In the case of pure Fe
(oxyhydr)oxide samples, more resolved data at both
temperatures were collected to discern better possible
finer structural modifications. In addition, some com-
ponents exhibited broadened and asymmetrical lines,
due to either a lack of crystallinity or the presence of
nanograins giving rise to superparamagnetic relaxation
phenomena: these components were described by con-
tinuous distribution of quadrupole splitting or hyperfine
field. Only the mean refined values of the hyperfine
parameters (noted as < >) are reported in corresponding
tables. The hyperfine structures are complex and reveal
the presence of different Fe species: the consistency of
the Mossbauer data based on the good correspondence
found in the overall extent of Fe reduction between the
various spectra collected on the same sample at vari-
ous temperatures was preferred to the characteristic
goodness of fit quality, which provided a mathematical
rather than a physical criterion. All spectra and hyper-
fine parameters are presented in the Supporting Infor-
mation (Figs. S5-S22 and Tables S6-S17).

Results and Discussion
Blank Experiments

A series of blank experiments was performed to
assess first the behavior of the sulfide solutions in
the absence of solid samples under the experimen-
tal conditions studied (Table 1). A small drop in
sulfide concentration could be measured after a few
hours of reaction, but remained limited (<1 mM)
even after>1 month of stirring. It was accompa-
nied by a pH increase in the lower pH experiment
(from pH 9.0 to pH 10.4) and a noticeable color
change of the red silicone rubber seal contained in
the cap of the experiment tube. The surface of the
portion of the seal exposed to the solution turned
black (Fig. S3). Such a reaction of the seal was also
observed in most experiments initiated at low pH
(<9), generally after an extended reaction time
(24 h to several weeks depending on the experi-
ment). Pieces of pristine seal were analyzed by
Mossbauer spectrometry and found to contain hem-
atite (Fig. S4). Similarly dramatic color changes
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Table 1 Initial and final parameters of the batch experiments with pure clays and Fe (oxyhydr)oxides

Exp sample reaction time L/S S¥/Fe** [S(-ID)] S(-II) consumption pH [Snz’] Fe,, red. leveld

(Lkg") (eqieq) Initial Final (%)  (mmolkg™)* initial® final° (mM) (%)

(mM) (mM)

Cl blank 2h n.a n.a 151.6 1515 0.1% n.a ~13 13.14 0.00 n.a
Cc2 blank 24 h n.a n.a 1463 1456 0.5% n.a ~13 13.13 0.00 n.a
T39 blank 1.5 months n.a n.a 315 30.5 3.1% n.a 9.05 10.21 nd n.a
T40 blank 1.5 months n.a n.a 315 304 3.5% n.a 9.05 1041 nd n.a
Clays

A2 PGV  24h 12.0 2.5 58.5 38.9 33.5% 239.8 ~12 12.49 1.72 79%
A4 PGV 21h 22.0 2.0 25.3 240 5.0% 27.7 8.41 8.52 0.10 10%
A5 PGV 6 weeks 214 1.9 25.3 153 39.4% 213.6 8.41 8.81 2.37 24%
T35 SWy 24h 19.9 1.8 23.7 14.6  38.5% 181.7 724 790 1.39 35%
T36 SWy 1 month 19.8 1.8 23.7 9.7 59.1% 278.4 7.24 832 1.56 44%
T45 GeM 24h 20.4 2.1 21.8 17.5 19.9% 88.7 7.41 7.57 143 39%
T46 GeM 1 month 20.2 2.1 21.8 12.8  41.5% 182.9 7.41 830 2.10 47%
D1 UPM 17h 22.3 1.9 26.2 12.1  55.1% 318.5 ~8.00 741 0.32 60%
T1 UPM 24h 19.9 0.6 8.7 0.4 95.5% 165.0 7.03 551 -0.02 38%
T2 UPM 24h 20.1 0.3 4.4 0.1 97.6% 86.6 7.03 5.18 -0.02 25%
El PGN 21h 20.2 1.7 25.3 129 49.1% 251.1 8.41 849 1.62 74%
Fe (oxyhydr)oxides

B1 Goe 2h 73.8 1.9 1475 1456 1.3% 140.1 ~13 13.11 0.05 n.d
B2 Goe 24 h 71.8 1.8 1413 1404 0.6% 65.2 ~13 13.12 0.02 n.d
B3 Goe 11 days 72.1 1.8 1434 1319 8.1% 831.2 ~13 13.04 0.01 3%
B4 Goe 17h 69.6 1.6 127.5 102.0 20.1% 1777.1 ~8 10.01 0.62 5%
B5 Goe 22h 68.7 1.5 1229 103.1 16.2% 1367.4 8.26 10.10 0.05 5%
B6 Goe 6 weeks 68.4 1.5 1229 87.0 29.2% 2464.7 8.26 11.17 0.28 10%
TS Hem 24h 71.1 2.0 91.3 72.7  20.4% 1269.8 7.17 10.06 0.04 5%
T6 Hem 1 month 68.2 2.0 91.3 762 16.5% 1020.7 7.17 11.25 0.51 0%
T38 Mag 24 h 68.0 2.0 91.3 524 42.5% 2636.4 7.17 11.63 0.39 7%
T37 Mag 1 month 68.7 2.0 91.3 31.0 66.0% 4119.1 7.17 12.19 2.29 10%

n.d. =not determined; n.a. =not applicable

dconsumption in mmol of sulfide per kg of sample

binitial pH of stock solution

“final pH of supernatant

dreduction level of Fe (in clay) or quantities of Fe-sulfide determined from Mdssbauer spectrometry.

were also observed on the surface of the reacted
hematite powder. The hematite used as a pigment
in the silicone rubber seal was in fact altered by
the sulfide solution. However, this reaction did not
seem to have any impact on the seal properties,
even after extended reaction times.

@ Springer
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Pure Clay Experiments

In contrast to the blanks, the experiments with the
clays resulted in a substantial decrease in sulfide con-
centration (20-97%, Table 1), associated with a vari-
able reduction of Fe, (20-60%, Table 1, discounting
the initial pristine reduction level, Table S3) and nota-
ble production of polysulfide (0.1-2.7 mM, Table 1).
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The reduction of structural Fe was also accompanied
by a dramatic color change in the samples (from
beige/white to dark green/blue, Fig. 1).

Decreasing the pH of the reacting solution from
12 to 8 led to a drop in Fe, reducibility in PGV, by
more than three times (79% reduction at pH 12.5, vs
25% at pH 8.4, Table 1). Similar to PGV, the other
two ‘Chambers’ montmorillonites, SWy and GeM,
showed limited reducibility under the same condi-
tions (~20-36% of Fe being reducible at pH 8.3,
Table 1). In comparison, the Wyoming types, PGN
and UPM, showed greater reactivity at similar
pH (pH 8.4), with 2-3 times more reducible Feg,
(57-63%), although these samples were reacted for
shorter times (< 24 h) than the Chambers-types (sev-
eral weeks). The reactivity of Wyoming-type mont-
morillonites may thus be even greater with longer
reaction times. Wyoming-type montmorillonites

PGV montmorillonite

pristine
PGN

pristine  B1, B2, ’BE I ?zj Bf
&
Goethite

Fig. 1 Pristine and reacted dried samples of montmorillonite
and goethite
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may also exhibit complete Fe, reduction at higher
pH. The greater reducibility of Wyoming-type
montmorillonites compared to Chambers-types
can be attributed to the fact that their structure dis-
plays smaller distortions (Amonette, 2002; Drits &
Manceau, 2000; Hadi et al., 2013). Indeed, the octa-
hedral Mg>* content of Chambers montmorillonites
was significantly greater than that of Wyoming ones
(at the expense of AI**) which induced an initially
greater octahedral charge (Table S3). The reduction
of Feg, led to a further increase in the octahedral
layer charge (Hadi et al., 2013), which increased
further the layer distortions. Thus, the smaller the
initial layer distortion, the greater the reducibil-
ity. Overall, only a portion of Fey,. was found to be
reactive toward sulfur which implied that the initial
excess sulfide regarding the share of active Fe was
in fact notably greater (from 3 to 10, Table 2) than
initially planned (~2, Table 1). No influences were
observed on the initial cationic population (either
Ca or Na dominant, Table S3), as Ca-UPM and Na-
PGN were the most reducible, while Ca-SWy and
Na-GeM were among the least reducible. However,
the Ca-clay was found to be Na-exchanged during
the experiments (in solutions of 100-250 mM Na).

The production of polysulfide observed in all
experiments with excess sulfide regarding Fe (0.1 to
2.7 mM, Table 1) indicated that, according to Eq. 3,
elemental sulfur was a product of the sulfide oxida-
tion by the clay Fe,. The reaction of UPM with a
deficiency of sulfide (relative to total Fey, content,
experiments T1 and T2, Table 1) resulted in an
almost complete (95-98%) consumption of sulfide,
no production of polysulfide, and a decrease in pH
from 7 to 5. The pH drop was interpreted as stem-
ming from depletion of sulfide and loss of its basic
buffering capacity to the benefit of background HCI.
The low pH, together with the deficit of sulfide
explained the absence of polysulfide. Insoluble
white elemental sulfur precipitates were observed
on the walls of the experimental tubes. In the other
experiments using excess sulfide, no coatings
were observed on the walls of the tubes. The pH
remained in a narrow range. It increased generally
toward 8.5 in all experiments with excess sulfide,
except for UPM where the pH instead decreased
slightly to 7.4.
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Table 2 Portion of sulfide consumption used for the reduction of Fe and the production of polysulfide, and sulfide oxidation capac-
ity of the solid sample

Exp Sample Reaction time Initial S%7/ Fet S, = Sum Other process(es)
active-Fe**?
(% of S consumption) (mrnol-g’l)

Clays

A2 PGV 24 h (high pH) 34 91.4% 8.8% 100.2% -0.5

A4 PGV 21h 10.0 59.7% 7.9% 67.6% 9.0

A5 PGV 6 weeks 9.7 25.8% 23.9% 49.7% 108.1

T35 SWy 24h 6.8 25.1% 15.2% 40.3% 109.3

T36 SWy 1 month 6.8 24.6% 11.1% 35.6% 180.4

T45 GeM 24 h 7.9 54.3% 32.9% 87.1% 11.7

T46 GeM 1 month 7.8 35.4% 23.2% 58.6% 76.4

D1 UPM 17h 3.1 56.1% 2.3% 58.4% 131.5

Tl UPM 24 h (S deficit) 1.0 62.8% 0.0% 62.8% 61.9

T2 UPM 24 h (S deficit) 0.5 75.2% 0.0% 75.2% 21.7

El PGN 21h 2.7 73.9% 13.1% 87.0% 32.8
Fe (oxyhydr)oxides

B3 Goe 11 days (high pH) 60.9 <20.3% 0.0% 20.3% 559.4

B4 Goe 17h 15.9 <15.8% 1.2% 17.0% 336.8

BS5 Goe 22h 15.9 <20.6% 0.1% 20.7% 235.8

B6 Goe 6 weeks 15.0 <22.8% 0.4% 23.2% 407.6

TS Hem 24 h 41.5 <12.3% 0.2% 12.6% 11104

T6 Hem 1 month 39.7 0.0% 3.4% 3.4% 986.1

T38 Mag 24 h 19.8 <8.3% 1.0% 9.3% 2390.6

T37 Mag 1 month 20.0 <7.6% 3.8% 11.4% 3649.5
Bentonites

T11 Syn-Mix 24 h 44 28.6% 14.7% 43.4% 98.9

T16 Syn-Mix 1 month 44 35.0% 20.0% 55.0% 137.0

T21 WyoB 24 h 3.8 51.6% 19.7% 71.3% 73.9

T26 WyoB 1 month 3.8 43.8% 23.8% 67.6% 109.2

T27 GreB 24h 12.7 20.6% 10.9% 31.5% 139.8

T28 GreB 1 month 12.5 19.5% 10.9% 30.5% 195.0

T29 IndB 24h 10.3 34.3% 12.7% 47.0% 206.6

T30 IndB 1 month 10.3 28.7% 11.3% 40.0% 365.1

T31 ItaB 24h 15.3 8.5% 14.1% 22.6% 65.7

T32 ItaB 1 month 15.3 7.8% 23.6% 31.4% 127.5

T33 CzeB 24h 6.7 46.5% 14.4% 60.9% 187.9

T34 CzeB 1 month 6.7 39.6% 14.0% 53.6% 314.5

T43 GeoB 24 h 8.5 33.5% 42.5% 75.9% 12.3

T44 GeoB 1 month 8.5 45.2% 31.9% 77.1% 28.0
Inferred from extent of Fe alteration determined by Mdssbauer spectrometry. Calculation formulae are detailed in the Supporting
Information

No significant alteration was observed in the Mass balance calculations of the share of sulfide
Fe (oxyhydr)oxides fraction contained in the GeM consumption employed for Fe(II) , reduction (Egs. 1
sample (representing 7-9% of total Fe, Table S7). and 2) and polysulfide production (Eq. 3) showed
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that, at pH<8.5, a notable portion (10-65%) of the
measured sulfide consumption (based on concentra-
tion drop, Table 1) was due to other processes (up
to 200 mmol kg!, cf. other process(es) in Table 2).
This portion also increased with extended reaction
time. The experiment with PGV at high pH (> 12)
was the only experiment without extra consump-
tion of sulfide. The series of experiments at vari-
able S:Fe ratio using UPM (D1, T1, and T2, Table 1)
showed that the side sulfide consumption process(es)
also occurred in the presence of deficit sulfide (with
respect to redox-active Fe3* sites), and became more
important when the initial quantity of sulfide was
increased. The overall extent of sulfide consumption
was thus proportional to the initial sulfide concen-
tration (at constant solid content, see UPM data in
Table 2). Such additional consumption of sulfide indi-
cated that other process(es) must occur, in parallel to
Fe,,. reduction and polysulfide production.

str

Fe (oxyhydr)oxide Experiments

The results obtained with the three Fe (oxyhydr)
oxides were very different from those obtained
with the clays. Although notable sulfide consump-
tion was observed (up to 66%, Table 1), the pro-
duction of polysulfide was generally much more
limited (0.01-0.62 mM, with one exception, com-
pared to 0.1-2.7 mM, Table 1) and only very mod-
erate alteration of the solid was detected (Fe reduced
by<10% compared to 10-80%; Table 1). Visu-
ally, the reacted Fe (oxyhydr)oxides exhibited a
strong color change, from orange/red/brown to
black (Fig. 1), similar to that observed with the sili-
con seal. Nevertheless, Maossbauer spectrometry
revealed only limited changes (Table S9). The extent
of Fe alteration did not exceed 17% of the total Fe
(maghemite reacted for 1 month, Table S9), and the
remaining (oxyhydr)oxide substrate appeared gen-
erally to be barely affected. The relative reactivity
of the Fe (oxyhydr)oxides studied was in the order
hematite < goethite < maghemite.

A first series of experiments conducted at high pH
(> 13) with goethite (experiments B1 to B3, Table 1)
showed a very limited interaction with sulfide. Small
changes were detected only after several days of reac-
tion (solid color change, 8% sulfide consumption, 3%
alteration of Fe, Table 1). This slow reaction time
at high pH was interpreted to be due to competitive

https://doi.org/10.1007/s42860-023-00254-4 Published online by Cambridge University Press

sorption (Poulton, 2003; Poulton et al., 2004) on
the solid surface (and possible subsequent reaction)
between sulfide and other anions (C1™ and OH"). Solid
alteration was substantially more pronounced at lower
initial pH (experiment B4 to B6). In all cases, the pH
increased rapidly to values> 10 within the first 24 h
of reaction.

The same reaction product was observed in the
three samples, but could not be identified unambigu-
ously (Table S9). The hyperfine parameters indicated
a planar Fe’*—S species (i.e. no apparent Fe reduc-
tion), rather consistent with a series of Fe(IIT)-S clus-
ters found in proteins (Pandelia et al., 2015) which
have been proposed to adopt either cubic (Kent et al.,
1980) or linear structures (Kennedy et al., 1984;
Muenck et al., 1972). The presence of such protein
clusters can be ruled out in the present experiments;
however, the occurrence of linear Fe**—S,~S*" chains
on the surface of the solid substrate could be envis-
aged. The quadrupole structure results typically from
the presence of either quadrupole doublet(s) due to
Fe-containing paramagnetic phase(s) and/or a quad-
rupole component due to Fe-containing superpara-
magnetic clusters or nanograins. In the present case,
the quadrupole components observed at 300 K and
77 K would correspond to a surface coating of, at
most, a few atomic layers.

The release of Fe?* into solution (due to dissolu-
tion) cannot be ruled out completely, but it appears
to be limited, given the virtually unchanged specia-
tion and grain size of the substrate (according to the
Madssbauer hyperfine parameters of the reacted solids,
Table S9) and the limited or absent loss of mass from
the solid sample (4, 5, and 7% mass loss for hematite,
maghemite, and goethite, respectively, after 1 month
of reaction).

The results of the entire series of experiments
with Fe (oxyhydr)oxides point to a passivation reac-
tion, where the morphology of the samples would be
barely affected, but their surface would be entirely
covered by a layer of an, as yet, unidentified Fe-S-
bearing compound. Such a result appears to be an
effect of the combination of an initial excess of
sulfide (Peiffer et al., 2015; Wan et al., 2017) and the
rapid increase in pH (Poulton, 2003; Poulton et al.,
2004). The strong influence of the initial sulfide:iron
ratio has already been reported and modeled in recent
experiments on the synthesis of pyrite from a series
of Fe (oxyhydr)oxides (goethite, lepidocrocite, and
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ferrihydrite), using an excess sulfide concentration
relative to the available surface sites (Hellige et al.,
2012; Peiffer et al., 2015; Wan et al., 2014) or to the
total Fe present in the solid (Wan et al., 2017). An
initial excess of sulfide over Fe led to the rapid pre-
cipitation of an FeS, species on the surface of the
oxides, identified as “mackinawite with excess S”
(Fe(IDS,,, by Schroder et al. (2020)) which in turn
limited the release of Fe’™ to solution and, thus,
decreased significantly the rate of pyrite formation
(Peiffer et al., 2015; Wan et al., 2017). In these pre-
viously reported experiments (Wan et al., 2017),
some pyrite (10-15%) was formed from the goethite
after 4-6 months of interaction. Most of the goethite
(80%) had already been altered to FeS, after 9 days
of reaction. In the present experiments, only 10% of
the goethite was transformed to a different FeS, spe-
cies after 1.5 months of reaction time (experiment
B6). The major difference in the present experiments
was that the pH was not regularly re-adjusted to 7 as
in the case of (Wan et al., 2017), but was allowed to
drift with the reaction. Thus, it appears that along
with the sulfide excess, a high pH (> 10 after a few
hours of reaction only, cf. final pH in Table 1) fur-
ther decreased the rate of alteration to pyrite by sev-
eral orders of magnitude. Thus, one cannot rule out
the possibility that the Fe-sulfide interaction was still
in progress in the present experiments, but at such a
slow rate that it would take several months to several
years of interaction to discern further advancement.
The reaction was slightly more pronounced with
maghemite compared to hematite and goethite, and
another alteration was detected in addition to the
unidentified common reaction product. In fact, the
hyperfine structure revealed the presence of magnetic
components that possess greater values of isomer
shift, i.e. a progressive change from Fe** to Fe?* spe-
cies (7% of Fe, Table S9). It can be concluded that
there was a slight alteration of maghemite to magnet-
ite, which was detected after 1 month of reaction. The
reaction with hematite was the most limited. A solid
alteration product could be detected visually after
24 h of reaction (5% of total Fe, Table 1), but not after
1 month of reaction. The black, reacted solid turned
red again after this extended reaction time. The con-
centration of sulfide also increased slightly from that
of the first 24 h. This loss of solid reaction product
with a concomitant increase in sulfide concentration
was interpreted to be due to the detachment of the
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newly formed product from the hematite substrate fol-
lowed by its dissolution (similar to that observed with
lepidocrocite (Hellige et al., 2012)). It would then no
longer re-form due to the increase in pH.

This limited reactivity observed with pure Fe(III)
oxides explains why no alteration could be detected
in the accessory Fe (oxyhydr)oxides contained in
the GeM sample by Mossbauer spectrometry. Slight
alteration may have occurred, but was probably below
detection limits (2% of total Fe) and hidden by the
larger central paramagnetic doublet attributed to clay
Fe, (Fig. S8).

Bentonite Experiments

All the batch experiments with natural bentonites and
the synthetic mixture (Table 3) showed similar results
to the experiments with purified montmorillonites
(Table 1), with an important consumption of sulfides
(up to 65%, Table 3) related to the production of poly-
sulfide (0.8—4.7 mM, Table 3), a slight increase in pH
(from<7.4 to>8.5, Table 3), and similar dramatic
color changes of the solid samples associated with
variable reduction of Fey, (14-60%, Table 3, tak-
ing account of the initial reduction level of the pris-
tine sample, Table S4). The increase in pH was most
pronounced with the bentonites rich in Fe (oxyhydr)
oxides (ItaB, IndB, and CzeB), maybe due to some
interaction between sulfide and goethite and hematite.
Experiments using pure Fe (oxyhydr)oxides resulted
in a stronger pH increase (from pH<8 to pH> 10,
Table 3). pH variations were probably more limited
with bentonites, because of buffering by calcite and
clay. Similar to experiments with pure clay and (oxy-
hydr)oxides, a notable share of the sulfide consump-
tion was due to process(es) other than Fe, reduction
and S,> production (30-360 mmol kg, Table 2).
More time-resolved data were collected with
WyoB (Wyoming-type) and Syn-Mix (Chambers-
type). The evolution of the sulfide consumption as a
function of time (Fig. 2a) indicated a fast consump-
tion rate within the first 24 h, followed by a slower
rate. A similar evolution was observed for the
reduction of Fey, (Fig. 2c, d, Table 3). While most
(>90%) Feg, reduction was achieved within 48 h
in WyoB, and within a week in the Syn-mix, other
measured parameters (pH, polysulfide concentra-
tion, and sulfide consumption due to additional pro-
cesses) showed more changes between 1 week and
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centration, ¢ and d speciation of Fe in the solid sample, e pH, and f the supplementary sulfide consumption not associated with

reduction of Feg, or production of polysulfide

1 month. Data collected after 1 month of interaction
can, thus, be deemed representative of the maximum
extent of reduction of Feg,. Still, it cannot be ruled
out that other side processes were still on-going. The
continuous S,?~ production can be attributed to the
progressive pH increase (which favors shorter-chain
polysulfide and hence additional sulfide consump-
tion). The process(es) behind the additional sulfide
consumption seemed also to be pH-dependent (miti-
gated at high pH, cf. experiment A2, Table 2). The
pH drift observed in all experiments may be due to
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slow mineral dissolution. The iron (oxyhydr)oxide-
rich samples (ItaB, IndB, and CzeB) generally
showed quicker and greater pH increases (>pH 9,
Table 3), which can be attributed, in part, to interac-
tion between sulfide and goethite/hematite (cf. previ-
ous section).

In contrast, the Fe (oxyhydr)oxide pool appeared
largely unaffected in any of the samples investigated
(Table 4) over the whole course of the experiments,
despite dramatic color changes. The limited varia-
tions (<+5%) in relative distribution of Fe (oxyhydr)
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oxides (total content and goethite:hematite ratio,
Table 4) observed as a function of time is within the
uncertainty of Mossbauer spectrometry and mate-
rial homogeneity. The expected FeS, reaction prod-
uct (<3% of total Fe in sample) was too small to be
detected in this case. The results indicated that Fe
(oxyhydr)oxide alteration in the presence of high
sulfide levels is also heavily mitigated in the presence
of redox active clay minerals and at pH 9-9.5.

Two main groups of bentonites can be dis-
tinguished, based both on their total Fe content
(Table S2) and the type of their clay components. On
one hand, the ‘low-Fe’ (<7 wt.% Fe,05) bentonites
(WyoB, GreB, GeoB, and ItaB) contain mainly Fe,
located in a clay structure consistent with montmoril-
lonites (<0.55 mmolg, g~', Table S4). Syn-Mix, com-
posed mainly of the Chambers-type montmorillonite,
SWy, can be associated with the ‘low Fe’ bentonite
group also. On the other hand, the ‘high-Fe’ (>16%
Fe,0;) bentonites (IndB and CzeB) contain not only a
larger proportion of Fe, . (in fact equivalent to that of
Fe,) but the clay component of the bentonite appears
to be richer in Fe also (1.2—1.4 mmolg, g™') than for
other reported montmorillonites (Bergaya et al., 2006;
Gates, 2005; Grim & Giiven, 1978; Grim & Kulbicki,
1961; Schultz, 1969). These two bentonites are prob-
ably composed of a smectite which is richer in iron,
i.e. a beidellite-type (Gates, 2005; Stucki et al., 1984).

Mossbauer data on reacted samples (Tables 3
and 4) enabled the further distinction of two sub-
groups of ‘low-Fe’ bentonites. On one hand, WyoB
stands out as the most reactive one, with nearly 60%
of sulfide-reducible Fey,. (at pH between 7 and 9),
as observed with Wyoming-type montmorillonites
(UPM and PGV, Table 1). On the other hand, the
other ‘low-Fe’ bentonites contain smaller amounts
of sulfide-reducible Fey. (20-40%), consistent with
levels observed for Chambers-type montmorillonite
(PGN, SWy, and GeM, Table 1). The clay compo-
nent in GeoB and ItaB bentonites is probably of this
type, according to their large Mg content (>4 wt.%
MgO, Table S2). GreB displays a smaller Mg con-
tent (<2.5 wt.% MgQ), which is more consistent with
Wyoming-type montmorillonites. The structural for-
mula of the clay component of GreB sample was not
determined. Still, published data for samples of simi-
lar origin (Karnland et al., 2006; Kiviranta & Kum-
pulainen, 2011; Kumpulainen & Kiviranta, 2010)
allow a structural formula (0.55-0.75 Mg atoms/
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unit-cell) to be inferred at the border between Cham-
bers- and Wyoming-type montmorillonites (accord-
ing to the classification of Grim and Kulbicki (1961)
and Schultz (1969)). Despite the rather large Fe con-
tent, ItaB showed the smallest share of reducible Fe,
(14% of Feg,, Table 3). The two Fe-richest bentonites
(IndB and CzeB) also exhibited a relatively limited
share of reducible Fey. (30-36% of Feg,, Table 3),
similar to Chambers-type bentonite.

str>

Clay—sulfide Redox Interaction in the Presence of
Excess Sulfide

Clay Fe(l), is located as isolated sites within the
octahedral sheet of montmorillonites (Gates, 2005;
Vantelon et al., 2001) and is considered generally
to be the sole electron acceptor in the clay structure
(Stucki, 2006b). The probability of neighboring Fe,
sites is rather small. Moreover, depending on the
redox conditions, only a fraction of the Fe, site may
be reactive, increasing the isolation of the reactive Fe
sites (from each other). The reduction of Fe in such
an Fe-poor structure occurs mainly by direct electron
transfer from the reductant (Latta et al., 2017; Neu-
mann et al., 2011; Stucki, 2006a), rather than between
neighboring Fe, sites (as observed at the edges of
nontronite sheets Komadel et al., 2006; Neumann
et al., 2013) or in (oxyhydr)oxides (Handler et al.,
2014; Rosso et al., 2010; Yanina & Rosso, 2008)).
The oxidation of sulfide to elemental sulfur (Eq. 2)
can be described by a two-step reaction, in which a
radical intermediate (sulfanyl) is produced (Steudel,
2003). The redox reaction with Fe,, thus proceeds in
two steps (Eqgs. 4 and 5).

str>

Fel* + HS™ + OH™ & Fel' + HS" + H,0 @)
Felt + HS" + OH™ < Fe2! + 1/8Sg + H,0 (5)

The elemental sulfur which is eventually formed
by this reaction can react further with excess sulfide
to form polysulfide (Eq. 3). This reaction is dependent
on pH, both regarding its extent and the average chain
length (n) of the polysulfide formed (Steudel, 2003;
Steudel & Chivers, 2019). Higher pH favors a shorter
chain length. Between pH 8 and 10, n varies between
6 and 3, respectively (Steudel, 2003), i.e. one sulfide
anion can react with 3-6 elemental sulfur atoms. In
most experiments, sulfide remained always in excess
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regarding elemental sulfur, and the pH (>8) was high
enough to ensure complete recovery of sulfur formed
as polysulfide. As a consequence, polysulfide produc-
tion was proportional to the extent of Feg, reduction
in the solid (Fig. 3a). The share of sulfide (regarding
the total pool of sulfide consumed after 1 month of
interaction with bentonite) involved in the production
of polysulfide was, in part, affected by the pH, but
also varied between series of experiments at similar
pH (Fig. 3b).

The initial sulfide concentration was set to ensure
a one-fold excess of sulfide relative to total Fe in the
solid. However, because only a portion of this Fe
turned out to be reactive toward sulfide, the excess
sulfide regarding reactive Fe varied between 3- and
8-fold for the pure clays, and between 3- and 14-fold
for the bentonites (Table 2). As the two sulfide oxi-
dation steps (Egs. 4 and 5) are competing reactions,
the use of an excess sulfide concentration relative

https://doi.org/10.1007/s42860-023-00254-4 Published online by Cambridge University Press

to active Fe sites can favor the production of sulfa-
nyl radicals (Eq. 4), without subsequent surface oxi-
dation to elemental sulfur (Eq. 5). Sulfanyl radicals
are, however, considered to be much more reactive
and short-lived species than sulfide anions (Steudel,
2003). The radicals generated can react further with
elemental sulfur (generated by complete oxidation) to
form polysulfanyl, in the same way that sulfide anions
form polysulfide (Eq. 3). Moreover, sulfanyl radicals
and polysulfanyl can undergo similar mechanisms
of recombination into more stable polysulfide (e.g.
Egs. 6-8).

HS" + HS" +20H « S27 +2H,0 (6)
287 < 82 @)
Sy +Sy < S ®)
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Such recombination mechanisms re-generating
polysulfide (and thus equivalent amounts of sulfide
and elemental sulfur, following Eq. 3) result in no net
overconsumption of sulfide.

In all experiments, Fey, reduction and subsequent
polysulfide production could not account for all
the measured consumption of sulfide. A portion of
HS™ could also be envisaged to exchange with struc-
tural OH groups (Egs. 9 and 10).

HS™ + OH,, < SH,, + OH~ ©)

[SH,,][OH™]

[HS™][OH,, ] 1o

Kon- /SH™ =

Assuming this process was behind all the addi-
tional consumption of sulfide observed in all the
experiments with pure clays (Table 2), an equilibrium
constant can be derived for each reported experiments
(Eq. 10), using data from Table 1 (L/S, final pH,
final sulfide concentration) and Table 2 (the sulfide
consumption due to other process(es) accounting
for the final concentration in structural SH groups).
The final concentration in structural OH™ groups
can be derived by subtracting the final concentration
in structural SH groups (other process(es), Table 2)
from the initial OH content (Table S4). For the ben-
tonites, the initial amount of structural OH groups
can be derived from the average pure montmorillon-
ites content (5.34 mol kg™!) corrected by the smectite
content in the bentonite (Table S4). Finally, regarding
the Fe (oxyhydr)oxides-rich bentonites (CzeB, IndB,
and ItaB), the share of sulfide consumption associ-
ated with interactions with goethite and hematite
(derived from their respective contents, Table S4, and
their respective total sulfide consumption, Table 1)

can be deduced from the excess sulfide consump-
tion. Following such calculations, very similar log K
values were obtained in all the experiments. The val-
ues showed large variations in the first 24 h of reac-
tion, and equilibrium was reached after just 3 weeks
(Fig. 3c). Log K values for all 1-month experiments
with pure clays and bentonites, with the exception
of the Georgian clay (both raw GeoB and purified
GeM), fell within a narrow range (-5.0+0.2, Fig. 3d).
This result tends to support the concept of clay sulfi-
dation (Eq. 9) and would correspond to an exchange
of 3-4% of the structural OH groups for HS groups
after 1 month of reaction. The reason for the slightly
greater resistance of the Georgian clay to sulfida-
tion (Log K=-5.6, 1.4% exchange) is unknown. The
sulfide excess over the active Fey. had no influence
on the log K values of 1-month experiments (Fig. 3d),
which indicates that the role of radicals in the addi-
tional sulfide consumption can be ruled out. Con-
trary to sulfide oxidation by Fe, (Eqs. 4 and 5), such
an exchange reaction can be considered reversible,
depending only on the pH and the sulfide concentra-
tion in solution.

Fe (oxyhydr)oxides—sulfide Redox Interaction in the
Presence of Excess Sulfide

Reactions between sulfide and Fe (oxyhydr)oxides
(goethite, hematite, magnetite, lepidocrocite, and
hydrous ferrous oxides) have been studied for several
decades (Dos Santos Afonso & Stumm, 1992; Poul-
ton, 2003; Poulton et al., 2002, 2004; Pyzik & Sommer,
1981; Rickard, 1974). The reaction mechanisms have
been proposed to proceed via a series of stepwise sur-
face reactions (Eqs. 11-14), adapted from Dos Santos
Afonso & Stumm (1992) and Poulton et al. (2004).

(11
step 1 : sorption of sulfide = Fe>*OH™ + HS™ < = Fe**S>~ + H,0
step2 : electron transfer = Fe**S?~ < = Fe?*S*~
12)
step3 : release of sulfanyl = Fe’*S*~ + H,0 < = Fe**OH™ + HS" (13)
step4 : irondissolution = Fe?*OH™ « new Fe’*surface site + Fe** + OH™ (14)
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Dissolution, i.e. generation of new Fe3* surface
sites (4" step, Eq. 14) is conditioned by the release
of the newly generated Fe?*. This release is pH-
dependent and competes with at least two other pos-
sible reactions (Peiffer et al., 2015). As semiconduc-
tors, Fe (oxyhydr)oxides are prone to bulk conduction
of electrons, which results in removal of Fe>* surface
sites and generation of bulk Fe** (Eq. 15) (Hiemstra
& van Riemsdijk, 2007). The subsequent fate of both
new surface Fe’* sites and bulk Fe?* species depends
on the host (oxyhydr)oxides structure. Lepidocroc-
ite and ferrihydrite structures can accommodate
small amounts of Fe**, but this eventually promotes

a recrystallization process of the host Fe** oxides (at
the sorption site) toward a more stable species such
as goethite and/or hematite, and even magnetite if the
concentration in Fe?* is sufficiently high (Cornell &
Schwertmann, 2003; Hellige et al., 2012; Hiemstra
& van Riemsdijk, 2007; Jang et al., 2008; Liu et al.,
2009; Pedersen et al., 2005; Silvester et al., 2005;
Williams & Scherer, 2004). In the case of more stable
oxides such as goethite and hematite, the Fe** incor-
porated is released eventually to the solution from
another crystal surface, thus also promoting recrys-
tallization (at sorption and release sites) but rather
isostructural in this case (Handler et al., 2014; Rosso
et al., 2010; Yanina & Rosso, 2008).

= Fe’*OH™ + Fe?*(bulk) < new surface site + Fe’* (bulk) (15)

The release of Fe?* from the surface (Eq. 14) was
also proposed to compete with precipitation with
sulfide “at the crystal rims” as a form of mackinawite
(Peiffer et al., 2015) incorporating polysulfide and
elemental sulfur (FeS, with x>1) (Schroder et al.,
2020; Wan et al.,, 2017). When aqueous sulfide is
in excess with respect to Fe**, the Fe** generated is
“trapped” by aqueous S*~ to precipitate as FeS_, and
pyrite formation occurs eventually following slower
dissolution of FeS, (Wan et al., 2017). Following
Eqs. 11-14, reductive dissolution of Fe** by 1 mol
of sulfide produces 2 mol of Fe** and one mole of
S% Thus, in theory, with a sufficient sulfide excess,
1 mol of FeS and 1 mol of FeS, can be formed, or
an equivalent two moles of FeS, 5 (i.e. 1 <X 1.5). At
pH 7 in the presence of notable excess sulfide (Wan
et al., 2017), complete conversion of lepidocrocite to
FeS, occurred in<3 days and nearly complete con-
version of goethite in 9 days. Complete conversion
of the (oxyhydr)oxides shows that FeS, precipitation
does not necessarily compete with the generation of
new surface sites and further reductive dissolution. In
this case, FeS, appears to precipitate instantly at the
expense of the (oxyhydr)oxide substrate.

In the present work, alteration of Fe (oxyhydr)
oxides was much more limited (< 10% conversion to
FeS,) than in the study from Wan et al. (2017). This
may be explained largely by the high pH, which was
shown to decrease notably the rate of FeS, formation
(Poulton, 2003; Rickard, 1974) Still, the FeS, species

https://doi.org/10.1007/s42860-023-00254-4 Published online by Cambridge University Press

that was detected is different from the defect mackina-
wite observed by Wan et al. (2017). It is formed only
of Fe**. This accounts for rapid and complete electron
transfer toward the bulk (Eq. 15). In the case of maghe-
mite, partial conversion (7%) to magnetite was detected
as a result of such Fe?" generation at the crystal surface.
In the case of hematite, the reaction product formed
after 1 day eventually detached from the surface (as
observed by Hellige et al. (2012) with lepidocrocite)
and unaltered hematite was recovered after 1 month.
This could be interpreted as an effect of recrystalliza-
tion of the hematite surface (induced by Fe?* genera-
tion at the surface, Rosso et al. (2010)) to a more stable
form, leading to detachment of the alteration product
and preventing further alteration by sulfide. The pro-
duction of polysulfide could also be envisioned to be
linked with the inhibitory process and generation of
such surface species. At a sufficient excess of sulfide
regarding available Fe surface sites, polysulfide can
even be expected to be generated following recombina-
tion of sulfanyl (Eqs. 7 and 8), as long as HS® radicals
are generated in sufficient quantities. Short-chain poly-
sulfide Szz’ can, thus, theoretically, be generated prior
to the release of the first generation of surface Fe’*
and such species can also interfere with the early steps
of the sulfide-Fe (oxyhydr)oxide interaction process
described by Eqs. 11-14 (Egs. 16-17).

= Fe’*OH™ + S3” « = Fe?*S3™ + OH~ (16)
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=Fe’*S™ + HS' + OH™ « =Fe?*S2” + H,0  (17)

Such surface-bound species would be further at equi-
librium with the oxide substrate following instant
electron transfer (Eq. 15) toward the bulk (Eq. 18).

= Fe?*S2” + Fe** (bulk) « = Fe’*S2~ + Fe?* (bulk)
(18)
Provided that initial sulfide saturation would be suf-
ficient, such a reaction would lead to a very rapid and
homogeneous saturation of surface sites by a ferric
sulfur species. This could explain the rapid inhibition
of the interaction. The inhibition could also be helped
by the presence of a thin but stable magnetite interface
between the oxides substrate and the newly formed
surface species (Peiffer et al., 2015) and the increased
pH. The majority (>80%) of the sulfide consumption
measured in these experiments remains unexplained
(cf. other process(es), Table 2). The expected side

reactions of sulfide precipitation (as FeS mackinawite
or FeS, pyrite) associated with Fe reduction were also
very limited (not detected on solids, and no colloids
visible in solutions) and, therefore, cannot account for
the excessive sulfide consumption.

Determination of Sulfide Oxidation Capacity (SOxC)

The SOxC discussed below corresponds to the quan-
tity of sulfide oxidized by Fe(IIl) present in the clay
mineral (Egs. 4-5) and oxyhydr(oxides) (Egs. 11-14).
The greater extents of sulfide consumption per sam-
ple mass (Table 1) depend on the initially added
sulfide concentration (as well as solid sample prop-
erties), and account for additional side process(es)
of polysulfide production (due to the excess sulfide,
Eq. 3), possibly reversible clay sulfidation (as pro-
posed in Eq. 9), and other unidentified reaction(s)
with iron (oxyhydr)oxides. Mossbauer data can be

Table 5 Fraction of sulfide-reducible Fe species in the studied sample and corresponding sulfide oxidation capacity (SOxC) of the

material (n.a.: not applicable)

Material Type Total Fe content  Feg, content  Sulfide- Sulfide-reduc- Total Sulfide capacity ~ Oxidation
reducible ible F eoxyhydrb reducible (SOxC)*
Fey' Fe min® max®
mmol-kg™
Bentonites
GeoB Fe-poor 381 335 97 46 143 50 71
Chambers
GreB Fe-poor 391 391 110 b.d 110 55 55
Chambers
WyoB Fe-poor 483 483 295 b.d 295 147 147
Wyoming
Syn-Mix Synthetic 628 503 207 126 333 104 167
Chamber
ItaB Hybrid 708 531 74 177 251 37 126
Chambers
IndB Fe-rich 2057 1152 350 905 1255 175 627
CzeB Fe-rich 2238 1477 537 761 1298 269 649
Pure montmorillonites
UPM Wyoming 627 627 357 357 179 n.a
PGN Wyoming 591 591 372 372 186 n.a
SWy Chambers 510 510 138 138 69 n.a
GeM Chambers 418 418 130 130 65 n.a
PGV Chambers 555 555 133 133 5667 n.a
At pH~8.5-9.5

® Assuming all Fe in (oxyhydr)oxides would be 100% reducible by sulfide

€ Assuming only Fe

@ Springer

str

would be reducible by sulfide

https://doi.org/10.1007/s42860-023-00254-4 Published online by Cambridge University Press


https://doi.org/10.1007/s42860-023-00254-4

Clays Clay Miner. (2023) 71:577-599

595

used to determine the extent of sulfide consumption
resulting from oxidation by iron contained in the solid
samples (Table 5). In the case of Fe (oxyhydr)oxides,
this value represents a smaller estimate as it is based
on the total extent of Fe alteration and the assump-
tion that Fe** was produced exclusively. Some of the
alteration may be due to the recrystallization of the
substrate (with no net redox change) induced by Fe**
produced by Fe surface reduction (Cornell & Schw-
ertmann, 2003; Peiffer et al., 2015; Silvester et al.,
2005). This was observed in the case of the magh-
emite reacted for 1 month, which also partly (7%)
transformed to magnetite. Moreover, the Mossbauer
hyperfine parameters are more consistent with an
Fe**-rich product (Table S9 and Fig. S12). Although
the SOxC determined for Fe (oxyhydr)oxides does not
include the portion of sulfide which can be involved
potentially in the side precipitation process (Peiffer
et al., 2015), the values appear to be relatively small
compared to the large Fe’* content in the materials
studied (> 10,000 mmol Fe kg_l). The use of a large
excess of sulfide over the available Fe surface sites
probably led to a passivation effect which has not
been reported previously. The precipitate on the oxide
surface could not be identified unambiguously.

Conversely, the reaction between sulfide and struc-
tural iron in pure smectite minerals was limited mainly
by the amount of available sulfide (an excess was nec-
essary to achieve maximum reduction) and the reaction
time (at least 48 h to 1 week was necessary to achieve
maximum reduction). The extent of the reaction was
also controlled by the pH and clay structure. Despite
similar total Fe contents (Table S3), the Wyoming-
type montmorillonite (UPM, PGN) showed greater
redox reactivity than the Chambers-types (GeM,
PGV, and SWy), reacting more quickly and achieving
a~3 X greater sulfide oxidation capacity at pH ~8.

Mossbauer data for bentonite samples reacted
for 1 month at pH 8-10 allowed the derivation of
the amount of sulfide-reducible Feg, in the sample
(Table 5), and thus the corresponding SOxC of the
clay component only. An upper estimate of the ben-
tonite SOxC can, however, be derived by assuming
that, in addition to clay Fe, 100% of Fe (oxyhydr)
oxides would be reducible under lower sulfide fluxes
(following models from Dos Santos Afonso & Stumm
(1992) and Poulton et al. (2004), Egs. 10-13).

The SOxC of a given bentonite is conditioned sig-
nificantly by the nature of the clayey component. The
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low Fe-bearing GeoB and GreB stand out as the ben-
tonites containing the least SOxC. Despite a similar
Fe content, the WyoB shows a 3 X greater SOxC. This
difference correlates well with what was observed
between pure Wyoming- and Chambers-type mont-
morillonites. In turn, a smaller SOxC was determined
for ItaB, despite its slightly larger Fe content. In that
case, the global SOxC may be underestimated due
to inhibition of the interaction between sulfide and
Fe,.. under the applied experimental conditions. The
results are, nevertheless, consistent with Chambers-
type bentonites.

As expected, the two Fe-richest bentonites (IndB
and CzeB) showed the largest SOxC values. This
capacity appears not to be directly proportional to the
Fe content, however. As for ItaB, the actual global
SOxC may be underestimated due to the inhibition of
the interaction between sulfide and the notably larger
Fe,.. content. Still, the clay component itself also
appears to be less sensitive to reduction by sulfide,
in comparison with the ‘low-Fe’ bentonites. The
SOxC of the clay component of IndB and CzeB is
of the same order as that of Wyoming type, despite
their ~3—4 X greater Fe, content. Such differences in
Fe, reactivity can also be expected, because of their
notably greater Fe, content, indicative of beidellite-
type clay. A broader distribution of Fe, redox poten-
tial (and smaller relative reducibility) can be expected
from such a structure. Indeed, a big contrast in redox
potentials was determined for Fe, in the Chambers-
type SWy-2 and in a series of Fe-rich nontronites
(Gorski et al., 2012a, b). A similar contrast in redox
reactivity could be derived from experiments of dith-
ionite reduction of the Wyoming-type UPM and two
Fe-richer beidellites (Stucki et al., 1984).

Implications for the Bentonite Buffer in the
Repository

The relevance of the notable contrast in SOxC
observed between the three bentonite groups (Cham-
bers, Wyoming, and Fe-rich) in the context of an
underground repository is conditioned by two main
aspects. On the one hand, the estimated SOxC deter-
minations probably underestimate the contribution of
the (oxyhydr)oxides pool to the global sulfide oxida-
tion by the bentonite, which may be more important
in situ where less sulfide flux (and thus no inhibition
of iron oxide reduction) should be expected. On the
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other hand, the global extent of sulfide—bentonite
interaction in compacted bentonites might be less
pronounced than in the present experiments employ-
ing suspensions. Thus, the SOxC of compacted ben-
tonites remains to be determined, although relative
differences observed in batch experiments may trans-
late into compacted conditions.

Another important aspect is the impact of Feg,
reduction on the clay structure, and thus on its swell-
ing properties. Fey, reduction leads to an increase
in the layer charge, which is partly compensated by
the increase of the CEC and dehydroxylation of the
octahedral sheet (Drits & Manceau, 2000; Hadi et al.,
2013; Lear & Stucki, 1985; Stucki et al., 1984). Par-
tial replacement of structural OH groups by SH
groups can also be envisioned (as proposed in Eq. 9).
Fe, reduction thus further impacts other intercon-
nected properties of the clay (e.g. swelling capacity,
hydration, pH) (Stucki, 2006a), in addition to con-
verting the clay to being more reductive toward other
potential solutes (clay Feg, can, thus, act as an elec-
tron buffer). The impact of Fey, reduction on ben-
tonite performance as a sealing material still remains
to be evaluated. It thus remains unclear whether
extended Feg, reduction could be beneficial, detri-
mental, or have no notable impact on the bentonite’s
performance.

Ranking the three groups of bentonites based on
their SOxC alone is not straightforward. The Fe-rich-
est bentonites (Cze and IndB) have the largest SOxC
values. However, an extended interaction with sulfide
should lead to both an important reductive dissolution
of (oxyhydr)oxides associated with partial re-pre-
cipitation as iron sulfide, and resulting in changes in
density and porosity, in addition to notable clay Feg,
reduction with (still) unanticipated impact on benton-
ite properties. Wyoming-type bentonites are poorer
in potentially reactive Fe,., but still display large
SOxC values associated with their clay component.
These bentonites would, thus, be much less prone to
reductive dissolution, but still have a highly reactive
Fe component. Finally, Chambers-type bentonites are
the bentonites with the smallest SOxC (and gener-
ally display smaller amounts in Fe, ). In the case that
Fey, reduction (and the other associated structural
changes) could be detrimental to the swelling proper-
ties, this lesser reducibility of Fey, in Chambers-type
bentonite could in fact turn out to be an advantage,
making them more resistant to alteration by sulfide.
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Conclusions

The present work outlines how dioctahedral smec-
tites, which are the main mineral components of ben-
tonites, are major agents for sulfide oxidation. At pH
7-9 (25°C), only a certain share of Fey,. (20-60%)
was reactive toward sulfide. This share depended on
the clay-mineral structure. Chambers-type montmo-
rillonites were 2-3 times less prone to sulfide oxi-
dation than Wyoming-type montmorillonites or the
more ferruginous types of smectite. The chemical
conditions explored in the present study (high liquid/
solid ratios and high sulfide concentrations) are not
really representative of common environmental con-
ditions. Nevertheless, the sulfide-to-iron ratio may
not have a major influence on the maximum reduction
extent of Feg, because clay reduction can be envi-
sioned as a cumulative process (Feg, can be reduced
progressively by incremental additions of deficit
sulfide), depending mainly on the applied redox
potential and the quantity of available electron donors
(Gorski et al., 2012b). In addition, clay compaction
may further restrict possible clay—sulfide interaction.
Such aspects remain to be investigated.

In parallel to redox interactions with Fe,, another
clay-specific process of sulfide consumption was
observed. It is tentatively described as clay sulfida-
tion through reversible exchange of structural OH for
SH. The equilibrium constant for this reaction deter-
mined for the whole series of clay samples (exclud-
ing the less reactive Georgian ones GeoB and GeM)
is relatively low (log K=-5.0+0.2), which implies
that high-sulfide concentrations (regarding solid)
are necessary to achieve noticeable (>5 mmol kg™)
exchange. As for the redox process with Feg, clay
compaction (anionic exclusion) and lower sulfide
fluxes may reduce the impact of such processes in
environmental conditions.

With regards to Fe (oxyhydr)oxide, the sulfide/iron
ratio (Peiffer et al., 2015; Wan et al., 2017), along
with pH (Poulton, 2003; Rickard, 1974), were shown
to have a significant influence on the possible altera-
tions. Deficit of sulfide leads to rapid pyrite forma-
tion, while sulfide excess leads to the formation of
metastable FeS, intermediates, which may eventu-
ally alter to pyrite. Increased pH slows down such
a process by several orders of magnitude. The high
pH (>9) in the present experiments resulted in some
sort of inhibition of the alteration process. On the
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other hand, the inhibition enabled formation of an as-
yet not reported early intermediate in the alteration
process leading to pyrite, as a surface-bound Fe**
disulfide. Such intermediates may also be formed
at lower pH and lower sulfide concentrations, but
would be unstable and rapidly altered to more stable
forms of iron sulfide. This result underlines that the
sequence leading from Fe (oxyhydr)oxide to pyrite
remains to be fully deciphered.
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