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env.ethz.ch
bGeomicrobiology Group, Centre for App
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† Electronic supplementary information (
indices, protocol to ensure anoxic condit
percentage of Fe sorbed by oxidation of
analyses, concentration of Si release anal
reduction, additional Mössbauer spe
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In submerged soils and sediments, clay minerals are often exposed to anoxic waters containing ferrous iron

(Fe2+). Here, we investigated the sorption of Fe2+ onto a synthetic montmorillonite (Syn-1) low in structural

Fe (<0.05 mmol Fe per kg) under anoxic conditions and the effects of subsequent oxidation. Samples were

prepared at two Fe-loadings (0.05 and 0.5 mol Fe added per kg clay) and equilibrated for 1 and 30 days

under anoxic conditions (O2 < 0.1 ppm), followed by exposure to ambient air. Iron solid-phase speciation

and mineral identity was analysed by 57Fe Mössbauer spectroscopy and synchrotron X-ray absorption

spectroscopy (XAS). Mössbauer analyses showed that Fe(II) was partially oxidized (14–100% of total added

Fe2+) upon sorption to Syn-1 under anoxic conditions. XAS results revealed that the added Fe2+ mainly

formed precipitates (layered Fe minerals, Fe(III)-bearing clay minerals, ferrihydrite, and lepidocrocite) in

different quantities depending on the Fe-loading. Exposing the suspensions to ambient air resulted in

rapid and complete oxidation of sorbed Fe(II) and the formation of Fe(III)-phases (Fe(III)-bearing clay

minerals, ferrihydrite, and lepidocrocite), demonstrating that the clay minerals were unable to protect

ferrous Fe from oxidation, even when equilibrated 30 days under anoxic conditions prior to oxidation.

Our findings clarify the role of clay minerals in the formation and stability of Fe-bearing solid phases

during redox cycles in periodically anoxic environments.
Environmental signicance

Clay minerals are considered major sorbents in soils and sediments. However, their signicance for the redox cycling of iron is still unclear. Under anoxic
conditions, elevated concentrations of dissolved ferrous iron are observed. We demonstrate that at circumneutral to alkaline pH, surface-mediated oxidation of
ferrous iron can occur under anoxic conditions in the presence of clays that are virtually free of structural iron. The retention of dissolved ferrous iron in the
presence of clay minerals was evidenced to be mainly due to the formation of secondary Fe(II/III) phases. Subsequent aeration led to the complete oxidation of
iron. In contrast to surface precipitation, adsorption of dissolved iron by layered aluminosilicates plays a minor role in iron retention and does not protect
ferrous iron from oxidation.
Introduction

Iron is ubiquitous in soils and sediments and of great impor-
tance in the biogeochemical cycling of metals.1–5 Its solubility in
well-aerated soils is mainly controlled by the dissolution and
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precipitation of Fe(III)-(oxyhydr)oxides.6 During periods with
anoxic conditions, Fe(III)-(oxyhydr)oxides serve as electron
acceptors for dissimilatory metal-reducing bacteria leading to
the release of aqueous Fe2+. Ferrous iron (Fe2+), being one of the
most abundant redox-active species in anoxic soils, has a crucial
role in controlling macronutrient and trace element cycles.7 The
retention of Fe2+ in soils and sediments is, as for most divalent
cations, governed by sorption processes (including adsorption
as well as surface precipitation and polymerization)8 to
minerals with a large surface area and specic sorption prop-
erties such as clay minerals, carbonates, and Fe(III)- and Mn(IV,
III)-(oxyhydr)oxides. Under anoxic conditions, clay minerals are
one of themost important sorbent phases as they are commonly
found in high abundance in soils but are not susceptible to
reductive dissolution. Aqueous Fe2+ can adsorb to clay mineral
surfaces via cation exchange on permanently charged face
Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 | 1355
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surfaces, by the formation of surface complexes on edge
surfaces, or by the formation of surface clusters and precipi-
tates. Fe2+ is expected to effectively compete with some trace
metal cations (e.g., Zn2+, Cd2+) for sorption sites on clay
minerals,9,10 leading to mobilization of trace metals under
anoxic conditions. On the other hand, immobilization of trace
metals can occur through additional pathways such as incor-
poration into newly formed solids.

Natural clay minerals oen contain Fe(II) and Fe(III) in their
crystal lattice11,12 and it has been shown that electrons can be
transferred from ferrous iron to structural Fe(III).13–18 Iron-free
clay minerals are generally considered to be redox-inactive
within the natural redox potential of soils. However, Géhin
et al.14 demonstrated that under strictly anoxic conditions Fe(II)
was oxidized to Fe(III) on surfaces of clay minerals having very
low iron contents. Potential electron acceptors in low-iron clay
minerals could include trace Fe(III) impurities, other redox-
active elements (e.g., Ti), or hydrogen.14 Following oxidation,
the hydrolysis of Fe(III) may lead to the formation of oxy-
hydroxide clusters or precipitates on the clay mineral surface, as
has been observed by many studies.12,15,19,20 However, uncer-
tainties still prevail about the ability of Fe-free clay mineral to
induce electron transfer from adsorbed Fe(II) to the clay
mineral, leading to the formation of adsorbed Fe(III).19,21

When reduced soils are exposed to air, oxidation of sorbed
Fe(II) by O2 is expected to occur, which may lead to the forma-
tion of polynuclear Fe(III)-oxyhydroxide clusters and surface
precipitates. These oxidation products can effectively immobi-
lize trace elements by co-precipitation.22–26 The nature of the
surface precipitates formed by oxidation of ferrous iron
depends on the reaction conditions (pH, rate of oxidation,
suspension concentration, temperature, and concentration of
impurities).27 However, if secondary Fe phases were formed rst
under anoxic conditions, the type of surface precipitates formed
during oxidation could also be inuenced by the solid phases
formed in the absence of O2. It has been shown by Génin et al.28

that Fe(OH)2 oxidizes into chloride green rust (Cl-GR) and
further oxidation of Cl-GR leads to the formation of lep-
idocrocite, goethite, or akaganeite, depending on the ratio of
initial concentrations of Cl� and OH�. However, it has not been
identied which Fe-bearing minerals form by oxidation of Fe(II)
associated with clay mineral surfaces.

Since clay minerals are not susceptible to reductive disso-
lution, a large portion of the Fe pool in submerged soils is
believed to be sorbed or incorporated into clay minerals.29 To
date, few studies have been conducted on Fe2+ sorption on Fe-
free clay minerals,14,21,30 which allows the determination of
Fe2+ adsorption on clay minerals and the relevance of this
process for Fe retention. Furthermore, the effects of subsequent
oxidation on the speciation of Fe sorbed onto clay surfaces have
not yet been determined. Therefore, the aims of this study were
to investigate the interactions of Fe2+ with a low structural iron
montmorillonite under anoxic conditions, and to characterize
the Fe surface species and secondary phases formed during
sorption. Additionally, we investigated the Fe species formed by
oxidation of Fe sorbed on the clay mineral surface. The results
1356 | Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367
will improve our understanding of the role of clay minerals in Fe
redox cycling and phase (trans-)formation.
Experimental
Preparation of clay mineral

A synthetic montmorillonite (Barasym SSM-100), referred to as
Syn-1 was purchased from the Source Clays Repository of the
Clay Minerals Society (Purdue University, West Lafayette, IN).
Syn-1 is very low in structural Fe and was selected for this study
to minimize potential oxidation of adsorbed Fe2+ by structural
Fe(III). Syn-1, was size fractionated (<2 mm), Ca saturated, and
washed free of excess salt. The size-fractionated Ca-saturated
Syn-1 was analyzed both as oriented and random oriented
powder samples by X-ray diffraction (XRD, D8 Advance, Bruker).
Diffractograms were recorded in Bragg–Brentano geometry
from 3 to 80� 2q with a step size of 0.02� 2q and 4 s acquisition
time per step, using Cu Ka radiation (l¼ 1.5418 Å, 40 kV, and 40
mA). X-ray uorescence analysis (XRF, XEPOS, Spectro) was
performed for elemental analysis of the clay mineral. The
measured diffractograms showed trace amounts of boehmite
(g-AlOOH) and total iron content was determined by XRF as
0.026 g kg�1. The specic surface area of Syn-1 was measured by
multi-point N2-BET analysis (ASiQwin, Quantachrome) as 95 �
2 m2 g�1.
Anoxic ferrous iron sorption experiments

Batch sorption experiments were performed to quantify Fe2+

sorption on Ca-saturated Syn-1 as a function of pH (4–10) and
CaCl2 concentration (0.1, 1.0, and 10 mM CaCl2) for two xed
ferrous iron concentrations (0.05 and 0.5 mM) at 25 � 1 �C. The
equilibration time was 24 h and the clay suspensions had
a solid-to-solution ratio of 1 g L�1, giving Fe/clay ratios of 0.05
and 0.5 mol Fe per kg clay, respectively. Due to the high oxygen
sensitivity of Fe2+, all batch sorption experiments were per-
formed under anoxic conditions (O2 < 0.1 ppm). All solutions
were prepared with O2- and CO2-free, doubly deionized (DDI)
water ($18.2 MU cm, Milli-Q, Millipore, Merck KGaA, Darm-
stadt, Germany), which was produced by boiling the water while
purging it with pure nitrogen gas for at least 3 h outside the
glovebox. This was done to prevent oxidation of dissolved Fe2+

and avoid the formation of carbonate solids at alkaline pH
values contributing to the removal of Fe2+ from solution. All
batch experiments were prepared in an anoxic glovebox from
a stock clay suspension (25 g clay L�1), which was pre-
equilibrated under a N2 atmosphere in the glovebox for 7
days. Before starting the sorption experiments, clay suspensions
were equilibrated for 1 hour at pH 5 to remove CO2. Subse-
quently, aliquots of a Fe2+ stock solution (0.25 M made from
a FeCl2 salt) were added to the clay suspension to obtain a total
Fe2+ concentration of 0.05 and 0.5 mM. The suspension pH was
adjusted by adding a pre-determined amount of CO2-free base
(0.01 or 0.1 M NaOH) to reach the target pH value.

The pH of the clay suspensions was measured for all samples
at the end of the equilibration period. The samples were then
passed through 0.22 mm nylon lters (VWR International) and
This journal is © The Royal Society of Chemistry 2020
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the ltrates were acidied. Acidied samples were analyzed for
Ca, Al, Si, Zr, V and Fe by inductively coupled plasma–optical
emission spectrometry (ICP-OES, Vista MPX, Varian) (Ca, Al, Si)
or mass spectrometry (ICP-MS, 8800 QQQ-ICP-MS, Agilent) (Fe,
Zr, V).
Iron solid phase speciation

Two set of samples were prepared to investigate the solid-phase
speciation of Fe and the effects of equilibration time (1 and 30
days), pH (7 and 8), Fe-loading (0.05 and 0.5 mol Fe per kg clay),
and oxidation. The rst group of samples were prepared for 57Fe
Mössbauer spectroscopy and the second for XAS analysis. All
batch sorption experiments were performed in 250 mL
Nalgene® bottles and stirred at 800 rpm for 1 or 30 days under
anoxic conditions. Aer equilibration, aliquots of the suspen-
sions were sampled and ltered for analysis of solutes by ICP-
OES or ICP-MS. For solid-phase analysis, 70 mL suspension
was passed through a 0.22 mm cellulose nitrate lter (GE
Healthcare Life Sciences) and solids were collected. The
collected solids were then washed with deoxygenated CO2-free
DDI water and subsequently dried in the dark in the glovebox.
From the remaining suspensions, 50 mL was transferred into
50 mL polypropylene (PP) centrifuge tubes. These PP centrifuge
tubes were then taken out of the glovebox and opened, in order
to exchange the remaining headspace (�5 mL) with ambient
air, before shaking them end-over-end for 24 h. The solids of air-
exposed suspensions were ltered, washed, and dried under
ambient air.

57Fe Mössbauer spectroscopy. Solid samples were prepared
for 57Fe Mössbauer spectroscopy by equilibrating Syn-1
(�1 g L�1) for 24 h with an isotopically enriched 57Fe2+ solu-
tion (0.05 and 0.5 mM) in 10 mM CaCl2. The enriched 57Fe2+

solution had the following isotopic composition (in % of total
Fe): 54Fe: 0.03, 56Fe: 2.95, 57Fe: 95.06, 58Fe: 1.96 for the 0.05 mM
Fe solutions, and 54Fe: 4.04, 56Fe: 82.92, 57Fe: 12.39, 58Fe: 0.65%
for the 0.5 mM Fe solutions, respectively. The enriched 57Fe
solutions were prepared from an 57Fe stock solution made by
dissolving 57Fe metal powder (95.06% 57Fe, Isoex, San Fran-
cisco, CA) in 2 MHCl at 70 �C overnight, which was then purged
with N2(g), sealed, and transferred to the glovebox. The Fe
concentration of the 57Fe(II) solution was determined in 0.22 mm
ltrates by ICP-OES.

The specicity of Mössbauer spectroscopy to 57Fe was used
to determine the oxidation states of Fe in the solid samples.
Dried powders for Mössbauer analysis were loaded into Plexi-
glas holders (1 cm2) under anoxic conditions. The samples were
placed in a closed-cycle He cryostat (SHI-850-I, Janis Research
Co.) for measurement at 77 K. Spectra were collected with
a constant acceleration drive system (WissEl, Wissenschaliche
Elektronik GmbH) in transmission mode with a 57Co/Rh source
and calibrated against a 7 mm thick a-57Fe foil measured at
room temperature. For two selected samples, the temperature
was varied between 77 K and 15 K. All spectra were analyzed
using the Recoil soware31 by applying a Voigt-based tting
routine.32 The half-width at half maximum (HWHM) was xed
to a value of 0.130 mm s�1 for all samples.
This journal is © The Royal Society of Chemistry 2020
X-ray absorption spectroscopy (XAS). The samples for XAS
analysis were prepared by equilibrating Syn-1 (�5 g L�1) with
a Fe2+ solution (0.25 and 2.5 mM) in 50 mM CaCl2 to maintain
similar conditions as in our previous experiments, but with
higher solid concentrations suitable to facilitate XAS analysis.
This set of samples was prepared to investigate the solid-phase
speciation of Fe and the effects of equilibration time (1 and 30
days), pH (�7 and �8), Fe-loading (0.05 and 0.5 mol Fe per kg
clay), and oxidation.

X-ray absorption spectroscopy (XAS) at the Fe K-edge
(7112 eV) was conducted at the SAMBA beamline of SOLEIL
(Saint-Aubin, France). The dried solids were homogenized,
pressed into 13 mm pellets and sealed between Kapton® tape.
For transport to the synchrotron, samples were sealed in two
layers of gas-tight-aluminum foil under N2 gas. Two samples
were additionally prepared as oriented clay lms for polarized-
XAS measurement (a ¼ 10�, 35�, 55�, and 80�). The oriented
samples were prepared by collecting the clay on a cellulose lter
(0.22 mm), separating the solid lm from the lters, stacking the
solid lms, and sealing them between Kapton® tape. All
measurements were conducted at 25 K to avoid beam damage
and oxidation of oxygen-sensitive samples. Sample spectra were
evaluated by linear combination tting (LCF) to obtain infor-
mation about the speciation of Fe and the formation of new Fe-
bearing solid-phases. Shell-t analyses of the extended X-ray
absorption ne structure (EXAFS) spectra were also performed
to obtain information about the short range local coordination
environment of Fe. The nature of the backscattering atoms
around Fe in the sorption samples was assessed using Morlet
wavelet transforms (WT) of k3-weighted EXAFS data using the
Fortran version of the HAMA soware developed by Funke
et al.33 Details on all measurements, data reduction, and anal-
yses are provided as (ESI†).

Results and discussion
Sorption of ferrous iron to Syn-1

The pH-dependent sorption of Fe2+ to Syn-1 under anoxic
conditions at different CaCl2 and Fe concentrations is shown in
Fig. 1. At low pH (�4), only small fractions of the total Fe2+ were
sorbed to the clay, with the highest sorbed fraction in suspen-
sions prepared with DDI water. This is consistent with non-
specic adsorption of Fe2+ to cation exchange sites of the clay
mineral and sorption competition with Ca2+. Between pH 4 and
7, sorption of Fe2+ increased strongly with pH and reached
nearly 100% at circumneutral pH values. In the neutral to
alkaline pH range, no clear sorption competition with Ca2+ was
observed, pointing to inner-sphere surface complex formation
of Fe2+ on clay mineral edge-surfaces and/or formation of
surface clusters or precipitates. In all batch sorption experi-
ments, the aqueous phase was thermodynamically undersatu-
rated with respect to possible Fe-bearing solids at pH < 8 (see
Table S1†), and hence, no secondary phases were expected to
form by homogeneous nucleation and precipitation.

To investigate the sorption mechanism of Fe2+ to Syn-1 by
XAS further, an additional set of samples was prepared at pH 7
or 8 under anoxic conditions containing 5 g L�1 clay, 0.25 or
Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 | 1357
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Fig. 1 Percentage of Fe2+ sorbed on Syn-1 (�1 g L�1) as a function of pH at different CaCl2 concentrations. Samples in DDI water had a Ca2+

concentration of �0.1 mM after 1 day equilibration. Total Fe2+ concentrations of (a) 0.05 and (b) 0.5 mM were added and equilibrated for 1 day
with 1 g L�1 Syn-1.

Fig. 2 Derivative of normalized Fe K-edge XANES spectra of Fe2+

sorption samples in which Syn-1 (�5 g L�1) was reacted with low (0.25
mM) or high (2.5 mM) Fe2+ concentrations at pH �7 or �8. Sorption
samples were equilibrated for 1 day under anoxic conditions (green
lines) and subsequently oxidized for 1 day (orange lines). Superscripts
(a–d) indicate the corresponding pairs of anoxic and oxidized samples.
Displayed pH values correspond to the pH measured at the end of the
equilibration period for each sample. Selected reference spectra of
solid phases containing Fe(II) and/or Fe(III) are shown for comparison
(abbreviations: Nk ¼ nikischerite, Cl-GR ¼ chloride green rust, Fh ¼
ferrihydrite).
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2.5 mM Fe2+, and 50 mM CaCl2. The high CaCl2 concentration
and pH values were selected to focus on sorption processes on
edge surfaces, which are expected to dominate under these
conditions. Furthermore, at pH < 8 the dissolved Fe2+ concen-
trations in the suspensions were always below saturation with
respect to Fe(OH)2 (Table S1†).

In the XAS samples, the sorbed fraction of Fe2+ was higher at
pH �8 than at pH �7 (Table S2†). The amount of sorbed Fe2+

also slightly increased with increasing equilibration time from
day 1 to 30 (Table S2 and Fig. S3†), e.g., by 0.02 mol Fe per kg
clay at pH 7. This observation is consistent with ndings by Zhu
et al.,34 who observed an increase in Fe2+ sorption to Syn-1
during 5 days at pH 7.5. Such increases of Fe2+ sorption
suggest that slow sorption processes were taking place. Possible
mechanisms explaining slow sorption kinetics include disso-
lution and precipitation reactions on surfaces.35–44

The derivative of the Fe K-edge XANES spectra of the solids
from selected Fe2+ sorption samples are shown in Fig. 2, along
with relevant Fe reference compounds for comparison. The
position of the highest maximum in the derivatives of XANES
spectra for the high Fe-loading anoxic sorption sample at
7125 eV suggests an Fe oxidation state of close to +2. However,
the presence of a small shoulder at 7128 eV might suggest that
a small fraction of Fe2+ was oxidized in these samples. For the
low Fe-loading anoxic sample at pH �8, the position of the
highest maximum is consistent with a valence state between +2
and +3, suggesting that sorbed Fe2+ was partially oxidized
during sorption experiments. The low Fe-loading anoxic sample
at pH 7 exhibited a maximum at 7127 eV, corresponding to a +3
oxidation state.

To quantify the oxidation states of sorbed Fe on Syn-1 under
anoxic conditions with greater precision, Mössbauer spectros-
copy was performed for selected solids (1 g L�1 clay experi-
ments) from low and high Fe-loading samples (Fig. 3 and S8†).
Fit parameters are detailed in Table S6.† Anoxic spectra (Fig. 3a
and b) exhibited two doublets revealing the presence of ferric
iron (Fe(III)) in addition to ferrous iron (Fe(II)). Accordingly, the
spectra were tted with one paramagnetic doublet with large
quadrupole splitting (DEQ �2.68 mm s�1) assigned to Fe(II) and
a second doublet with small quadrupole splitting (DEQ
1358 | Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 This journal is © The Royal Society of Chemistry 2020
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Fig. 3 77 K Mössbauer spectra and fits of high Fe-loading solid samples. Syn-1 (1 g L�1) was reacted with 0.5 mM Fe2+ (enriched in 57Fe) at pH�7
or �8 under anoxic conditions during 1 day (a and b). Anoxic samples were subsequently exposed to air for 1 day (c and d). Displayed pH values
correspond to the pH measured at the end of the equilibration period for each sample. In all graphs, symbols represent data and red lines the
model fits. Corresponding fitting parameters are summarized in Table S6.† The Fe(II) doublet is represented as green area and the Fe(III) doublet as
orange area.
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�0.81 mm s�1) consistent with Fe(III). At high Fe-loading, 14–
28% of the sorbed iron was oxidized to Fe(III) under anoxic
conditions and 52–100% for sorption experiments performed at
low Fe-loading (Table S6†). The ferrous doublet had similar
isomer shi (d) and quadrupole splitting (DEQ) values as were
reported for chloride green rust (d ¼ 1.27 mm s�1; DEQ ¼
2.68 mm s�1).45,46 The ferric doublet (DEQ �0.81 mm s�1;
d �0.46 mm s�1) was consistent with poorly crystallized or
amorphous compounds such as ferric hydroxide Fe(OH)3 or
ferrihydrite.47 Overall, the data clearly show that the added Fe2+

was partially oxidized upon sorption to Syn-1 clay under anoxic
conditions. The relative abundance of Fe(III) was consistently
higher at the low Fe-loading (Table S6†).

The presence of Fe(III) species in anoxic sorption samples
conrms that even under anoxic conditions, Fe(II) can be
oxidized to Fe(III) in the presence of clay minerals with very low
structural Fe contents. The amount of structural Fe present in
the Syn-1 (4.65 mmol Fe per kg) may have contributed to the
oxidation of at maximum 0.93 and 9.3% of the added Fe2+ for
high and low Fe-loading samples, respectively. Oxidation of Fe2+

by accidental exposure to O2 can be excluded as no Fe2+ oxida-
tion was observed in Fe2+ control solutions without clay. An
additional anoxic control experiment on Fe2+ sorption to Syn-1
was carried out in a glass bottle to ensure that no residual O2

sorbed to the walls of Nalgene® plastic bottles induced Fe2+

oxidation. The same results were obtained in experiments with
glass and Nalgene® bottles, excluding residual sorbed O2 as
a possible electron acceptor. Therefore, other reactive sites on
the clay mineral surface must have induced electron transfer
from Fe2+ to an electron acceptor. As only traces of Ti were
This journal is © The Royal Society of Chemistry 2020
present in the clay mineral (1.3 mmol Ti per kg) it can be
excluded as main electron acceptor.

Géhin et al.14 suggested hydrogen to be a potential electron
acceptor with the production of H2 that might be sorbed by the
clay mineral and ensure the reversibility of the Fe(II) oxidation.
In the study by Géhin et al.,14 the Fe2+ concentration added to
a Fe-free clay (�0.06 mmol Fe per g clay) was similar to the low
Fe-loading sorption samples of this study. The partial pressure
of H2 in both experiments was very low as they were performed
in a 100% N2 atmosphere.14 Thermodynamic calculations
demonstrate that at very low H2 partial pressures, H+ is
a potential oxidant for Fe2+ at neutral to alkaline pH to form
amorphous Fe(III)-hydroxides (Fig. S2a†). In the presence of
more crystalline Fe(III) solids having lower iron solubilities such
as e.g., lepidocrocite and goethite, H+ would represent an even
more favorable oxidant for Fe2+ andmight enable Fe2+ oxidation
already at slightly acidic pH values (Fig. S2b†). The reduction of
H+ would lead to the production of H2 and an increase of the
partial pressure of H2. Concurrently, the Fe

2+ activity is expected
to decrease due to the formation of Fe(III) solid phases and
progressing Fe2+ adsorption to mineral surfaces. Consequently,
the ability of H+ to act as an oxidant for Fe2+ decreased during
sample equilibration (see arrows in Fig. S2a†). This explains
why the oxidation of Fe2+ was limited in our experiments.
Accordingly, an increased percentage of Fe2+ oxidation with
lower Fe-loading is expected, which is consistent with previous
ndings by Soltermann et al. and Géhin et al.14,30 conrming
that the oxidation of Fe2+ is likely limited by the partial pressure
of H2 and the Fe2+ activity in solution. In a control experiment
without clay minerals present, Fe2+ oxidation was not observed.
Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 | 1359
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Based on this nding, we propose that clay minerals served as
a catalyst for Fe2+ oxidation by H+ by facilitating the electron
transfer via ligation of Fe2+ to protonated surface oxygen atoms.
This catalytic effect of surfaces in electron transfer reactions
may be important in various environmental settings. For
instance, it has been shown that the reduction of organic
pollutants by Fe2+ is enhanced when sorbed to mineral
surfaces.48–50

To further investigate the possible solid-phase Fe species
formed during the 1 and 30 days equilibration periods, linear
combination ts (LCF) of Fe K-edge EXAFS spectra were per-
formed (Fig. 4, Tables S11 and S12†). LCF analysis showed that
EXAFS spectra of high Fe-loading anoxic samples were
adequately tted by including Fe(II)-hydroxide (b-Fe(OH)2) (6–
13%), chloride green rust ([Fe3

2+Fe3+(OH)8]$[Cl$nH2O])45 (51–
68%), and nikischerite (NaFe2+6Al3(SO4)2(OH)18(H2O)12)51 (19–
40%). Nikischerite is a natural Fe(II)2Al(III)-layered double
hydroxide (LDH) mineral with sulfate interlayer anions and is
used here as a structural reference representing Fe(II)Al(III)-LDH
phases in general.51 Fitting of the low Fe-loading anoxic samples
(Fig. 4b) required the reference compound ferrihydrite, which is
in line with the presence of Fe(III) as observed by both
Mössbauer and XANES spectroscopy.

An improved t (>10% decrease in R-factor, see Table S12†)
was obtained for the low Fe-loading anoxic sorption sample
Fig. 4 LCF fitting results of Fe K-edge EXAFS spectra of Fe2+ sorption sa
subsequently oxidized for 1 day (orange lines) and relevant reference
combination fitting of k3-weighted Fe K-edge EXAFS spectra for Fe2+ sorb
samples. The fits were performed over a k-range of 2–11.3 Å�1 (kw ¼
normalized to the sum equal to 100% and are reported in Tables S11 and S
lepidocrocite, Fh ¼ ferrihydrite). (c) k3-weighted c spectra of references (
lepidocrocite are shown together with the k3-weighted c spectra (open
orange colors correspond to anoxic and oxidized samples, respectively).
equilibration period for each sample. Superscripts (a–d) indicate the cor

1360 | Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367
equilibrated at pH �8 when Fe(II)-containing minerals, namely
nikischerite and chloride green rust, were included. This is
again consistent with the presence of Fe(II) species, as observed
by Mössbauer spectroscopy. A comparison of the Fe oxidation
states determined by Mössbauer spectroscopy for the 1 g L�1

batch experiments and by LCF of EXAFS spectra for 5 g L�1

batch samples is provided in Table 1. Both sets of batch
experiments are in reasonable agreement and thus conrm that
Fe2+ in anoxic Fe sorption samples can partially be oxidized in
the presence of Syn-1 clay.

For the majority of the samples, the LCF signicantly
improved when an Fe(III)-containing clay mineral reference
(SWy-2, containing 3 wt% Fe) was included as additional
reference in the ts. Released Si from Syn-1 aer 1 day equili-
bration between pH 6 and 10 amounted on average to
�0.016 mmol Si per g clay compared to up to 8 times lower Si
concentrations for anoxic sorption samples with Fe (see Fig. S6a
and S7†). This provides additional evidence that the released Si
from Syn-1 was removed from solution upon addition of Fe,
either by adsorption or incorporation into newly formed Fe
phases. It has been suggested by Soltermann et al.30 that Fe2+

can be taken up by the clay minerals, leading to the formation of
Fe-bearing clay minerals.

In presence of elevated divalent metal (Me2+) concentrations
(rst-row transition series), it has been shown that Me(II)Al-LDH
mples equilibrated for 1 day under anoxic conditions (green lines) and
s: (a and b) absolute fractions of Fe references obtained by linear
ed on Syn-1. High Fe load (a and c) and low (b and c) (0.25mM) sorption
3) with no fit constraints. The initial fit fractions (70.9–146.2%) were
12† (abbreviations: Nk¼ nikischerite, Cl-GR¼ chloride green rust, Lp¼
line): SWy-2, Fe(OH)2, nikischerite, chloride green rust, ferrihydrite and
circles) of 1 day equilibrated samples with corresponding fit (green and
Displayed pH values correspond to the pH measured at the end of the
responding pairs of anoxic and oxidized samples.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Percentage of Fe(II) and Fe(III) based on 57Fe-Mössbauer and
Fe K-edge EXAFS spectra (LCF of k3-weighted spectra)b

High Fe load Anoxic target pH

EXAFS Mössbauer

Fe(II)a Fe(III)a Fe(II) Fe(III)

Anoxic 7 78 22 86 (1.3) 14 (1.3)
Anoxic 8 84 16 72 (0.6) 28 (0.6)
Oxic 7 0 100 0 100
Oxic 8 0 100 0 100

Low Fe load Anoxic target pH

EXAFS Mössbauer

Fe(II)a Fe(III)a Fe(II) Fe(III)

Anoxic 7 0 100 0 100
Anoxic 8 54 46 48 (0.4) 52 (0.4)

a Assumption of a 3/1 Fe(II)/Fe(III) ratio as in stoichiometrically pure Cl-
GR. b Note: parameter uncertainties are given in parentheses.
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can form under alkaline conditions in the presence of Al-
containing minerals.21,36,37,39,41–44,52–54 The formation of FeAl-
LDH phases is favored over Fe(OH)2 in environments where
Al3+ is present because FeAl-LDH phases are less soluble than
Fe(OH)2 by two orders of magnitude.54 Yet, partial oxidation of
Fe(OH)2 would lead to the formation of green rust, for which no
information is available concerning its stability compared to
FeAl-LDH.

The contributions of Fe(OH)2, Cl-GR, and nikischerite to the
LCF of EXAFS spectra of high Fe-loading anoxic samples suggest
that under our experimental conditions, Fe2+ was mainly sorbed
through the formation of Fe2+-containing layered mineral pha-
ses. Furthermore, the inclusion of a reference spectrum for
aqueous Fe2+ in the LCF did not improve the ts signicantly,
conrming that outer-sphere adsorption of Fe2+ to the clay
surface was not an important sorption mechanism at neutral to
weakly alkaline pH.

The goodness of t in the LCF analysis of anoxic sorption
samples was not fully satisfactory (R-factors > 5%, Tables S11
and S12†). Therefore, we further analyzed the data by shell-by-
shell tting of Fourier transformed (FT), k3-weighted EXAFS
spectra (Fig. S11†), which is independent of reference spectra
and may provide additional information about the average
bonding environment of Fe in the samples.55 For all anoxic
sorption samples, a rst shell was observed at �1.5 Å (uncor-
rected for phase shi), representing the rst oxygen shell
surrounding the central Fe atoms. Further shells with R + DR
between 2 and 3.5 Å were observed, which could be attributed to
Fe–Fe, Fe–Al, or Fe–Si backscattering pairs.

For high Fe-loading anoxic samples (Tables 2 and S13†), the
rst shell was tted with 4.1–5.4 O atoms at a distance of 2.10–
2.12 Å, which is characteristic of an octahedral arrangement of
O around Fe(II). The second shell at �2.8 Å (uncorrected for
phase shi) can be tted with Fe and Al or Si back-
scatterers.51,56,57 Due to the similar or even same crystallo-
graphic position of Fe2+, and Al3+ in LDH, it is difficult to
unequivocally differentiate these two atoms. Additionally,
This journal is © The Royal Society of Chemistry 2020
constructive interferences from Si4+ atoms in greenalite,57

which are found at slightly larger crystallographic positions
than Fe2+ and Al3+, could occur. Wavelet transformation (WT) of
EXAFS spectra can complement the FT by resolving the k-
dependence of the absorption signal, allowing better distinc-
tion between heavier and lighter backscattering atoms. The WT
of the second coordination shell of the high Fe-loading anoxic
samples and Fe references are shown in Fig. S13 and S14.†
Unfortunately, WT did not allow for the distinction between Al
and Fe path contribution to the second shell as both niki-
scherite and chloride green rust possessed a peak at k �6 Å�1.
Therefore, three models with different single scattering paths
for tting the second shell in high Fe-loading anoxic samples
were compared (Table S16 and Fig. S12†). Model 1 with only
a second shell Fe–Fe path, Model 2 with Fe–Fe and Fe–Al paths,
and Model 3 with Fe–Fe and Fe–Si paths, respectively. Model 1
returned a Fe–Fe distance of 3.20–3.21 Å, in agreement with
crystallographic data of chloride green rust.56 Including an
additional Fe–Al path (Model 2) resulted in a Fe–Al distance of
3.30 Å, which is signicantly different from the Fe–Al distance
in FeAl-LDH phases like nikischerite (3.12 Å).51 Similarly,
including an additional Fe–Si path (Model 3) resulted in a tted
Fe–Si distance of 3.19 Å, which differs from the Fe–Si distance in
greenalite (3.30 Å).57 Additionally, the inclusion of a Fe–Al or Fe–
Si backscattering path to Model 1 did not decreased the reduced
c2-values by at least a factor two.55 Based on these results, Model
2 and 3 might not be suitable for the tting of high Fe-loading
anoxic samples. The aforementioned ndings suggest that in
high Fe-loading anoxic sorption samples mainly a LDH phase
with Fe in the octahedral sheet formed. However, WT of EXAFS
spectra of high Fe-load samples displayed as an intermediate
between FeAl-LDH and Cl-GR, which might suggest that Al
released from the clay minerals (see Fig. S6b†) was incorporated
into the octahedral sheets of the newly formed Fe-phase. This is
in agreement with the LCF ts of high Fe-loading anoxic sorp-
tion samples, which required both the nikischerite and Cl-GR
reference. Therefore, it is likely that a mixed Fe(II)–Al(III)/Fe(III)-
LDH phase formed under these conditions, as suggested by
Starcher et al.44

In order to obtain information about the orientation of the
newly formed secondary phases polarized EXAFS (P-EXAFS)
spectra were recorded for the high Fe-loading sorption
samples. In P-EXAFS neighbouring atoms along the electric
eld (or along polarization direction of the X-ray beam) are
preferentially probed and atoms located in a plane perpendic-
ular to this electric eld direction are attenuated. Applying this
method to clay mineral self-supporting lms has the advantage
of minimizing the contribution of cations from the tetrahedral
sheets by orienting the layer ab plane to the electric eld.
Conversely, the contributions of cations from the octahedral
sheet is extinguished in the perpendicular orientation of the
electric eld. The P-EXAFS spectra of the oriented high Fe-
loading sorption sample recorded at a ¼ 10�, 35�, 55� and 80�

are presented in Fig. S15.† The presence of isosbestic points in
the spectra provides evidence that the differences in the
measured spectra were only due to orientation effects.58–61 The
pronounced dependence upon orientation in the regions
Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 | 1361
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Table 2 Shell-fit parameters determined from Fe K-edge EXAFS data of Fe(II) sorption to Syn-1 under anoxic conditions for 1 day.a Parameter
uncertainties are given in parentheses

Fe–O Fe–Fe

DE0
e Red. c2f R-factorgCNb Rc (Å) s2d (Å2) CNb Rc (Å) s2d (Å2)

High Fe load
pH 7.2 4.1

(0.8)
2.10
(0.01)

0.009
(0.003)

2.6
(0.9)

3.21
(0.01)

0.006
(0.003)

1.17
(1.79)

110 0.0211

pH 8.1 6.0
(0.5)

2.12
(0.01)

0.009
(0.001)

4.5
(0.5)

3.20
(0.01)

0.007
(0.001)

�1.53
(0.7)

235 0.0032

Low Fe load
pH 8.1 4.6

(0.9)
2.06
(0.02)

0.012
(0.003)

2.1
(0.4)

3.17
(0.02)

0.009 1.25
(1.81)

14 0.0274

Fe–O Fe–Al Fe–Si Fe–Fe

DE0
e

Red.
c2f

R-
factorg

CNb Rc

(Å)
s2d

(Å2)
CNb Rc

(Å)
s2d

(Å2)
CNb Rc

(Å)
s2d

(Å2)
CNb Rc

(Å)
s2d

(Å2)

Low Fe load
pH 7.0 4.9

(1.3)
2.02
(0.02)

0.010
(0.003)

2.9
(1.6)

2.82
(0.04)

0.01 1.9
(1.9)

3.03
(0.07)

0.01 1.1
(0.8)

3.48
(0.05)

0.009 0.98
(2.70)

210 0.0335

a The amplitude reduction factor S0
2, was set to 0.9 based on rst shell optimization for all sorption samples (R-range 1.1–2.5 Å). b Path degeneracy

(coordination number). c Mean half path length. d Debye–Waller parameter. Debye–Waller parameter was xed to 0.01 Å2 for Fe–Al and Fe–Si based
on the s2 obtained for Fe–Si and Fe–Al path by Soltermann et al.30 s2 (Fe) was xed to 0.009 Å2 for Fe–Fe of low Fe-load sorption sample like was tted
for edge-sharing Fe–Fe for low Fe-load samples. e Energy-shi parameter. f Fit accuracy; reduced

c2 ¼
�
Nidp=Npts

�X
i

�
ðdatai � fitiÞ

.
3i

�2�
Nidp �Nvar

��1
: Nidp, Npts and Nvar are, respectively, the number of independent points in the model t

(11.2–13.7), the total number of data points (151–171), and the number of t variables (6–10). 3i is the uncertainty of the ith data point. g R-

factor; Normalized sum of squared residuals
�X

i

ðdatai � fitiÞ2
.X

i

data2
�
: Note: The FT of k3-weighted EXAFS spectrum of the anoxic low Fe-

loading samples at pH 8.1 was calculated over a k-range of 2–9.5 Å�1. The shell-t analysis of k3-weighted Fe EXAFS spectrum of the anoxic low
Fe-loading sample at pH 7.0 was performed in R-space R + DR-range of 1.1–4 Å.
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between the isosbestic points conrms the successful prepara-
tion of a clay lm with preferred orientation.59–62 The angle
dependence of the spectra also conrms the anisotropic
formation of the secondary phase aligned with the clay mineral
sheets for high Fe-loading anoxic sorption samples.

For the low Fe-loading anoxic samples, the rst shell was
tted with 4.6–5.3 O atoms at a radial distance of 2.01–2.05 Å
which is an intermediate distance of an octahedral arrangement
of O atoms around Fe(II) and Fe(III).56,63 The tting of a CN < 6
may suggest the presence of some tetrahedral Fe as found in
ferrihydrite. This result is in agreement with the presence of Fh
in the LCF of EXAFS spectra of this sample (Table S12†).

The FT of the EXAFS spectra of the low Fe-loading anoxic
samples equilibrated at pH �8, showed a second peak at �2.75
Å (uncorrected for phase shi). This second shell was tted with
Fe located at a radial distance of 3.15–3.17 Å and a coordination
number of 1.8–2.1. The tted distance for the second shell
corresponds with an intermediate distance of edge-sharing Fe
atoms around Fe(II) and Fe(III) as in fougerite56 and lep-
idocrocite,64 respectively. This is consistent with the results
obtained by LCF and Mössbauer spectroscopy.

The low Fe-loading anoxic sample equilibrated at pH �7
(Table 2) showed two overlapping small peak aer the rst shell,
one at�2.3 Å and�3.1 Å (uncorrected for phase shi). Fitting of
1362 | Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367
these two shells required a Fe–Al, Fe–Si and Fe–Fe backscat-
tering path with distances of 2.84, 3.08 and 3.48 Å, respectively.
Fitted distances for Fe–Al and Fe–Si paths are in good agree-
ment with bond distances in phyllosilicates.65 The distance
tted for the Fe–Fe path at 3.48 Å is characteristic for double
corner-sharing Fe as in ferrihydrite.63,66

The WT of EXAFS spectra of low Fe-loading anoxic sample
equilibrated at pH �7 (see Fig. S14c†) contained three maxima,
one at k ¼ 3, 7, and 10 Å�1 suggesting three different back-
scattering atoms contributing to the second shell. This result
conrms that including the Fe–Fe, Fe–Al and Fe–Si backscat-
tering paths in the model to t low Fe-loading anoxic samples
equilibrated at pH �7 is reasonable. Additionally, F-tests
conrmed that the inclusion of Fe–Al and Fe–Si backscattering
paths into the t model signicantly improved the goodness of
the t (S.I. Section 11†).

Previous studies have also investigated the sorption of Fe2+

to different clay minerals at various Fe-loadings.14,30 Collectively,
the literature results suggested that depending on the Fe-
loading, various Fe(II)- and Fe(III)-containing solids formed. At
high Fe-loadings (0.53–2 mol Fe per kg) the formed secondary
phases were predominantly Fe(II)-containing phases.19,21 At low
Fe-loadings (0.002–0.08 mol Fe per kg) mainly Fe(III)-containing
phases were observed.30,67 Our current study are in agreement
This journal is © The Royal Society of Chemistry 2020
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with these results. The formation of an LDH phase with Fe in
the octahedral sheet was observed for high Fe-loading anoxic
sorption samples as shown by Jones et al.19 Contrary, in the
study by Zhu et al.21 no Fe2+ oxidation was observed during
sorption of Fe2+ onto Syn-1 and the formation of FeAl-LDH was
suggested as the main solid phase forming. However, sorption
experiments in the study by Zhu et al. were performed in an
atmosphere with 5% H2 and 95% N2. Such elevated H2

concentration are expected to disable H+ to oxidize Fe2+ (cf.
Fig. S2†) and to suppress the formation of green rust as the
main secondary phase. In our low Fe-loading samples, over half
of Fe(II) was oxidized to Fe(III), from which a large fraction was
incorporated into newly formed clay minerals. This result shows
that clay minerals can play an important role in the mobility of
Fe2+ under anoxic conditions.
Effects of aeration of anoxic sorption samples on Fe
speciation

To understand the effects of O2-exposure on the speciation of Fe
in clay suspensions (Syn-1) that were anoxically equilibrated for
1 or 30 days with Fe2+, the anoxic suspensions were exposed to
ambient air for 24 hours. Aeration resulted in a further increase
in percent Fe sorption (see Fig. 4a, b and Table S2†), despite
a drop in suspension pH (between 0.8 and 3.1 pH values) as
a result of hydrolysis of Fe3+ (Table S3†). Due to the high O2

sensitivity of Fe2+ at near-neutral pH, rapid oxidation of adsor-
bed and dissolved Fe2+, hydrolysis of Fe3+, and precipitation of
Fe(III)-(oxyhydr)oxides may occur. This results in the release of
protons, explaining the observed decrease of suspension pH.

Aer the equilibration of Fe2+ with Syn-1 under anoxic
conditions, substantial amounts of aqueous Fe2+ still remained
in solution (70–78% of added Fe at pH�7 and 7–16% at pH �8,
see Table S2†). Additionally, some adsorbed Fe2+ may have been
desorbed from clay surfaces as pH started to decrease. All dis-
solved and adsorbed Fe2+ is expected to rapidly oxidize upon
exposure to O2 and form iron minerals such as lepidocrocite
and/or ferrihydrite, depending on solution composition (e.g.,
Ca, Si).68 However, the remaining 22 to 30% (at pH �7) or 83 to
93% (pH �8) of the added Fe was sorbed to the clay, mostly by
the formation of Fe(II) solid phases such as chloride green rust,
FeAl-LDH, and/or Fe(III)-phyllosilicates, as was shown in the
section above. The oxidation kinetics and resulting Fe species
formed during aeration of such sorbed ferric Fe on clay
minerals is far less understood.

Mössbauer spectroscopy showed that the 24 h aeration of
anoxic Fe2+ sorption samples led to a complete oxidation of all
added Fe, resulting in only a ferric doublet in the spectra of oxic
samples (Fig. 3c and d). This nding shows that even 30 days
equilibration under anoxic conditions, resulting in mainly the
incorporation of Fe(II) into solid phases, did not prevent rapid
oxidation to Fe(III). Additional Mössbauer spectra of two high
Fe-loading oxic samples were measured at 45, 35, 25 and 15 K
(Fig. S10†). The tting results of the temperature-dependent
Mössbauer spectra are given in Tables S7 and S8.† In general,
the spectra displayed the characteristic effect of magnetic
ordering with decreasing temperature. Ordered sextets had
This journal is © The Royal Society of Chemistry 2020
hyperne parameters d (between 0.49 and 0.50 mm s�1), DEQ
(between �0.05 and �0.01 mm s�1) and hyperne eld (Bhf)
(between 43.9 and 44.3 T) for the oxic samples at 15 K, which are
in line with values reported for short range ordered Fe(III)-oxy-
hydroxides such as lepidocrocite and ferrihydrite.69 Addition-
ally, temperature dependent Mössbauer spectra allow the
determination of the blocking temperature, which is affected by
crystallite size or interparticle interactions.70,71 We calculated
the blocking temperature as the temperature at which the
summed areas of the paramagnetic doublets and magnetic
sextets (which includes poorly ordered and fully magnetically
ordered sextets) of Mössbauer spectra are equal. Fig. S9† shows
the relative abundance of doublets and sextets for the two oxic
samples at pH 5.1 (pH 7.3 under anoxic conditions) and pH 5.6
(pH 8.4 under anoxic conditions). Both samples displayed
a blocking temperature below the literature values for ferrihy-
drite and lepidocrocite (between 50 and 77 K).69,72 A blocking
temperature of �32 K was calculated for the oxic sample pre-
equilibrated at pH 7.3, compared to �42 K for the aerated
suspension pre-equilibrated at pH 8.4. This indicates that
oxidation of the anoxic sorption samples led to the formation of
short range ordered Fe(III)-(oxyhydr)oxides, for which either
precipitates had smaller crystallite size or show a lesser degree
of interparticle interaction, potentially as a result of surface
sorption effects, when formed at pH 7.3 than pH 8.4.

For all oxic sorption samples, the position of the Fe K-edge
was at 7127 eV (Fig. 2), which corresponds to the oxidation
state Fe(III) and is in line with Mössbauer data (Fig. 2). Linear
combination tting (LCF) results for Fe K-edge EXAFS spectra
are presented in Fig. 4 (also Tables S11 and S12†). Oxidized
sorption samples were well described (R-factor < 2%) with 3
reference compounds: ferrihydrite (45–60%), Fe(III)-containing
phyllosilicates (24–36%), and lepidocrocite (13–19%). Essen-
tially, all oxic sorption samples transformed into the same
secondary phases regardless of their equilibration conditions
(pH, Fe concentration) and time (1 or 30 days) under anoxic
conditions (Tables S11 and 12†). Parts of the Fe(III)-containing
phyllosilicates that have already formed under anoxic condi-
tions were not affected by oxidation and remained as secondary
phase aer aeration. It was observed that the fraction of lep-
idocrocite formed was signicantly lower for low Fe-loading
samples compared to high Fe-loading samples.

The oxidation of aqueous ferrous iron at pH 7 and in a chlo-
ride background is known to lead to the formation of lep-
idocrocite, with crystallinity decreasing with decreasing pH.27

Below pH 4, oxidation of ferrous iron is expected to precipitate as
ferrihydrite.27 As the pH of the oxic sorption samples remained
above pH 4 and the concentration of Ca was elevated, the
formation of lepidocrocite as the major Fe(III)-(oxyhydr)oxides is
expected. However, the presence of dissolved silicate, released
from the clay mineral, above 10 mmol L�1 has been shown to
inhibit the formation of more crystalline iron oxides, such as
lepidocrocite,73 and favor the formation of ferrihydrite.66,68

Therefore, the observation of ferrihydrite as the dominant
secondary phase under oxic conditions in this study was more
anticipated, as Si released from the clay mineral amounted to
�80 mmol Si L�1 between pH 6 and 10 (Fig. S6a†). The
Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367 | 1363
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observation of lepidocrocite as a second Fe(III)-(oxyhydr)oxides in
the oxic samples can be explained by two mechanisms: (i)
through the oxidation of green rust, which under certain condi-
tions can be oxidized into lepidocrocite28 or (ii) through dissolved
ferrous iron catalyzing the transformation of poorly-crystalline
ferrihydrite to the more stable mineral lepidocrocite.74,75

A lower amount of lepidocrocite was formed in the low Fe-
load samples, as direct oxidation of Fe2+ in presence of
elevated Si concentrations (high Si/Fe ratio in solution) may
mainly precipitate as ferrihydrite.73 However, only a small
fraction of the sorbed Fe in the oxic samples was formed by
direct oxidation of dissolved Fe2+ for low Fe-loading samples
equilibrated at pH �8 (between 7 and 12%, see Fig. S4 and S5†)
compared to samples equilibrated at pH �7 (between 60 and
65%, see Fig. S4 and S5†). Nevertheless both low Fe-loading
samples resulted in the presence of similar solid phases. The
higher fraction of lepidocrocite observed in the high Fe-loading
oxic samples as compared to the low Fe-loading samples may be
due to the oxidation of dissolved Fe2+ in the presence of a low Si/
Fe ratio in solutions, which favors lepidocrocite formation over
ferrihydrite or through the transformation of green rust into
lepidocrocite.66,73 Because only a small fraction of the sorbed Fe
(up to 20%, see Fig. S4 and S5†) was formed by direct oxidation
of dissolved Fe2+ in high Fe-loading samples, lepidocrocite was
primarily formed from the transformation of Fe-phases
precipitated under anoxic conditions.

The LCF of EXAFS spectra of oxic samples signicantly
improved when an Fe(III)-containing clay mineral reference
(SWy-2, representing Fe(III) in phyllosilicate structures) was
included. Furthermore, measured Si in solution of oxic samples
was 6–40 times lower than the Si released from Syn-1 aer 1 day
equilibration between pH 6 and 10 in absence of Fe
(�0.016 mmol Si per g clay) (Fig. S6a and S7†). Combined, this
provides strong evidence for sorption and/or incorporation of Si
into the Fe species formed upon aeration. Based on the LCF
results, the amount of Fe sorbed by the formation of Fe-
phyllosilicates (the fraction tted by SWy-2) was calculated.
Together with amount Si re-sorbed upon Fe2+ addition, this
allowed to calculate the ratio of Fe to Si sorbed in the samples.
The overall Fe/Si ratio of the newly formed Fe species was esti-
mated to amount to 0.56–1.83 (Tables S4 and S5†). These values
are in line with Fe/Si ratios one would expect for 1 : 1 Fe-
phyllosilicate, like (Fe2+,Fe3+)3–2Si2O5OH and 2 : 1 Fe-
phyllosilicate ((Fe2+,Fe3+)3–2Si4O10(OH)2).76

More detailed information about changes in local coordi-
nation environment of Fe upon aeration of the suspensions was
obtained by shell-by-shell tting of fourier transformed k3-
weighted Fe K-edge EXAFS spectra (Fig. S11†). All oxic sorption
samples showed a rst shell at �1.5 Å (uncorrected for phase
shi), representing the rst oxygen shell surrounding the Fe
atoms. A second shell was observed between 2 and 3.5 Å, which
can be attributed to different Fe–Fe backscattering pairs. The
rst shell was tted with 4.9–6.0 O atoms at a radial distance of
1.99–2.00 Å. This is consistent with an octahedral arrangement
of the O atoms around a central Fe(III), as in lepidocrocite.63 The
tting of a CN smaller than 6 may suggest the presence of some
tetrahedral Fe as found in ferrihydrite.77 This result is in
1364 | Environ. Sci.: Processes Impacts, 2020, 22, 1355–1367
agreement with the presence of Fh in the LCF of EXAFS spectra
of oxic sample (Tables S11 and S12†). The second shell was
composed of two peaks, one at �2.65 Å and a second peak at
�3.11 Å (uncorrected for phase shi). These two peaks were
successfully tted with two Fe–Fe single backscattering paths.
The rst Fe backscattering path (Fe–Fe1) had a tted distance of
3.07–3.09 Å with coordination numbers between 1.8–3.7,
consistent with edge-sharing Fe octahedral.64 The second Fe
backscattering path (Fe–Fe2) had a tted distance of 3.42–3.45 Å
with coordination numbers between 1.2–2.1, characteristic of
double corner-sharing Fe octahedral.63,66 The tted coordina-
tion numbers of edge-sharing Fe (Fe–Fe1) atoms increased with
increasing Fe-loading, contrary to the tted coordination
numbers of corner-sharing Fe (Fe–Fe2) atoms (Tables S14 and
S15†). These trends correspond well with the increasing fraction
of lepidocrocite formed with increasing Fe-loading, as observed
by LCF of EXAFS spectra of oxic sorption samples. Triangular
multiple scattering (MS) paths Fe–O–O were not implemented
in our t model as including this path decreased the reduced c2-
values less than a factor two (see S.I. Section 15 for details†).55

Conclusions

Our results show that the formation of Fe-bearing secondary
phases is the main sorption mechanism for Fe2+ uptake by clay
minerals low in structural Fe under anoxic conditions. Clay
minerals can enhance the formation of newly formed, layered
Fe minerals such as green rusts, FeAl-LDH, and Fe-
phyllosilicates, by providing nucleation sites and serving as
a source of Al and Si. Furthermore, clay surfaces may act as
catalysts for Fe2+ oxidation by hydrogen, especially at circum-
neutral to alkaline pH values and low H2 partial pressures.
Therefore, the precipitation of Fe-bearing phases in presence of
clays may be of importance in controlling Fe2+ solubility in
anoxic groundwaters and soils.

The nature of the secondary phases formed under anoxic
conditions appeared to be controlled by Fe-loading, but also by
other factors. Under the conditions used in our study (high
Ca2+, no CO2), the formation of layered Fe minerals was favored.
These conditions were chosen to ensure saturation of cation
exchange sites with Ca2+ and exclude formation of iron
carbonates, allowing us to identify the sorption mechanisms of
Fe2+ to edge sites of the clay mineral. However, as submerged
soils frequently contain elevated CO2 concentrations, the
precipitation of carbonate green rust and also siderite (FeCO3)
would also be expected in these environments.

Aer exposure of anoxic sorption samples to ambient air,
sorbed Fe(II) was completely oxidized to Fe(III). Aeration led to
a rapid transformation of sorbed Fe into ferrihydrite, lep-
idocrocite, and Fe(III)-bearing clay minerals, independent of the
Fe-loading and the duration of the pre-equilibration under
anoxic conditions. This demonstrates that clay minerals are
unable to stabilize sorbed Fe(II) against oxidation. However, the
presence of clay minerals favors the formation of Fe(III)-con-
taining clays both under anoxic and oxic conditions. This
process is expected to impact not only the solubility of iron in
soils and sediments but also many redox transformations of
This journal is © The Royal Society of Chemistry 2020
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organic and inorganic contaminants which can react with Fe-
bearing clays.
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