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Andreas C. Scheinost,∥,○ and Christopher A. Gorski§

†Laboratory for Waste Management, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
‡Institute of Biogeochemistry and Pollutant Dynamics, ETH Zürich, 8092 Zürich, Switzerland
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ABSTRACT: Iron is an important redox-active element that is ubiquitous in both
engineered and natural environments. In this study, the retention mechanism of Fe(II)
on clay minerals was investigated using macroscopic sorption experiments combined
with Mössbauer and extended X-ray absorption fine structure (EXAFS) spectroscopy.
Sorption edges and isotherms were measured under anoxic conditions on natural Fe-
bearing montmorillonites (STx, SWy, and SWa) having different structural Fe contents
ranging from 0.5 to 15.4 wt % and different initial Fe redox states. Batch experiments
indicated that, in the case of low Fe-bearing (STx) and dithionite-reduced clays, the
Fe(II) uptake follows the sorption behavior of other divalent transition metals, whereas
Fe(II) sorption increased by up to 2 orders of magnitude on the unreduced, Fe(III)-rich
montmorillonites (SWy and SWa). Mössbauer spectroscopy analysis revealed that nearly
all the sorbed Fe(II) was oxidized to surface-bound Fe(III) and secondary Fe(III)
precipitates were formed on the Fe(III)-rich montmorillonite, while sorbed Fe is
predominantly present as Fe(II) on Fe-low and dithionite-reduced clays. The results provide compelling evidence that Fe(II)
uptake characteristics on clay minerals are strongly correlated to the redox properties of the structural Fe(III). The improved
understanding of the interfacial redox interactions between sorbed Fe(II) and clay minerals gained in this study is essential for
future studies developing Fe(II) sorption models on natural montmorillonites.

■ INTRODUCTION

Iron species associated with clay minerals are of great relevance
for the biogeochemical cycling of metals and the fate of
contaminants.1−3 Structural iron in the clay lattice is a strong
redox buffer which can act as both electron acceptor and donor,
representing an important natural reductant for inorganic and
organic pollutants and oxidant for metal- and sulfate-reducing
bacteria.1,4−8 For Fe-bearing clay minerals, it has been
demonstrated that redox-active Fe(II) is predominantly present
as structural Fe(II) or Fe(II) bound to the clay platelet edge
sites.1 Despite the large body of existing work investigating the
reactivity of structural Fe in clay mineral lattices,3−5,9,10 a
molecular-level understanding and description of the interfacial
interactions of dissolved Fe(II) with clay mineral surfaces is still
lacking. Assessing the Fe(II) uptake processes on 2:1
dioctahedral clay minerals has proven to be challenging due
to the experimental difficulty in carrying out measurements
under well-defined anoxic conditions. Moreover, spectra of
sorbed Fe(II) in advanced spectroscopic techniques, such as
extended X-ray absorption fine structure (EXAFS) spectrosco-

py, are significantly impaired by the presence of the iron in the
clay structure.
Previous studies have mainly addressed the reactivity of

Fe(II) sorbed or precipitated on Fe(III)-containing minerals
such as green rust, goethite, lepidocrocite, or ferric iron
hydroxide,11−14 while the effect and sorption behavior of Fe(II)
taken up by natural clay minerals has received less
attention.5,15,16 Fe(II) uptake measurements on Fe-bearing
clay minerals (e.g., NAu and SWa)15,17 indicated that the
concentration and pH dependent sorption of Fe(II) is clearly
stronger than expected for divalent transition metals such as Ni
and Zn.18 While an explanation for the increased sorption
values on natural clays is still missing, it seems plausible that
this effect may be assigned to an electron transfer between
sorbed Fe(II) and structural Fe(III), as previously shown for
NAu nontronite at high iron loadings (∼710 mmol kg−1).2,19
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To date, evidence for this mechanism is scattered among
different Fe-bearing minerals, such as hematite, goethite, and
magnetite under only a narrow range of conditions.20−22 To
develop a stronger understanding of the relationship between
the Fe(II) sorption and Fe(II)/Fe(III) redox reactions,
particularly at low Fe(II) surface loadings, systematic
investigations under a well-defined range of conditions and
on clay minerals having different structural Fe properties are
necessary.
The aim of this work is to obtain an enhanced understanding

of the influence of the structural Fe and its redox state on
Fe(II) sorption processes and to relate the extent of Fe(II)
uptake to newly formed Fe surface species. To this end, the
best approach to assess the Fe(II) uptake behavior at the clay−
water interface is to combine macroscopic sorption experiments
and spectroscopic techniques. Here, the sorption of Fe(II) was
investigated by combining batch sorption experiments with
Mössbauer and EXAFS spectroscopic measurements. From the
mechanistic understanding of the Fe(II) uptake gained in this
study, an improved sorption model of Fe(II) on natural 2:1
dioctahedral clay minerals has been developed in a companion
paper.23 Results from batch sorption experiments combined
with surface analytical techniques will be used to improve
sorption models for describing the fate of Fe(II) in natural and
engineered environments.

■ MATERIAL AND METHODS

Texas montmorillonite (STx-1), Wyoming montmorillonite
(SWy-2), and a ferruginous smectite (SWa-1) were obtained
from the Source Clay Repository of the Clay Minerals Society
(Purdue University, West Lafayette, IN) and are characterized
by different structural Fe(III) contents of 0.5, 2.9, and 15.4 wt
%, respectively. To prevent any redox interaction of structural
Fe(III) with sorbed Fe(II), a synthetic Fe-free montmorillonite
(IFM) and a dithionite-reduced SWy (red SWy) were used.
Details on the synthesis and treatment of IFM were provided in
previous studies.24−26 The purification and size fractionation of
the montmorillonites, as well as the anoxic conditions used in
the experiments have been described previously.27,28 The cation
exchange capacity of the natural, synthetic, and dithionite-
reduced clays were determined by the 134Cs isotopic dilution
method29 (Table S1 in the Supporting Information). Batch
sorption experiments were carried out on all the clay minerals
mentioned, whereas only two of them, STx and SWy
montmorillonite, were investigated by Mössbauer and EXAFS
spectroscopy in this study.
Dithionite-Reduced Montmorillonite. A completely

dithionite-reduced SWy (red SWy) was prepared following
the standard procedure of Stucki et al.30 A 75 mL portion of the
clay suspension (sorbent concentration 5 g L−1) was diluted in
a citrate-bicarbonate buffer solution (1.6 mL 0.5 M
Na3C6H5O7·2H2O and 23.4 mL of 1 M NaHCO3). After
heating the clay suspension to ∼70 °C, sodium dithionite
(Na2S2O4), corresponding to three times the mass of clay, was
added to the stock solution and reacted overnight. The
dithionite-treated clay suspension was subsequently loaded into
Visking dialysis bags and shaken end-over-end together with
deoxygenated 0.1 M NaClO4. The NaClO4 solution was
exchanged eight times until the reductants, related ions, and
salts were removed from the clay suspensions. The change in
oxidation state of the structural Fe following dithionite
treatment was determined using Mössbauer spectroscopy.

Fe(II) Batch Sorption Experiments. All sorption experi-
ments were carried out in a glovebox under controlled N2
atmosphere (O2 < 0.1 ppm) at 25 ± 1 °C. To avoid any oxygen
contamination, sampling materials and polycarbonate centri-
fuge tubes were evacuated overnight in the vacuum chamber
and allowed to equilibrate in the N2 atmosphere prior to use.
Clay suspensions and aqueous solutions were deoxygenated by
heating to 60−100 °C and purging with Ar gas for at least 3 h
prior to transferring them into the glovebox. Source radiotracer
solutions of 55Fe(III) were purchased from Eckert & Ziegler
Isotope Products, Valencia, CA. The labeled 55Fe(III) solutions
were reduced to 55Fe(II) in an electrochemical cell (Eh = −0.44
V vs SHE) containing a cylindrical glassy carbon working
electrode (Sigradur G, HTW, Germany), a platinum wire
counter electrode and an Ag/AgCl reference electrode
(Bioanalytical In., West Lafayette, IN).
Sorption edge measurements as a function of pH at trace

radionuclide concentrations (<10−7 M) were performed in 0.1
M NaClO4 background electrolyte (sorbent concentration ∼1 g
L−1). In order to maintain constant pH conditions, the
experiments were buffered with sodium acetate (pH 3.5−4.5),
MES (2-(N-morpholino)ethanesulfonic acid, pH 5.5−6.5),
MOPS (3-(N-morpholino)propanesulfonic acid, pH 7.0−7.5),
TRIS (tris (hydroxymethyl)aminomethane, pH 8.0−8.5), or
CHES (N-cyclohexyl-2-aminoethanesulfonic acid, pH 9.0−9.5)
at concentrations of 2 × 10−3 M. In previous experiments, no
metal ion complexation with the above-mentioned buffers was
observed (e.g., Ni and Zn).31,32 Specific experiments to check
their influence on the interaction of Fe(II) with clay mineral
surfaces were not carried out in this study. However, the
agreement between sorption measurements of Zn(II) and
Fe(II) on synthetic IFM26 argues against potential effects of the
buffers on the Fe(II) uptake. Clay suspensions were prepared in
25 mL polycarbonate centrifuge tubes and labeled with the
electrochemically reduced 55Fe(II) tracer. The samples were
shaken end-over-end for at least 3 days followed by phase
separation by centrifugation using a Beckman-Coulter Ultra-
centrifuge (Beckman Coulter, Krefeld, Germany) inside the
glovebox at 105 000gmax. The solid liquid distribution ratio Rd
was determined by measuring the 55Fe activity in the
supernatant solution using a Tri-Carb 2750 TR/LL liquid
scintillation analyzer (Canberra Packard, Schwadorf, Austria)
and is defined as follows:

=
− −R

c c

c
V
m

(L kg )d
in eq

eq

1
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where cin is the total initial aqueous Fe(II) concentration, ceq is
the total equilibrium Fe(II) concentration, V is the volume of
liquid phase, and m is the mass of the solid phase. To better
reflect the sensitivity of the sorption to changing conditions and
to illustrate the sorption independency of the solid-to-liquid
distribution ratio chosen, the sorption edge data were plotted as
the logarithm of the distribution ratio Rd against pH.33 The
same experimental procedure was used for the concentration
dependent measurements (sorption isotherm) except that the
pH value was adjusted to 6.2 and the initial Fe(II)
concentration varied between 10−7 and 10−3 M. For this type
of experiments the quantity of sorbed Fe (mol kg−1) was
plotted against the Fe equilibrium concentrations (M).

Mössbauer and EXAFS Analyses. For the Mössbauer and
EXAFS investigations additional Fe(II) sorption experiments
were conducted at sorbent concentrations of 7.5 g L−1 in 0.1 M
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NaClO4 at pH 6.2 (Table 1). After equilibration, the clay
suspensions were centrifuged, the supernatant was discarded
and the remaining wet clay paste was sealed between two pieces
of Kapton tape, taken out from the glovebox, and immediately
shock frozen with liquid N2. Mössbauer measurements were
collected at 12 K and the data were analyzed with Recoil
software (Ottawa, Canada) using Voigt-based fitting.34 57Fe(II)
enriched stock solutions (97.83% 57Fe) were used to enhance
the isotopic-specific 57Fe Mössbauer signal. To investigate
changes in the structural 57Fe of naturally occurring clay
minerals, identical samples were prepared using enriched
56Fe(II) stock solutions (99.77% 56Fe). The fraction of the
total signal resulting from the structural 57Fe is summarized in
Table 1.
EXAFS samples were prepared under identical conditions as

for the Mössbauer measurements (Table 1, Fe STx c and Fe
SWy c). However, in contrast to the Mössbauer technique,

EXAFS is not 57Fe isotope specific which means that the
spectra obtained will be a mixture of both structural and sorbed
Fe species. For this reason, the EXAFS spectra of the structural
Fe was recorded as a reference to analyze the Fe surface
complexes. The Fe K-edge EXAFS spectra were collected at the
Rossendorf Beamline (ROBL) at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France), using a
Si(111) double crystal for monochromatization and Si mirror
for suppression of higher harmonics. Fluorescence spectra were
measured using a 13 element high-purity Ge-detector
(Canberra) with digital signal analyzer (XIA-XMAP). O2

diffusion into the polyethylene sample holders was minimized
by transporting them in a Dewar filled with liquid N2 to the
synchrotron facility. The frozen samples were measured in a
closed-cycle He-cryostat at 15 K to exclude oxygen and to
improve signal quality by eliminating thermal contributions to
the Debye−Waller factor. EXAFS data reduction and fitting

Table 1. Fe Analysis of Texas (STx) and Wyoming (SWy) Montmorillonite Samples Investigated by 57Fe Mössbauer and EXAFS
Spectroscopy

structural Fe sorbed Fe structural Fe

wt % mmol kg−1 mmol kg−1 % of total Fec

Mössbauer 57Fe EXAFS Fe

red SWy
57Fe red SWy 57Fe(II) reacteda 2.8(0.1) 496.6 40.7 18.4
56Fe red SWy 56Fe(II) reacteda 2.8(0.1) 496.6 64.6 98.4

STx
57Fe STx a 57Fe(II) reacteda 0.5(0.1) 96.4 9.5 15.7
57Fe STx b 57Fe(II) reacteda 0.5(0.1) 96.4 39.8 4.2
56Fe STx b 56Fe(II) reacteda 0.5(0.1) 96.4 44.7 99.9

Fe STx c Fe(II) reactedb 0.5(0.1) 96.4 114.8 45.6
SWy

57Fe SWy a 57Fe(II) reacteda 2.9(0.1) 520.6 49.0 16.4
57Fe SWy b 57Fe(II) reacteda 2.9(0.1) 520.6 128.8 6.9
56Fe SWy b 56Fe(II) reacteda 2.9(0.1) 520.6 125.9 99.9

Fe SWy c Fe(II) reactedb 2.9(0.1) 520.6 195.0 72.6
a57Fe Mössbauer spectroscopy. bEXAFS spectroscopy. cFraction of the total spectroscopic signal resulting from the structural 57Fe or total Fe for
Mössbauer and EXAFS measurements, respectively.

Figure 1. (a) Sorption isotherm data of Fe(II) on natural SWy (open squares), STx (closed circles), and synthetic IFM (open circles) at pH 6.2 in
0.1 M NaClO4 (sorbent concentration of 1 g L−1). (b) Fe(II) sorption edge data on SWy, STx, and IFM in 0.1 M NaClO4 (Fetot = 3 × 10−8 M). Rd
denotes the solid liquid distribution ratio as defined in eq 1. EXAFS and Mössbauer samples and their corresponding Fe loadings are encircled.
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were performed with the Athena/Artemis interface of IFEFFIT
software35,36 following standard procedures. Details about the
EXAFS fit approach are given in Section S2 and S3 of the
Supporting Information (SI).

■ RESULTS AND DISCUSSION

Two lines of experiments were used to investigate whether
Fe(II) uptake behavior depends (i) on the structural Fe(III)
content of the different clays and/or (ii) on the initial redox
state of the structural Fe. The former was studied by carrying
out sorption experiments on natural montmorillonites exhibit-
ing different structural Fe(III) contents. The latter was
investigated using oxidized and dithionite-reduced clays.
Fe(II) Uptake on Natural Montmorillonites. To

investigate whether the Fe(II) uptake behavior depends on
the Fe content of the clay, Fe(II) sorption isotherm and edge
measurements were performed on montmorillonites with
structural Fe(III) contents of 0.0 wt % (IFM), 0.5 wt %
(STx), 2.9 wt % (SWy), and 15.4 wt % (SWa). The
concentration dependent uptake of Fe(II) on the low Fe-
content STx is in excellent agreement with the measurements
on the synthetic Fe-free IFM (black vs open circles in Figure
1a). The pH-dependent sorption of Fe(II) is within the errors
of log Rd ± 0.3 L kg−1 similar on STx and IFM (sorption edge
in Figure 1b). The strong pH dependency of the Rd values
between pH 4.5 and 7.5 is typical for surface complexation of
metal cations at the “broken bond” surfaces or clay mineral
edge sites.18,27 As recently shown on IFM,26 the uptake of
Fe(II) follows well the sorption behavior of other divalent
metals.
The interaction of Fe(II) with SWy (2.9 wt % Fe) yielded

considerably higher sorption values than expected for divalent
metals. In the isotherm at pH 6.2, the Fe(II) sorption is up to 1
order of magnitude stronger than for STx and IFM (open
squares in Figure 1a). These results were unexpected since
previous work found that the Zn(II) sorption isotherms on
both STx and SWy were the same.37,38 In addition, the pH-
dependence of Fe(II) sorption on SWy is more pronounced

(Figure 1b). The rise of the sorption edge begins at lower pH
values and levels off at pH 6 (log Rd ∼ 6.6 ± 0.3 L kg−1). The
results indicate that the uptake of Fe(II) on SWy is distinctly
different from that of STx and synthetic clay. A plausible
explanation for the enhanced sorption on SWy can be derived
from recent work on nontronite19 indicating that electron
transfer reactions between sorbed Fe(II) and structural Fe(III)
in the clay lattice might occur. To further test the influence of
the structural Fe content on the Fe(II) sorption, an isotherm of
Fe(II) was measured on a natural ferruginous smecite (SWa)
having an iron content of 15.4 wt % (Figure S1 in the SI). The
sorption results at pH 6.2 are within the expected error of ±0.3
log units consistent with the data on SWy (2.9 wt % Fe). This
finding indicates that a significant stronger Fe(II) uptake may
be expected on Fe-rich montmorillonites, although it is
apparently not linearly correlated with the Fe(III) content.

Fe(II) Uptake on Dithionite-Reduced Montmorillon-
ites. The obtained sorption data clearly show that there are
significant differences in the Fe(II) uptake behavior between
the natural Fe-low (STx) and Fe-rich (SWy and SWa)
montmorillonites. In the latter, the Fe(II) sorption is much
more pronounced.2,19 If these high sorption values are induced
by an interfacial electron transfer between sorbed Fe(II) and
structural Fe(III) in the clay, we would expect that the Fe(II)
uptake on dithionite-reduced montmorillonites (e.g., red SWy),
where the structural Fe(III) is reduced to Fe(II), should be
significantly lower. As shown in Figure 2a, the quantities of
sorbed Fe(II) decrease by up to 2.2 ± 0.3 log units on the
reduced SWy (the Fe(II) isotherm at pH 7.2 is shown in Figure
S2 in the SI). A similar Fe(II) uptake behavior has been
observed for the dithionite-reduced SWa (∼84.2 ± 2.4%
structural Fe(II), Figure S3 in the SI).

Mössbauer Analysis of Dithionite-Reduced SWy. Wet
chemistry data alone cannot resolve why unexpected high
sorption values are observed for certain clay minerals (SWy and
SWa) and not for others (STx, IFM and red SWy). The
oxidation state of the sorbed Fe(II) on red SWy samples was
therefore verified by Mössbauer spectroscopy (shaded area in

Figure 2. (a) Fe(II) sorption isotherm on natural SWy (open squares) and dithionite-reduced SWy (red SWy, ∼100% structural Fe(II),
semisquares) at pH 6.2 in 0.1 M NaClO4 (sorbent concentration of 1 g L−1). (b) Mössbauer spectra of red SWy reacted with 57Fe(II) (40.7 mmol
kg−1 sorbed 57Fe, spectra above) and invisible 56Fe(II) (64.6 mmol kg−1 sorbed 56Fe, spectra below). 56Fe is transparent to 57Fe Mössbauer
spectroscopy and was used to monitor changes in the oxidation state of 57Fe present in the clay structure.
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Figure 2a). The spectra collected on red SWy with a 57Fe(II)
loading of ∼41 mmol kg−1 is shown at the top of Figure 2b.
After Fe(II) sorption, the Mössbauer spectrum reveals a
doublet peak (CS 1.37 mm s−1 and QS 3.27 mm s−1)
characteristic of mineral-bound Fe(II)39 (Table 2). To check
whether the structural Fe(II) remains unaffected, sorption
experiments were carried out with Mössbauer invisible 56Fe(II)
(Figure 2b, below). The hyperfine parameters obtained
coincide with the values for the reference without any sorbed
Fe(II) which suggests that structural Fe(II) remains completely
reduced (56Fe red SWy vs reference in Table 2). The fact that
an electron transfer to the structural Fe is unfeasible in case of
IFM and red SWy makes it plausible that an interfacial electron
transfer is hardly taking place on STx montmorillonite. To
corroborate this hypothesis, isotope selective Mössbauer
spectroscopy was performed on medium and high Fe loaded
STx and SWy samples (shaded areas in Figure 1a).
Mössbauer Analysis of STx. STx samples were equili-

brated with isotopically enriched 57Fe(II) at pH 6.2 in order to
monitor the Fe surface species. Mössbauer spectra were
collected on samples with Fe loadings of 10 mmol kg−1 (57Fe
STx a) and 40 mmol kg−1 (57Fe STx b). The spectra of 57Fe
STx a in Figure 3a shows two paramagnetic doublets: (i) one
consistent with sorbed and/or structural 57Fe(II) species
(dashed lines) and (ii) the other consistent with Fe(III) (filled
area) based on their hyperfine parameters. The Fe(II) doublets
have slightly larger center shift (CS) and broader quadrupole
splitting (QS) than typical structural and sorbed Fe(II) phases.
However, the appearance of similar Fe(II) doublets has been
observed for the 57Fe(II) uptake on natural nontronite and
synthetic montmorillonite2,26 which has been attributed to an
increase of Fe(II) outer-sphere complexes.40,41 The results of
the Mössbauer fits (Table 2) clearly demonstrate that sorbed

Fe(II) is partly oxidized to Fe(III) on the clay surface (up to 60
± 2%). Although STx was reacted with isotopically enriched
57Fe(II), about 16% of the total spectral area still results from
the intrinsic 57Fe in the clay lattice (Table 1). Assuming that
the structural 57Fe is predominantly present as Fe(III), the
fraction of surface-bound Fe(III) is therefore probably less than
60% of the total sorbed Fe (<6 mmol kg−1).
The Mössbauer spectra of the 57Fe STx b sample (Figure 3b)

resembles the spectra of the 57Fe STx a sample (Figure 3a).
The hyperfine parameters of the lower loaded sample are
within the errors comparable to the higher loaded sample,
except that for the latter the ratio of surface-bound Fe(III)
decreases significantly from 60 ± 2% to 12 ± 4% (i.e., 5 mmol
kg−1, Table 2). A subsequent decrease of the Fe(III) fraction
with increasing metal loading was previously shown on
IFM.26,41 The fact that the amount of surface-bound Fe(III)
of about 5 mmol kg−1 remains constant and independent of the
Fe loadings, might indicate that oxidative processes are mainly
taking place on the strong edge sites (SSOH, ∼2−4 mmol
kg−1).32 However, in case of Fe-low STx it cannot be excluded
that the amount of surface-bound Fe(III) is limited by the
availability of redox-active structural Fe(III). In addition to the
presence of Fe(II) and Fe(III) doublets, a minor sextet appears
in the Mössbauer spectrum at the higher loaded sample (Figure
3b). Sextets are rarely observed for low Fe-content clay
minerals and are indicative of the presence of iron (hydr)-
oxides.19,39 The fitted hyperfine parameters of the sextet best
match those of magnetite,42 although it is difficult to
conclusively assign the phase due to its relatively small spectral
area.

Mössbauer Analysis of SWy. The fate of the sorbed
Fe(II) on SWy was investigated by Mössbauer spectroscopy at
49 mmol kg−1 (57Fe SWy a) and 130 mmol kg−1 (57Fe SWy b).

Table 2. Mössbauer Parameters for Untreated Montmorillonite References and Montmorillonites Reacted with 57Fe(II) and
56Fe(II), Respectively

sorbed Fe mmol kg−1 mineral ISa mm s−1 QSb mm s−1 area % contriubution %

red SWy
reference Fe2+ 1.26 2.98 100
57Fe red SWy 40.7 Fe2+ 1.37 3.27 100
56Fe red SWy 64.6 Fe2+ 1.26 2.98 100

STx
reference Fe3+ 0.45 0.93 100
57Fe STx a 9.5 Fe2+ 1.38 3.22 40.2(2.3) 40.2

Fe3+ 0.48 0.86 59.8(2.3) 59.8
57Fe STx b 39.8 Fe2+ 1.38 3.44 68.8(3.3) 68.8

Fe3+ 0.51 0.74 12.2(3.6) 31.1
magnetite 0.47 −0.01 18.9(3.6)

56Fe STx b 44.7 Fe2+ 1.51 2.70 26.8(5.9) 26.8
Fe3+ 0.34 0.98 73.2(5.9) 73.2

SWy
reference Fe3+ 0.45 0.93 100
57Fe SWy a 49.0 Fe2+ 1.23 3.06 2.0(4.2) 2.0

Fe3+ 0.47 0.74 17.7(1.5) 98.0
magnetite 0.52 −0.09 24.2(3.3)
magnetite 0.43 0.02 56.1(3.1)

57Fe SWy b 128.8 Fe2+ 1.36 3.21 9.3(2.2) 9.3
Fe3+ 0.53 0.78 10.7(2.0) 90.6
lepidocrocite 0.48 −0.03 79.9(2.7)

56Fe SWy b 125.9 Fe2+ 1.26 3.02 25.5(2.4) 25.5
Fe3+ 0.40 2.31 74.5(2.4) 74.5

aCenter shift relative to α-Fe(0). bQuadrupole splitting.
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At medium loadings (57Fe SWy a), features reminiscent of clay-
bound Fe(III) phases are overlaid by two six-line patterns
(Figure 3c). Both sextets together comprise most of the
spectral area (∼80 ± 6%). The corresponding hyperfine
parameters are close to literature values for magnetite
(Fe3O4),

20 we cannot conclusively rule out the possibilities of
other Fe(III) oxides, such as ferrihydrite or goethite.43 In
conclusion, the uptake of 57Fe(II) resulted in a complete
conversion of the sorbed Fe(II) to surface bound Fe(III)
phases on SWy (∼98.0%).
The higher loaded sample 57Fe SWy b exhibits a similar

Mössbauer signal (Figure 3d), except that the magnetic ordered

phases could be modeled using only one sextet (CS 0.48 mm
s−1 and QS −0.03 mm s−1). According to the hyperfine
parameters, the Fe(III) oxide phase is consistent with
lepidocrocite (γ-FeOOH). The formation of clay bound
lepidocrocite was previously shown by XRD and TEM in a
study investigating the interaction of Fe(II) with NAu
nontronite.19 Regardless of whether the phase is a mixture of
magnetite or lepidocrocite, it is obvious that 57Fe(II) was
oxidized to Fe(III) on the montmorillonite surface (∼90.7%,
Table 2). The amounts of surface bound Fe(III) species on
SWy, which are not belonging to Fe(III) oxides, are similar and
comparable with the values on STx (∼9−14 mmol kg−1 vs 6
mmol kg−1).

Interfacial Fe(II)−Fe(III) Electron Transfer. To inves-
tigate the extent of structural Fe(III) reduction, additional
spectroscopic measurements were performed on STx and SWy
samples equilibrated with Mössbauer invisible 56Fe(II). The
Fe(II) doublet in the 56Fe STx b sample (Figure 3e)
contributes to 27 ± 6% of the spectral area, suggesting that
approximately 27% of the structural Fe in STx was reduced by
the sorbed 56Fe(II). The amount of structurally reduced Fe(II)
is, within error, in agreement with the amount of oxidized
Fe(III) measured on the clay surface of the corresponding 57Fe
STx b sample (Table 2). This result was confirmed by 56Fe(II)
sorption measurements on SWy (Figure 3f). In a similar way as
for STx, the electrons released by the oxidation of the sorbed
Fe(II) are equal to the electrons gained from the reduction of
structural Fe(III). Approximately 117 mmol kg−1 (91 ± 5%) of
the 129 mmol kg−1 sorbed Fe was oxidized (57Fe SWy b, Table
2) which is, within error, consistent with the reduced 135 mmol
kg−1 (26 ± 2%) of the total 521 mmol kg−1 structural Fe in the
corresponding 56Fe SWy b sample (Tables 1 and 2). This study
shows that only up to 32 mmol kg−1 (i.e., 30%) of the structural
Fe(III) is reduced to Fe(II) through oxidation of surface bound
Fe(II) to Fe(III). This is in contrast with the work of Schaefer
et al.19 where a linear correlation was observed until ∼516
mmol kg−1 (15%) of the structural Fe is reduced. A plausible
explanation for this discrepancy can be derived from a recent
study indicating that sorbed Fe(II) is not a strong enough
reductant to reduce all the structural Fe(III).10 Furthermore,
electron transfer reactions may be inhibited by newly formed
Fe precipitates on the clay surface.8 It should be noted that
Schaefer et al.19 investigated the interfacial electron transfer on
nontronite which is characterized by a much higher Fe content
(∼19.2 wt %) than SWy (∼2.9 wt %) and the 56Fe(II) loadings
(∼710 mmol kg−1) were significantly higher than in this study
(up to 195 mmol kg−1).

EXAFS Analysis of STx and SWy Montmorillonites.
Structural Fe. k3-Weighted EXAFS spectra of structural Fe in
STx and SWy montmorillonite exhibit a similar wave shape,
except that the splitting of the oscillation at ∼6 Å−1 is less
pronounced for STx (Figure 4a).44 In the corresponding radial
structure functions (RSF), the backscattering peak at R + ΔR ∼
1.54 Å is attributed to the first Fe−O shell, while further peaks
in the range between 2 and 5 Å are predominantly due to Fe−
Al and Fe−Si single-scattering contributions (Figure 4a,
below). In both samples, the local structural environment of
the structural Fe is similar which is characteristic of octahedrally
coordinated Fe (i.e., STx 5.8 ± 1.2 O at 2.00 ± 0.02 Å, 2.3 ±
1.6 Al at 2.99 ± 0.05 Å, 4.0 ± 1.7 Si at 3.20 ± 0.03 Å and SWy
4.9 ± 1.3 O at 1.99 ± 0.02 Å, 2.1 ± 2.2 Al at 3.03 ± 0.11 Å, 3.0
± 2.1 Si at 3.20 ± 0.08 Å).44 In contrast to the work of
Vantelon et al.,44 Fe−Fe backscattering pairs were not

Figure 3. Mössbauer spectra of STx reacted with 57Fe(II) at 57Fe
loadings of (a) 9.5 mmol kg−1 (57Fe STx a) and (b) 39.8 mmol kg−1

(57Fe STx b) to investigate Fe surface complexes. Mössbauer spectra of
SWy reacted with 57Fe(II) at 57Fe loadings of (c) 49.0 mmol kg−1

(57Fe SWy a) and (d) 128.8 mmol kg−1 (57Fe SWy b). The
corresponding Mössbauer spectra of STx and SWy reacted with
invisible 56Fe(II) in order to investigate the structural Fe are shown in
parts e and f below (56Fe STx b and 56Fe SWy b).
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necessary to successfully fit the data of STx. Detailed structural
informations about the EXAFS fit approach are given in Table
S2 and S3 in the SI.
Surface Bound Fe. The EXAFS spectra illustrated in Figure

4b results from two Fe species, that is, structural and sorbed Fe.
The structural Fe contributes to approximately 45.6% of the
total EXAFS signal for the STx sample, respectively, 72.6% for
the SWy sample (Table 1). In comparison to SWy, the splitting
at 8 Å−1 is more pronounced in the k3-weighted spectra of the
STx sample (Figure 4b). A similar trend was previously shown
in a study investigating structural Fe in natural montmor-
illonites. In this study the observed shoulder was attributed to
interferences resulting from two shells of the same cation
located at different distances.44 After the interaction with
aqueous Fe(II), both k3-weighted spectra show an enhanced
splitting of the oscillation at ∼10 Å−1. Theoretical calculations
indicated that this feature is correlated with an increased
contribution of Fe as first octahedral neighbor.44 However,
taken into account the contribution of the structural Fe to the
EXAFS signal, it is impossible to draw firm conclusions. For
this reason, the overall signal of the total Fe (Figure 4b) was
subtracted by the contribution of the structural Fe (Figure 4a)
in order to analyze the signal of the Fe surface complexes
separately as shown in Figure 4c (e.g., χ(k)surface = (χ(k)total −
0.456χ(k)structural)/0.544, where χ(k) is the EXAFS signal of the
STx samples, see also Table 1).38 The Fe K-edge spectra of the
structural Fe(III)-bearing montmorillonites were taken as
references, although the presence of structural Fe(II) cannot
be excluded in the Fe-loaded clay samples because of electron
transfer reactions (up to 27% as demonstrated by Mössbauer
spectroscopy, Table 2).

EXAFS analysis indicated that the Fe sorbed on STx is
surrounded by 3.5 ± 0.2 O at 2.13 ± 0.01 Å, 0.8 ± 0.5 Al at
2.96 ± 0.04 Å, and 1.1 ± 0.5 Si at 3.23 ± 0.03 Å, which is
characteristic for octahedrally located cations (Table S2,
SI).38,45,46 The slightly decreased coordination numbers in
comparison to the structural Fe are characteristic for the
formation of Fe complexes at the clay edge sites.26 The
interatomic distances agree well with the environment of the
incorporated Fe except that in case of the surface bound Fe the
distance to the first O shell is significantly increased from 2.00
± 0.02 to 2.13 ± 0.01 Å. Typical Fe−O distances for the
structural Fe in montmorillonite are, depending on the redox
state, about 2.01 Å for Fe(III) and 2.10 Å for Fe(II).26,47,48 The
obtained Fe−O distance of ∼2.13 strongly suggests that the
iron surface complex on STx is predominantly present as
Fe(II), confirming Mössbauer spectroscopy results.
By contrast, significant changes in the spectral shape and

frequency of the k3-weighted EXAFS spectra were observed for
Fe taken up by SWy (Figure 4c, solid line). A new beat pattern
at ∼5 Å−1 and multifrequency wave shape were formed in the
EXAFS signal of the sorbed Fe. The appearance of a distinct
feature has been observed in previous studies, which indicated
the formation of precipitation products.49−52 Clearly, the
amplitude of the second peak in the RSF is significantly
increased compared to the STx sample that is characteristic of a
strong Fe−Fe contribution (Figure 4c, below). The radial
structure function was successfully fitted using only Fe−O and
Fe−Fe backscattering pairs (Table S3, SI). The surface bound
Fe on SWy is surrounded by ∼3.2 ± 0.3 O at 2.15 ± 0.01 Å, 6.6
± 1.0 Fe at 3.12 ± 0.01 Å, and 2.5 ± 1.3 Fe at 3.57 ± 0.03 Å.
The quality of the fit could be increased when the second peak
in the RSF was fitted with an additional distant O shell at 3.32

Figure 4. k3-Weighted Fe K-edge EXAFS spectra obtained for (a) structural Fe (references), (b) structural and sorbed Fe (Fe STx c and Fe SWy c in
Table 1), and (c) sorbed Fe. The EXAFS signals of STx are represented by dashed lines and the spectra of SWy by solid lines. The corresponding FT
and FT−1 EXAFS data including the least-squares fit (dotted lines) are shown in the figures below and in the inset, respectively.
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± 0.02 Å. The coordination environment is comparable with
the local structure of Fe oxide precipitates which is in
agreement with the Mössbauer spectroscopy measure-
ments.53,54 Although the obtained Fe−O distance of ∼2.15 Å
might indicate the formation of a ferrous (hydr)oxide, the
reddish coloring observed in the high Fe loaded samples argues
for the predominance of precipitated ferric oxides. Never-
theless, the calculated χ(k) spectra of the Fe surface complexes
on SWy is too noisy to draw firm conclusions out of the fit
results.
Structural Fe Properties and Implications on the Fe(II)

Uptake. In the case of the low Fe-content montmorillonites,
the Fe(II) uptake agrees well with the sorption behavior of
other divalent transition metals,18,26 even though sorbed Fe(II)
is partially oxidized to mineral-bound Fe(III) complexes (up to
6 mmol kg−1). For the Fe-rich montmorillonites, the sorption
of Fe(II) is more pronounced and Fe(II) taken up by the clay
surface was fully oxidized (up to 117 mmol kg−1). In both Fe-
low and Fe-rich clays, the oxidation of the sorbed Fe(II) is
mainly caused by an electron transfer to the structural Fe(III).
An enhanced structural Fe redox activity, which results in
complete oxidation of the sorbed Fe(II), is therefore the most
probable reason for the unexpected high sorption values on
certain Fe-bearing clay minerals. Two plausible reasons are
proposed to explain discrepancies in the redox properties of the
STx and SWy montmorillonites used. Either the redox capacity
of the clay mineral depends on multiple structural parameters
including the Fe(III) content (0.5 vs 2.9 wt %)10 or the
structural Fe in STx is less accessible for an interfacial electron
transfer than in SWy due to differences in the clay structure
(e.g., Fe clustering or random distribution of Fe). This last
hypothesis is supported by the findings of Vantelon et al.44 in
which SWy displays an ordered distribution of Fe atoms in the
clay lattice, while the structural Fe in STx is characterized by a
close to random distribution. Several studies have recently
emphasized that there is a correlation between the redox
activity of structural Fe and the applied redox conditions
(Eh).

4,10 The observations in this study raise the question of
how is the sorption behavior on montmorillonites controlled by
the reduction potential (Eh) in biogeochemical systems.
Finally, the results indicate that an increased Fe(II) sorption

may be expected for most Fe(III)-rich clay minerals, which
significantly underscores their importance as Fe(II) sinks and
the role of mineral-bound Fe(III) as potential oxidant for
inorganic and organic contaminants in anoxic geochemical
environments. For example, the presence of high amounts of
sorbed Fe may significantly influence the retardation of metal
and radioactive contaminants through competitive sorption
effects (e.g., radioactive waste repositories). The findings
suggest that the extent of Fe(II) uptake is more clay-specific
and more complex than previously considered. The complexity
of Fe(II) reactions at the montmorillonite-water interface
requires us to reassess previous sorption models of divalent
metals and their applicability for describing the Fe(II) uptake
on natural clays. The sorption of ferrous iron on clay minerals
cannot be accurately modeled without considering both the fate
of the Fe surface species and the structural Fe redox properties
and coordination environments. Clearly, a more dynamic clay-
type specific description including Fe(II)/clay redox cycling is
required for future modeling approaches.

■ ASSOCIATED CONTENT
*S Supporting Information
Details on the K-edge EXAFS analysis, additional Mössbauer
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